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Introduction: To the Love 
of Physiology

Sheldon Magder, Atul Malhotra, C. Corey Hardin, 
and Kathryn A. Hibbert

We begin this introduction to Cardiopulmonary 
Monitoring: Basic Physiology, Tools, and 
Bedside Management with a statement of bias. 
We love physiology. It is why we are intensivists. 
Physiology is at the core of our approach to man-
agement of our critically ill patients, and manag-
ing critically ill patients provides continuous 
feedback for our understanding of physiological 
processes. It is for this reason that physiological 
considerations are the central part of this book.

We hope that the reader will find the chapters 
enlightening and will be able to access important 
information from a single source. In the process 
of putting together this book, we sought out 
authors who share our belief in the importance of 
physiology in the management of the critically 
ill. These authors have made important contribu-
tions to our understanding of the underlying pro-

cesses and how to better manage them. Our 
objective was to immortalize these fundamental 
concepts in a single source to ensure their avail-
ability to the critical care community.

The first section of the book deals with the 
underlying fundamental physiological concepts 
that we believe are necessary for rational manage-
ment of the critically ill. The chapters are grouped 
into sections addressing the cardiovascular and 
respiratory systems with a smaller “overlap” sec-
tion. A theme throughout the book, though, is that 
the cardiovascular and respiratory systems are 
always interacting, and in the final analysis of path-
ological processes, both must be considered. Some 
of the concepts in this section are repeated in parts 
two and three because some review is inevitably 
necessary to understand the applications. The sec-
ond section deals with the tools that are available to 
monitor critically ill patients. It again is divided 
into separate sections that deal with the cardiovas-
cular and respiratory systems. The third section 
provides the clinical integration of the physiologic 
concepts from the first section with the data avail-
able from the tools described in the second section. 
The objective of the third section is to provide a 
rational physiological approach to the management 
of the critically ill. An underlying principle in this 
section is that clinical responses only can be in the 
realm of the physiologically possible.

A few words about what we have not included 
in this book. We have chosen not to include more 
cellular and molecular science in these chapters. 
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We are big believers in the advances molecular 
sciences have brought and fully appreciate the 
myriad ways in which knowledge of a particular 
molecule or receptor is illuminating. However, 
understanding integrated function is crucial for 
overall understanding of patient pathophysiolo-
gies. In the end, biochemical processes have their 
effects by altering organ functions, and it is nec-
essary to know how those organ functions affect 
the overall homeostasis of the body. We note that 
the majority of improvements in patient care in 
the ICU have not come from molecular studies 
divorced from the larger context, but rather from 
the better understanding of the underlying physi-
ology and unified pathophysiological processes. 
As such, we argue that physiology is not dead but 
is alive and well, and we emphasize that inte-
grated function is what should guide bedside 
decisions and management.

We have also not spent much time in this book 
discussing evidence from clinical trials. Clinical 
trials are clearly essential for the rigorous prac-
tice of medicine, but we also recognize that the 
majority of clinical trials in the ICU have failed 
to show positive outcomes. We do not regard 
these observations as a failure, but rather as a 
reminder of the complexity of ICU patients. 
Furthermore, a failed trial still provides informa-
tion – in this case what is not useful, or at least 
not useful the way the study was done. 
Understanding why a trial is negative thus can 
lead us to generate new hypothesis on how best to 
treat our patients. Moreover, negative trials have 
been instrumental in identifying important 
sources of heterogeneity (e.g., high PEEP in 
ARDS). Beyond study design failure, a strong 
understanding of the underlying physiology may 
give new insights into why the trial results were 
negative and therefore how to better approach the 
problem in the future.

As physicians working in the intensive care 
unit, we have the privilege of being able to 
observing the basic physiology constantly unfold 
in front of us. Bedside tools we have today allow 
us to make measurements that previously only 
could have been possible in an animal 
laboratory.

A basic part of the approach to a clinical prob-
lem is the generation of a hypothesis to explain 
the observed pathology. As clinicians, we act on 
that hypothesis by performing tests that give 
results that are either are consistent with the 
hypothesis or inconsistent, in which case we con-
sider rejecting the hypothesis or modifying it. We 
also apply treatments that are thought to be effec-
tive for the hypothesized disordered process. The 
information from our monitoring tools give us 
constant feedback of the response to the treat-
ments that we have tried. This allows us to con-
stantly test whether or not our hypothesis is 
correct. Therapy then can be adjusted based on 
the response. This approach can be called 
“responsive therapy” rather than goal-directed 
therapy. As a final step, good clinicians should 
always consider whether or not the patient’s out-
come is consistent with the initial beliefs, and by 
this process clinicians should constantly modify 
their understanding of human biology so as to 
manage the next patient better.

When choosing the authors and topics of this 
book, our goal was to summarize classic con-
cepts that are not always easy to find in tradi-
tional textbooks or in the literature. In addition, 
we sought to bring new concepts and techniques 
to the reader which were not available when 
some of the classics were completed.

We have learned many of these concepts over 
the years by talking to colleagues, drawing on the 
backs of napkins and piecing together studies 
from the literature. However, the strongest source 
for our knowledge has come from the day to day 
management of patients. This approach has pro-
vided constant feedback of proposed theories. 
When the bedside experience contradicts the 
common belief, it has led us to review the under-
lying source of these beliefs and to discuss our 
experiences with colleagues. Knowledge is not 
static and needs to be constantly modified by 
experience. An important principle in biological 
science is that unlike mathematics, physics, and 
chemistry, nothing is always precisely the same. 
Exceptions are what allows biological species to 
evolve. For this reason, we must remember that 
our patients are rarely the “mean” value but 

S. Magder et al.



3

instead they are some standard deviation from 
that value. The exceptions also allow us to better 
understand the rules that determine normal func-
tion. The key to being a good clinician, and to 
being a good clinical scientist, is to constantly 
observe and reflect on what is seen at the 
bedside.

We view this book as a consolidation of this 
knowledge and hope that this book provides a 
legacy for concepts that we hope will never be 
lost. If even a portion of the readers of the book 
help pass the knowledge along to the next genera-
tion, we would view the book as a major success. 
Enjoy the reading.

1 Introduction: To the Love of Physiology



Part I

Physiological Basics: Cardiovascular Basics



7© Springer Nature Switzerland AG 2021 
S. Magder et al. (eds.), Cardiopulmonary Monitoring, https://doi.org/10.1007/978-3-030-73387-2_2

Volume and Regulation of Cardiac 
Output

Sheldon Magder

A fundamental biological need for all animals is 
that there be sufficient delivery of oxygen and 
nutrients to tissues and removal of metabolic 
wastes. In single-cell organisms, this occurs by 
simple diffusion of substances across the cell 
wall, as well as membrane channels and active 
transport mechanisms. In initial multicellular 
organisms (≈ approximately 800–700 million 
years ago), this occurred by circulation of sea 
water, nutrient absorption, and reproduction, all 
being combined in pathways through the organ-
isms (Moorman and Christoffels 2003; Bishopric 
2005; Pascual-Anaya et al. 2013). When a sym-
metric body plan evolved, a passage formed 
through the center of the organism. This channel 
had pulsatility but no directionality to flow. 
Insects developed an early cardio-aortic valve 
and pericardial cells which allowed directionality 
of fluid flow; however, they still did not have a 
separate gas exchange system (≈ 600 million 
years ago) (Bishopric 2005). It is at the level of 
Chordata, ≈ 550 million years ago, that the gut 
and gas exchange units separated and there was 
development of early myocardial cells and the 
beginning of the cardiovascular system (Xavier- 
Neto et  al. 2007). With the evolution of verte-
brates around 550 million years ago, the full 

circulatory system began to develop (Simoes- 
Costa et al. 2005). This started with a single ven-
tricle and no separate pulmonary circulation. The 
final development of the mammalian and avian 
circulations with a four chamber heart and fully 
separated pulmonary and systemic circulations 
occurred between 220 and 170 million years ago 
and is thus a very late development in the history 
of evolution (Bishopric 2005).

Flow through a closed circuit is governed by 
three variables: pressure, volume, and time. 
These are related to each other through two pri-
mary relationships: the pressure-volume relation-
ship, which describes the elastic properties of the 
compartments of the system, and the pressure- 
flow relationship, which describes the resistance 
to flow between compartments. These two pri-
mary relationships also describe movements of 
air in the respiratory system and thus this analysis 
of pressure-volume and pressure-flow for the cir-
culation has direct parallels to volume and flow in 
the respiratory system. A principle underlying the 
discussion in this chapter is that the volume that 
stretches the elastic structures of the vasculature 
is the key independent variable for the flow of 
blood (Magder 2016). This volume is called 
stressed volume and over the short run is con-
stant, although it can be increased by intake or 
loss (Magder and De Varennes 1998; Rothe 
1983a). Stretch of the elastic walls of vascular 
structures by the stressed volume creates pres-
sures in the system; importantly, the pressure 
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does not determine the volume but rather the vol-
ume determines the pressure. Pressure is present 
with or without flow. However, when the pressure 
created by the volume in one region is greater 
than the pressure in a downstream compartment, 
flow occurs. Some of these concepts have been 
reviewed previously (Magder 2016; Magder and 
Scharf 2001).

 Pressure-Volume Relationship

The force created by stretching walls of vascular 
structures is based on Hooke’s law, which says 
that if a substance is homogeneous, stress 
increases linearly with a change in the length 
(Fig. 2.1). Below a certain length, elastic struc-
tures do not have a tension. Tension only arises 
when the substance is straightened to a length 
above which the substance is stretched. This 
length is called Lo (Fig. 2.1a). The slope of a plot 
of a change in stress against change in length is 
called elastance. This can be thought of as a 
“recoil” force; when the force stretching the 
structure is released, the substance snaps back to 
the resting length.

In curved vascular structures, stress is 
described by the term pressure, which is the 
force over the surface area (Fig.  2.1b). The 

inverse of elastance is compliance. Elastance 
and compliance will be used interchangeably in 
this chapter, but in general, I will use compliance 
when considering the uptake of volume and elas-
tance when discussing the expulsion of volume. 
Elastance and compliance are static measure-
ments, which means that they must be measured 
under steady state condition. If not, the measured 
pressure includes resistive and inertial compo-
nents of the force. In the physiological range, the 
elastance of veins is linear, but at low pressures, 
it is curvilinear because some vessels collapse, 
which decreases the overall surface area 
(Fig.  2.1b) and because of inhomogeneities of 
components of the vessel walls. At high pres-
sures, the elastance of arterial vessels increases, 
i.e., the slope becomes steeper (see Chap. 8 on 
blood pressure), whereas in veins the slope is 
curvilinear at low volumes because new chan-
nels open, but venous compliance is linear in the 
physiological range.

The compliance (elastance) of the walls of 
vessels is a function of the properties of the wall, 
specifically the collagen and elastin, and it does 
not change acutely. A change requires changes in 
the matrix of the wall, which takes time. The total 
compliance of a system that has compartments in 
a row that have different compliances is simply 
the sum of the compliances of each compartment 

a b c

Fig. 2.1 Pressure volume relationships. The first panel 
(a) shows the change in tension for change in length as per 
Hooke’s law. If the substance is homogeneous, the slope is 
linear. It starts from an unstretched length (Lo). The slope of 
the line is elastance (E, elastic modulus), which is the con-
stant for the relationship. In the middle panel (b), the length 

is replaced by volume (L3) and the tension by pressure 
(force per cross-sectional area). The slope is still elastance. 
The right panel (c) shows a decrease in capacitance. The 
vessels’ circumference is reduced by contraction of vascu-
lar smooth muscle, which shifts the elastance curve to the 
left. The same volume (circles) now has a greater pressure
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(Fig. 2.2). Thus, the total compliance of the cir-
culatory system is the sum of the compliance of 
the arterial, arteriolar, capillary, small veins, large 
veins, and the pulmonary components. However, 
the compliance of venules and veins is 40 times 
that of the arterial compartment. Although the 
capillaries have a very large cross section area, 
their compliance, too, is very low, and thus the 
venous compartments dominate the magnitude of 
the overall vascular compliance (Permutt and 
Caldini 1978; Guyton et  al. 1956). As will be 
seen later, this allows for a “lumped parameter” 
model for the analysis of cardiac output, which 
leaves out the compliance of the arterial system. 
This simplification produces about a 10% error in 
the quantitative analysis but makes the mathe-
matical analysis much simpler.

 Capacitance

Total blood volume in a 70- to 75-kg male is in 
the range of 5.5 L, but not all of the blood volume 
stretches vessel walls and creates the pressure in 
vessels; a portion of the volume just makes ves-
sels round. This portion of blood volume is called 
unstressed volume and it is the equivalent of the 
x-intercept (Lo) in Hooke’s assessment of tension 
versus length (Rothe 1983a, b) (Fig.  2.1). As 
already noted, the proportion of volume that 
stretches vessel walls and creates the pressure in 
vessels is called stressed volume (Rothe 1983a). 
Under conditions of minimum vascular tone in 
humans and in animal studies, the stressed por-
tion of blood volume is approximately 30% of 
the total blood volume (Magder and De Varennes 
1998). This means that only about 1.3–1.4 L of 
blood volume actually is involved in making the 
blood go around.

The advantage of having a reserve of 
unstressed volume is that this volume can be 
recruited into stressed volume by contraction of 
the vascular smooth muscle in the walls of veins 
and venules (Drees and Rothe 1974). This occurs 
primarily in the splanchnic circulation. 
Importantly, a change in capacitance changes the 
position of the vascular volume-pressure curve, 
but it does not affect the slope of the relationship, 
which is 1/compliance (Fig. 2.1c). A strong sym-
pathetic discharge through baroreceptor mecha-
nisms can recruit from 10 to 18  ml/kg of 
unstressed into stressed volume and this occurs in 
seconds (Deschamps and Magder 1992). To 
achieve a similar increase in stressed volume by 
giving an intravenous crystalloid would require 
an infusion of almost 2 L because the crystalloid 
distributes between the vascular and interstitial 
spaces, whereas the change in capacitance is a 
pure vascular phenomena. Importantly, the oppo-
site, removal of sympathetic tone that was main-
taining stressed volume in someone with a 
reduced total blood volume, very rapidly 
decreases stressed volume and produces a marked 
fall in venous return and cardiac output.

Fig. 2.2 General schema of the circulation. The six 
regions are roughly drawn in proportion to their size. 
Regions above the dotted line are in the thorax. C refers to 
the compliance and R to the resistance. RV = right ventri-
cle, LV =  left ventricle, vs =  systemic venous compart-
ment, ap  =  pulmonary arterial compartment, 
vp = pulmonary venous compartment, as = systemic arte-
rial compartment. When flow is zero, 71% of volume is in 
the systemic venous compartment (for a total stressed vol-
ume, this is 1022 ml) and 10% in the pulmonary venous 
compartment (137 ml). The total compliance (Ctotal) is 
the sum of the compliances of the six regions

2 Volume and Regulation of Cardiac Output
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 Uniqueness of Volume-Pressure 
Relationship of the Cardiac 
Chambers

During diastole, cardiac chambers have a curvi-
linear pressure-volume relationship which is 
related to the structural components of the walls 
of the vascular chambers. However, unlike all 
other components of the circulation, the elastance 
of cardiac chambers rhythmically markedly 
decrease, and thus cardiac chambers have a 
“dynamic compliance” or what Sagawa called a 
time-varying elastance. The transient decrease in 
the elastance of the cardiac chambers markedly 
increases the pressure in their contained volume. 
The rise in pressure results in the ejection of the 
volume into the next region which had a lower 
pressure. This is the systemic arteries for the left 
heart and pulmonary arteries for the right heart. 
Blood flows in one direction because of the car-
diac valves. The volume ejected from the left 
heart transiently increases aortic pressure, which 
then passes the volume to the arteries, to the cap-
illaries, to the venules and veins, and finally to 
the vena cavae and back to the right heart. 
Ultimately, though, the cardiac chambers only 
can pump out what they get back on each beat 
(Sylvester et al. 1983). The same process occurs 
from the right ventricle back to the left atrium. 
The cyclic changes in ventricular elastic pres-
sures are discussed further in the chapters on the 
right (Chap. 3) and left ventricles (Chap. 4).

 Pressure-Flow Relationship

The pressure-flow relationship describes the fric-
tional energy loss of the flow of fluid through 
tubes as described by Poiseuille’s law:
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(2.1)

Where Q is the flow, R is the resistance, l is the 
length, η is the viscosity, r is the radius, and Δ 
indicates the difference of pressure between 
upstream and downstream regions. Important 
assumptions in Poiseuille’s law are that the fluid 
is “Newtonian” which requires that a steady state 

flow in the tube be established, and that the flow 
is “laminar”, in that it has a parabolic profile due 
to the friction between layers of the fluid and the 
vessel walls. These assumptions are not true for 
flows through valves and at major branch points 
where turbulence can develop. They also are not 
true in regions in which vessel diameters are very 
small and the velocity is high. However, for this 
discussion about flow between major parts of the 
circulation, the relationship is adequate for the 
description of total cardiac output.

 Importance of Compliance 
for Blood Flow

Although compliance is a static property, it is 
essential for flow, which is a dynamic property. 
This is illustrated in Fig. 2.3a, which shows a cir-
cuit with rigid tubes (extremely low compliance), 
a bellows that can be pumped to produce flow, 
and valves that control the direction of the flow. 
The resistance through the tubes has a value of 
1  L × min−1 × mmHg. The maximum possible 
flow in this simple system is zero. This is because 
as soon as the bellows is compressed, the pres-
sure instantly rises everywhere in the system and 
there is no pressure difference to allow a pulse of 
volume to travel through the system. For pulsatile 
flow to occur, there needs to be an area which 
transiently can take up the volume with a rise in 
pressure, here simulated by a change in height of 
the fluid in the open area, for flow to occur 
(Fig.  2.3b). Height is a measure of pressure 
because of the force of gravity on the mass of the 
fluid. If the compliant region has a very high 
compliance, here simulated by a large surface 
area relative to the height (Fig. 2.3c), the pulsa-
tions are very small.

 Flow from a Single Compliant 
Region

Even when there is no blood flow in the circula-
tion, the volume stretching the elastic walls of 
circulatory structures creates a stored elastic 
energy that can be released when the system is 
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open to the surrounding pressure, even without 
any pumping by the heart. This is illustrated in 
Fig.  2.4 which shows a balloon-like structure 
filled with a volume that stretches the wall above 
the unstressed volume and a tube draining the 
balloon. In “A,” a clamp prevents the balloon 
from emptying; in “B,” when the clamp is 
released, the balloon expels the volume until it 
reaches the pressure surrounding the outside of 
the balloon which in this case is atmospheric 
pressure. The determinants of flow are given by:

 
Q

RC
�

�

 
(2.2)

Where Q is the flow, γ is the stressed volume, 
and R is the resistance to drainage. R × C gives 
the time constant of drainage which is the time it 
takes to get to a 63% of the new steady state, 
which in this case is the time it takes to expel 
63% of the volume. This simple equation indi-
cates the importance of the total stressed volume 
as a major determinant of flow around the 
system.

 Bathtub Concept

As already indicated, the bulk of the volume in 
the circulation is in small veins and venules 
(Fig. 2.2). The pressure in this region normally is 
in the range of 8–10  mmHg indicating that the 
compliance is very large. The implication of this 
can be understood by considering the analogy of 

drainage from a bathtub (Magder and De 
Varennes 1998). Drainage from a bathtub is 
determined by the height of the water above the 
hole at the bottom, the resistance draining the 
tub, and the downstream pressure of the drain. 
The inflow to the tub only can increase the out-
flow by increasing the height of the water in the 
tub. Thus, only the flow from the tap, which is the 
volume per minute, and not the pressure coming 
out of the tap, determines the emptying of the tub. 
Since the surface is so large compared to the vol-
ume coming in, shutting off the tap in the short 
run has little effect on drainage from the tub. At 
the extreme, when the tub is fully filled, increas-
ing the inflow will not increase outflow from the 
drain, although it will certainly fill the bathroom 
floor! This is in a sense what occurs when excess 
fluid is given to patients; there is a marked 
increase in vascular leak but no increase in the 
venous drainage back to the heart.

Blood volume in veins and venules provides 
the equivalent of the bathtub because they have a 
large volume with a low pressure. This means 
that the arterial pressure upstream from the veins 
and venules does determine the outflow from the 
venous compartment. Only the volume coming 
from the arteries per minute determines venous 
outflow. Furthermore, because the bulk of blood 
volume exists in veins and venules, there is very 
little other volume that can be recruited from 
other vascular regions to increase the pressure in 
the veins, the body’s equivalent of a bathtub. 
Even the vascular components of the pulmonary 

a b c

Fig. 2.3 Significance of compliance in the circulation. In 
each of the figures, a bellows can create a pressure to move 
the fluid. Valves control the direction. The tubes are rigid 
(very low compliance). In the top left (a), no flow (Q = 0) 
can occur because when the bellows is compressed, pres-
sure is instantaneously transmitted through the system and 
there is no pressure difference for flow. On the upper right 

(b), there is an opening that can transiently take up volume 
and then let it flow out again; it allows a change in volume 
for a change in pressure which is compliance. The flow has 
pulsations. At the bottom (c), the area with opening has a 
large surface area compared to the volume in the bellows. 
Pulsations are thus very small. Similarly, there is little 
change in MSFP during the cardiac cycle

2 Volume and Regulation of Cardiac Output
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compartments cannot contribute much volume 
because the total compliance of pulmonary ves-
sels only is about one-seventh of that of the sys-
temic venous compliance (Guyton et al. 1956).

When there is no flow in the system, the pres-
sure is the same everywhere in the vasculature. 
This pressure is called mean circulatory filling 
pressure (MCFP) and it was first appreciated as a 
major determinant of blood flow by Weber in the 
nineteenth century and later considered by Ernest 
Starling (Patterson et  al. 1914) and almost 
50  years later by Arthur Guyton (Guyton et  al. 
1954). When there is blood flow around the cir-
culation, volume redistributes based on the com-
pliance and resistance draining each region 
(Fig.  2.2). However, the pressure in veins and 
venules changes only by a very small amount 
because it accounts for such a large proportion of 
the total vascular compliance. The pressure in 
this region under flow conditions is called mean 
systemic filling pressure (MSFP), and it is a 
major determinant of the return of flow back to 
the heart. The other factor is the total resistance 
of the vessels draining the veins and venules 
(Fig. 2.2) (Guyton et al. 1957). This is called the 
resistance to venous return. Importantly, vascular 
compliances (not to be confused with vascular 
capacitance) do not actively change acutely, and 

thus do not act in the regulation of blood flow. 
However, as will be seen later, distribution of 
blood flow to regions with different compliances 
can affect the venous return.

In the steady state, cardiac output must equal 
venous return. Furthermore, stroke volume out 
from the heart must be matched by stroke return 
when heart rate is constant. This means that under 
steady state conditions, only the equivalent of 
one stroke volume moves around the circulation 
per cardiac pulsation. The total flow obviously is 
then determined by the number of pulsations per 
minute.

Since output from the heart cannot have much 
effect on the stressed volume in the veins and 
venules, it becomes apparent that the only way 
the actions of the heart can increase steady state 
blood flow is by lowering the outflow pressure 
for venous drainage by lowering right atrial pres-
sure relative to MSFP. Thus, the primary role of 
the heart in the circulation is a “permissive func-
tion.” By lowering right atrial pressure, the heart 
allows more blood to come back to be pumped 
out again. The heart also has a second very 
important role which is a “restorative” function 
by which I mean that it must put the blood it gets 
back again. The drainage function of venous 
return back to the heart (Eq. 2.2) interacts with 
cardiac function as described by Starlings law, 
and as discussed in detail in Chap. 3, and together 
these two functions determine the steady state 
cardiac output, venous return, and right atrial 
pressure.

 Difference Between Hydraulic 
and Electrical Models 
of the Circulation

It is now possible to come back to the principle 
laid out in the introduction that volume is the 
independent variable for blood flow and not the 
arterial pressure. Note that Eq. 2.1 which describes 
the outflow from an elastic balloon has no pres-
sure term. The circulation often is described with 
electrical models based on Ohm’s law:

 V I R� �  (2.3)

a

b

Fig. 2.4 Generation of flow (Q) in a simple system which 
is similar to the venous compartment; it has a compliance 
(Cv), downstream resistance (Rv) and is filled with a 
stressed volume. When the clamped is released, the elastic 
recoil of the walls of the compliant region pushes the vol-
ume out through the downstream resistance. The volume 
that remains is the unstressed volume. The equation for 
this simple system is given in the figure. See text for fur-
ther discussion

S. Magder
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Where V is the voltage and analogous to pressure 
differences, I is the current and analogous to 
blood flow, and R is the resistance as in the 
hydraulic model. The voltage difference is based 
on the difference between the source charge and 
the “ground value.” The voltage is thus a fixed, 
independent variable. It initially is not obvious 
where volume fits into this relationship. The 
“volume” is the number of electrons in the sys-
tem, and since the current varies with resistance, 
this means that the volume of electrons changes 
with changes in current, and volume is not a fixed 
value in an electrical model as is the case in the 
hydraulic model of circulation presented in this 
chapter. This fundamental limitation of electrical 
models must always be considered. For example, 
an electrical model does not easily deal with 
changes in vascular capacitance. Of note, in an 
electrical model, “capacitance” is the equivalent 
of “compliance” in a hydraulic model and 
“unstressed” volume has no meaning because it 
has no force.

 Guyton’s Analysis

Arthur Guyton created a very effective way of 
analyzing the regulation of cardiac output by 
building on the work of Ernest Starling who also 
appreciated the importance of the return of blood 
to the heart as a determinant of cardiac output 
(Guyton 1955; Guyton et al. 1973). The basis of 
Guyton’s analysis is that two functions determine 
the steady state cardiac output. One is the cardiac 
function as described by Starling (Patterson et al. 
1914) and includes heart rate and the determi-
nants of stroke volume which are the preload of 
the heart, afterload, and contractility (Fig.  2.5). 
Starling’s function curve describes the output of 
the heart based on the preload of the right ven-
tricle (right atrial pressure or Pra) and the proper-
ties of the flow to the aorta and all the structures 
in between, including the pulmonary arterial and 
venous compliances and resistances, and the 
right and left ventricles.

Guyton’s original contribution was to add 
another function that describes the return of 
blood from the venous compliant regions back to 

the heart (Guyton et al. 1957). In an elegant set of 
experiments, he showed that venous return is 
determined by stressed volume, venous compli-
ance, and venous resistance (as in Eq.  2.1), as 
well as the downstream pressure for venous out-
flow which is the right atrial pressure. Right atrial 
pressure, or central venous pressure, can be used 
interchangeably because their resistance from the 
great veins to the right heart normally is negligi-
ble. The stressed vascular volume and venous 
compliance determine the upstream MSFP:

 
MSFP

v

�
�

C  
(2.4)

Where γ is the stressed volume and Cv is the 
venous compliance. With a constant blood vol-
ume and constant venous resistance, venous 
return is determined by the right atrial pressure 
which in turn is determined by the function of the 
heart. The venous return function is thus:

 
VR

R
�

�MSFP Pra

v  
(2.5)

where Rv is the venous resistance. The equation 
also can be written in terms of volume without 
pressure by substituting Eq. 2.4 into 2.5:

 
VR

Pra v

v v

�
�� C

R C  
(2.6)

The product of Rv and Cv is the time constant 
of drainage. It becomes evident that Pra is com-
mon to both the cardiac function, where it acts as 
preload, and to the return function where it is the 
downstream pressure for venous outflow. In his 
elegant experiments, Guyton examined the deter-
minants of these two functions and how they 
interact.

 Guyton’s, Graphical Approach

A major contribution of Guyton’s was the devel-
opment of a graphical approach to mathemati-
cally solve the interaction of the cardiac and 
return functions (Guyton 1955). He developed a 

2 Volume and Regulation of Cardiac Output
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function curve to describe the return of blood to 
heart (venous return curve) (Fig. 2.6) and com-
bined it with Starling’s cardiac function curve 
(Fig.  2.5). He reasoned that the key role of the 
heart in the regulation of the return of venous 
blood is to lower right atrial pressure (Pra). He 
thus plotted his venous return curve with Pra on 
the x-axis and the associated return of venous 
blood on the y-axis (Fig. 2.6). The x-intercept of 
this plot is the MSFP and the slope is the negative 
inverse of venous resistance (−/Rv). This curve is 
a simple pressure-flow relationship but has the 
reversed pattern from the usual curve, because 
instead of flow being plotted against the inflow 
pressure, flow is plotted against the outflow pres-
sure. This because the inflow pressure for venous 
return, MSFP remains relatively constant.

Since the venous return curve has the same 
axis as the cardiac function curve, they can be 
plotted on the same graph and the intersection of 
the two curves gives the solution for the working 
right atrial pressure, working cardiac output, and 
working venous return (Fig.  2.7). An important 
point of confusion that often occurs when consid-
ering Guyton’s analysis is the difference between 
cardiac output and cardiac function and venous 
return and the venous return function. The func-
tions describe a set of outputs or returns for a 

given set of conditions, whereas cardiac output 
and venous return describe actual values based 
on the intersection of these two functions. The 
following sections show how this analysis works. 
They are given as a pure change in one variable 
which of course does not happen in life because 
of reflex adjustments, but they still describe the 
dominant process that occurs when there is a pri-
marily a change in cardiac function, return func-
tion, or both (Magder 2012).

Change in Cardiac Function Cardiac function 
is increased by an increase in heart rate, increase 
in contractility, or decrease in afterload (Fig. 2.5). 
All three of these shift the cardiac function curve 
upward and to the left. If there is no change in the 
return function, cardiac output increases and 
right atrial pressure falls (Fig. 2.8). It acts as if 

Fig. 2.5 Starling’s cardiac function curve. The greater 
the Pra, the greater the cardiac output (Q) until a plateau is 
reached, and a further increase in Pra does not change Q. 
Each curve assumes a constant heart rate, contractility, 
and afterload. An increase in heart rate, or contractility, or 
a decrease in afterload shifts the curve upward so that for 
the same Pra, Q is higher. This indicates an increase in 
cardiac function

a b

c

Fig. 2.6 Guyton’s venous return function. In the circula-
tion model on the left (a), the right atrial pressure (Pra) 
equals MSFP and flow is zero. On the right (b), Pra is less 
than MSFP and flow can occur. The bottom (c) shows the 
graphical solution to the interaction of the pump and 
return functions. The beating heart lowers Pra and allows 
blood to come back to the heart; the heart here has a “per-
missive function (blue downward arrow). The heart then 
pumps the blood out and back to the compliant region and 
thus has a “restorative” function (upward red arrow). In 
the graph, the x-axis is pressure and the x-intercept is the 
MSFP. The slope is the negative value of the inverse of 
venous resistance. When Pra is less than the surrounding 
pressure (i.e., atmosphere when breathing spontaneously), 
the veins collapse when they enter the chest and there is 
flow limitation. The downstream pressure for the return 
function then remains at ~0 mmHg

S. Magder
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Fig. 2.7 Determination of CVP (Pra) by the interaction of the pump function (“Starling curve”) and the return function 
(“Guyton venous return function”). The limits of the cardiac and return functions also are marked. See text for details

Fig. 2.8 Change in cardiac output by change in cardiac 
function. The left side shows an increase in cardiac func-
tion with the same venous return curve. Cardiac output 

rises and Pra falls. It is as if the heart was lowered relative 
to the rest of the body and increased the pressure differ-
ence for venous return

2 Volume and Regulation of Cardiac Output



16

the heart is lowered relative to the rest of the 
body. If cardiac function decreases, the opposite 
is seen; cardiac output falls and right atrial pres-
sure rises.

Change in Stressed Volume If stressed volume 
is increased by a bolus of intravenous fluid, 
MCFP and MSFP increase but not equally 
because the volume distributes through all com-
partments including the pulmonary vessels. 
Under normal physiological conditions, the dif-
ference is very small but the difference becomes 
more important if cardiac function is decreased, 
especially if left heart function is decreased. I am 
emphasizing this difference because measure-
ments of MCFP and MSFP depend upon the 
experimental technique used to obtain them. 
What matters for cardiac output is MSFP because 
this is the upstream force driving the flow of 
blood back to the heart. A rise in MSFP, the 
x-intercept of the venous return curve, shifts the 
venous return to the right and intersects the car-
diac function curve at a higher right pressure and 
higher cardiac output (Fig. 2.9b). If stressed vol-
ume is lost, for example because of a major hem-
orrhage, aggressive fluid removal, or large 
gastro-intestinal losses, MSFP falls and the 
venous return curve is shifted to the left. Cardiac 
output falls with a fall in Pra.

Change in Venous Resistance Venous resis-
tance can be decreased pharmacologically by 
beta-agonists and nitrates (Deschamps and 
Magder 1992; Green 1977; Mitzner and Goldberg 
1975). The overall resistance to venous return 
also can be decreased by redistribution of propor-
tion of blood flow going to the splanchnic circu-
lation versus the muscle compartment 
(Deschamps and Magder 1992; Mitzner and 
Goldberg 1975). This is discussed further in a 
later section. A decrease in venous resistance is 
likely a major factor for the increase in cardiac 
output that occurs in sepsis, but this has not been 
well established because almost all animal mod-
els of sepsis do not show the characteristic high 
output state seen in humans with sepsis (Magder 
and Quinn 1991). A decrease in venous resis-

tance does not change the x-intercept, i.e., MSFP, 
but rotates the venous return curve upward. This 
produces a rise in cardiac output with a rise in Pra 
as is seen with a fluid bolus (Fig. 2.9c).

Change in Capacitance As discussed above, a 
decrease in vascular capacitance recruits 
unstressed volume into stressed volume (Rothe 
1983a, b; Rothe et  al. 1990). This increases 
MSFP without changing total blood volume. The 
effect on cardiac output and Pra, however, is 
identical to what is seen with a volume bolus 
(Fig.  2.10). Cardiac output rises with a rise in 
Pra. An increase in vascular capacitance, which 
commonly occurs with sedation, results in a 
decrease in cardiac output with a fall in Pra and 
looks identical to a loss of total active blood vol-
ume (Green et al. 1978).

 Summary of Interaction of Cardiac 
and Return Functions

An increase in cardiac output that occurs with a 
decrease in Pra indicates that the primary physio-
logical change was an improvement in cardiac 
function (Fig. 2.8) (Magder 2012). If cardiac out-
put falls with an increase in Pra, the primary prob-
lem was a fall in cardiac function. This could be 
from a decrease in right heart function, increase in 
pulmonary vascular resistance, or a decrease in 
left heart function. This analysis does not distin-
guish these and other tests or clinical assessments 
are needed. If cardiac output increases with a rise 
in Pra, the primary physiological change was an 
increase in the return function (Fig.  2.9). This 
could be due to an increase in total blood volume, 
a decrease in venous capacitance, or a decrease in 
venous resistance. A fall in cardiac output with a 
fall in Pra indicates that the primary physiological 
change was a decrease in the return function, 
which could be because of a loss of total blood 
volume, an increase in capacitance by removal of 
vascular tone, or an increase in venous resistance. 
These simple relationships between cardiac out-
put and CVP can allow rapid assessment of the 
primary pathophysiological process and provide a 
physiological approach to management.

S. Magder
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 Limits of the Cardiac and Return 
Functions

Both the cardiac and return functions have impor-
tant limits (Fig.  2.7). The Starling mechanism 
requires that there be an increase in the length of 
cardiac myofibers during diastole for there to be 
an increase in stroke volume. However, cardiac 
muscle evolved differently from skeletal muscle 
so that it cannot be overstretched. If this were not 
the case, at high rates of venous return, stroke vol-
ume would decrease which would be highly dis-
advantageous. Under normal conditions, the 
pericardium constrains acute dilatation of the 
heart even before the sarcomere limit is reached 
(Holt et al. 1960). This produces a sharp break to 
the passive filling curve of the right heart which is 
seen as the flat part of Starlings cardiac function 
curve (Figs. 2.5 and 2.7). When right heart filling 

a b c

Fig. 2.9 Change in cardiac output by a change in the 
return function. The first panel (a) shows the basic interac-
tion of the cardiac and return functions. In the second 
panel (b), vascular volume is increased which raises 
MSFP.  The venous return curve shifts to the right and 

intersects the cardiac function curve at a higher Pra and a 
higher Q. In the last panel (c), the slope of the return func-
tion increases which indicates a decrease in venous resis-
tance. Q again rises with a rise in Pra, but in this case, 
MSFP is unchanged

Fig. 2.10 A decrease in vascular capacitance. A decrease 
in vascular capacitance tightens up veins and venules 
(decrease in circumference). It is as if the opening of the 
container was lowered. More volume becomes stressed, 
which increases MSFP. This is seen as a shift to the left of 
the volume vs pressure relationship of the vasculature. A 
given volume then has a higher pressure. The venous 
return curve is shifted to the right and Q rises with a rise 
in Pra just as occurred when volume was given. This is the 
body’s way of giving an auto-transfusion

2 Volume and Regulation of Cardiac Output
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is limited, increasing the venous return function 
increases Pra but does not increase cardiac output. 
When cardiac filling is limited, only an increase in 
heart rate, increase in contractility, or a decrease 
in afterload can increase cardiac output.

The venous return function has a limitation, 
too, because of flow limitation in large veins 
returning blood to the heart. In contrast to arter-
ies, walls of veins are floppy, and when the pres-
sure inside a vein is less than surrounding 
pressure, the vessel collapses (Permutt and Riley 
1963). When breathing spontaneously, pleural 
pressure is less than atmospheric pressure. As 
discussed in the chapter on heart-lung interac-
tions, the heart is surrounded by pleural pressure 
so that cardiac pressure, too, becomes negative 
relative to atmospheric pressure. It is important to 
appreciate that Pra is not actually “negative,” it 
just is negative relative to atmospheric pressure, 
which is around 760 mmHg at sea level. When 
the great veins enter the thorax, the pressure 
inside these veins is less than the surrounding 
pressure and they collapse. When this happens, 
lowering Pra further does not increase cardiac 
output. This brings up a rather subversive point. 
The maximum possible venous return, and thus 
maximum possible cardiac output, occurs when 
the heart is removed and the great veins just drain 
to atmosphere. This indicates that most of the 
time the heart just gets in the way. However, this 
glorious situation only lasts for an instant as 
blood volume drains from the body and is not 
returned to the upstream reservoir. When venous 
return is limited, only an increase in stressed vol-
ume or a decrease in venous resistance can 
increase cardiac output (Fig. 2.11).

There is an important evolutionary rational for 
why veins developed with floppy walls and are 
collapsible, whereas arteries have rigid walls and 
are not easily collapsible. As discussed in the 
chapter on blood pressure, in the upright posture, 
the pressures in the veins draining the cerebral 
circulation are very negative relative to the heart, 
i.e., less than −40  mmHg relative to Pra in an 
average sized person. If the veins in the head 
were as stiff as arteries, and thus did not collapse 
and limit flow, every time a person stood up the 
stressed and unstressed blood volume in the head 

would almost instantly be sucked out and severely 
damage cerebral tissues.

 Krogh’s Two-Compartment Model 
of the Circulation

So far in this chapter, the analysis has been based 
on a model with all venous compliance lumped in 
one compartment. However, in 1914, August 
Krogh introduced a model that indicated that if 
there are venous regions in parallel that have dif-
ferent compliances and different time constants 
of drainage, the distribution of flow between the 
compartments alters the rate of flow return 
(Permutt and Caldini 1978; Krogh 1912; Caldini 
et al. 1974) (Fig. 2.12). Remember that the time 
constant of drainage is the product of the compli-
ance of the region and the resistance draining it. 
The analysis is simpler if just two general types 
of compartments are considered, one with a fast 
and one with a slow time constant of drainage. 
Furthermore, it is the compliance term that has 
the most significant difference among different 
regions (Deschamps and Magder 1992; Caldini 
et al. 1974). The splanchnic circulation has been 
shown to have a slow time constant of drainage, 
which is in the range of 20–24 seconds, whereas 

Fig. 2.11 The limit to venous return. When the pres-
sure in the great veins is less than the atmospheric pres-
sure (or pleural pressure in someone on positive pressure 
ventilation), the vessels collapse and produce the equiv-
alence of a vascular water fall. When this happens, a 
further lowering of Pra (B) does not increase Q. Only 
giving volume and shifting the venous return curve to 
the right increase Q

S. Magder



19

the peripheral muscle bed has a fast time constant 
of drainage, which is in the range of 3–6 seconds 
(Deschamps and Magder 1992; Green 1977; 
Mitzner and Goldberg 1975). A shift in the frac-
tion of the total blood flow to the fast time con-
stant muscle vasculature increases venous return 
(Caldini et  al. 1974). This occurs because the 
increase in flow to the less compliant muscle 
results in an accumulation of volume and, conse-
quently, an increase in the regional equivalent of 
MSFP.  This increases the gradient for venous 
return from this region. In the Guyton analysis, 
this is evident as an increase in the slope of the 
venous return function (decrease in resistance) 
with no change in the x-intercept. An increase in 
the fraction of flow to the splanchnic bed does the 
opposite. Venous return decreases because the 
splanchnic bed can accumulate more blood with 
a smaller increase in regional equivalent of 
MSFP. This is evident as a decrease in the slope 
of the venous return curve.

 Summary

The primary force driving flow around the circu-
lation is the elastic energy produced by the dis-
tention of the elastic walls of the circulation by 
the volume they contain. When the closed circu-
latory loop is opened to atmosphere, this force 
can create flow even without a cardiac contrac-
tion. The heart cannot produce a flow rate higher 
than the instantaneous flow that would occur 
when the non-beating system is opened to atmo-
sphere. Cardiac chambers act by transiently 
increasing the elastance of their walls in systole. 
This increases the pressure in the volume they 
contain and displaces that volume into the next 
compartment. This volume is then passed around 
the system as the pressure rises in each section 
compared to the next downstream section until 
the pulse of volume is back to the emptied right 
ventricle. Another key role of the heart is thus to 
reduce its elastance back to the resting state and 

Fig. 2.12 Krogh’s two-compartment model and the 
effect of a change in the fractional distribution of cardiac 
output on venous return. In A, the distribution of flow is 
equal to the splanchnic bed (Ra-s) and the peripheral 
(muscle) bed (Ra-p). In B, the fractional flow to the 

peripheral bed is increased. As a result, the resistance to 
venous return is decreased and venous return is higher for 
the same total volume. (From reference Magder and 
Scharf 2001). Used with permission of Taylor & Francis 
Group LLC)
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allow the equivalent of the ejected bolus to come 
back to the heart. The pressure difference required 
for the stroke return from the veins is much 
smaller than that required for the ejection of the 
forward stroke volume, which makes the right 
atrial pressure a key determinant of flow around 
the system.
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Function of the Right Heart

Sheldon Magder

 Introduction

Right heart dysfunction is common in critically 
ill patients. Causes include sepsis, dysfunction 
following cardiac surgery, chronic lung diseases, 
chronic pulmonary vascular disease, and pulmo-
nary vascular obstructive processes. Right heart 
dysfunction can occur acutely or as an acute on 
chronic process. Acute processes occur primarily 
when there is an excessive pressure load for right 
ventricular (RV) ejection as with an acute pulmo-
nary embolism or during mechanical ventilation, 
and it also can occur when cardiac function is 
decreased as in sepsis or after cardiac surgery. 
Failure from chronic right heart processes occurs 
when adaptive mechanisms reach their limits as 
in end stages of primary pulmonary hypertension 
or secondary causes of pulmonary hypertension. 
The right heart also can limit cardiac output 
because of iatrogenic actions, such as excessive 
volume loading, even without intrinsic dysfunc-
tion of cardiac muscle. There have been several 
recent excellent reviews on RV dysfunction. 
These have emphasized acute right heart failure 
(Harjola et al. 2016), overloaded right heart and 
ventricular interdependence (Naeije and 
Badagliacca 2017), right versus left ventricular 

failure in congenital heart disease (Friedberg and 
Redington 2014), and right ventricular hypertro-
phy and right heart failure (van der Bruggen et al. 
2017). The emphasis in this chapter is on physi-
ological and pathological implications for the 
management of the RV in the critically ill. Some 
of these ideas have been previously discussed 
(Magder 2007). This chapter will refer to princi-
ples in Chap. 2 on volume and regulation of car-
diac output, Chap. 4 on the left ventricle function, 
Chap. 50 on cardiogenic shock, and Chap. 18 on 
heart-lung interactions.

 Origins of the Right Heart

The earliest forms of the four-chamber mamma-
lian heart evolved in vertebrates (Simoes-Costa 
et  al. 2005; Xavier-Neto et  al. 2007; Bishopric 
2005; Pascual-Anaya et al. 2013). Knowledge of 
the evolution of the heart helps understand why the 
right heart functions the way it does and what lim-
its its output. The heart had its evolutionary begin-
nings with a single circuit that had an atrium and 
ventricle in series (Simões-Costa et al. 2005). As 
an early example, in fish, blood is pumped from 
the equivalents of an atrium and a ventricle through 
a gas-exchange mechanism in the gills that oxy-
genates the blood and removes carbon dioxide 
(CO2). Upon exiting the gills, the circuit delivers 
oxygen (O2) and removes waste products from the 
rest of the body and the de-oxygenated blood 
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returns to the heart. In sedentary fish, the heart 
obtains its needed O2 from the returning blood by 
diffusion through trabeculations in the walls of the 
heart. Accordingly, this blood is the most deoxy-
genated in the body. In more active fish species, up 
to 35% of the O2 for the heart comes directly from 
the gills through a primitive coronary circulation 
(Bettex et al. 2014). Although this simple system 
is adequate for the low aerobic needs of lower 
level organisms, and for modest rapid burst in spe-
cies with primitive coronaries, it does not allow for 
the high aerobic power of mammals and birds. 
Furthermore, gas- exchange vessels in the gills 
receive blood ejected from the heart with the high-
est vascular pressure in the organism. These spe-
cies thus could not have the delicate alveolar 
structures that exist in birds and mammals. An 
adaptation that helps protect the gas-exchange 
region is the conus arteriosus just after the ventri-
cle. This not only dampens the ejected pulse pres-
sure that flows into the gills but also dampens the 
arterial pressure for the rest of the body.

A three-chamber heart with two atria and one 
ventricle emerged in amphibians when species 
began to move on to the land and breathe air. This 
allowed the evolution of a separate pulmonary 
circuit. Respiratory function now could be sepa-
rated from other organ function, and fully oxy-
genated blood returns to the heart, although this 
blood still is mixed with returning deoxygenated 
venous blood from the rest of the body (Bishopric 
2005). This stage could be considered the dawn 
of the era of heart-lung interactions! At the reptil-
ian stage, things became more complicated and 
various approaches evolved. Some reptiles, such 
as turtles, still have a three-chamber heart and 
low arterial pressure. Pythons and some lizards 
have almost complete separation of the ventricles 
and the outflow to the lungs is occluded during 
systole, thus separating the return of oxygenated 
and deoxygenated blood. Other reptiles, such as 
crocodiles, have true four-chamber hearts, but 
there are two aortic arches, which allow varying 
ratios of pulmonary to systemic flows (Bettex 
et al. 2014). Their arterial pressures generally are 
lower than in mammals and their aerobic power 
is much lower. Fully separated right (RV) and left 
ventricles (LV) only appeared with the evolution 

of birds and mammals. This fully evolved struc-
ture allowed development of a low-pressure pul-
monary system that has delicate high efficiency 
gas-exchange structures, coronary blood flow 
with a high-pressure source and fully oxygenated 
blood, and a high-pressure systemic circulation 
that allows rapid changes in regional flows by 
decreasing regional arterial resistances based on 
local metabolic needs (Chap. 8). It is noteworthy 
that a separate pulmonary gas exchange region 
only evolved when systemic arterial pressure 
exceeded 50 mmHg (Bettex et al. 2014).

During fetal life, the RV functions as the sys-
temic ventricle and provides more than half of 
the cardiac output to the body as it supplies blood 
to the lower part of the body and the placenta. 
Little blood flow is needed for the low-pressure 
pulmonary circuit because there is no ventilation 
(Friedberg and Redington 2014). After birth, the 
RV just has to face the pressure in the low- 
resistance pulmonary circuit, and its walls 
become thinner right after birth. Based on studies 
in animals, it has been argued that loading the RV 
early in life can maintain the right heart’s fetal 
transcriptional program and prevent RV muscle 
regression. This potentially can facilitate the 
development of RV hyperplasia in children who 
have congenital heart problems that are associ-
ated with rising pulmonary artery pressures later 
in life (Friedberg and Redington 2014; van der 
Bruggen et al. 2017; Apitz et al. 2012). Evidence 
for this is supported by the observation that chil-
dren with Eisenmenger’s syndrome, or corrected 
transposition of the great arteries, tolerate 
increased pulmonary pressure for prolonged peri-
ods better than children with other congenital or 
pathological conditions in which the pulmonary 
load develops later in life (Hopkins 2005; 
Hopkins et al. 1996; Dos et al. 2005).

 Differences Between RV and LV

In 1998, it was discovered that the embryological 
development of the RV is directed by the tran-
scription factor Hand 2, whereas that of the LV is 
directed by Hand 1, which actually evolved after 
Hand 2 (Thomas et  al. 1998; Srivastava and 
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Olson 2000). The LV develops from an anterior 
heart field, whereas the RV evolves from a genet-
ically more primitive field (Zaffran et al. 2004). 
These differences in transcriptional programs 
produce differences in the electrophysiological, 
pharmacological, and contractile properties of 
the RV and LV (Table 3.1).

Electrophysiological Sarcomeres from RV and 
LV respond differently to changes in frequency 
of contractions. When the frequency of sarco-
mere contractions is suddenly slowed, those from 
the RV have a small increase in their length of 
shortening, whereas those from the endocardial 
surface of the LV have a large increase in the 
length of shortening. Sarcomeres from the LV 
epicardium are more similar to those of the RV, 
and they only shorten a little with a decrease in 
frequency (Kondo et al. 2006). These differences 
in shortening patterns are associated with differ-
ent electrophysiological properties in cell mem-

branes, which ultimately contribute to differences 
in the force production of the RV and LV.  LV 
myocyte potassium currents turn off faster than 
those of the RV; the density of potassium chan-
nels, too, is greater in the LV. These properties 
allow more time for calcium ions to enter LV 
myocytes during the fixed time of the action 
potential and result in the greater LV force pro-
duction than that of the RV.

Endocardial endothelial cells (EEC) Just as all 
blood vessels have a layer of endothelial cells, 
cardiac chambers, too, are lined by a layer of cells 
with properties that are similar to those of vascu-
lar endothelial cells, although they evolved from 
cardiac fields rather than the mesenchymal field, 
which is the source of vascular endothelial cells 
(Brutsaert et al. 1996; Brutsaert 2003). EEC have 
membrane receptors that allow peptide signaling 
from both the blood inside the cardiac chambers 
and peptides that come from the underlying car-
diomyocytes (Jacques et  al. 2003, 2006a, b, c). 
These cells also secrete peptides such as endothe-
lin-1 and neuropeptide Y, which can have both 
autocrine and paracrine effects on these cells. 
There are many differences in EEC of the right 
and left sides of the heart, which result in differ-
ences in the regulation of the blood-heart barrier 
on the two sides of the heart (Abdel- Samad et al. 
2012, 2016). EEC from the RV are thinner and 
have a lower baseline calcium ion concentration 
in both their cytoplasm and nuclei than EEC from 
the LV (Fig. 3.1). The increase in intracellular cal-
cium ions in response to the same concentration 
of peptides, such as human polypeptide Y and 
endothelin, is much greater in right-sided EEC 
compared to left-sided EEC (Abdel-Samad et al. 
2016). These differences in right- and left-sided 
EEC properties can allow each side of the heart to 
have its own regulatory responses to circulating 
vascular signaling molecules, as well as meta-
bolic factors, such as tension of O2 and CO2 and 
hydrogen ion concentration.

Pharmacological Differences Although alpha- 
adrenergic agonists are thought in general to have 

Table 3.1 Differences in properties of right and left 
ventricles

Right ventricle Left ventricle
Transcriptional 
factor

Hand-2 Hand-1

Electrophysiological Less 
sarcomere 
shortening 
when 
contraction 
frequency 
slows

Greater 
sarcomere 
shortening 
when 
contraction 
frequency 
slows

Lower density 
of K+ 
channels and 
they turn off 
more slowly

Greater 
density of K+ 
channels and 
they turn off 
faster

Response to 
α-agonists

Decrease 
myofiber 
shortening

Small 
increase in 
myofiber 
shortening

Endocardial 
endothelial cells

Thinner; 
lower baseline 
intracellular 
[Ca2+]

Wider; 
greater 
baseline Ca2+

Normal resting 
end-systolic 
elastance

4–6 mmHg/
ml

1.3–2.0 
mmHg/ml

Coronary flow Diastole and 
systole

Primarily 
diastole
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little effect on cardiac myocytes, there are strik-
ing differences between their actions on the RV 
and LV.  Phenylephrine, a pure α-agonist, pro-
duces a small increase in the degree of shortening 
of LV muscle in situ, but it produces a marked 
decrease of RV muscle shortening (Wang et  al. 
2006). A chronic infusion of  norepinephrine 
increases LV but not RV mass (Irlbeck et  al. 
1996), although this could be because norepi-
nephrine produces only a small increase in pul-
monary artery pressure, but a large increase in 
systemic arterial pressure and thus produces a 
greater afterload effect on the LV (Datta and 
Magder 1999). The significance of this is that 
pharmacological agents can potentially affect the 
RV and LV differently.

Shape and Load Differences Between the 
Ventricles The implications of these will be 
discussed in the next section but some brief 
points need to be made here. The LV has the 
appearance of an American football cut in half at 
its widest diameter, whereas the normal RV 
wraps around the LV and functions more like a 
bellows than a constricting circle (Friedberg and 
Redington 2014; Voelkel et al. 2006) (Fig. 3.2). 

RV diastolic compliance is much greater than 
that of the LV so that there only are small changes 
in RV pressure with an increase in RV volume. 
The diastolic filling curve of the RV, though, has 
a sharp break at which pressure rises steeply 
with little change in volume. Pressure loads on 
the RV and LV, too, are very different. The LV 
generates systolic pressures greater than 100 
mmHg, whereas RV systolic pressure is usually 
20 mmHg or less (Fig. 3.3). Accordingly, the LV 
wall normally is much thicker than the RV wall 
(Fig.  3.2). The peak-generated pressure for a 
given volume of the RV is only half that of the 
LV. These differences are obvious when the pres-
sure-volume curves of the RV and LV are com-
pared (Fig. 3.3).

 Right Ventricular Ejection

 Basic Principles

It is important to start with statements of some 
basic underlying principles (Table  3.2). These 
may seem obvious, but they often are forgotten 
in the circular reasoning which is at the core of 

control controlSyto-11 Syto-11

10 10

10 10

0 255

a b c d

EECR EECL

Fig. 3.1 Higher basal intracellular Ca2+ level in left ven-
tricular endocardial endothelial cells compared to those 
from the right ventricle. 3D quantitative confocal micros-
copy images (top view) showing the basal intracellular 
distribution and levels of Ca 2+-Fluo 3 complexes in endo-
cardial endothelial cells derived from the right (EECR, a) 

and left (EECL, c) ventricles. Panels (b) and (d) show 
labeling of the nuclei of cells in panels (a) and (c) respec-
tively using the nucleic acid probe syto-11. The white 
scale bar is in μm. (Unpublished data. Used with permis-
sion of Dr Danielle Jacques)
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an understanding cardiovascular physiology. 
First, the LV only can put out what the RV gives 
it, and the RV only can put out what returns to it 
from the upstream venous reservoir. The cyclic 
nature of cardiac function sets the time available 
for filling and ejection from the ventricles. 
Normally, the RV does not reach its volume 
limit. Rather, filling of the RV in diastole is 
determined by the time available for the RV to 
fill and how fast blood comes back to it. In path-
ological conditions, RV filling can reach the 
maximum RV diastolic volume, and when this 
happens, it has major repercussion for the inter-
action of RV and LV and sets the limit of stroke 
volume. Finally, conservation of mass must 

always be considered; if a distended RV 
decreases filling of the LV, the volume must 
accumulate somewhere else in the circulation, 
which means that pressure must increase some-
where else in the vasculature.

Basic mechanisms of flow generation are sim-
ilar for the RV and LV. During diastole, ventricu-
lar walls are stretched by the returning blood. The 
pressure created by the stretched ventricular 
walls is their preload and sets the length of car-
diac myocytes based on the diastolic compliance 
of the walls. The return of blood is driven by 
energy from the elastic recoil of the compliant 
upstream venous region. For the RV, the upstream 
pressure is in the systemic veins and is called 
mean systemic filling pressure (MSFP) (Chap. 2, 
Magder). In a parallel way, blood returns to the 
LV from the elastic recoil of the pulmonary 
venous compartment. The total compliance of 
pulmonary vessels (arterial and venous), though, 
only is about one-seventh of that of the systemic 
veins and, accordingly, the volume reserve in the 
pulmonary veins is small (Lindsey and Guyton 
1959). Thus, filling of the LV is dependent upon 
what the right heart gives it, whereas the large 
volume reserve in the systemic venous compli-
ance means that the RV is not directly dependent 
upon LV output.

The RV is considered by some to normally 
function below its stressed volume. However, 
this is unlikely because the RV demonstrates an 
active length-tension relationship and a force is 
needed to stretch the sarcomeres (Maughan 
et al. 1979; Redington et al. 1988a). More likely, 
what is happening is that in the range of normal 
stroke volumes, the passive filling curve of the 
RV is very compliant, and the very small 
changes in its diastolic pressure are hard to 
detect unless properly amplified. Since changes 
in diastolic volume produce changes in the gen-
erated systolic pressure, there must be some 
increase in stress on right- sided sarcomeres for 
them to detect a change and this indicates that a 
force has to be present. It also is important to 
appreciate that negative values relative to atmo-
sphere do not mean that the transmural pressure 
is negative as the heart is in the sub-atmospheric 
pleural space (Slinker et al. 1987; Watkins and 
LeWinter 1993).

RV

RV
LV

LV

Normal IPAHa b

c

Fig. 3.2 Cast of the right ventricle indicating its compli-
cated shape with a base and infundibular portion. The top 
shows the relative sizes of the RV and LV; on the left (a) a 
normal situation, and on the right (b) a markedly hypertro-
phied ventricle with a greatly reduced LV and the septum 
curved to the left. Bottom (c) shows MR angiogram of the 
RV and pulmonary arteries in a subject with idiopathic 
pulmonary hypertension. The RA and RV are prominent 
with heavy RV trabeculations. (From Voelkel et al. (2006). 
Used with permission of Wolters Kluwer Health, Inc.)
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In most people, the RV passive filling curve 
becomes very stiff at around 10 mmHg refer-
enced to the middle of the right atrium, although 
there is a lot of individual variability of the actual 
value at the break of the curve (Magder and 
Bafaqeeh 2007). Pericardial tissue is very non- 
compliant and when intact, it creates a sharp limit 
to RV filling. This limit usually occurs before the 
steep part of the passive filling curve of the RV 
wall itself is reached (Fig.  3.3) (Watkins and 
LeWinter 1993; Holt et al. 1960). However, even 
without a pericardium, the cardiac cytoskeleton 
still sharply limits RV filling. In contrast to the 
diastolic properties of the RV, the compliance of 
the LV passive filling curve has a steeper slope 
even at low pressures, and the increase at higher 
values is less sharp (Fig. 3.3). The LV thus has a 
more progressive increase in diastolic pressure 
with volume, and the filling curve becomes much 
steeper and limiting at around 18 mmHg. 
However, when the pericardium is in place, or 
when the lungs, the RV itself, or the space avail-
able in the mediastinum becomes limited, LV fill-
ing, too, can become sharply limited by these 
other structures (Butler 1983).
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Fig. 3.3 Pressure-volume relationships of the right and 
left ventricles (left) and the pericardium (right). Details 
are in the text. Note that the end-systolic left ventricular 
pressure- volume (Es-LV) is much steeper than the end- 
systolic pressure-volume line (Es-Rv). The diastolic pas-
sive filling curve of the RV breaks more sharply than that 

of the LV.  Although the LV systolic pressure is much 
higher than that of the RV, their stroke volumes are equal. 
The right side shows the steep break to the pressure vol-
ume relationship of the pericardium. (From Holt et  al. 
1960). Used with permission of Wolters Kluwer Health, 
Inc.)

Table 3.2 Characteristics of ventricular pressure-volume 
relationship

Right ventricle Left ventricle
Systolic 
peak 
pressure

120 mmHg 20 mmHg

Diastolic 
filling

Low diastolic 
pressure
(−2 to 4 mmHg)

Moderate diastolic 
pressure
(5–10 mmHg)

Low initial slope 
(high compliance)

Moderate slope 
(moderate 
compliance)

Sharp break in 
diastolic filling 
curve at peak 
volume

Gradually 
increasing slope of 
diastolic filling 
curve at peak 
volume

Initial 
systolic 
rise in 
pressure

Curvilinear initial 
P-V curve

Isovolumetric 
initial phase

End of 
systole

Can have 
hang-out phase of 
stroke volume

Sharp end to stroke 
volume at max Es

Stroke 
volume

Large changes 
with either 
positive or 
negative 
inspiratory 
activity

Moderate effects 
from either positive 
or negative 
inspiratory efforts
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Under normal conditions, the limit of RV fill-
ing provides a protective mechanism for the 
lungs by preventing excessive RV output from 
over-filling the LV. This prevents flooding of the 
lungs by excessive increases in LV diastolic pres-
sure. This safety mechanism fails when RV func-
tion is maintained, and LV function is severely 
depressed. In this situation, the functioning RV 
keeps transferring volume to the pulmonary vas-
culature but the depressed LV cannot handle the 
volume and maintain the normally low pulmo-
nary capillary pressure. This especially can be a 
problem in someone in whom the RV and LV are 
supported by mechanical devices, and the right- 
sided device generates more flow than the left- 
sided device.

Ejection from both the right and left ventricles 
occurs by what Sagawa called, a time-varying 
elastance (Sagawa 1978; Suga et al. 1977) which 
is discussed more fully in Chap. 4 for the 
LV. Unlike other vascular tissues, the elastances 
of ventricular walls (and atria), i.e., change in 
pressure for change in volume, rhythmically 
increase during the cardiac cycle; this rising 
phase of the elastance of ventricular walls defines 
systole. The rise in elastance increases the pres-
sure of the volume in the ventricles and is 
described by the slope of a line on a pressure ver-
sus volume plot (Figs.  3.3 and 3.4). The maxi-
mum slope of the end-systolic pressure-volume 
line is the maximum elastance (Es-max) during 
the cycle and is considered the best volume- 
independent indicator of ventricular function.

Details of the time-varying elastance in the 
RV were nicely documented by Maughan et al. 
and Sagawa (Fig. 3.4) (Maughan et al. 1979). The 
process occurs at a much lower scale in the RV 
than in the LV (Maughan et al. 1979; Redington 
et  al. 1988a; Dell’Italia and Walsh 1988a; 
Dell’Italia et  al. 1985; Redington et  al. 1990) 
(Fig.  3.4). When the outflow from the RV is 
blocked, the pressure rises to the value on the 
Es-max line for that volume (upper part of 
Fig. 3.4). When the pulmonary valve opens, the 
RV pressure rises until the pressure is greater 
than pulmonary arterial pressure. This opens the 
pulmonary valve and blood is ejected. Blood con-

tinues to flow out of the ventricle until the ven-
tricular elastance begin its cyclic fall. The time 
available for ventricular ejection is largely deter-
mined by the time it takes for the pressure at a 
given volume to reach the Es-max produced in a 
cycle (lower part of Fig. 3.4). This time is deter-
mined by the time available for Ca2+ to be released 
and taken up again by cardiac myocytes. This 
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Fig. 3.4 Time-varying elastance of the RV.  The upper 
figure shows isovolumetric (clamped pulmonary artery) 
and pressure volume loops with RV ejection (bottom) 
obtained by Maughan et al. (1979) in rabbit hearts. The 
lines indicate the changing elastance over time (numbers 
in msec) indicating that cardiac muscle elastance progres-
sively increases during systole. The final line, the end- 
systolic pressure-volume line, gives the maximum 
pressure that can be generated from any initial volume. 
Unlike the pressure-volume curves of the LV, the “iso-
tonic “phase of the pressure volume loop is curvilinear, 
indicating that filling of the RV continues after the onset 
of systole (From Maughan et al. (1979). Used with per-
mission of Wolters Kluwer Health, Inc.)
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time in turn is determined by the length of the 
plateau of the ventricular action potential (Chap. 
7). RV systolic pressure (and LV pressure) peaks 
and begins to fall before Es-max is reached. This 
happens because the rising ventricular and pul-
monary pressures increase the flow of volume out 
of the pulmonary artery and the flow out becomes 
faster than the flow of volume entering it. When 
RV cavity pressure falls below pulmonary artery 
pressure, the pulmonary valve closes and pre-
vents backflow into the ventricle. This usually is 
considered the end of systole. However, the end 
of systole theoretically should be considered as 
the end of the active rise of ventricular elastance 
(i.e., at Es-max) and the beginning of relaxation 
of ventricular elastance. In the LV, this most often 
corresponds to aortic valve closure but this is not 
necessarily so in the RV.  Timing of pulmonary 
valve closure sometimes can be delayed past the 
time that RV elastance has started to decrease. 
This occurs because closure of the ventricular 
outflow valve depends upon the pressure differ-
ences across the valve. When pulmonary arterial 
volume run-off is sufficiently rapid because of 
very low pulmonary vascular resistance, or if the 
RV stroke volume is small and only adds a small 
amount of volume to the pulmonary vasculature, 
pulmonary artery pressure can fall faster than RV 
cavity pressure falls. This is seen as a “hang-out” 
of the ventricular systolic pressure tracing and 
can make it difficult to identify the end of systole, 
as defined by the period of actively produced 
ventricular elastance. Consistent with this, 
Dell’Italia et  al. showed that the hang-out is 
determined by the rate of pulmonary artery emp-
tying and the size of the stroke volume that it 
receives (Dell’Italia and Walsh 1988b). A hang- 
out is not seen when pulmonary vascular resis-
tance is increased because pulmonary pressure 
remains higher than RV cavity pressure and the 
pulmonary valve closes more quickly as is more 
typical for the LV.  The important point to take 
away from this discussion is that the value of the 
pressure and volume at closure of the pulmonary 
valve is not necessarily a point on the RV Es-max 
line. This complicates the assessment of the con-
tractile function of the RV. In summary, Es-max 
is a very important physiological concept but it is 

difficult to define in an intact organism. It is espe-
cially a problem when a single pressure-volume 
point is used to estimate RV Es-max (Trip et al. 
2013).

The Starling curve provides an accessible way 
of evaluating cardiac function. This function 
plots cardiac output against right atrial pressure 
(Pra). The derivation is shown in Fig.  3.5. The 
plot indicates that Pra is the preload for every-
thing from the right atrium to the aorta. Cardiac 
output on the plot is what comes out of the aorta 
assuming a constant heart rate, constant after-
load, and constant contractility for both the RV 
and LV and a constant pulmonary resistance. An 
advantage of this plot is that it emphasizes the 
importance of the RV in determining cardiac out-
put because this plot also is the function curve for 
the RV.  However, it does not represent the LV 
function curve because that requires left atrial 
pressure on the x-axis. The plot emphasizes that 
the LV only can put out what the RV gives it.

 Pressure-Volume Loops of the Right 
and Left Ventricles

There are important differences between 
pressure- volume loops of the RV and LV.  The 
diastolic compliance of the RV is higher than that 
of the LV and the diastolic volume capacity at 
low pressures is much higher than that of the 
LV. The most striking difference between the RV 
and LV sides is that the slope of RV Es-max is 
much flatter than LV Es-max (Fig.  3.3). Thus, 
peak RV pressure is much lower than that of the 
LV, even though the two ventricles pump out the 
same stroke volume. The RV can do this because 
it ejects its stroke volume through the very low 
pulmonary vascular resistance. This is the evolu-
tionary advantage for having a separate RV and 
pulmonary vasculature, in that it allowed the 
development of delicate gas-exchange structures. 
Unlike the systemic circuit, the pulmonary circuit 
also does not have to make major changes in dis-
tribution of flow by lowering regional resistances. 
Its systolic pressure thus can be kept low. Blood 
flow in the lung can be increased with little 
change in pressure by recruitment and distention 
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of vessels (see Chap. 5) (Mitzner and Goldberg 
1975). However, when pulmonary pressure is 
higher than normal, the increased pressure cannot 
easily be acutely produced because the flatter 
Es-max line of the RV intersects the steep part of 
the passive filling curve at a much lower low 
pressure than the Es-max of the LV (Fig.  3.3). 
Because of this, when the required pulmonary 
arterial pressure is high for a normal flow, just 
dilating the RV is not enough to achieve the 
required higher systolic pressure, i.e., there is 
less preload reserve. Adaptations in both the dia-
stolic pressure-volume relationship and the slope 
of Es-max must occur (Figs. 3.6 and 3.7) and are 
discussed further below.

In the LV, pressure rises at the onset of systole 
without a change in volume until the aortic valve 
opens; this is called isovolumetric ventricular 
contraction. In contrast, the RV diastolic volume 
continues to increase after the onset of systole 
and the rising part of RV pressure-volume rela-
tionship is curved (Fig. 3.4). This has been attrib-
uted to distortions of the RV wall based on its 
complex structure with an inflow region and 
infundibular outflow region (Figs.  3.2 and 3.7). 

However, this explanation is unlikely. Heart mus-
cle acts as syncytium, and pressure is produced 
by the marked rise in the systolic elastance of all 
myocytes. A major delay in depolarization of one 
region would likely result in major arrhythmias 
(Vogel et  al. 2001). Also, if one region of the 
heart failed to significantly increase its elastance 
sufficiently fast enough, that region would 
expand as the pressure rises and would not pro-
duce efficient ejection. RV volume also would 
not increase unless more volume came in. 
Consistent with this reasoning, computer simula-
tions that used linear equations to describe the 
rising elastance during systole to describe RV 
ejection still showed the same phenomena, that 
is, a curvilinear shape to the initial systolic rise in 
RV pressure (Fig. 3.8).

What then can explain the continuing increase 
in RV volume at the onset of systole? Careful 
analysis of the curves reveals that continued RV 
inflow likely occurs because MSFP is still higher 
than the low RV end-diastolic pressure and this 
keeps the tricuspid valve open until the generated 
RV pressure is greater than MSFP, which usually 
is in the range of 8–10 mmHg (Fig.  3.8). This 
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phenomenon is very evident in the notching of 
the ascending pressure in the RV P-V loops 
obtained by Redington et al. (Fig. 3.7) (Redington 
et al. 1988a, 1990).

Pulmonary arterial diastolic pressure is nor-
mally only in the range of 10–15 mmHg. Thus, 
shortly after the tricuspid valve closes, the pul-
monary valve opens, ejection begins, and RV vol-
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ume begins to decrease as blood is ejected into 
the low-resistance pulmonary circuit. This fur-
ther contributes to the concave curve of the rising 
systolic pressure in contrast to the isovolumetric 
rise seen in the LV (Figs.  3.4, 3.7, and 3.8). A 
lack of a curvilinear rise in the LV occurs because 
the much greater pressure rise in the LV obscures 
any slight delay of closure of the mitral valve, 
and the much lower compliance of the pulmonary 
venous system compared to systemic veins pro-
duces faster pulmonary venous drainage into the 
left atrium.

Function of the RV often is considered in 
terms of coupling of the ventricular and pulmo-
nary circuits (Vonk Noordegraaf et  al. 2017, 
2019; Vonk-Noordegraaf et al. 2013; Fourie et al. 
1992). This also can be examined in terms of the 
impedance to RV ejection. Although the imped-
ance analysis is useful for characterizing the 
shape of the pulmonary pulse pressure, a factor 
that likely affects RV and pulmonary vascular 
transcriptional signaling (Urashima et al. 2008), 
it is less useful for understanding volume ejection 
from the RV and what limits stroke output by the 

RV, which is discussed next. The dominant factor 
in pulmonary artery impedance is the pulmonary 
vascular resistance and this is what dominates the 
load on the RV.  In modeling studies, it can be 
pulse pressure.

Flow from the RV is determined by the pres-
sure difference between the walls of the RV and 
pulmonary artery, plus a small kinetic energy 
component, and some dampening of the pressure 
by the expansion of the walls of pulmonary ves-
sels. As already discussed, the pressure generated 
in the ventricles during systole is determined by 
Es-max which is a function of the contracting 
cardiac myocytes. This point is evident at the 
extreme condition. When the pulmonary artery is 
clamped, peak RV systolic pressure solely is 
determined by the starting end-diastolic volume 
in the RV, which sets sarcomere length, and the 
pressure value associated with that volume on the 
Es-max line. In this case, peak isometric RV 
pressure is not affected by pulmonary elastance 
because it does not “see” it (Fig.  3.4). Second, 
when the RV ejects at a pressure below Es-max, 
blood is ejected until the volume in the ventricle 
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reaches the Es-max line in the time that is avail-
able for systole, although, as already noted, some 
volume may continue to empty due to the rapid 
run-off of blood from the pulmonary vasculature 
in the “hang-out” period (Dell’Italia and Walsh 
1988b).

A key factor limiting RV output is the limita-
tion to its filling which occurs because of the 
sharp upward break of the diastolic passive 
pressure- volume curve (Bishop et  al. 1964). As 
long as the diastolic volume of the RV is on the 
relatively flat part of the passive diastolic filling 
curve, stroke volume can be increased through 
the Frank Starling mechanism by increases in 
end-diastolic volume with only small increases in 
Pra (Figs. 3.5 and 3.6). However, when the steep 
part of the passive filling curve is reached, end- 
diastolic volume cannot increase further to any 
significant degree (Figs. 3.5 and 3.6). This state 
can be called the “volume limited” state of the 
RV. The consequence is that any further rise in 
pulmonary arterial pressure, and thus rise in RV 
afterload, cannot be accommodated by the 
Starling mechanism. RV stroke volume will then 
decrease with any further rise in pulmonary 
artery pressure and so must cardiac output. 
Furthermore, the RV end-systolic pressure must 
rise, and so will RV end-diastolic pressure, which 
reduces the venous return of blood to the RV and 
lowers the steady-state cardiac output. When pul-
monary artery pressure increases in the volume- 
limited state, stroke volume and cardiac output 
only can be maintained by an increase in heart 
rate or RV contractility.

An important component of volume limitation 
is the interaction of the passive filling curve with 
RV Es-max. The maximum possible pressure that 
the ventricle can produce is where the RV Es-max 
line intersects the steep part of the passive filling 
curve because the ventricle cannot increase its 
volume to reach a higher pressure point on the 
line (Figs. 3.5 and 3.6). This explains the well- 
recognized clinical experience that an uncondi-
tioned RV cannot tolerate a pulmonary arterial 
systolic pressure much above 50–60 mmHg. This 
pressure is the upper limit of the intersection of 
the RV Es-max and RV passive filling curve in 
most people. The flatter the RV Es-max line, the 

lower the tolerable pulmonary artery  pressure. 
Also, the flatter the Es-max line, the less the ben-
efit of an increase in systolic pressure on stroke 
volume with an increase in RV diastolic volume. 
Use of inotropes can produce some increase 
in RV Es-max in the short run and allow higher 
RV systolic pressure. Over time, there needs to be 
adaptation of RV muscle that increases the slope 
of RV Es-max which allows tolerance of higher 
RV systolic pressures (Redington et  al. 1988a; 
Faber et  al. 2006; Leeuwenburgh et  al. 2001; 
Redington 2006) (Fig. 3.9).

 Role of Pulmonary Arterial 
Compliance

Sunagawa and co-workers introduced the term 
“effective arterial elastance” (Ea) (Sunagawa 
et  al. 1983, 1985) to describe the ventricular- 
independent measure of arterial function which 
creates an outflow load on the ejecting LV, and 
this analysis has been applied to the interaction of 
the RV with the pulmonary circulation (Vonk- 
Noordegraaf et al. 2013; Vonk Noordegraaf et al. 
2017). I will not go into the detail of all of the 
problems with this analysis, and I only make a 
few comments. The primary determinant of force 
generation of the RV is the slope of Es-max and 
this slope is independent of the pressure load on 
the ventricle. The term Ea refers to a “dynamic” 
elastance in that it has both resistive and elastic 
components. The primary determinant of flow 
though the pulmonary vasculature is the resis-
tance draining it and the downstream pressure of 
the pulmonary circuit which is the left ventricular 
diastolic pressure when the mitral valve is intact 
or the left atrial pressure  when it is not;  in the 
presence of  non-West Zone III conditions it 
is alveolar pressure. In modeling studies, it can 
be shown that even large changes in pulmonary 
arterial compliance do not have much effect on 
flow from the RV in the steady state, although 
compliance changes do affect the pulse pressure. 
There are major problems in making measure-
ments of pulmonary arterial compliance in the 
intact human because to truly measure this static 
property, flow needs to be stopped to eliminate 
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changes due to volume loss through the down-
stream resistance and to identify the value of the 
downstream pressure. This latter factor is often 
dealt with by considering the value zero which 
creates a large error with small pressure differ-
ence across the pulmonary circuit. Another major 
limitation of the analysis is that it only considers 
what goes out of the heart but does not consider 
what is coming in and what likely is most impor-
tant, the significance of RV volume limitation on 
the potential stroke volume (Fourie et  al. 1992; 
Vonk Noordegraaf et  al. 2017; Morimont et  al. 
2008).

 Pressure Load vs. Volume Load

Decreased RV function often is considered in 
terms of either a volume load, which is defined 
by an increased RV diameter, or a pressure load, 
which relates to the potential of the RV to gener-
ate a pulmonary arterial pressure. To start, it 
should be clear that these cannot be separated 
because both an increase in pulmonary arterial 
pressure and a decrease in Es-max will increase 
end-diastolic volume and pressure. If cardiac out-
put is decreased, and RV end-diastolic pressure is 

increased without an enlarged RV end-diastolic 
volume, there is a restrictive problem such as 
tamponade or a myocardial infiltrative process, 
rather than true mechanical failure of RV muscle 
shortening and pressure generation.

In his seminal work on the law of the heart, 
Ernest Starling realized that even when the right 
heart stops pumping, RV end-diastolic pressure 
cannot be higher than the upstream MSFP, which 
normally is in the range of 8–10 mmHg (refer-
enced to the mid-point of the right atrium) 
(Patterson and Starling 1914) (see Chap. 2). 
Thus, a central venous pressure greater than the 
normal values of MSFP only can occur gener-
ally  two ways;  either  volume  was given  by the 
clinician  or the  normal  volume intake 
orally was retained by decreased renal function.

An initial adaptive process for the RV in the 
face of limited RV function also can be an 
increase in right atrial size. The large atrium then 
acts as a volume reservoir, which adds to the 
compliance of the venous system. This reduces 
venous pressures and allows for faster filling of 
the RV. It acts somewhat like the sinus venosus in 
fish and in the human fetal circulation. However, 
the consequence is dilatation of the tricuspid 
annulus and progressively increasing tricuspid 
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nary banding but stroke volume fell. There was only a 
small increase in LV Es with pulmonary artery banding. 
(From Leeuwenburgh et al. (2001) Used with permission 
of The American Physiological Society)
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regurgitation, which eventually makes the effi-
ciency of the RV worse (Dos et al. 2005; Prieto 
et al. 1998).

 Definitions of Right Ventricular 
Limitation, Dysfunction, Failure

An issue that arises from this discussion is how 
should right ventricular dysfunction and right 
ventricular failure be defined? A simpler term 
first needs to be introduced  – right ventricular 
limitation (Table 3.3). This term indicates that the 
end-diastolic volume is at the steep part of the RV 

passive filling curve and end-diastolic volume 
cannot increase (Figs. 3.3, 3.4, 3.5, and 3.6). As 
already indicated, when that happens, only an 
increase in heart rate, increase in contractility, or 
a decrease in RV afterload (i.e., pulmonary artery 
pressure) can increase cardiac output. Limitation 
can occur in someone who is volume overloaded 
but does not have RV “dysfunction”; in someone 
with decreased force production by the RV (flat-
tening of RV Ees); or in someone with an increase 
in Es-max, but the increase is not sufficient to 
accommodate a markedly increased pressure 
load. However, the consequence is the same; 
when RV filling is limited, giving volume to 
increase Pra will not increase cardiac output. 
This is what more frequently is called fluid non- 
responsiveness. Of importance, echocardiogra-
phy cannot detect right ventricular limitation 
because it is not possible to know that the dia-
stolic volume did not change with a volume infu-
sion because of a limitation to filling or because 
the infused volume was insufficient. Only a pres-
sure change can identify that filling is limited. 
Right-sided volume limitation only becomes evi-
dent on an echocardiogram when the right-sided 
pressure increases sufficiently to shift the intra-
ventricular septum to the left, but that is too late. 
Volume limitation of the RV is best identified by 
a rise in right atrial pressure without a rise in car-
diac output.

I define right ventricular dysfunction as the 
condition in which the RV is enlarged, a higher 
RV diastolic pressure and volume are required 
for a normal cardiac output, and the limit of right 
heart filling occurs at a cardiac output value lower 
than normal. This occurs because of a decrease in 
RV Es-max. By this terminology, a low RV out-
put because of a high pulmonary pressure would 
be considered “limitation” rather than failure, 
unless the load resulted in a fall in Ees-max. This 
would be evident as a lower cardiac output at the 
same right atrial pressure. As already noted, if the 
RV is not enlarged, and cardiac output is low, the 
implication is that there is myocardial restriction, 
which can be with or without RV dysfunction, 
but it is not possible to know which it is until the 
restriction is removed. A reasonable cut-off value 
for low cardiac index is <2.2 L/min/m2 as used in 

Table 3.3 Definitions for limited output by the right 
ventricle

1. Right ventricular limitation
  End-diastolic volume is on the steep part of the 

diastolic passive filling curve. This can be due to 
limitation by the pericardium, the myocardial 
cytoskeleton, or other mediastinal and thoracic 
structures.

  End-diastolic volume cannot increase with a further 
increase in diastolic pressure. This does not 
necessarily indicate dysfunction and can be due to 
excess use of volume, inability of the heart to 
sufficiently adapt to an increasing volume return, or 
because of right ventricular dysfunction and a 
failure to adequately empty RV volume.

2. Right ventricular dysfunction
  The RV is enlarged, a higher RV diastolic pressure 

and volume are required for a normal cardiac 
output, and the limit of right heart filling occurs at a 
value of cardiac output lower than normal.

  This occurs because of a decrease in RV Es 
(contractile force of the ventricle). By this 
terminology, a low stroke output from the RV 
because of high pulmonary pressure would be 
limitation unless the load on the RV resulted in a 
subsequent decrease in the RV Es.

3. Right ventricular failure
  This is similar to right ventricular dysfunction, but 

should be used to define a situation in which cardiac 
limitation also is present, the RV is enlarged, the 
cardiac index is <2.2 L/min/m2, and there is 
evidence of inadequate cardiac output for tissue 
needs including rising lactate, falling central venous 
saturation, hypotension, decreased urine output, and 
decreased sensorium.

  The definitions of failure and dysfunction are thus 
relative.

See text for further details
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cardiogenic shock studies (Thiele et  al. 2019), 
but this depends upon the device used for mea-
surement. An enlarged RV can be defined by it 
being larger than the LV on imaging. A complica-
tion of the terminology occurs in chronic 
 pulmonary hypertension. These patients are able 
to generate higher-than normal RV systolic pres-
sures (Fig. 3.9) which means that RV function is 
in fact higher than normal. The problem is that 
this increase is not sufficient to provide the force 
necessary to overcome the load, and RV limita-
tion becomes the problem until the RV begins to 
truly fail, meaning that Es-max is falling.

The term right ventricular failure is similar to 
right ventricular dysfunction, but it should be 
used to define a situation in which cardiac limita-
tion is present, the RV is enlarged, the cardiac 
index is <2.2 L/min/m2, and there is evidence of 
inadequate cardiac output for tissue needs includ-
ing rising lactate, falling central venous satura-
tion, hypotension, decreased urine output and 
decreased sensorium. The definitions of failure 
and dysfunction are thus relative, whereas right 
ventricular limitation is a broader term that does 
not necessarily indicate dysfunction and even can 
be induced by inappropriate use of fluids. It also 
sometimes is purposely created as part of goal- 
directed protocols (Pearse et al. 2014), although I 
do not recommend these approaches because, to 
repeat, when right heart output is volume limited, 
a further increase in cardiac output only can 
occur with an increase in heart rate, increase in 
contractility, or a decrease in afterload. If RV fill-
ing is pushed too far, and limitation is present, 
true RV dysfunction or even failure can result 
because of the strain on the RV wall.

 Right and Left Ventricular 
Interactions

There has been much discussion about mechani-
cal interactions between the RV and LV, which 
should not be unexpected, because they share a 
common space in the mediastinum, they have 
overlapping myofibers, especially in the intra-
ventricular septum (Smerup et al. 2009), and they 
are both surrounded by the pericardium. 

Interactions between the ventricles can occur 
through volume distention of one side, which 
takes up some of the common space in the peri-
cardium, and thereby changes the compliance of 
the other side. This is primarily a diastolic- 
volume interaction. Interactions also can occur 
during systole by the contraction of one ventricle 
aiding, or failing to aid, the other side. However, 
as shown by Olsen et al. in conscious dogs, the 
primary interaction between the RV and LV is by 
far dominated through what is called the series 
effect (Olsen et al. 1983) and this always needs to 
be considered. The underlying principle of the 
series effect is that whatever comes out of the LV 
had to first have come out of the RV, i.e., conser-
vation of mass. Furthermore, what comes out of 
the RV had to come back from the venous reser-
voir. When RV filling is limited, filling of the LV, 
too, is volume limited because more blood can-
not get to it, and a change in performance of the 
LV has a minimal effect on cardiac output.

Appleyard and Glanz developed a theoretical 
model to determine the transmission time for 
changes in either ventricle to affect the other 
(Appleyard and Glantz 1990). They used a simple 
three-compartment model of the pulmonary cir-
cuit that comprised arterial and venous resistance 
and a compliant region between the two and cal-
culated a time constant of 0.26 sec, which would 
predict that an effect would occur in less than one 
heart beat at a normal heart rate. However, during 
the ventilation cycle with mechanical breaths, RV 
output decreases transiently to almost zero, while 
the decrease in LV output is much more modest 
(Katira et al. 2017). A modeling study with two 
pulmonary compliances, one in the arterial and 
one in the venous vasculature, and three resis-
tances connecting them faithfully reproduced this 
observation. This indicates that pulmonary venous 
volume what has been called “pulmonary buffer-
ing” capacity that can sustain LV output during 
the transient loss of RV output (Magder and 
Guerard 2012).

Interdependence due to volume effects has 
been studied in a number of animal studies by 
selectively filling one ventricle and observing the 
effect on the pressure-volume relationship of the 
other ventricle (Laks et  al. 1967; Taylor et  al. 
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1967; Taquini et al. 1960; Santamore et al. 1976; 
Bove and Santamore 1981; Moulopoulos et  al. 
1965). Generally, the effects are modest and 
unlikely to have a significant impact clinically.

Interest in the effect of RV volume on LV 
function increased with the onset of echocardiog-
raphy, likely because it became easy to observe a 
left shift of the septum (Weyman et  al. 1976). 
One of the first reports described a shift of the 
normal septal curve toward the LV when a strong 
negative inspiration was applied against a closed 
glottis in what is called a Mueller maneuver 
(Brinker et al. 1980). The fall in pleural pressure 
during the inspiratory effort with a Mueller 
maneuver increases RV filling. It was argued that 
this shifts the intraventricular septum leftward 
and reduces LV volume during the inspiratory 
phase by compromising LV diastolic compliance. 
However, a study of subjects with markers placed 
directly into the LV wall showed that LV volume 
actually increases during a Mueller maneuver 
(Buda et al. 1979), and the increase in LV end- 
diastolic pressure likely was due to the combina-
tion of increased venous return and limited LV 
output due to the higher afterload. The shift seen 
in the septum also was likely due to an early 
phase of increased RV filling before the accumu-
lation in LV volume that occurred with the series 
effect which passed the increased RV filling to 
the LV filling and the increased LV afterload. 
Animal studies also have shown an increase in 
LV volume during the equivalent of a Mueller 
maneuver (Robotham and Mitzner 1979; Summer 
et  al. 1979). The increase in RV volume likely 
impacted left-sided pressure but cannot explain 
the actual increase in LV volume that occurs. For 
example, in a study in humans, left atrial trans-
mural pressure increased to more than 30 mmHg 
(Magder et al. 1983). Large left-sided ‘v’ waves 
also developed indicating decreased left atrial 
compliance as would be expected as the increase 
in volume moves the left atrial passive filling up 
the steeper part of its pressure-volume curve. 
Thus, failure of the LV to eject volume was likely 
the major factor and consistent with the enlarged 
LV rather than the septal shift, but a decrease in 
mediastinal space by the RV also likely contrib-
uted to the rise in left atrial transmural pressure.

The role of septal shift also has arisen in mag-
netic resonance imaging studies (Gan et al. 2006). 
A recent study of patients with enlarged RV 
because of advanced pulmonary hypertension 
demonstrated a marked leftward septal shift that 
impaired early diastolic filling of the LV and the 
authors speculated that this might have caused 
the decrease in cardiac output. However, as the 
authors noted, the series and direct effects cannot 
be separated. Given the need to consider the con-
servation of mass, it is likely that the series effect 
dominates unless the RV increases LV diastolic 
pressure, which then results in an increase in PA 
pressure and a decrease in RV output through a 
mechanism discussed below where preload 
becomes afterload.

As shown by Maughan et al. in isolated canine 
hearts (Maughan et  al. 1987), and modeled by 
Santamore et  al. (1990), transmission of pres-
sures between the RV and LV is not just depen-
dent on the elastance of the septum but on the 
elastances of all cardiac walls. The basic observa-
tion was that the normal septal elastance is higher 
than that of the external walls of the chambers so 
that pressure is not easily transmitted across the 
septum, but this can change with ischemic injury 
to the septum or a cardiomyopathy. The compli-
ances of the walls also can change with injury or 
can be restricted by the lungs and pericardium.

A key determinant of the potential signifi-
cance of interventricular interaction is where RV 
volume is on the steep part of diastolic filling 
curve. On the flat part of the RV passive filling 
curve, RV diastolic pressure is low and likely 
does not affect the LV.  It only is when the dia-
stolic volume reaches the steep part of the passive 
filling curve that diastolic pressure can be high 
enough to be transmitted to the LV.  When the 
steep part of the filling curve is reached, RV dia-
stolic pressure greatly increases with any further 
increase in volume and effects can be greatly 
magnified (Mitzner et al. 1976). Accordingly, if 
the RV volume is large, but RV diastolic pressure 
is low, there should be little interaction. However, 
a small further change in volume could rapidly 
change things. The other important variable is the 
presence of the pericardium; without it, the effect 
of the RV on the LV is minimal (Maughan et al. 
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1979; Robotham and Mitzner 1979). Finally, the 
compliances of the walls of all the cardiac cham-
bers must be considered.

From a quantitative point of view, it should be 
evident that in general, the effect of RV-LV dia-
stolic interactions is small. If the RV compro-
mises LV filling or ejection, volume distribution 
in the circulation must change because the vol-
ume must go somewhere, at least over the short- 
run, to maintain the conservation of mass. 
Changes in the distribution of volume change 
pressure differences among all regions and result 
in a new steady state. As long as diastolic filling 
of the RV is not limited, cardiac output can at 
least be partially restored through the Frank- 
Starling mechanism.

Excessive filling of the RV can produce an 
unfortunate situation in which RV preload 
becomes RV afterload. What happens is that 
when RV diastolic pressure is sufficiently ele-
vated, right-sided diastolic pressure is more eas-
ily transmitted to the left heart, especially when 
the pericardium is intact, but even when not. The 
consequent rise in left-sided diastolic pressure 
raises the downstream pressure for return of pul-
monary blood flow to the left heart. To maintain 
the same cardiac output, pulmonary arterial pres-
sure must rise to maintain the same pulmonary 
vascular pressure difference. This increases the 
afterload on the RV, which further decreases right 
heart output and leads to a further rise in RV dia-
stolic pressures which gets transmitted to the left 
side, and the cycle goes on. When this happens, 
the RV diastolic pressures need to be decom-
pressed by actively removing ineffective preload, 
or by increasing RV function by increasing heart 
rate or contractility.

Clinical and physiological significance of dia-
stolic ventricular interaction was nicely demon-
strated by Atherton et al. (1997a, b) (Fig. 3.10). 
They applied lower body pressure to pool venous 
blood volume in that region and examined the 
effect on LV volume and cardiac output in three 
groups: subjects with normal cardiac function, 
subjects with compensated heart failure, and sub-
jects with decompensated heart failure (symp-
tomatic). As predicted, lower body pressure 
decreased LV volume in the normal and compen-

sated subjects, but surprisingly, it increased LV 
size and cardiac output in patients with decom-
pensated heart failure. The argument was that 
decompressing the RV in the fixed volume of the 
cardiac cavity, and removing what I like to call 
wasted preload, allowed improved LV filling and 
output.

An example of RV dysfunction that is due to 
dilatation that is not because of a systolic pressure 
load, is the progressive dilatation that occurs with 
pulmonary insufficiency. This often arises after 
surgical repair of tetralogy of Fallot (Friedberg 
and Redington 2014; Babu-Narayan et al. 2006) 
because the pulmonary valve often has to be 
removed or is damaged when the surgeon needs to 
enlarge the PA outflow tract to prevent a high load 
on the RV. The amount of pulmonary regurgita-
tion can be analyzed with P-V plots as shown in 
Fig. 3.11. The P-V plot on the left show that of a 
normal child. The P-V on the right shows what it 
would look like if the child had severe pulmonary 
regurgitation based on the studies of Redington 
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Fig. 3.10 Change in left ventricular diastolic volume 
obtained by echocardiography in response to lower body 
negative pressure in patients with compensated RV (left) 
and decompensated RV failure (right). Pooling blood in 
the legs when the RV was not overloaded results in a 
decrease in left-ventricular end-diastolic volume 
(LVEDV) as occurs when the heart is normal (not shown). 
However, in subjects with overfilled right hearts, applica-
tion of lower body negative pressure increased LVEDV. 
(From Atherton et  al. (1997a). Used with permission of 
Elsevier)
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et  al. (Redington et  al. 1988b). There is no iso-
volumic diastolic phase. Instead, RV diastolic vol-
ume increases with the fall in RV  pressure. This 
phase is marked by a long arrow. When the right 
atrial pressure rises above RV diastolic pressure, 
the tricuspid valve opens, venous return enters the 
ventricle, and the pressure rises (marked by a 
downward arrow). There also is no isovolumic 
contraction phase. The volume begins to fall with 
the onset of systole because the RV pressure 
quickly becomes greater than the PA pressure that 
was reduced by the regurgitated volume.

Marked RV dilatation overtime crowds the 
LV in the limited mediastinal space. The 
dilated RV also develops increasing tricuspid 
regurgitation which further dilates the 
RV.  Increasing RV fibrosis develops with 
decreased RV function and ultimately failure. 
A phenomenon worth noting has been docu-
mented in the long-term outcome of children 
with repair of tetralogy of Fallot (Redington 
2006). Children who have more restrictive RV 
function early after surgery have a higher mor-
tality. However, over time, ventricles of survi-
vors did not dilate with pulmonary insufficiency 
because of the intrinsic RV diastolic stiffness, 
and they thus better handle the pulmonary 
insufficiency later in life (Fig. 3.12).

The following are some general rules for dia-
stolic interaction of the RV and LV. If the septum 
is stiff and the LV free wall is compliant, a raising 
RV diastolic pressure by itself has little effect on 
the pressure and volume of the LV, although the 
shape could change. If the increase in right- sided 
pressure is associated with increased right- sided 
volume, the situation is more complex. The dia-
stolic pressure rise in the RV is affected by the 
RV free wall stiffness. If the pericardium is intact 
and the free wall is effectively very stiff, the 
increase in RV volume takes up more mediastinal 
space, and if the pericardium is in place, more of 
the pericardial space. The effect on the LV then 
depends upon the septal elastance as well as the 
elastance of the LV free wall. If the septal elas-
tance is reduced by a previous myocardial infarc-
tion, or a cardiomyopathy, RV pressure is more 
easily transmitted to the left side, and there will 
be more bowing of the septum into the left side. 
If the LV free wall is damaged, this not only will 
allow more of the right-sided transmitted pres-
sure to be dissipated through the more compliant 
LV free wall but also will allow more bowing of 
the septum into the left side. All these effects will 
be modified by the presence or absence of the 
pericardium and by the size of the mediastinal 
space left by the lungs (Butler 1983).
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Fig. 3.11 Schematic pressure-volume loops (P-V) of RV 
of child without (left) and with (right) severe pulmonary 
regurgitation. The schematic P-V on the left is typical of a 
normal RV in a child. The right side shows a predicted 
P-V with severe pulmonary regurgitation. The normal iso-
volumetric fall in RV pressure at the end of systole does 
not occur. Instead the RV volume increases with a fall in 
diastolic pressure (indicated by the long straight arrow). 

The downward wider arrow indicates opening of the tri-
cuspid valve opens, venous return to the RV and start of in 
this case at about 7 mmHg, and end-diastolic pressure 
rises to 10 mmHg. The isovolumetric contraction phase 
also is greatly distorted because of the lowered pulmonary 
artery pressure post-systole due to the regurgitated vol-
ume. The patterns are based on the work of Redington 
et al. (1988b)
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The RV and LV also can interact during sys-
tole. Increased left-sided contractions can aid 
RV ventricular pressure production in two 
ways. LV systolic pressure can be directly 
transmitted to the RV (Santamore et  al. 1976; 
Bove and Santamore 1981; Yamaguchi et  al. 
1991; Hoffman et  al. 1994) but the effect is 
small. More significantly, septal contraction 
during LV contractions can assist RV contrac-
tion. The septum is common to both ventricles 
and shares fibers from both. The greater the 
force generated by the LV, the greater the short-
ening of the shared right and left septal myofi-
bers. One way this this was demonstrated was 
by giving a bolus of volume into the LV and 
observing an instantaneous increase in RV sys-
tolic pressure, but the magnitude was small, 
and this is hardly physiologically possible 
because the LV gets its volume from the RV 
(Bove and Santamore 1981).

The importance of LV support through the 
septum for RV ejection becomes potenten-
tially important when the LV is unloaded by an 
LV assist device. An experimental difficulty in 

studying this phenomena is the isolation of the 
effect of ventricular systolic interactions from 
the series effect. This was elegantly done by 
Farrar et al. in normal animals and animals with 
pacing- induced cardiomyopathy (Farrar et  al. 
1993). They applied an assist device to the LV 
and measured the generated RV pressure on a 
single unload LV beat. By the study design, this 
occurred from unchanged RV and LV diastolic 
volumes. The effect was modest when the RV 
and LV had normal function but it was greater in 
animals with the cardiomyopathy. In myopathic 
animals, generated RV systolic pressure 
decreased by 17% versus 10% in the normal 
animals and the stroke volume fell by 37% and 
18% respectively. However, in this study, LV 
systolic pressure was decreased by 60%, which 
is never observed clinically. They thus demon-
strated a clear decrease in RV output on the 
single beat, but it is hard to know whether this 
was a function of an overall change in the RV 
P-V relationship or just due to loss of LV septal 
contraction. Furthermore, sustained measure-
ments over time were not obtained.

Fig. 3.12 Chest X-ray and magnetic resonance imaging 
(MRI inserts) from two patients 20 years following repair 
of Tetralogy of Fallot. Both patients were treated with a 
pulmonary artery patch and did not have pulmonary artery 
stenosis. The patient on the left had restrictive physiology 
on the RV and there was only a mild increase in RV size. 

The patient on the left had a normal RV diastolic compli-
ance. There is a marked increase in RV size based on the 
increase in the cardiothoracic ratio and the MRI image 
which shows the septal flattening. (From Redington 
(2006). Used with permission of Elsevier)
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In other experimental studies, the consistent 
response is a reduction in RV afterload, an 
increase in RV diastolic compliance, and a 
decrease in RV contractility but, importantly, no 
change in cardiac output. A left shift of the sep-
tum also is commonly seen (Santamore and Gray 
Jr. 1996). All these are not surprising responses to 
the reduction of the downstream pressure faced 
by the RV. If cardiac output does not change, the 
RV must be handling what comes back. The 
decrease in LV force function thus most likely is 
not a major clinical concern. However, a poten-
tial clinical problem is that  the improvement in 
LV production could be associated with an 
increase in cardiac output as part of a restoration 
of an oxygen deficit from previous under- 
perfusion, or because of excessive volume resus-
citation. The increased venous return could 
then result in RV volume limitation and produce 
all the associated problems of this state. It wold 
then appear that there is RV dysfunction when it 
really was limitation by the excessive returning 
volume. Inotropic therapy, increasing the output 
from the LV assist device or decreasing vascular 
volume, may be necessary.

In the presence of pulmonary hypertension, 
the RV must generate greater systolic pressure, 
and it might be considered that this could increase 
left-sided output through the common septum. 
However, the effect is small (Yamaguchi et  al. 
1991) as is evident in Fig.  3.9 (Leeuwenburgh 
et  al. 2001) in which a marked increase Es 
because of RV loading over time only produced a 
very small increase in the LV Es-max.

 Is the Right Ventricle Necessary 
for Normal Aerobic Function?

The initial response likely would seem to be an 
obvious yes. The RV must put out the same car-
diac output as the LV, which at peak exercise in a 
young male can be greater than 20–25 L/min; this 
is a very respectable job! In an often quoted 
study, Starr et al. cauterized the free wall of the 
RV of dogs and reported no difference in heart 
function and long-term survival, arguing that the 
RV is not essential (Starr et al. 1943). However, 

in the actual paper, only three dogs survived and 
only one lasted more than 24 hours. Furthermore, 
cardiac function was simply based on the absence 
of a significant rise in central venous pressure at 
rest, which, as already discussed, could only raise 
Pra to MSFP, which normally should be in the 
8–10 mmHg range. Other similar canine studies 
followed and similar results were observed 
(Donald and Essex 1954a, b). One study even 
included a chronic follow-up and showed that the 
animals could exercise at moderate levels that 
were similar to that of control animals (Donald 
and Essex 1954a). A criticism of these studies 
was that perhaps not enough RV free wall was 
removed. Accordingly, a series of complex stud-
ies were performed in which the free wall was 
electrically isolated from the rest of the RV dur-
ing surgery (Damiano et al. 1991). Pacing wires 
were then attached to the electrically isolated 
area of the RV, which allowed contractions of the 
RV with or without contractions in the isolated 
region. Again, there was little loss of cardiac out-
put when there was no longer a functioning RV 
free wall. This was true as long as pulmonary 
vascular resistance was not increased, but the loss 
of the RV free wall was important when RV load 
was increased. Based on these studies, it was 
argued that the LV contributes more than 50% of 
the force generated by the RV (Santamore et al. 
1990; Donald and Essex 1954a; Damiano et al. 
1990, 1991). However, the criticism still remains 
that the septum also is a rich part of the RV con-
tractile mechanism, and it still was intact. It even 
has been argued that the septum is a dispropor-
tionately important component of RV ejection 
because it is at the bottom of the effective bellows 
system of RV (Geva et al. 1998). It thus is not fair 
to argue that all of the septal actions are related to 
the LV.

Insight into the role of the RV can be gained 
from children born without a functional right 
heart because of tricuspid atresia or failure of the 
RV to develop (Gewillig and Brown 2016). To 
maintain pulmonary perfusion, early in life, the 
vena cava is connected directly to the pulmonary 
artery in what is called a Fontan procedure (Fontan 
and Baudet 1971). Strikingly, these people can be 
very functional aerobically, at least in their youth. 
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We tested a 22-year-old subject who reached over 
80% of his predicted maximum aerobic capacity. 
Since cardiac output normally increases linearly 
with O2 consumption, this implies that his cardiac 
output was in the range of 80% of his predicted 
value based on his body size. The ability of Fontan 
patients to obtain near- normal maximal cardiac 
outputs emphasizes an important principle of car-
diovascular physiology. Flows are related to pres-
sure differences through a resistance between 
different vascular compartments (Magder et  al. 
2019). The same flow can be produced with a high 
pressure and high resistance as with the LV in the 
systemic circulation, or a low pressure and low 
resistance as with the RV in the pulmonary circu-
lation. What the RV does during exercise is it 
keeps Pra low (Notarius et al. 1998). This allows 
the necessary increased venous return to occur. In 
a recent report, we postulated that exercising mus-
cle could contribute to this function by transiently 
compressing the venous compartment in muscle 
(Magder 1995; Notarius and Magder 1996) and 
providing the extra force needed to decompress 
venous pressures in Fontan patients. However, 
there is a price to pay. During exercise, and even 
without, Fontan subjects need to have higher-than 
normal venous pressures to provide a sufficient 
pressure difference for the return of blood to the 
LV. This has long-term consequences in that these 
patients often develop congestive cirrhosis and 
protein- losing enteropathies when they age 
(d’Udekem et al. 2014; Khairy et al. 2008), and 
their aerobic capacity steadily decreases with age 
at a much higher rate than normal subjects 
(Giardini et al. 2008). They also cannot tolerate a 
rise in pulmonary vascular resistance or an 
increase in left ventricular end-diastolic pressure, 
because in the absence of a RV, only a greater 
MSFP can maintain flow and that results in con-
gestion of tissues. In summary, Fontan physiology 
emphasizes that the primary role of the normal 
RV is to reduce Pra and thereby allow more effi-
cient venous return (Furey et al. 1984). Generation 
of high systolic pressure is not the usual job of the 
RV. Normal pulmonary vascular resistance is very 
low and high right-sided flows can be generated at 
very low systolic pressures. The normal RV is 
actually designed to avoid generating a high pul-

monary artery pressures in order to protect the 
delicate pulmonary gas-exchange structures.

In a number of congenital cardiac abnormali-
ties, the morphological RV substitutes for the 
morphological LV. This can occur not only when 
there is failure of the LV to develop but also when 
there is transposition of the great vessels. In this 
congenital abnormality, the aorta and systemic 
circulation come off the morphological RV, and 
the pulmonary artery comes off the morphologi-
cal LV.  To survive,  these newborns require 
an  atrial or ventricular defect, or a  surgically 
induced shunts to mix the pulmonary and sys-
temic parallel circulations. In an early surgical 
correction, a baffle was placed in the atrium so 
that the systemic venous return was diverted to 
the morphological LV, which then pumped the 
returning venous blood into the pulmonary circu-
lation; the pulmonary venous return was diverted 
to the morphological RV, which pumped the blood 
out through the aorta at systemic pressure (Dos 
et al. 2005). Children surviving this procedure can 
have close to normal aerobic function. However, 
in their fourth or fifth decades, the morphological 
RV pumping at systemic pressure gradually fails 
and heart transplantation often is required (Dos 
et al. 2005; Prieto et al. 1998). A significant com-
ponent of the progressive dilatation is tricuspid 
regurgitation, which accelerates the process 
(Prieto et  al. 1998). This indicates the inherent 
difference in the load tolerance of the RV and LV, 
which is related to the differences in their tran-
scriptional program as discussed above (Srivastava 
and Olson 2000). Today, ejection from the ventri-
cles is redirected to their appropriate outflow tract 
so that the LV and not the RV pumps blood into 
the systemic circulation (Jatene et al. 1975).

 Importance of Right Coronary 
Blood Flow

A component of ventricular interactions is related 
to coronary flow. Blood flow to the LV is restricted 
during systole by the high pressure that develops 
in the LV walls, but this does not occur in coro-
nary vessels supplying the low-pressure 
RV.  However, when pulmonary hypertension 
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develops, coronary flow to the RV also occurs pri-
marily during systole and coronary flow becomes 
much more pressure dependent. To make matters 
worse, flow in the right coronary artery comes off 
the aorta and aortic pressure is dependent upon 
LV output. When LV output decreases, the energy 
demand of the LV at least decreases too. However, 
when the RV faces a high pulmonary artery pres-
sure and the systemic arterial pressure falls 
because of decreased RV output, a very danger-
ous situation evolves. Inadequate coronary perfu-
sion of the RV decreases RV output and thus 
decreases LV output, and there is a further fall in 
systemic arterial pressure. The dependence of RV 
load tolerance on systemic arterial pressure was 
elegantly shown by Salisbury (1955). They 
showed that the RV load tolerance progressively 
increased with increasing systemic arterial pres-
sure; at a systolic aortic pressure of 200 mmHg, 

dog hearts were able to produce pulmonary sys-
tolic arterial pressures of 150 mmHg, although 
some of the benefits also could have been due to 
the higher generated LV pressure as discussed 
below (Fig. 3.13).

The clinical importance of this is that in a 
patient with severe pulmonary hypertension, a fall 
in systemic arterial pressure and the resultant 
decrease in RV in coronary blood flow can rapidly 
lead to a death spiral (Guyton et al. 1954; Brooks 
et al. 1971). Furthermore, as the RV fails, the rise 
in RV end-diastolic pressure decreases venous 
return and leads to limitation of RV filling so that 
the Starling mechanism can no longer compen-
sate for the decrease in the RV contractile state. It 
thus is extremely important to maintain systemic 
arterial pressure in patients with severe pulmo-
nary hypertension. Great caution should be used 
with any treatment that decreases systemic vascu-
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Fig. 3.13 Importance of maintenance of coronary flow 
for RV load tolerance in a dog. The pulmonary artery was 
compressed which resulted in a marked fall in arterial 
pressure in the femoral artery (presumably from the fall in 
cardiac output). The right coronary artery was cannulated 
and perfused. Increasing the coronary artery pressure 
resulted first in a small rise in right ventricular generated 
pressure (RVP), but when arterial pressure was high 

enough, there was a larger increase in RVP.  When the 
compression was released, a marked increase in RV func-
tion can be seen. The right side of the figure shows the 
increase in pulmonary artery pressure with a rise in femo-
ral artery pressure after release of the pulmonary com-
pression. (From Salisbury (1955). Used with permission 
of Wolters Kluwer Health, Inc.)
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lar resistance, including anesthetic agents and 
drugs that vasodilate systemic resistance vessels, 
or a rapid decrease in stressed vascular  volume by 
increasing venous capacitance. It also is impor-
tant to avoid a mode of mechanical ventilation 
that increases the load on the RV. Although dobu-
tamine has been shown to be more effective than 
norepinephrine for increasing the force of RV 
contraction in an animal study (Kerbaul et  al. 
2004), this only is clinically applicable if the 
dobutamine infusion does not vasodilate systemic 
arterial vessels, lowers systemic blood pressure, 
and causes the downward spiral discussed above. 
In my opinion, dobutamine only should be used in 
patients who have pulmonary hypertension when 
norepinephrine is standing by.

Systemic arterial pressure is not just necessary 
for right coronary flow  when pulmonary artery 
pressure is elevated. Generation of a higher sys-
temic arterial pressure requires greater pressure 
generation by the LV. The increase in the force of 
LV ejection can then aid RV ejection by increas-
ing the force produced by the common septum. 
Evidence for this comes from studies in which 
higher systemic pressures increased RV load tol-
erance, even when the right coronary artery was 
cannulated and coronary flow was held constant 
(Page et al. 1992; Belenkie et al. 1989). In other 
studies  it was shown that even though coronary 
flow did not change when arterial pressure was 
raised RV load tolearance increased, again indi-
cating that it is increase in the LV force of con-
traction and not the increase in coronary flow that 
is important (Apitz et  al. 2012; Scharf and 
Bromerger-Barnea 1973). This further empha-
sizes the importance of maintaining adequate 
systemic arterial pressure in patients with pulmo-
nary hypertension.

 Why Is Presence of a Dysfunctional 
Right Ventricle Often Worse than No 
Right Ventricle?

If patients can live and function almost normally 
without an RV, why do patients do so poorly with 
a dysfunctional RV? Part of the answer is that 
people who do not have an RV only have normal 

function as long as they do not have an increase 
in pulmonary vascular resistance, pulmonary 
vascular critical closing pressure, or an elevated 
LV end-diastolic pressure. However, a dysfunc-
tional RV can even be a problem when pulmo-
nary pressures are not high. A key factor is the 
limit to RV diastolic filling. This sets a limit to 
the potential RV stroke volume during each car-
diac cycle and thus limits left-sided stroke vol-
ume. In contrast, when there is no RV, venous 
return is not constrained by the limited time of 
RV diastolic filling, and venous return can con-
tinue right through the cardiac cycle. Another 
factor could be that as the RV fails to keep up 
with returning blood and dilates, tricuspid regur-
gitation develops. The RV then produces a back-
ward wave which actively inhibits venous return 
as demonstrated by Guyton many years ago 
(Guyton et al. 1976). Since the pressure is less in 
the upstream venous compartment than in the 
pulmonary circuit, it is easier for the RV contrac-
tion to pump blood backward than forward. The 
consequent increased filling of the RV leads to 
further dilatation and further tricuspid regurgita-
tion. Finally, the volume of the RV takes up space 
in the mediastinum.

 Conclusion

The electrical, pharmacological, and filling char-
acteristics of the RV are different from those of 
the LV. These derive not only from its more prim-
itive transcriptional program but also from its 
proximal coupling to the compliant systemic 
venous system. The major role of the RV is to 
keep Pra low and thereby allow adequate return 
of blood to the heart without the upstream venous 
reservoir pressure having to be excessively ele-
vated. Despite producing a low systolic pressure 
under normal conditions, the RV puts out the 
same stroke volume as the LV.  This is what it 
evolved to do for normal function. The diastolic 
RV filling curve, too, is very compliant until it 
breaks steeply and then strongly limits further 
filling. This not only protects the lungs but also 
limits the maximum possible stroke volume and 
cardiac output for a given heart rate. Most com-
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monly, the pericardium limits RV filling, even 
before the limit of RV wall limits end-diastolic 
volume. These characteristics make the presence 
of a dysfunctional RV worse than no RV at all.
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Function of the Left Heart

Keith R. Walley

The heart contracts and ejects blood into the cir-
culation at a sufficient rate to deliver adequate 
amounts of oxygen and metabolites to meet the 
demands of all organs and tissues in the body. 
Depending on activity and organ function, the 
demand for oxygen and metabolites can vary 
enormously. But the heart is made up of fairly 
simple muscle tissue that contracts and relaxes. 
Here, I explore how these simple muscle charac-
teristics, when assembled into a fully functioning 
heart, are able to meet widely varying demands.

 Basic Cardiac Muscle Characteristics

The contractile apparatus of cardiac muscle is 
composed of thin helical polymeric actin fila-
ments interdigitated with heavy myosin filaments 
as a unit termed a sarcomere. Cardiac muscle 
fibers are made of many sarcomeres in series and 
in parallel. Sliding of myosin filaments over actin 
filaments results in sarcomere shortening or 
lengthening. The conformationally active head of 
a myosin filament is an ATPase that can revers-
ibly bind to actin filaments (Guhathakurta et al. 
2018). The myosin head (in its short conforma-
tion, bound to actin) can cleave ATP which then 

detaches the myosin head from actin and fully 
extends the myosin head to its greatest length. 
The extended myosin head can now bind further 
along on the actin filament and, when bound, the 
myosin head undergoes reverse conformational 
change resulting in shortening while attached to 
the actin filament. Repeated more than a thou-
sand times per heartbeat, this cycle results in 
shortening of the sarcomere and, hence, shorten-
ing of cardiac muscle during systole. The systolic 
shortening interaction of myosin with actin 
requires unimpeded access of the myosin ATPase 
head to the adjacent actin filament helix. Access 
of myosin to actin is regulated by the additional 
sarcomere proteins making up the troponin/
tropomyosin complex. Troponin/tropomyosin is 
a regulatory protein complex that lies immedi-
ately adjacent to the helical structure of actin fila-
ments. When calcium concentration is high in the 
intracellular cytosol, calcium binds to the tropo-
nin C component of troponin/tropomyosin. This 
results in a conformational change so that tropo-
myosin moves away from the binding site of the 
myosin head to the actin filament so that systolic 
contraction cycles can occur. However, during 
diastole when cytosolic calcium is pumped into, 
and sequestered within, the sarcoplasmic reticu-
lum, calcium leaves its troponin C binding site 
and tropomyosin undergoes reverse conforma-
tional change, moves toward the binding site of 
myosin to actin, and sterically hinders this inter-
action. Since myosin can no longer bind the actin 
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filament, the thick and thin filaments are unbound 
and slide freely past each other allowing relaxed 
lengthening of the sarcomere, driven by low dis-
tending/lengthening tension within diastolic 
sarcomeres.

 Cardiac Muscle Tension-Length 
Relationships

Elastic elements are also incorporated into the 
sarcomere (Glantz 1975). Some of the elastic 
characteristics of the sarcomere are intrinsic to 
actin and myosin and are therefore in series with 
the actin-myosin contractile apparatus. Structures 
connecting sarcomeres and cells together in 
series also contribute to a “series elastic element” 
(Herzig 1978). Cytosolic calcium allows actin- 
myosin shortening which increases tension 
within these series elastic elements resulting in 
systolic wall tension (Fabiato and Fabiato 1978). 
Additional elastic elements within and surround-
ing cardiac muscle cells provide “parallel elastic 
elements.” During diastole, when myosin is not 
bound to actin, diastolic wall tension lengthens 
the sarcomere against parallel elastic elements 
(Fester and Samet 1974; Glantz 1974).

The tension-length characteristics of a trabec-
ular strip of ventricular muscle are shown in 
Fig. 4.1. Ventricular muscle lengthens under min-
imal tension along a diastolic tension-length rela-
tionship which becomes stiffer at increasing 
length due to the parallel elastic elements. When 
the muscle is stimulated to contract, tension 
within series elastic elements rises to an end- 
systolic tension-length point. Contractions start-
ing at increasing length yield increasing 
end-systolic tension and all end-systolic tension- 
length points lie along an approximately linear 
end-systolic tension-length relationship 
(Fig.  4.1). When intrinsic contractility in 
increased (in this example, by two electrical 
depolarizations in quick succession which result 
in a greater release of calcium into the cytosol 
and, hence, more myosin-actin interactions), the 
key feature is that the slope of the end-systolic 
tension-length relationship increases (Fig.  4.1). 
The strength of contraction is primarily depen-

dent on the number of actin-myosin cross bridges 
which, in turn, is dependent on the release and 
then uptake of calcium by the ryanodine receptor 
and then the sarcoplasmic reticulum Ca2+–
ATPase pump. In contrast, the speed of contrac-
tion is dependent on the load on the muscle and 
the rate of turnover of actin-myosin bonds which, 
in turn, depends on the availability of oxygen 
and, hence, ATP (Walley et al. 1991).

Whether in diastole or systole, the key 
mechanical feature of sarcomeres, cardiac mus-
cle cells, muscle strips, and the ventricular wall is 
the tension generated at each length (Suga et al. 
1977). Tension-length relationships within these 
underlying muscle elements become pressure- 
volume relationships of the integrated three- 
dimensional structure of the ventricle (Glantz 
and Kernoff 1975; Suga and Sagawa 1972). 
Therefore, the fundamental mechanical feature 
of the ventricle is the relationship of ventricular 
pressure to ventricular volume. Ventricular vol-
ume divided by pressure is “compliance” and 
conversely ventricular pressure divided by vol-
ume (ΔP/ΔV) is “elastance.” It follows that 
shortening of the contractile element of the sar-
comere results in increasing elastance of the 

Fig. 4.1 Cardiac trabecular muscle tension-length rela-
tionships. Diastolic tension-length points (open circles) 
are measured in relaxed diastolic muscle over a range of 
lengths. At each length, the muscle strip is electrically 
stimulated and tension increases (for example, along the 
dashed vertical line) to end-systolic points (closed cir-
cles). Over a range of lengths, these end-systolic tension- 
length points approximately lie along a straight line (solid 
line). When systolic contractility is increased (by two 
electrical stimuli in quick succession), end-systolic 
tension- length points (open triangles) shift up so that the 
end-systolic tension length relationship (dashed line) 
shifts to the left with increased slope
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 ventricle. To understand how shortening of the 
sarcomere is converted into ventricular function, 
it is useful to consider the pressure-volume rela-
tionship of the left ventricle and changes in ven-
tricular elastance that generate these features.

 Ventricular Pressure-Volume 
Relationships

To understand events during a cardiac cycle, it is 
useful to plot the trajectory on a ventricular 
pressure- volume diagram (Sagawa 1984). During 
diastole, actin and myosin filaments are pre-
vented from binding by steric hinderance pro-
vided by calcium-deplete troponin/tropomyosin. 
The actin and myosin filaments are free to slide 
past each other, so blood entering the ventricle 
through the mitral valve fills the diastolic ventri-
cle at low diastolic pressures (labeled “1” in 
Fig.  4.2a). The diastolic pressure-volume rela-
tionship is curvilinear, becoming stiffer at 
increasing volume (Glantz and Kernoff 1975). 
This relationship is fit well by an exponential 
equation (Glantz and Parmley 1978) or by a simi-
lar relationship: P = S × log[(Vm − V)/(Vm − Vo)], 
where S represents the diastolic myocardial stiff-
ness, Vm is the maximum diastolic ventricular 
volume, and Vo is the diastolic volume at a pres-
sure of zero (Nikolic et al. 1988). Maximum vol-
ume is limited by muscle characteristics and the 
pericardium (Tyberg and Smith 1990; Holt et al. 
1960; Glantz et al. 1978). Above the maximum 
volume, the ventricle would rupture since the 
ventricle cannot expand indefinitely (Walley and 
Cooper 1991). The key characteristic of the dia-
stolic ventricle is that it fills easily at low volume 
because compliance is high but becomes much 
less compliant near maximum diastolic volume.

Upon electrical depolarization of cardiomyo-
cytes, calcium is released from the sarcoplasmic 
reticulum via the ryanodine receptor into the 
cytosol bathing actin, myosin, and troponin/
tropomyosin. Calcium binds the troponin C sub-
unit of the troponin/tropomyosin complex caus-
ing it to move away from the actin-myosin 
binding site so that the myosin head ATPase is 
free to bind actin, shorten, release, and bind actin 

again, causing systolic shortening. Early in sys-
tole, the mitral and aortic valves are closed so 
that sarcomere shortening results in an increase 
in ventricular pressure with no change in volume, 
which is termed isovolumic systole (labeled “2” 
in Fig.  4.2a). When intraventricular pressure 
exceeds aortic pressure, the aortic valve is pushed 
open and the ventricle ejects blood into the aorta. 
During this systolic ejection phase (labeled “3” 
in Fig.  4.2a), intraventricular volume decreases 
until end-systolic volume is reached. Toward the 
end of systole, intracellular cytosolic calcium is 
pumped back into the sarcoplasmic reticulum by 
the sarcoplasmic reticulum Ca2+ – ATPase pump, 
SERCA.  At low cytosolic calcium concentra-
tions, calcium is no longer bound to troponin/
tropomyosin, which therefore moves back into a 
position inhibiting the interaction of myosin with 
actin. Since actin and myosin filaments are now 
free to slide past each other, tension generated by 
sarcomere shortening in systole decreases rapidly 
and so intraventricular pressure falls (Raff and 
Glantz 1981). The aortic valve closes and the 
mitral valve remains closed during this isovolu-
mic relaxation phase of the cardiac cycle (labeled 
“4” in Fig.  4.2a). Then, when intraventricular 
pressure falls below left atrial pressure, the mitral 
valve is pushed open and the ventricle rapidly 
fills in diastole for its next cardiac cycle.

 The End-Systolic Pressure-Volume 
Relationship (ESPVR) and Emax

Different loading conditions result in different 
pressure-volume loops (Sagawa 1984; Suga et al. 
1973, 1979). However, for the same contractile 
state, all end-systolic pressure-volume points lie 
along an approximately linear relationship, the 
end-systolic pressure volume relationship 
(ESPVR) having a slope of Emax (Fig.  4.2a) 
(Sagawa 1984; Suga et al. 1973). The ESPVR is 
similar to, and a direct consequence of, the end- 
systolic tension-length relationship of cardiac 
muscle (Fig. 4.1) (Suga et al. 1977). The slope of 
the ESPVR has the units of Δ pressure divided by 
Δ volume, which is elastance (the inverse of 
compliance). The ESPVR intersects the volume 
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axis at a volume that is somewhat above absolute 
zero ventricular volume termed Vo.

Since the ESPVR is sloped, if aortic pressure 
(pressure afterload) increases, then the ventricle 
is not able to eject as far (end systole is higher up 
on the ESPVR) resulting in a greater end-systolic 
volume (Weber et al. 1974). Conversely, if after-
load decreases, then the ventricle is able to eject 
to a lower end-systolic volume (Fig.  4.2b). 
Importantly, over a wide range of loading condi-

tions, the end-systolic pressure-volume point of 
any cardiac cycle lies along the same ESPVR 
(Suga et al. 1973).

The ESPVR is also insensitive to changes in 
preload. For example, at higher left atrial pres-
sures, the left ventricle will fill more along the 
compliant diastolic pressure-volume relationship 
(Glantz and Kernoff 1975). This more completely 
filled diastolic ventricle ejects more during sys-
tole – down to the same end-systolic volume as a 

a

b c

a

Fig. 4.2 (a) Cardiac cycle on a ventricular pressure- 
volume diagram. During diastole (labeled “1”), the ven-
tricle fills from end-systolic volume (ESV) at low pressure 
along a compliant diastolic pressure-volume relationship 
to end-diastolic volume (EDV). Early systolic contraction 
(labeled “2”) causes ventricular pressure to rise but vol-
ume does not change because both mitral and aortic valves 
are closed. Ejection occurs (labeled “3”) when ventricular 
pressure exceeds aortic pressure so that the aortic valve is 
pushed open. Ejection continues up until the end-systolic 
pressure-volume relationship (ESPVR) when the ventri-
cle begins to relax so that pressure falls during isovolumic 

relaxation (labeled “4). The volume of blood ejected is the 
stroke volume which equals EDV-ESV. (b) Effect of 
decreased afterload on stroke volume. When the ventricle 
is ejecting against a decreased afterload, it is able to eject 
further so that stroke volume increases. The end-systolic 
pressure-volume point of the unloaded ejection still falls 
on the same ESPVR, but at a lower ESV. (c) Effect of 
increased EDV on stroke volume. The end-systolic 
pressure- volume point of the ejection that starts at an 
increased EDV still falls on the same ESPVR so that 
stroke volume increases

K. R. Walley



53

less-filled diastolic ventricle (Fig.  4.2c) (Suga 
et  al. 1979). This characteristic of ventricular 
ejection is the basis of Starling’s law of the heart, 
where greater diastolic filling results in greater 
systolic ejection. This allows the heart to rapidly 
adapt to changing demand for cardiac output. For 
example, during exercise, increased demand for 
cardiac output to deliver more oxygen and metab-
olites is sensed by the peripheral vasculature. The 
peripheral vasculature responds by redistributing 
blood flow to lower resistance vascular beds (for 
example, skeletal muscle) which increases blood 
flow back to the heart (venous return) (Goldberg 
and Rabson 1981; Mitzner and Goldberg 1975). 
The heart accommodates this by increasing ejec-
tion and cardiac output in exact proportion to the 
increase in venous return of blood. The underly-
ing basis is, as mentioned, the fact that the end- 
systolic pressure-volume point remains on the 
same ESPVR even when end-diastolic volume 
increases due to increased venous return of blood 
to the heart (Suga et al. 1979).

While the slope of the ESPVR, Emax, is 
insensitive to changes in preload and afterload, it 
increases with an increase in intrinsic systolic 
contractility (Sagawa 1984; Sagawa et al. 1977), 
just like the slope of the end-systolic tension- 
length relationship increased with an increase in 

systolic contractility (Fig.  4.1). An increase in 
systolic contractility means that, at the same pre-
load and afterload, the ventricle gets to a steeper 
Emax, i.e., has a faster systolic increase in elas-
tance, a steeper slope, and the left ventricle can 
eject further (Fig.  4.3a) (Sagawa et  al. 1977). 
Conversely, when systolic contractility is 
decreased, the left ventricle reaches a lower max-
imum slope of the ESPVR (Fig. 4.3b). The vol-
ume axis intercept of the ESPVR, Vo, also impacts 
end-systolic volume. Vo is typically a small frac-
tion of normal end-diastolic volume and does not 
change substantially with inotropic interventions 
that increase systolic contractility (Sagawa 
1984). However, hypoxia, which decreases the 
velocity of sarcomere shortening (Walley et  al. 
1991), decreases the speed of ventricular contrac-
tion, thereby reducing ventricular ejection at any 
afterload, which results in an increase in Vo 
(Walley et al. 1988).

 Time-Varying Elastance 
and Maximum Elastance (Emax)

This slope of the ESPVR has units of elastance 
and is termed Emax for “maximum elastance.” 
Elastance is not a characteristic confined to end 

a b

Fig. 4.3 (a) An increase in systolic contractility is syn-
onymous with a shift up and to the left of the end-systolic 
pressure-volume relationship (ESPVR), primarily due to 
an increase in slope, Emax. For the same preload and 
afterload conditions, this results in an increase in stroke 
volume. (b) Conversely, a decrease in systolic contractil-

ity is a decrease in slope of the ESPVR so that end- systolic 
volume (ESV) increases. To maintain a sufficient stroke 
volume to support life, compensatory changes must occur 
which generally include a decrease in afterload and an 
increase in preload (EDV)
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systole (Suga 1971). Indeed, the elastance of all 
pressure-volume states throughout a cardiac 
cycle can be calculated as pressure/(volume-Vo) 
at every time point. For a wide variety of cardiac 
loading conditions, pressure-volume points at the 
same time point within the systolic contraction 
can be connected with an “elastance” line 
(Fig.  4.4) (Suga et  al. 1973; Suga and Sagawa 
1974). When this is done, it can be seen that the 
ESPVR is not a unique pressure-volume relation-
ship but rather just one of many. The ESPVR is 
simply the pressure-volume relationship with the 
maximum slope or maximum elastance (Emax) 
(Suga et  al. 1980). That is, during diastole, the 
ventricle is in its lowest elastance state. The cur-
vilinear diastolic pressure-volume relationship is 
determined by the parallel elastic elements of the 
sarcomere, by parallel myocardial connective tis-
sue such as elastin and titin, and by surrounding 
parallel elastic structures such as the pericar-
dium. When elastance of sarcomeres starts to rise 
at the initiation of systole due to shortening of 

sarcomere contractile elements (which raise ten-
sion by stretch of series elastic elements), elas-
tance of the ventricular chamber (pressure/
volume of the ventricular chamber) rises. With 
inflow and outflow valves to the ventricle closed, 
pressure rises at a constant volume. Ventricular 
elastance continues to rise during systole, so 
when ventricular pressure exceeds aortic pres-
sure, the ejection phase begins. Ventricular elas-
tance reaches its peak, Emax, near the end of 
systole. With sequestration of calcium into the 
sarcoplasmic reticulum by SERCA near the end 
of systole, elastance falls, ventricular pressure 
falls, and the aortic valve closes. The elastance at 
the time of aortic valve closure (end systole), Ees, 
occurs very shortly after elastance is maximum 
and, therefore, Ees is very slightly less than 
Emax.

Thus, the ventricular can be regarded as a 
muscle with time-varying elastance provided by 
contraction of sarcomeres which contain intrin-
sic series and parallel elastic elements. The pres-
ence of inflow and outflow valves converts 
time- varying elastance of this muscular chamber 
into the four phases of the cardiac cycle 
(Fig. 4.2a). Elastance is at its minimum during 
diastole. Careful examination of the diastolic 
pressure- volume relationship demonstrates that 
these relationships are not exactly linear and, 
therefore, are not fully characterized by a single 
value of elastance, since the ventricle becomes 
stiffer at increased ventricular volumes (steeper 
slope of the elastance line) due to the nonlinear 
characteristics of parallel elastic elements 
(Glantz 1974; Glantz and Kernoff 1975). 
Elastance then rapidly rises during isovolumic 
systole while the closed mitral and aortic valves 
do not allow a change in volume (Suga and 
Sagawa 1974). Elastance continues to rise, 
though at a slightly slower pace, during the ejec-
tion phase of systole when the open aortic valve 
allows ejection of blood so that ventricular vol-
ume decreases. During the isovolumic relaxation 
phase, elastance rapidly falls while the closed 
mitral and aortic valves do not allow a change in 
ventricular volume.
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Fig. 4.4 Time-varying elastance and maximum elas-
tance. Pressure-volume points (black circles) at times 
throughout systolic contraction can be connected by lines 
whose slope is instantaneous elastance (ΔP/ΔV). 
Elastance increases over the course of systole and is maxi-
mum, Emax, very near the end of systole. Thus, the ven-
tricular chamber has the physical property of time-varying 
elastance. That is, throughout systole, the ventricle 
becomes increasingly stiff to a maximum stiffness (elas-
tance) very near the end of systole. The rate of change of 
pressure during isovolumic systole is indicated as dP/dt 
which, as shown, depends on the rate of change of ven-
tricular elastance and end-diastolic volume
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 Isovolumic Measures of Ventricular 
Contractility

Measures of contractility during isovolumic sys-
tole were developed because the ventricle is iso-
lated by closed valves from preload and afterload 
pressures. It was hoped that these isovolumic sys-
tole measures would be more load-independent 
(Kass et  al. 1987). Ventricular pressure is rela-
tively easily measured during isovolumic systole 
using an intraventricular catheter. As elastance 
increases during isovolumic systole, pressure 
rises at a constant end-diastolic volume. The 
maximum rate of change of ventricular pressure, 
dP/dtmax, occurs late in isovolumic systole and is 
one simple measure of contractility during iso-
volumic systole that reflects increasing ventricu-
lar elastance (Fig.  4.4) (Noble 1972). dP/dtmax 
increases as end-diastolic volume increases 
(Mahler et al. 1975), so a modified version less 
sensitive to preload is dP/dtmax divided by end- 
diastolic volume (Little 1985). Alternatively, for 
a simple sarcomere model consisting of a con-
tractile element and a series elastic element, the 
maximum velocity of contractility element short-
ening, Vmax (Chiu et al. 1989), can be calculated 
by plotting dP/dt versus ventricular pressure and 
extrapolating dP/dt to a zero load to yield an esti-
mate of sarcomere Vmax (Wolk et  al. 1971). 
dP/dtmax and Vmax have been used as measures 
of contractility that can be made using only a 
pressure transducer, which can be implemented 
in clinical practice during cardiac catheterization. 
While clinically useful, these isovolumic phase 
measures of intrinsic ventricular contractility are 
more load-dependent than the ESPVR (Kass 
et al. 1987).

Measures such as dP/dtmax reflect the time 
course of sarcoplasmic reticulum calcium release 
and uptake, while Emax only reflects the net 
effect at end systole. The time of calcium avail-
ability to bind troponin/tropomyosin is reflected 
as phase 3 of the action potential. This time is 
dependent on the rate of release of calcium from 
the sarcoplasmic reticulum and then by the rate 
of uptake of calcium back into the sarcoplasmic 
reticulum by SERCA.  For example, the same 
increase in contractility at end systole can be 

achieved by post-extrasystolic potentiation, a 
beta-agonist, or caffeine (Chiu et al. 1989). Post- 
extrasystolic potentiation increases contractility 
by increasing the amount of sarcoplasmic reticu-
lum calcium release without a substantial change 
in time course of contraction. However, the beta- 
agonist increases both the rate of release and 
uptake of sarcoplasmic reticulum calcium and, 
therefore, reduces the duration of the action 
potential. In contrast, caffeine reduces the rate of 
uptake by SERCA and thus prolongs the action 
potential. Thus, contractility is more complex 
than just the end-systolic result (Chiu et al. 1989).

Thus, examination of pressure-volume rela-
tionships at many time points during the cardiac 
cycle yields the understanding that the ventricle 
is a muscular chamber characterized by a time- 
varying elastance (Sagawa 1984). Emax is the 
most accurate measure to characterize the intrin-
sic ventricular contractile state, but understand-
ing of time-varying elastance also yields 
additional, easier, measures of ventricular con-
tractility such as dP/dtmax and Vmax (Kass et  al. 
1987). Further examination of the ventricular 
pressure-volume diagram starts to reveal how this 
energetic work is accomplished.

 Ventricular Energetics

The study of thermodynamics was motivated by 
the desire to understand how energy is related to, 
and converted into, external mechanical work. 
This is highly relevant in the heart where energy 
depends on the delivery of oxygen to the heart, 
and the external mechanical work generated by 
the heart drives cardiac output and oxygen deliv-
ery to the entire body, including the heart.

Area on a pressure-volume diagram has units 
of energy or work. It follows that the external 
mechanical work done by the ventricle during a 
cardiac cycle is simply the area within a ventricu-
lar pressure-volume loop (Khalafbeigui et  al. 
1979). External mechanical work is the work 
done ejecting the stroke volume into the high- 
pressure aorta. However, a number of investiga-
tors found that this external mechanical work and 
related indices are not particularly closely corre-
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lated with myocardial oxygen consumption 
(Yasumura et al. 1987). Suga and others recog-
nized that a fraction of the total mechanical work 
that the ventricle performs is not elaborated as 
external mechanical work (Suga et al. 1981a, b) 
For example, if the aorta is briefly cross-clamped 
for one cardiac cycle and no blood is ejected, no 
external mechanical work is done. However, it is 
obvious that the heart expended energy during 
the contraction against the clamped aorta (Suga 
et  al. 1981b). Suga proposed that the total 
mechanical work done during a contraction was 
the sum of external mechanical work (area of the 
ventricular pressure-volume loop) PLUS poten-
tial mechanical work (the additional area sub-
tended by the ESPVR) (Fig.  4.5) (Suga et  al. 
1981a, b, 1991). One rationale to support this 
conjecture arises by considering a theoretically 
“perfectly” unloaded ejection (which is not pos-
sible in reality). Consider that, as the ventricle 
ejects near end systole, the pressure-volume point 
nears the ESPVR. If the ventricle were theoreti-
cally perfectly unloaded by a small amount, then 

further ejection to a slightly lower end-systolic 
volume would occur. Then, consider that many 
other perfect unloading steps could occur. This 
perfectly unloaded ventricle would eject near end 
systole along the ESPVR.  Therefore, the theo-
retical maximum amount of external mechanical 
work that could be obtained is the area within a 
normal ventricular pressure-volume loop plus the 
additional area subtended by the ESPVR.  This 
total area is termed pressure-volume-area, PVA 
(Suga et al. 1981a, b, 1991)

Myocardial oxygen consumption (MVo2) plot-
ted against PVA yields a remarkably clean 
straight line under a wide variety of loading con-
ditions and contractile states (Suga et al. 1981b). 
The slope of the line represents the fraction of 
energy derived from myocardial oxygen con-
sumption that is converted into total mechanical 
work, as measured by PVA. Under a wide variety 
of circumstances, the slope of this MVo2-PVA 
relationship is constant at approximately 40% 
indicating that the heart converts energy derived 
from oxygen metabolism into total mechanical 
work (PVA work) with approximately a 40% effi-
ciency (Suga et  al. 1986). However, oxygen- 
derived energy is used by cardiomyocytes for 
more than just mechanical work so that the 
MVo2–PVA relationship intercepts the MVo2 axis 
at a positive value of myocardial oxygen con-
sumption. That is, even if the ventricle is doing 
no mechanical work, energy is still required. One 
component of this baseline oxygen consumption 
is used to provide basal metabolic needs to keep 
the cells alive. Another component of this base-
line oxygen consumption increases when con-
tractility is increased, for example by 
administration of a catecholamine (Suga et  al. 
1983). This second component of baseline oxy-
gen consumption is related to excitation- 
contraction coupling. That is, energy is required 
to pump calcium from the cytosol back into the 
sarcoplasmic reticulum at the end of systole. This 
and related ion channel energy consumption is 
the excitation-contraction coupling work that 
increases as contractility increases (Suga et  al. 
1983).

Fig. 4.5 PVA defined on a ventricular pressure-volume 
diagram. The area within a cardiac cycle pressure-volume 
loop (light shading) is the external mechanical work done 
by the ventricle during a cardiac cycle. The additional area 
subtended by the ESPVR (gray shading) is considered 
potential mechanical work. Pressure-volume- area (PVA) 
is the sum of these areas – the sum of external mechanical 
work and potential mechanical work. Myocardial oxygen 
consumption (MVO2) is linearly related to PVA
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 Myocardial Oxygen Consumption

The PVA concept allows myocardial oxygen con-
sumption to be parsed into a component required 
for basic cellular metabolism, a component that 
provides energy to pump calcium and other ions 
involved in coupling of electrical depolarization 
with contraction and a component associated 
with mechanical work (Suga et  al. 1986). The 
component supporting basic cellular metabolism 
is fairly constant across a variety of states, the 
component providing for excitation-contraction 
coupling is highly dependent on the contractile 
state of the myocardium, and the component pro-
viding the energy to produce external mechanical 
work is highly dependent on loading conditions 
of the heart. Increased preload and increased 
afterload both increase the area within the ven-
tricular pressure-volume loop and, therefore, 
increase PVA. This analysis describes the fate of 
energy derived from oxygen consumption for a 
single heartbeat. Therefore, the amount of oxy-
gen consumed per minute is also directly propor-
tional to heart rate.

Myocardial oxygen consumption is clinically 
a highly important issue. For example, partial or 
complete occlusion of a coronary artery may 
limit oxygen delivery below that necessary to 
meet oxygen demand. In that instance, anaerobic 
sources of ATP are turned on resulting in myocar-
dial lactate production. Next, ventricular 
pressure- volume work must decrease because not 
enough ATP is delivered. Then, damage and even 
infarction of myocardium may occur. Relieving 
the coronary occlusion is the first line of therapy. 
But it also follows that strategies to decrease 
myocardial oxygen demand are an important part 
of the clinical armamentarium when treating 
patients with acute coronary syndromes due to 
myocardial oxygen supply that is inadequate to 
meet myocardial oxygen demand. It is not feasi-
ble to estimate PVA at the bedside; therefore, it is 
important to consider how the MVo2–PVA rela-
tionship can be simplified for easy clinical use.

Among a variety of proposed indexes, PVA is 
most closely correlated with MVO2 in human 
hearts (Takaoka et al. 1993). Heart rate and sys-
tolic blood pressure are factors in the MVO2 and 

PVA calculations that are readily measurable 
(Sonnenblick et  al. 1968; Braunwald 1999; 
Ardehali and Ports 1990). The tension-time index 
is therefore a simplification that is readily calcu-
lated as the product of heart rate and systolic 
blood pressure (Lewartowski et  al. 1980). This 
simplification omits the impact of stroke volume 
and the slope of the ESPVR, yet the tension-time 
index is reasonably linearly related to MVO2.

 Connection of Pressure-Volume 
Relationships with Ventricular 
Function

Cardiac output (the key energy output of the 
heart) and myocardial oxygen consumption (the 
key energy input of the heart) are both highly 
dependent on external loading conditions of the 
heart. Therefore, consideration of pressure- 
volume characteristics is incomplete without 
considering ventricular pump function. Left 
ventricular function has been characterized in 
many different ways (Suga et al. 1991; Glower 
et al. 1985; Sarnoff and Berglund 1954), but the 
predominant approach is to construct ventricu-
lar pump function curves (Elzinga and Westerhof 
1979). The output of the ventricle is plotted as a 
function of input (Fig. 4.6a). A wide variety of 
inputs to the heart could be considered but ven-
tricular end-diastolic pressure is often used. 
Similarly, a wide variety of outputs could be 
considered but among the simplest and most 
clinically relevant is cardiac output. A plot of 
end-diastolic pressure versus cardiac output is a 
classic pump function curve of the ventricle. As 
input increases output increases, termed 
Starling’s law of the heart (Katz 2002). That is, 
cardiac output increases as greater ventricular 
filling is accomplished by increased ventricular 
end- diastolic volume. Starling’s law guarantees 
that what goes in must go out and thus perfectly 
matches right and left ventricular stroke vol-
umes over time. The relationship is curvilinear 
so that further increases in cardiac output dimin-
ish as the ventricle becomes fully distended at 
high end-diastolic pressures (Sarnoff and 
Berglund 1954).
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Cardiac output is heart rate multiplied by 
stroke volume. Stroke volume is determined by 
pressure-volume characteristics of the ventricle, 
specifically end-diastolic volume and end- 
systolic volume. In turn, end-diastolic volume is 
determined by the compliance of the diastolic 
pressure-volume relationship and end-diastolic 
pressure preload. End-systolic volume is deter-
mined by the ESPVR and end-systolic pressure 
afterload. It can be seen that ventricular pump 
function output is derived from consideration of 
pressure-volume characteristics and loading con-
ditions. Important corollaries are that ventricular 
pump function can be decreased by an increase in 
afterload (Imperial et  al. 1961), a decrease in 
contractility, or a decrease in diastolic compli-
ance (Fig. 4.6b), and vice versa.

Normal valve function is essential for efficient 
overall cardiac function. However, abnormal 
valve function is an additional topic not consid-
ered here. Heart rate also impacts overall cardiac 
function although, within the range of normal 
heart rates, the effect is relatively minor because 
stroke volume decreases if heart rate is artificially 
increased (e.g., using ventricular pacing) with 

minimal change in cardiac output. However, at 
very low and very high values, heart rate becomes 
important. At very low heart rates (less than ~40 
beats per minute), additional filling of the dia-
stolic ventricle cannot compensate for the 
reduced number of ventricular ejections per min-
ute so that cardiac output becomes directly 
dependent on heart rate (cardiac output = heart 
rate x stroke volume). At very high heart rates 
(greater than ~140 beats per minute), the dia-
stolic ventricle does not have time to fully relax 
and diastolic filling time becomes very short so 
that diastolic filling becomes  increasingly 
impaired resulting in an overall decrease in car-
diac output.

 Summary

Shortening and relaxation cycles of actin-myosin 
sarcomeres yield a ventricular chamber with 
time-varying elastance. That is, elastance (ΔP/
ΔV) increases during systole to a maximum 
value and then decreases back to the minimum 
diastolic value. Maximum elastance (Emax) 
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Fig. 4.6 (a) Ventricular pump function curve (solid black 
curve) is a plot of pump output (in this example, cardiac 
output) versus pump input (in this example, ventricular 
end-diastolic pressure). As ventricular input increases, 
output increases. Pump function can be decreased (dashed 
curve) by increased afterload that the ventricle must pump 
against, decreased ventricular intrinsic contractility, and 
decreased diastolic compliance which impairs ventricular 
diastolic filling. (b) Pressure-volume relationships under-
lie ventricular pump function curves. The decrease in ven-

tricular pump function illustrated in panel A is a direct 
consequence of pressure-volume characteristics shown 
here. If afterload increases, the normal stroke volume 
(length of the solid horizontal arrow) must decrease. If 
contractility decreases (decrease in slope of the ESPVR 
from the solid straight line to the dashed straight line), the 
stroke volume will also decrease. Stroke volume will also 
decrease if ventricular diastolic filling is impaired by 
decreased diastolic compliance (dashed diastolic pressure- 
volume relationship)
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defines an end-systolic pressure-volume relation-
ship (ESPVR). The existence of the ESPVR 
means that the end-systolic ventricle has the 
property of ejecting more stroke volume at low 
blood pressure afterload and ejecting less stroke 
volume and high blood pressure afterload. Since 
maximum elastance, and therefore the ESPVR, 
does not depend on diastolic loading, the exis-
tence of the ESPVR means that the ventricle also 
has the property of ejecting more stroke volume 
in exact proportion to any increase in diastolic 
filling – the heart ejects the venous return that is 
delivered to it.

Since the product of pressure and volume is 
work, examination of the ventricular pressure- 
volume relationships also yields a thermodynam-
ically sound understanding of the relationship of 
myocardial oxygen consumption (~energy input) 
to the external mechanical work that the heart 
performs (~energy output).
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Pulmonary Vascular Resistance

Wayne Mitzner

 Introduction

This chapter will discuss the resistance to flow 
through the pulmonary circulation. Pulmonary 
vascular resistance is a variable that reflects the 
physical size (diameter and length) of the vessels 
at any moment in time. Resistances are com-
monly obtained in both physiological and clinical 
studies. The resistance changes with lung infla-
tion, in response to various stimuli, and in many 
lung pathologies, and it can play an important 
role in the study of heart–lung interactions. 
Although the definition of pulmonary resistance 
is simple, the underlying basis of the final mea-
sure is complex, and it is important to understand 
the limitations of this measurement.

 Definitions

Traditionally, the relation between resistance, 
blood flow, and pressure is defined by a mechani-
cal extrapolation of Ohm’s law, which states that 
the pressure difference along the path of flow 
(Pin − Pout) equals the vascular resistance (R) 
times the blood flow (F), as in Eq. 5.1a.

 P P R Fin out� � � .  (5.1a)

And with regard to the focus of this chapter on 
pulmonary vascular resistance (PVR), the nota-
tion we will use changes Pin into pulmonary 
artery pressure, Ppa, and Pout is pulmonary 
venous pressure, Ppv, resulting in

 P P Fpa pv PVR� � �  (5.1b)

In electrical circuits where Ohm’s law is 
defined, the electrical resistance is generally con-
sidered to be a constant independent of the driv-
ing voltage or current. And if this were the case 
for vascular systems, there would be little need 
for this chapter. However, vascular resistance can 
be a useful metric, since it reflects the anatomical 
size of the vessels. Wider and shorter vessels 
have lower resistance, and the relation between 
vascular resistance and vessel diameter and 
length is given by Poiseiulle’s Law, as shown in 
Eq. 5.2:

 
R

L

D
�
128

4

�
�

,
 

(5.2)

where L is the vessel length, μ is blood viscosity, 
and D is vessel diameter.

It is important to emphasize that the derivation 
of this equation makes several assumptions (lam-
inar or Newtonian flow, rigid tubes, and constant 
viscosity), none of which are valid in the pulmo-
nary vasculature. Nevertheless, this equation is 
ubiquitously applied, since it provides some intu-
ition about how the resistance should change 
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with structural changes. If the diameter of a ves-
sel constricts, then the resistance will increase in 
proportion to the fourth power of diameter or at 
least approximately so. There is often an implicit 
desire for functions to behave in a linear fashion, 
where coefficients are constant and events can be 
simply added. However, much of the problems in 
understanding and interpreting vascular resis-
tance arises because the circulation is often far 
from linear. It is perhaps relevant to note here that 
when Ohm first presented his now famous equa-
tion in 1827, suggesting the radical idea that elec-
trical resistance might be constant over a range of 
voltages, he was so severely criticized that he 
resigned from his academic position, spending 
the next 6  years in obscurity as a private tutor 
(Behrens 1995). With regard to the vascular 
adaptation of his equation dealing with resistance 
in distensible vessels, there is also the additional 
problem of gravity.

 Nonlinearities in the Pulmonary 
Circulation

 Vascular Distensibility

If the vasculature was comprised of rigid cylin-
drical vessels, then the relation between inflow 
pressure (Ppa) and flow would be a straight line. 
The slope of this line drawn from the pulmonary 
venous intercept (Ppv) would be 1/RVR, as 
shown in Fig. 5.1.

Now imagine a real biologic vessel which 
can distend if its transmural pressure increases. 
Then, the vessel would no longer be a cylinder, 
since the pressure at the inlet must be higher 
than the pressure downstream. So the vessel 
takes on a tapered shape. The pressure–flow 
curve for such a vessel would look something 
like that in Fig.  5.2. With such a PF curve, it 
should be clear that the resistance is not going to 
be constant. If we use Eq.  5.1b, then the line 
from Pv to whatever the Pa is will be increasing 
in slope as Pa increases. This means that the 
resistance will continually decrease, and this is 
what is expected since the vessel is being dilated 
at higher pressure. In Fig. 5.2, two straight lines 

are shown with different Pa, and the slope (1/R) 
is greater at the higher pressure, and the PVR is 
lower.

In addition to increasing the inflow pressure, 
another way to raise the distending pressure in 
the vasculature is to raise the outflow pressure, 
Ppv. If blood flow stays constant, this may also 

F

Ppv

Ppa

Slope = 1/PVR

Fig. 5.1 Graph of pulmonary artery pressure (Ppa) vs. 
pulmonary blood flow (F) if the vasculature were com-
prised of rigid tubes. Pulmonary vascular resistance 
(PVR) is constant as pressure or flow increases

F

Slope = 1/PVR2

Slope = 1/PVR1

Ppa1 Ppa2

Ppa

Ppv

Fig. 5.2 Graph of pulmonary artery pressure (Ppa) vs. 
pulmonary blood flow (F) if the vasculature were com-
prised of distensible tubes. Pulmonary vascular resistance 
(PVR) decreases as pressure or flow increases
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raise the Pa, but even if Pa were to remain con-
stant, the mean transmural pressure in the vascu-
lature would still increase. This would result in 
wider vessels and a lower resistance, as illus-
trated in Fig. 5.3.

 Starling Resistors

In the preceding paragraph, the issue was raised 
about increases in venous pressure. In a relaxed 
vessel on a level plane perfused with constant 
flow, any increase in the outflow pressure would 
always result in some increase in the inflow pres-
sure. If the vessel was rigid (i.e., constant R), 
every incremental increase in outflow pressure 
would be matched by an identical increase in 
inflow pressure. If the vessel were distensible, the 
increase in inflow pressure would be less than the 
increase in outflow pressure. In the pulmonary 
circulation, there is another important factor that 
distinguishes its hemodynamics from that in the 
systemic circulation, and that is the effect of 
gravity. In an upright human, the earth’s gravity 
creates a pressure gradient due to the vertical col-

umn of blood, and this is essentially independent 
of the pressures generated with the blood flow. 
This gravitational effect would be of little conse-
quence in the lung if the alveolar capillaries were 
not surrounded by alveolar air which is at atmo-
spheric pressure (on average). Even then, it 
would be of little importance if the capillaries 
had some structure that could keep them open 
under slightly negative transmural pressure. 
However, the lung capillaries have very little 
structure and are very collapsible, essentially 
unable to withstand any negative transmural 
pressure. So, if we imagine the right heart gener-
ating pressure to pump blood to the upper regions 
of the lung, the pressure will decrease as one 
moves up the lung for two reasons: (1) the pres-
sure fall from the flow through the vascular resis-
tance; and (2) the fact that the blood is being 
pumped uphill, where the pressure will fall 1 
cmH2O for every cm of elevation.

In the lung, it is important to emphasize that 
not only will the pulmonary artery pressure 
decrease as one moves up the gravitational field, 
but also the pulmonary venous pressure will 
decrease to the same degree. The pulmonary 
venous pressure as it enters the left atrium will be 
a little greater than left atrial pressure, typically a 
few cmH2O above zero (atmospheric). So as one 
moves up the lung, at some point the pulmonary 
venous pressure will reach zero. When this hap-
pens, further elevations make the pulmonary 
venous pressure negative, and since the capillar-
ies are surrounded by a zero alveolar pressure, 
they will try to collapse. However, they cannot 
fully collapse, since the pulmonary artery pres-
sure at the capillary inlet is still greater than zero, 
so it will open the capillary. So we have a conun-
drum – is the capillary open or is it closed?

The answer to the question is very very com-
plex from a fluid dynamical perspective. 
However, from a more intuitive practical per-
spective, it can be simply explained. In fact, a 
physical device consisting of a thin-walled col-
lapsible tube passing through a sealed box was 
devised by Ernest Starling over 100 years ago to 
allow him to do his pivotal experiment on an iso-
lated perfused heart (Knowlton and Starling 
1912). By adjusting the surrounding pressure in 

Slope = 1/PVR1

Slope = 1/PVR2

Ppv1 Ppv2

F

Ppa

Fig. 5.3 Graph of pulmonary artery pressure (Ppa) vs. 
pulmonary blood flow (F) at two different pulmonary out-
flow pressures (Ppv1 and Ppv2). Vascular distensibility 
makes pulmonary vascular resistance (PVR) lower at the 
elevated Ppv. This is true even if the inflow Ppa is the 
same
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the box, he was able to show that the load the 
heart pumped against was essentially equal to the 
pressure in the box surrounding the collapsible 
tube. These experiments provided insights into 
cardiac contractility that led to what is commonly 
known as Starling’s Law of the Heart. However, 
this physical model is conceptually similar to 
what occurs in the pulmonary capillaries, where 
the collapsible vessels are surrounded by alveolar 
pressure. And applying the same logic, the down-
stream pressure that the right heart sees will thus 
be equal to the alveolar pressure.

These concepts applied to the pulmonary vas-
culature were developed many years ago by 
Permutt’s group (Permutt et  al. 1962; Permutt 
and Riley 1963) and were then adapted by West 
in a classic paper that outlined three zones in the 
pulmonary circulation, defined by the gravita-
tional field (West et al. 1964). In the bottom of 
the lung (zone 3) where both pulmonary artery 
and venous pressures are greater than zero, the 
driving pressure for flow is Ppa minus Ppv. In the 
very top of the lung (zone 1) where both Ppa and 
Ppv are less than zero, there is no flow. And 
between these regions at the top and bottom is the 
situation discussed above (zone 2), where the 
capillary wants to be both open and closed at the 
same time. In zone 2, the driving pressure for 
flow is Ppa minus alveolar pressure (Palv), and if 
the average Palv is zero, then the driving pressure 
is simply Ppa. As one moves up the lung, the Ppa 
will continually decrease, and thus the flow con-
tinually decreases until the Ppa equals zero, when 
flow will equal zero (zone 1).

 Pulmonary Vascular Resistance 
in Presence of Starling Resistors

With these different gravitational determined 
regions, how can we interpret pulmonary vascu-
lar resistance? In zone 3, the situation is as 
described in Fig. 5.2, where we have a distensible 
fluid pathway all open, the resistance is the 
inverse slope of the line connecting the Ppv inter-
cept on the abscissa and the point on the PF curve 
for any particular Ppa. In zone 2, however, we 
have a different situation, and this is shown in 

Fig. 5.4. Here, there is no flow until Ppa exceeds 
Palv, and then there is a nonlinear curve reflect-
ing the distensibility of vessels upstream from the 
capillaries. A resistance calculation in this situa-
tion (PVR*) then will also be only of the vascular 
segment upstream from the capillaries, as shown 
by the straight line drawn from the Palv intercept 
to the Ppa pressure. One point worth noting here 
is that, although we say the resistance upstream 
from the capillaries is what is relevant, this seg-
ment includes the capillaries. And while the cap-
illaries are normally considered to have a low 
vascular resistance (and are commonly ignored), 
to the extent they are compressed by the alveolar 
pressure, they can assume an increasingly impor-
tant fraction of the total resistance. For example, 
if we assume that a capillary is not distensible 
and thus has a constant perimeter, then simply 
compressing this constant perimeter into an ellip-
tical shape with the smaller ellipse diameter 
made equal to the radius of the original round 
capillary will increase the laminar flow resistance 
to flow by a factor of about 3.5. (The capillary 
blood volume will also be reduced by about 
40%.) These changes in the capillary bed thus 

Ppa
Ppv Palv

Slope = 1/PVR*

F

Fig. 5.4 Graph of pulmonary artery pressure (Ppa) vs. 
pulmonary blood flow (F) in a zone 2 condition. Here, 
alveolar pressure (Palv) is the effective downstream pres-
sure, and the resistance measured by the inverse slope of 
the line shown (PVR*) is the resistance upstream from the 
pulmonary capillaries
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can have a significant impact on the slope of the 
pressure flow curve.

One important feature of the zone 2 situation 
is the fact that what happens downstream from 
the capillaries is essentially not seen on the inflow 
side. For this reason, the situation has been lik-
ened to a waterfall, where the flow over the falls 
is entirely a function of the upstream river bed 
and completely independent of the height of the 
falls (i.e., events downstream of the falls). Thus, 
changes in left atrial pressure will not impact the 
flow unless the pressure rises sufficiently to begin 
to transition vessels into a zone 3 situation.

In a normal upright human lung, it has been 
estimated that there is very little zone 1, with 
about 60% of the lung being in zone 3 and 40% 
in zone 2. This fraction is very rough as it will 
depend on the Pla and the height of the lung. 
Also, this fraction will change substantially when 
the height of the lung changes relative to the 
gravitational field, as when one goes from upright 
to supine. This situation makes it difficult to both 
calculate and interpret the PVR, since the effec-
tive downstream pressure in the formula for flow 
in the two zones is different.

Figure 5.5 shows what a pressure flow curve 
would look like in a lung comprised of idealized 
regions in zone 3 and zone 2. For Ppa less than 
Ppv, there is no forward flow. When Ppa exceeds 
Ppv, flow begins in zone 3. When Ppa increases 

above Palv, then flow begins in zone 2, and flow 
then will continue to increase. However, if we try 
to calculate PVR by connecting a line between 
Ppv and the Ppa, we will be in error, because the 
regions of the lung in zone 2 will be calculated 
incorrectly. One would have to do a complicated 
subtraction on the curve to remove the zone 3 
flow, so that one could calculate the resistance 
line from Palv to Ppa. But this would be very 
impractical if even possible.

 Vascular Compliance

The issue of pulmonary vascular compliance has 
been both implicit and explicit in the preceding 
discussion. It is thus worth a closer look at how 
this compliance could impact the pulmonary 
pressure flow curve quantitatively. It is important 
to note that there are two aspects of vascular 
compliance relevant to the pulmonary circula-
tion. One is its role in blood storage  – a more 
compliant vasculature will hold more blood vol-
ume, and there have been many so-called lumped 
parameter models that partition the vasculature 
into resistive segments in series with compliant 
segments. The other aspect of vascular compli-
ance relates to the distensibility of the actual 
resistance vessels. While the former aspect is 
important in its own right, for the focus of this 

Ppa

Ppa

Ppv

Ppv

Palv

Palv

F

Slope = ? (see text)

Fig. 5.5 Graph of pulmonary artery pressure (Ppa) vs. 
pulmonary blood flow (F) in a lung with both zone 3 and 
zone 2 conditions, as in the flow diagram on the left. 
Blood flow starts in the zone 3 regions when Ppa exceeds 

Ppv (blue). When Ppa exceeds Palv, the flow is then the 
sum of parallel flow from all regions (red). The resistance 
measured by the inverse slope of the line shown is not eas-
ily interpreted
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chapter on vascular resistance, it is this latter 
aspect that will be discussed below.

In 1983, Zhuang et al. first published an analy-
sis of how vascular distensibility would affect the 
pressure flow curve (Zhuang et  al. 1983). They 
showed how perfusion through a distensible tube 
would assume a tapered shape and that the lami-
nar flow was now proportional to the average 
diameter to the fifth power rather than the fourth 
power determined by the Poiseuille formula for 
laminar flow through a rigid tube. This work was 
developed further by Krishnan, et al. who used it 
to graph the distribution of local resistance and 
compliance through the lung from large arteries 
to large veins (Krishnan et al. 1986). One impor-
tant result from this analysis was that the major 
site of pulmonary vascular resistance is in the 
smallest arterioles. A key parameter in this analy-
sis is the percent change in vascular diameter per 
change in transmural pressure. This variable, 
sometimes designated β, has been shown to nom-
inally vary from 1% to 4%/cmH2O.  Figure  5.6 
shows pressure flow curves derived from the 
equations generated by Zhuang et al. (1983). This 
figure shows the P-F curves for the smallest arte-
riole (order 1  in the Strahler ordering system). 
Six curves are shown, one being for a rigid tube, 
and the others for varying distensibility from 1 to 
5% per cm water. This figure emphasizes just 
how sensitive the curves are to small changes in 
distensibility. At a constant flow, reducing ß from 
5 to 1% can increase the driving pressure over 
four-fold.

The fact that the resistance vessels are compli-
ant can also lead to some difficulties in interpre-
tation of resistance calculations. Figure 5.7 shows 
an example where there has been a shift in the PF 
curve. The upper regions of the curves are shown 
as being nearly parallel. In the real word, a change 
in vascular compliance from say 5–3% as shown 
in Fig. 5.6 might easily appear as a parallel shift. 
If PVR is calculated from the Ppv, and flow is 
constant, then in going from curve c to curve e, 
an increase will be measured. However, if one 
had assumed that shift was caused by a shift in 
critical pressure in a zone 2, then one might be 
tempted to measure the slopes of the curves. Here 
there would be no change. This example empha-
sizes an important cautionary point. Although the 
slope (∆P/∆Q) has units of resistance, it is not a 
resistance. A resistance reflects the area and 
length of the vessel, but the slope reflects a dis-
tensibility and has little relation to the absolute 
size of the vessels. Of course, if there were an 
ideal Starling resistor, with an upstream rigid 
vasculature, then this slope would be the resis-
tance of that vasculature. However, the pulmo-
nary circulation is quite far from an idealized 
Starling resistor.

In addition to the importance of the distensi-
bility of the vascular resistance vessels discussed 
above, vascular compliance will play a role in the 
pulmonary vascular impedance. Impedance is, in 
its simplest definition, the ratio of driving pres-
sure to flow as a function of frequency. The resis-
tance that is the focus of this chapter is simply the 
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Fig. 5.6 Effect of 
vessel distensibility (β) 
on the shape of the PF 
curve. A nominal value 
of β is 2%, but it can 
vary from 1% to 5% 
diameter change per cm 
water. Curves were 
derived from the 
equations for flow 
through a distensible 
vessel derived by 
Zhuang et al. (1983)
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impedance at zero frequency. While it should be 
clear that a higher resistance will increase the 
load on the right ventricle, an increased imped-
ance will also contribute to this load. A discus-
sion of the relative importance of the resistance 
and impedance to the function of the right ven-
tricle is well beyond the scope of this chapter. 
However, the compliance of the major resistance 
vessels will surely have to play a major role in 
this cardiac loading, since as is clear in Fig. 5.6, 
small changes in this local distensibility can have 
major effects on the driving pressure even at a 
constant flow.

 Interpretation of Overall PVR

So where does this leave us if we want to deter-
mine the resistance to blood flow through the 
lungs? There is no good answer to this question. 
Based on the above discussion, it is clear that a 
simple measure of resistance is not only difficult 
to compute, but also difficult to interpret. What is 
clear, however, is that if one simply calculates 
PVR from the (Ppa − Ppv) pressure difference, 
then a higher number would reflect a greater load 
on the right ventricle. It is clear from Fig. 5.5 that 
as flow or Ppa increases the calculated PVR 
would decrease. This calculated decrease would 
occur from both the distensibility of the blood 
vessels and the fact that the wrong downstream 

pressure is being used for the portion of the lung 
in zone 2.

The best way to interpret the resistance to flow 
through the pulmonary vasculature requires 
knowledge of the PF curve. Unfortunately, this is 
rarely available in preclinical models and almost 
never in clinical practice. Even so, if the curve is 
highly nonlinear, it would not be possible to sep-
arate the zone 2 regions from the zone 3 regions. 
Nonetheless, if one does the PVR calculation 
based on a knowledge of cardiac output, Ppa, and 
Ppv (estimated from left atrial pressure), the 
value does reflect the load on the right ventricle. 
If something were to cause vessels to narrow, it 
would surely show as an increase in this calcu-
lated PVR.

Ultimately, the measurement of PVR depends 
on knowing the Ppa and some effective down-
stream pressure. If the lung is all in zone 3 as 
might occur in a supine human, then this down-
stream pressure would be the left atrial pressure 
(Pla). However, in humans, Pla is not simple to 
obtain, so this has been estimated by wedging a 
catheter into a small artery often with a surround-
ing balloon to seal it off. With no distal flow, the 
pressure in this wedged catheter will measure the 
pressure at the closest downstream point where 
there are connecting vessels from a non-wedged 
vasculature. This pulmonary wedge pressure 
(PWP) also goes by a variety of names, including 
pulmonary capillary wedge pressure (PCWP) or 

Slope = 1/PVR

c e

∆Ppa/∆F ≈ constant at
control flow

F

Fc

Ppv
Ppa

Fig. 5.7 Graph of 
pulmonary artery 
pressure (Ppa) vs. 
pulmonary blood flow 
(F) at control (c) and 
hypothetical 
experimental (e) 
conditions. The shift of 
the experimental curve 
shows an increased 
resistance, but the slope 
of the curve can often be 
unchanged
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pulmonary artery wedge pressure (PAWP). Since 
there are always vascular anastomoses proximal 
to the left atrium, all of these wedge pressures 
will measure a pressure higher than Pla. How 
much higher depends on the vascular resistance 
in the pulmonary veins, but this is often assumed 
to be small. PWP can be used to measure PVR, 
but this measurement will clearly not include the 
resistance of the larger pulmonary veins. In an 
upright human or one with mechanical ventila-
tion, where there can be a significant fraction in 
zone 2, the measurement of PWP will very much 
depend on whether the capillary bed distal to the 
wedged vessel is in zone 2 or zone 3.

 Effect of Lung Inflation on PVR

The lung vasculature is unique in that it courses 
through an elastic inflatable structure. Seminal 
work by Macklin (1946) and Permutt and col-
leagues (Howell et al. 1961; Permutt et al. 1961) 
showed that the vasculature can be partitioned 
into two major regions where lung inflation 
behaves differently. The two regions are the cap-
illary and non-capillary regions, and these have 
subsequently been designated as the alveolar and 
extra-alveolar vasculatures, respectively. The 
pressure surrounding capillaries in alveoli is the 
alveolar pressure (Palv), and with lung inflation 
(and constant vascular pressure) there will be an 
increasing compressive stress pressure on the 
capillaries. (Note that this explanation assumes 
both alveolar and vascular pressures are refer-
enced to the pleural pressure, Ppl.) In contrast, 
the effective pressure surrounding extra-alveolar 
vessels is close to Ppl (Pare and Mitzner 2012; 
Smith and Mitzner 1983), and with inflation, this 
pressure can decrease relative to vascular pres-
sure. Thus, there is a compressive pressure on 
capillaries and a distending pressure on the 
extra- alveolar vessels as the lung inflates. This 
will be true whether the lung is inflated with a 
positive airway pressure or in situ with a nega-
tive (subatmospheric) pleural pressure. The net 
effect of these internal stresses has long been 
known to lead to biphasic changes in lung vol-
ume as the lung is inflated, with the blood vol-
ume in extra- alveolar vessels first increasing as 

the lung is inflated from very low lung volumes, 
and then with blood volume in alveolar vessels 
decreasing with increasing compression of alve-
olar capillaries as the lung volume (and transpul-
monary pressure) increases (Howell et al. 1961). 
These biphasic changes in regional vascular vol-
umes, however, do not translate directly to 
changes in PVR, since as emphasized above, the 
sites of vascular resistance may not be coinci-
dent with the sites of volume storage, and a small 
volume change in the smallest resistance vessels 
could have a big change in resistance. An under-
standing of this complexity has not been widely 
appreciated, and this has led to a common mis-
representation expressed in graphs showing a 
U-shaped relation between PVR and lung vol-
ume (West 2000). The relationship is in fact 
much more complex, depending on the magni-
tude of vascular pressures and especially pulmo-
nary blood flow. This complexity was appreciated 
in one of the first studies by Whittenberger et al. 
(1960), which showed an increase in PVR in 
most situations even starting from low lung vol-
umes. Figure  5.8 shows results redrawn from 
this original work. This figure emphasizes the 
major importance of blood flow on the slope of 
this sensitivity to inflation pressure (Ptp). While 
they did find an occasional fall in PVR with lung 
inflation, this only occurred at very low blood 
flow, and at inflation pressures below what would 
be FRC in an intact animal. Indeed, these results 
showing a steadily increasing PVR with lung 
inflation were subsequently supported by others 
in experiments in intact animals (Scharf et  al. 
1977).

One additional factor to consider in interpret-
ing these relationships is that the importance of 
the vascular pressure depends on what reference 
pressure is used. Thus, while (Hakim et al. 1982) 
showed one figure with a U-shaped PVR vs. lung 
inflation graph, this was only found with “nega-
tive pressure inflation.” With positive pressure 
inflation, there was no decrease in PVR at low 
lung volumes. However, since transpulmonary 
pressure is always positive, and the lung can only 
inflate with an increasing transpulmonary pres-
sure, the different appearances reported by 
Hakim et al. simply reflect a different reference 
pressure for the pulmonary vascular pressures.

W. Mitzner



69

And finally, it is important to note that in this 
whole discussion of the effects of lung inflation, 
we are using PVR with the aforementioned cave-
ats involving the effective downstream pressure, 
and this situation becomes even more complex 
with the addition of anatomic resistance compart-
ments in series.

 Summary

Given all the concerns raised above, including 
uncertainty about what downstream pressure to 
use (and how to measure it), the effect of lung 
inflation on different serial regions of the pulmo-
nary vasculature and the nonlinear distensibility of 
the elastic vessels, does it make sense to even 
bother to measure PVR? As with most complex 
questions, there may be several conditional inter-
pretations, the answer is that it depends. In a supine 
human, the amount of the lung in zone 2 is likely 
small, so using the left atrial pressure as the down-

stream pressure is reasonable. A measurement of 
PVR using Eq. 5.1b will provide a measure of how 
hard the right lung must work to pump blood 
through the lung. If PVR is found to be increased 
in the absence of an increased lung volume, then 
this surely indicates an impediment to flow in the 
vasculature. So as a metric for pulmonary vascular 
disease, the PVR may be useful. It will not be able 
to say anything about where the pathology might 
be, as this knowledge would require further test-
ing. In a sense, the PVR has some similarities to 
the ubiquitous use of spirometric variables to eval-
uate lung function. Decrements in say, FEV1 or 
FVC, clearly indicate a loss of lung function, but 
additional tests are needed to determine which 
pathology might be causing this. Of course, spiro-
metric variables are far more easily obtained than 
PVR, which requires invasive measurements of 
vascular pressure and flow. This likely limits the 
utility of PVR in humans to instrumented patients, 
but if such data can be obtained, the PVR can pro-
vide a useful index.
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Fluid Filtration 
in the Microcirculation

FitzRoy E. Curry

Abbreviations

A Surface area for microvascular 
exchange

Js Plasma protein flux
Jv Water flux
Lp Hydraulic conductivity
P Pressure
PBR Peripheral boundary layer; region 

from which red cells are excluded in 
microvessels

Pe Peclet number, the ratio of velocity 
of a solute draged by water flows to 
its diffusion velocity

Pp, Pg, Pi Hydrostatic pressure in capillaries, 
sub-glycocalyx, and interstitial space

Ra, Rv Resistance to blood flow in arteriolar 
and venular vasculatature segments 
proximal and distal to capillaries

Π Colloid osmotic pressure
Πp, Πg, Πi Colloid osmotic pressures in plasma, 

sub-glycocalyx space, and intersti-
tial space

ΔP, ΔΠ Difference in pressure or colloid 
osmotic presseure

σ Osmotic reflection coefficient

 Introduction

The plasma volume is maintained in a steady 
state established by fine homeostatic regulation 
of filtration out of the vascular compartment and 
return of the filtered fluid to the vascular space by 
a range of reabsorption mechanisms. The mecha-
nism of passive filtration has been well under-
stood for more than a century: the driving force 
for fluid movement out of the vascular system is 
the difference between the hydrostatic pressure 
of the fluid in microvessels and the colloid 
osmotic pressure exerted by the plasma proteins 
(also known as the oncotic pressure of the plasma 
proteins). This is a statement of the Starling prin-
ciple, accounting (in a human subject) for an 
ultrafiltration of nearly 2 liters of plasma per day 
from microvessels with continuous endothelium 
(skin, muscle, heart, lung); up to 8 liters per day 
from the discontinuous capillaries of the liver and 
fenestrated capillaries in the GI tract (secretory 
glands, saliva, pancreas); and over 100 liters per 
day at the renal glomerulus. Some of the filtered 
fluid is lost (urine, feces, respiration, sweating) 
from the body and replaced by fluid and food 
intake, but most of the filtered fluid must be reab-
sorbed directly into the plasma or returned via the 
lymphatics (Michel et  al. 2016; Michel 1984; 
Kvietys and Granger 2010; Renkin 1986)). The 
first part of this chapter summarizes progress in 
our understanding of the balance between filtra-
tion and reabsorption based on the idea that the 
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Starling forces that regulate transvascular fluid 
exchange act primarily across the endothelial 
glycocalyx. Of particular significance to the topic 
of cardiopulmonary monitoring is the emphasis 
that this revised Starling principle places on: (1) 
the importance of capillary pressure to determine 
both filtration rate and the effective colloid 
osmotic pressure difference that determines this 
filtration rate; (2) the asymmetry in effectiveness 
of plasma protein oncotic pressure relative to tis-
sue oncotic pressures to maintain fluid in the vas-
cular space; (3) the development of methods to 
monitor the integrity of the endothelial glycoca-
lyx as an index of microvascular dysfunction. For 
additional detailed reviews, see (Michel et  al. 
2016; Curry et al. 2016; Curry 2018; Levick and 
Michel 2010).

 The Revised Starling Principle: Basic 
Science Principles

 The Endothelial Glycocalyx: Primary 
Barrier to Circulating Plasma Proteins

The key idea is that the colloid osmotic pressure 
of the plasma proteins opposing filtration is 
across the endothelial glycocalyx (Πp-Πg), not 
the colloid osmotic pressure difference between 
plasma and the interstitial fluid (Πp-Πi). Πp is 
the osmotic pressure of the plasma proteins, Πg 
is the osmotic pressure of the plasma proteins in 
a space beneath the glycocalyx (sub-glycocalyx 
space), and Πi the osmotic pressure of the plasma 
proteins in the interstitial space (Levick and 
Michel 2010). Thus the net force determining fil-
tration (ΔP-σΔΠ) in the revised Starling principle 
is:

� �� � �P Pp Pg p g� � �� � � �� ��� ��� �
 
(6.1)

where Pp is the hydrostatic pressures of circulat-
ing plasma in the microvessels where fluid 
exchange takes place, Pg is the pressure in the 
sub-glycocalyx space, and σ is the osmotic reflec-
tion coefficient of the plasma proteins in the gly-
cocalyx and measures the fraction of the full 
osmotic pressure that would be exerted if the 

membrane excluded all the protein. Because the 
endothelial glycocalyx forms the primary molec-
ular sieve at the vascular wall, σ for plasma pro-
teins in the glycocalyx is close to 1 and determined 
by the composition and arrangement of the 
molecular components of the glycocalyx that lies 
in series with the main pathways for water and 
solutes across the endothelial cells.

In contrast, the balance of hydrostatic and 
plasma protein oncotic forces across the micro-
vascular wall for the classical Starling principle 
is:

� �� � �P Pp Pi p i� � �� � � �� ��� ��� �
 

(6.2)

where Pi and Πi are the hydrostatic and plasma 
protein osmotic pressures in interstitial space, 
and the molecular selectivity of the vascular wall 
is usually associated with structures within the 
intercellular junctions.

 The Sub-Glycocalyx Space

The ultrafiltrate of plasma exiting the glycocalyx 
has a plasma protein concentration which is lower 
than the average protein concentration in the 
interstitial fluid whose composition is also deter-
mined by additional plasma protein exchange 
across the endothelial cells via vesicle transport 
and occasional large pores, i.e., (Πg < Πp). This 
glycocalyx ultrafiltrate modifies the composition 
of interstitial fluid in the space beneath the glyco-
calyx. Several important consequences follow: 
One is that the osmotic force opposing filtration 
acting across the glycocalyx (Πp–Πg) is larger 
than would be predicted from the classical Starling 
principle (Πp–Πi) and resulting filtration rates are 
smaller; a second consequence is that the compo-
sition of the fluid in the space beneath the glyco-
calyx rapidly adjusts to changes in filtration rate. 
Thus, as filtration rates change, Πg is neither con-
stant nor an independent variable. This is in con-
trast to the usual assumption that Πi is constant, or 
changes only slowly because the volume of the 
interstitial space is large compared to filtration 
rates. The effectiveness of the so-called “safety 
factors against edema,” which buffers increased 
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filtration, is greatly increased when the ultrafil-
trate and interstitial fluid mix in the small sub- 
glycocalyx space.

A third and most radical consequence is that 
reabsorption of fluid from the interstitial space to 
circulating plasma cannot be sustained. While a 
sudden drop in capillary pressure favors reab-
sorption of fluid, plasma proteins in this intersti-
tial fluid are carried into the space beneath the 
glycocalyx and accumulate there. The colloid 
osmotic forces favoring reabsorption are thereby 
reduced. Reabsorption ceases, and a new fine bal-
ance between hydrostatic and osmotic pressures 
is established that favors very slow filtration. 
According to the revised Starling principle, this 
is the condition of normal steady state filtration in 
the tissues including the lung, heart, muscle, skin. 
It follows that the common picture in standard 
textbooks showing  reabsorption on the venular 
side of the microvascular bed that closely bal-
ances filtration on the arterial side of a microvas-
cular bed never occurs over any sustained period 
(steady state). Because of the importance of this 
change, some of the key steps in the evolution of 
ideas from the classic Starling principle to the 
revised Starling principle are outlined in the next 
section.

 Classical Versus Revised Starling 
Principle

Because capillary pressure at heart level (supine 
individual) falls from close to 30 mmHg on the 
arterial side of microvascular beds to values of 
the order of 10 mmHg on the venular side, and 
the normal colloid osmotic of the plasma proteins 
(25  mmHg) lies between these values, the idea 
that there is a transition from filtration on arterial 
side of the microvascular bed to reabsorption on 
the venous side was accepted as a logical exten-
sion of the Starling principle. Classical experi-
ments to directly measure rates of filtration and 
reabsorption as a function of pressure by Landis 
in individual microvessels (Landis 1927) and 
Pappenheimer and colleagues in mammalian 
hindlimbs (Pappenheimer 1948) confirmed reab-
sorption when capillary pressures were less than 

the osmotic pressure of the plasma proteins, and 
similar observations  have been repeated and con-
firmed to the present day (Michel et  al. 2016; 
Michel 1997). However, when applying these 
observations in intact tissue, the limitation is that 
these experiments were carried out under condi-
tions where interstitial protein concentrations 
were low (constant washing of the tissue with 
protein-free solution in the Landis-type experi-
ments on mesentery, or after a period of higher 
pressure ultrafiltration to locally dilute the inter-
stitial plasma protein concentration in experi-
ments by Pappenheimer and Soto-Rivera). Such 
low protein levels are not characteristic of the 
undisturbed interstitial space, where protein con-
centrations average close to 40% of plasma pro-
tein concentration and the effective colloid 
osmotic pressure difference opposing filtration 
can be smaller than capillary pressure on the ven-
ular side of the microvascular bed.

All the solid points in Fig. 6.1 represent tis-
sues where the sum of hydrostatic pressure on the 
venular side of their microvascular beds exceeds 
the effective colloid osmotic and tissue pressures 
{σ(Πp–Πi) + Pi} opposing filtration calculated 
from the classical Starling principle (Levick and 
Michel 2010; Levick 1991). Furthermore, the fil-
tered volume (Jv) that results from the estimated 
forces favoring filtration in Fig. 6.1 is very large. 
Jv depends not only on the balance of hydrostatic 
pressures and colloid osmotic forces but also on 
the water conductivity (Lp, hydraulic conductiv-
ity) and surface area for exchange (A). The prod-
uct LpA is a whole organ capillary filtration 
coefficient.

Jv LpA Pp Pi p i� � � � � �[ ]- -� � �
 

(6.3)

For example, in a 70 kg person with 40% BW 
muscle, a 4–5 mm Hg pressure difference applied 
across the vascular wall of muscle tissue with fil-
tration coefficient LpA in the range 0.0025–
0.004  ml/min/100gm predicts filtration of 4–8 
liters per day. This is a minimum estimate as the 
mean pressure across the whole microvascular bed 
would be larger and the volume that would result 
many times the resting filtration rate estimated to 
be of the order of 1.5 liters per day (Michel et al. 

6 Fluid Filtration in the Microcirculation



74

2016). It follows that the forces favoring filtration 
must be much smaller than those in Fig. 6.1. There 
are also important exceptions in Fig.  6.1 (open 
symbols) representing the peritubular capillaries, 
vasa recta, and absorbing intestinal mucosa. The 
revised Starling principle in these organs is dis-
cussed in a later section.

 Filtration Rate as a Function 
of Microvascular Pressure 
in the Revised Starling Principle

The relation between the filtration rate per unit 
area of vessel wall Jv/A and capillary pressure 
when the concentration of plasma proteins in the 
sub-glycocalyx space is itself dependent on the 
filtration rate, as described above, was derived by 
Michel (Michel 1984; Michel and Phillips 1987). 
The assumption is that the plasma protein concen-

tration exiting the glycocalyx (Cgcx) is equal to 
the protein flux across the glycocalyx (Js) divided 
by the water flux Jv, i.e., Cgcx = Js/Jv. This is 
simply a statement of mass balance across the 
glycocalyx. Thus, the filtration rate across the gly-
cocalyx is found by rewriting Eq. 6.1 to describe 
Jv at each value of capillary pressure in terms of 
the Starling forces acting across the glycocalyx:

Jv A Lp P P p g/ � �� � � �� ��� ��gcx p g � � �
 
(6.4)

Although Eq. 6.4 retains the form of the classical 
Starling balance, the relation between filtration rate 
Jv and capillary pressure is nonlinear. Figure 6.2a 
shows the so-called “hockey-stick”-shaped curve 
that results using the relation Cgcx = Js/Jv when the 
transport of the plasma protein across the glycoca-
lyx involves both diffusive and convective trans-
ports. At high pressures, the relation between Jv/A 
and P is linear with a slope Lp and an intercept on 
the pressure axis of σ 2 Πp. Under these conditions, 
the protein flux across the glycocalyx (Js) is carried 
by a solvent drag and is equal to Jv(1−σ)Cp, where 
Cp is the plasma protein concentration and σ is the 
solvent drag reflection coefficient (assumed equal 
to the osmotic reflection coefficient used in Eqs. 6.1 
and 6.2). The plasma protein in the ultrafiltrate exit-
ing the glycocalyx is Cp(1−σ). Thus, Cp−Cgcx = 
σCp, and the effective colloid osmotic pressure 
opposing filtration σ(Πp–Πg) is equal to σ2Πp 
(assuming the osmotic pressures are proportional to 
the concentration). For an osmotic reflection coef-
ficient of the order of 0.95, the predicted osmotic 
pressure opposing filtration is close to 90% of the 
plasma colloid osmotic pressure, not less than 60% 
if the average interstitial is 40% of plasma.
As the filtration rate is reduced at lower pres-
sures, Cgcx increases above the high filtration 
limit of Cp(1−σ) and approaches Cp so that a bal-
ance of forces favoring reabsorption is never 
established. At all capillary pressures below the 
effective osmotic pressure of the plasma proteins, 
the colloid osmotic pressure difference is only 
slightly less that of the capillary pressure differ-
ence and there is a small steady state filtration. In 
this range of pressures, the slope of the relation 
between filtration rate and capillary pressure is 
very flat. It is this relative insensitivity of filtra-
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Fig. 6.1 Hydrostatic pressures on the venular side of the 
microvasculature of different tissues are plotted against 
the sum of the pressures in those tissues that oppose fluid 
filtration. The line of equality represents the balance of 
classical Starling forces. The data representing most tis-
sues lie above this line indicating that the classical Starling 
principle predicts significant filtration in venules and 
small veins. The only points that lie below the line repre-
sent the renal cortex and medulla and intestinal mucosa 
during fluid absorption. (Reprinted with permission of 
Oxford University Press (Levick and Michel 2010))
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tion rates to changes in capillary pressures below 
the osmotic pressure of the plasma proteins that 
is key to understanding the application of the 
revised Starling relation to fluid exchange in the 
peripheral microvasculature. In other words, 

there is very little loss of fluid from the vascular 
space when capillary pressures fall in the range 
of the flat region of the curve (see clinical exam-
ple below). The relation that describes the whole 
curve in Fig. 6.2a is:
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Fig. 6.2 (a) The steady state relation between filtration 
rate and hydrostatic pressure difference across the glyco-
calyx or a microvessel where the glycocalyx is the princi-
pal determinant of colloid osmotic pressures difference 
between circulating plasma and the interstitial fluid. At 
low pressures, steady state filtration increases very slowly 
with increased pressure reflecting fine adjustment in the 
concentration of plasma proteins exiting the glycocalyx so 
that the hydrostatic pressures and effective colloid osmotic 
pressures are in a fine balance favoring slight filtration. At 
pressure sufficiently above the effective colloid osmotic 
pressure of the plasma proteins, filtration rate increases 
linearly with increments of pressure because the plasma 
protein concentration difference across the glycocalyx 
reaches a constant value of σCp. The slope of the linear 
relation is Lp and the intercept on the pressure axis is 

σ2Πp (Modified from (Michel et al. 2016) with permission 
of Springer Nature). (b) An experiment on an individually 
perfused capillary in the mesentery demonstrating the 
steady state relation between filtration rate per unit area 
and capillary pressure. Steady states were measured after 
the vessel was perfused with each pressure maintained for 
5–10  minutes. The nonlinear curve fitted to the steady 
state data has the same shape (hockey stick) as (a). In con-
trast, when filtration rates were measured as rapidly as 
possible (within 5–10  seconds) after a sudden drop in 
pressure from an initial high filtration rate (pressure 40 cm 
H2O), the linear relation to the right of the steady state 
cures was obtained. This is the result expected when the 
effective osmotic pressure difference remains approxi-
mately constant. (Reprinted with permission of John 
Wiley and Sons (Michel and Phillips 1987))

  
Jv A Lp P p Pe Pe/ exp / exp� � � �� ��� �� � �� ��� ��� �� �� �2 1 1

 
(6.5)

where Pe is the Péclet number equal to (Jv/A)
(1−σ)/Ps. Ps is the permeability coefficient for 
diffusive albumin transport through the main 
water pathway across the endothelial barrier.

Figure 6.2b contrasts the steady state relation 
between Jv/A and capillary pressure, where Πg 

varies with filtration rate with the linear relation 
where the colloid osmotic pressure difference is 
constant. Michel and Phillips (Michel and 
Phillips 1987) established steady state by perfus-
ing single capillaries at constant pressure before 
measuring filtration rates. Figure 6.2b also shows 
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that the curvilinear hockey stick relation between 
Jv/A and pressure P is preserved in microvessels 
in which Lpgcx is replaced by the whole vessel 
Lp, and tissue pressure is close to zero.

Both experimental and theoretical investiga-
tions have confirmed these results and provided 
further insights into key mechanisms. Figure 6.3a 
is a schematic describing the revised Starling prin-
ciple with plasma proteins entering the interstitial 
space not only via the glycocalyx but also via addi-
tional transcapillary pathways such as vesicle 
shuttle or specific uptake and large pores (Levick 
and Michel 2010). Figure 6.3b is a specific exam-
ple of a series of glycocalyx- endothelial junction 
pathways. The quasi-periodic structure of the gly-
cocalyx close to the endothelial cell membrane 
and the geometry of the endothelial junction in rat 
venular microvessels as observed in ultrastructural 
investigations are used for quantitative evaluation 
of the revised Starling principle (Michel et  al.  
2016; Curry et al. 2016; Adamson et al. 2004).

A key observation from detailed reconstruc-
tion from serial section electronmicrographs is 
that the strands are not continuous. There are 
infrequent discontinuities in the junctional 
strands (150–350  nm long, the  distance 2d in 
Fig. 6.3b), where adjacent endothelial cell mem-
branes are not sealed and adjacent membrane are 
separated by up to 20 nm, much larger than the 
maximum dimensions of an albumin molecule. 
These discontinuities occupy less than 10% of 
the total junction length (estimated from the 
mean spacing between discontinuities, distance 
2D, in Fig.  6.3b). Thus, at least 90% of these 
junctions between adjacent endothelial cells are 
sealed by junctional strands that are not pene-
trated by solutes larger than 500 daltons and 
which offer high resistance to water, and the dis-
continuities form the main pathway for water and 
solutes. The discontinuities also serve to protect 
the composition of sub-glycocalyx space because 
the ultrafiltrate exiting the glycocalyx is funneled 
through them driven by a small pressure differ-
ence between the sub glycocalyx space and the 
interstitial space. As a result, water velocity at the 
discontinuities can be more than 10 times that 
across the glycocalyx. This convective flow 
opposes back diffusion of plasma proteins from 
the interstitial fluid. Thus, the concentration of 

plasma proteins below the glycocalyx is main-
tained lower than tissue concentration and (Πp- 
Πg) > (Πp−Πi) even at low capillary pressures.

Fig. 6.3c shows measured values of filtration 
rate as a function of pressure when the fluid bath-
ing the capillary had an osmotic pressure equal to 
that in the plasma. Under this extreme form of tis-
sue protein loading, the classical form of the 
Starling principle states that (Πp−Πi) is zero, 
whereas direct measurement of filtration rates at a 
series of pressures demonstrated that plasma pro-
teins in the microvessel lumen exert 70% of their 
colloid osmotic pressure across these microvessel 
wall (Adamson et  al. 2004). This example illus-
trates the important fact that plasma proteins in the 
circulating blood are more effective oncotic agents 
than plasma proteins in the interstitial fluid. The 
same result was demonstrated both experimentally 
and theoretically in fenestrated microvessels 
(Levick and McDonald 1994; Levick 1994); see 
also (Curry 2018). It is also noted that, as shown in 
Fig. 6.2b, a requirement for the steady state is that 
the interstitial plasma proteins are carried from the 
tissue by the lymphatic system.

 Recap and a Textbook Figure 
to Forget

Fig. 6.4 summarizes much of the above by con-
trasting the incorrect textbook diagram of filtra-
tion/reabsorption in a microvascular bed with the 
profile of microvessel pressure and colloid 
osmotic pressure difference along the same vas-
cular bed based on the revised Starling principle. 
As expected from both the classical Starling prin-
ciple and the revised Starling principle, signifi-
cant filtration occurs only when microvessel 
pressure exceeds the colloid osmotic of the 
plasma proteins. At all pressures less than the 
effective plasma oncotic pressure, transvascular 
hydrostatic and colloid osmotic pressure are in a 
fine balance (mean difference <1 mmHg), such 
that very slow filtration occurs along the whole 
vascular bed. This difference accounts for the 
expected basal filtration rate from muscle of 
about 1.5 liters per day. A reduction in the pres-
sure on the capillaries due to increased smooth 
muscle tone in arterioles will result in transient 
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Fig. 6.3 (a) The glycocalyx-cleft model of the endothe-
lial barrier. In part A, the glycocalyx (yellow layer overly-
ing the endothelial cells) is identified as the primary 
barrier (molecular filter) to plasma proteins such as albu-
min. The colloid osmotic pressure that opposes filtration 
is between plasma and the fluid on the underside of the 
glycocalyx, i.e., inside the intercellular cleft and close to 
the glycocalyx. After crossing the glycocalyx, the plasma 
ultrafiltrate is funneled through infrequent breaks in the 
junctional strands (brown band). During steady state fil-
tration, the difference in colloid osmotic pressure across 
the glycocalyx is always larger than the difference 
between plasma and the bulk interstitial fluid. The compo-
sition of the bulk interstitial fluid reflects the contributions 
from other pathways for plasma protein exchange across 
the endothelial barrier (vesicles, large pores, etc.). 
(Modified from Curry (Curry 2018) with permission of 
Springer Nature). (b) is a specific example of the 
glycocalyx- junction model in (a). The interendothelial 
cell cleft segment reconstructed from serial sections of a 
rat mesentery microvessels enabled the position of junc-
tion strands in the endothelial cleft and distance between 
gaps in the junction strands to be measured. The exploded 

view is an idealized diagram representing the mathemati-
cal model used to evaluate fluxes of water and albumin 
across the glycocalyx-junction segments using values of 
junction geometry, junction gap frequency, and glycoca-
lyx thickness characteristic of rat mesenteric microves-
sels. (From Curry (Curry 2018) with permission of 
Springer Nature). (c) shows the results of an experiment 
similar to (b), but with the interstitial fluid surrounding a 
rat mesenteric microvessels loaded with albumin at the 
same concentration as in the lumen (50 mg/ml). The solid 
black line shows the predicted filtration rates expected 
when Πp and Πi were set equal so that here was not col-
loid osmotic pressure difference opposing filtration 
between lumen and tissue. The measured filtration rates 
fall significantly below this line, indicating that a colloid 
osmotic pressure difference was established across the 
glycocalyx. The effective osmotic pressure exerted by the 
plasma proteins was close to 70% of the osmotic pressure 
of the perfusate osmotic pressure. The blue line describes 
filtration in the absence of tissue albumin loading. Directly 
measured filtration rates in the presence of albumin load-
ing are expressed as mean  ±  SEM. (Original data from 
Adamson et al. (Adamson et al. 2004))
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fluid reabsorption, which rapidly returns to slow 
filtration. An example from the active area of 
 current investigations to apply these concepts to 
the clinic is discussed in the end of the chapter.

 Passive Coupling Ensures Epithelial- 
Endothelial Fluid Reabsorption

 Filtration and Reabsorption 
in the Kidney

The glycocalyx of the fenestrated glomerular cap-
illaries is now recognized as the primary molecu-
lar sieve in the renal glomerulus, responsible for 
the ultrafiltration of 100–120 liters per day. The 
structure and composition of the glomerulus is an 
area of active investigations (Satchell 2013; 
Haraldsson 2014; Arkill et al. 2010). Having dem-
onstrated that sustained reabsorption cannot be 

maintained when transvascular colloid osmotic 
pressure difference of plasma proteins is deter-
mined only by the coupling of water and plasma 
protein fluxes under the glycocalyx, the mecha-
nisms responsible for sustained reabsorption of 
the large volume of glomerular filtrate require 
detailed evaluation. While an increase in the col-
loid osmotic pressure of the plasma proteins 
resulting from increased concentration of plasma 
protein by glomerular filtration favors reabsorp-
tion in distal capillaries, this mechanism would 
not sustain reabsorption in the peritubular capil-
laries unless an additional mechanism acted to 
reduce plasma protein accumulation beneath the 
glycocalyx of these fenestrated capillaries during 
reabsorption. The key insight with respect to the 
revised Starling principle is that the addition of 
protein free water to the interstitial space of the 
kidney, resulting from absorption of water across 
adjacent renal tubular epithelial cells, maintains a 
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Fig. 6.4 The contrast between the common textbook dia-
gram to illustrate filtration and reabsorption along a micro-
vascular bed (a) and the steady state filtration across a 
microvascular bed such as muscle  is shown in (b). The 
revised Starling principle describes ΔP greater than σΔΠ at 
all points, although the difference is less than 1 mm Hg for 
most points (b). Although ΔP- σΔΠ may be larger than 

1 mmHg close to the arterial side, the lower Lp in this region 
and higher surface area for exchange on the venular side 
result in near constant, but very low filtration into the tissue 
across the microcirculation (part c). (Modified from Michel 
et  al. (Michel et  al. 2016) with permission of Springer 
Nature)
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low interstitial plasma protein concentration and, 
in conjunction with renal lymphatics, prevents 
accumulation of plasma proteins that would oth-
erwise prevent sustained reabsorption. It can be 
argued that the narrow space between epithelial 
and endothelial barriers acts in a manner some-
what similar to the sub- glycocalyx space so that, 
in this case, Πp-Πg is sufficient to support sus-
tained reabsorption into the vascular space. In the 
absence of the energy used by the renal tubule 
epithelium to maintain transport of electrolytes 
and small solutes such as glucose, and associated 
transepithelial water flows, the passive coupling 
linking transepithelial and transendothelial water 
reabsorption would be abolished.

 Filtration and Reabsorption 
in the Intestinal Mucosa

In the mucosal microvessels of the large intestine, 
the resting (non-absorbing state) favors net filtra-
tion along the microvessel bed. This fluid is 
removed by intestinal lymph flow. During fluid and 
nutrient absorption, up to 8 liters of water is reab-
sorbed across the epithelial barrier. This fluid not 
only dilutes the plasma protein in the interstitial 
space to maintain a low interstitial protein concen-
tration (as in the renal cortex) but also increases 
interstitial pressure. Both mechanisms favor sus-
tained reabsorption from the mucosal interstitium 
into the vascular space. As in the renal tissue, only 
a small net driving force is required to maintain 
reabsorption of large fluid volumes because of the 
large hydraulic conductivity of the fenestrated cap-
illaries in the intestinal mucosa. In the few experi-
mental animal models where this process has been 
investigated, about 70% of the reabsorbed water is 
returned to the circulation and 30% is returned via 
lymphatics (Kvietys and Granger 2010).

 Reabsorption in the Lymph Nodes

While there is no sustained reabsorption in the 
capillaries of continuous capillaries in tissue such 
as the muscle and skin, the concentration of 
plasma protein leaving the peripheral lymph 
nodes in these tissues is increased, demonstrating 

sustained reabsorption of lymph fluid to the vas-
cular space. Although peripheral lymph has sig-
nificant plasma protein concentrations, it is the 
sustained delivery of the peripheral lymph pro-
pelled by the energy of lymphatic contractions 
that counters the tendency of the increased 
plasma protein concentration in the node intersti-
tial space to accumulate and limit reabsorption. 
As a result, about half of the fluid filtered into the 
muscle interstitial space per day is reabsorbed in 
the lymph nodes (Michel et al. 2016).

In summary, the lesson from all the examples 
of reabsorption in the kidney, gut, and lymph 
nodes is that there must be a supply of fluid that 
can dilute plasma proteins that accumulate beneath 
the glycocalyx layer to maintain reabsorption.

 Regulation of Microvascular 
and Tissue Pressures

Before discussing some practical applications of 
the revised Starling principle, it is important to 
review the additional determinants of the 
transvascular- filtered volume. These include the 
regulation of microvessel pressure, regulation of 
the number of microvessels perfused, and modu-
lation of interstitial pressure.

 Microvascular Pressure

Mean microvascular pressure (Pp) relative to 
arterial pressure (Pa) and venular pressure (Pv) is 
determined by the ratio of the resistance to blood 
flow in the arteriolar vessels proximal to the 
microvessels (Ra) to the resistance to blood flow 
in venular microvessel (Rv) distal to the exchange 
vessels according to the following relation 
(Landis and Pappenheimer 1963):

Pp Pa Ra Rv Pv Ra Rv� � � ��� �� �� �/ / /1
 

(6.6)

The primary determinant of Ra is the action of 
vascular smooth muscle to control arteriolar 
diameter. The following representative calcula-
tions demonstrate the range of values over which 
Eq. 6.6 can apply. First, for Pa 100 mmHg and Pv 
10 mmHg, mean capillary pressure at heart level 
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(for Ra/Rv close to 5–6) is 20–25 mm Hg. If after 
blood loss Pa fell to 65 mmHg, Pp would also fall 
(17–19  mm Hg) if there was no change in Ra. 
However, increased sympathetic stimulation of 
vascular smooth muscle would increase Ra to 
restore mean arterial pressure (e.g., 70–75 mm) 
and Pp would fall further (e.g., for Ra/Rv of 14, 
capillary pressure would fall below 15 mmHg). 
Capillary pressures in this range are well within 
the flat region of the hockey-stick-shaped curve 
of Fig. 6.2, and an understanding of transvascular 
fluid balance in this region of the curve provides 
new insight into strategies for fluid therapy.

An important consequence of increases and 
decreases in Ra is the regulation of the number of 
microvessels perfused. For example, reduced Ra 
due to local withdrawal of sympathetic tone (e.g., 
Ra/Rv = 3) would increase capillary pressure to 
32.5  mmHg and increase the surface area for 
exchange by increasing the number of capillaries 
perfused. Such a mechanism regulates filtration 
in the capillaries of secretory glands to provide 
interstitial fluid for secretion. On the other hand, 
increased Ra reduces perfusion and the number 
of perfused vessels. While this may reduce the 
surface area for exchange, it also reduces the 
washout of metabolites. Accumulation of metab-
olites acts locally to relax vascular smooth mus-
cle and oppose the effectiveness of sympathetic 
vasoconstriction.

 Regulation of Interstitial Pressure

While beyond the scope of this chapter, it should 
be noted that while passive change in interstitial 
pressure results from increases and decreases in 
the fluid accumulation in the interstitial space, 
there is also growing awareness of the impor-
tance of active regulation of interstitial pressure 
as the result of contraction and relaxation of 
interstitial cells such as fibrocytes that attach to 
the extracellular matrix (Reed and Rubin 2010). 
The tension in these interstitial cells opposes the 
tendency of the extracellular matrix to swell due 
to the osmotic effects of the matrix components. 
Both tissue injury (burn) and inflammatory con-
ditions reduce tension in interstitial fibrocytes 

and transiently lower interstitial pressure (by tens 
of mmHg). The result is rapid filtration and local-
ized edema.

 Clinical Examples

 Blood Loss and Saline Infusion

Michel et al. (Michel et al. 2016) recently used 
the following example to illustrate the differ-
ences between the classical and revised Starling 
principles to understand the strategies for fluid 
replacement therapy. Consider the loss of 20% 
blood volume with no change in plasma protein 
colloid osmotic pressure. Strong sympathetic 
vasoconstriction would result in reduced Pp as 
discussed above. The subsequent response, 
according to the classical Starling principle, 
would be reabsorption of interstitial fluid to 
expand the plasma volume until the dilution of 
the plasma proteins reduced the plasma colloid 
osmotic pressure to a level comparable with that 
of mean Pp. Further, it is argued that crystalloid 
infusion under these conditions should be 
avoided because dilution of the plasma protein 
would compromise the reabsorption capacity. 
Also volume expansion with a crystalloid solu-
tion would be short lived as the crystalloid solu-
tion is lost from the plasma volume. For example, 
at normal capillary pressures, within 10 minutes 
of infusion, only about 60% of the infused fluid 
is expected to be retained in the circulation 
(Michel et al. n.d.) and after 40 minutes less than 
20% of the infused fluid would remain. The 
revised Starling principle also predicts that, after 
a fall in Pp due to vasoconstriction, there would 
be an initial brisk uptake of fluid from the tis-
sues. The rate of fluid uptake, however, would 
diminish and in about 30 min revert to a very low 
level of filtration as a new steady state is 
approached. As emphasized above, because Pp 
is below σΔΠp, the filtration rate Jv lies on the 
flat portion of the steady state curve in Fig. 6.2. 
The revised interpretation predicts that after 
10  minutes, 90% of the crystalloid infusions 
should be retained and after 40 minutes close to 
80% be retained in the circulation, the result 
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being almost as effective as colloid solutions. 
This prediction may explain the outcomes of 
clinical tries that show that crystalloid infusions 
are as effective as colloid solutions in maintain-
ing plasma volume (Bayer et  al. 2012; Jabaley 
and Dudaryk 2014).

 Lung Fluid Balance

The revised Starling principle points to the 
importance of capillary pressure as a determi-
nant of filtration. Filtration rates are stable in 
the region of hockey-stick curve where 
microvessel pressure is below the effective col-
loid osmotic pressure of the plasma proteins. 
While capillary pressures in different parts of 
the body are difficult to monitor, an important 
threshold is the pressure in the microvessels of 
the lungs. Michel et al. 2016 note that the effec-
tive hydrostatic pressures for filtration in the 
lungs (the sum of microvessel pressure and 
slightly negative interstitial pressure) usually 
lies close to, or below 10 mm Hg. The lungs of 
normal individuals will be protected provided 
that colloid osmotic pressure of the plasma pro-
tein does not fall below 12  mmHg. This esti-
mate assumes that there is no pulmonary 
hypertension and that the osmotic reflection 
coefficient of the glycocalyx barrier to plasm 
protein is of the order of 0.9–0.95.

 Further Considerations

The above clinical example illustrates the impor-
tance of understanding the status of microvascu-
lar pressures, integrity of the glycocalyx, and the 
permeability of the vascular wall to plasma pro-
teins as the determinants of fluid exchange when 
evaluating fluid therapy, not just arterial and 
venous pressures. Much remains to be under-
stood about situations in which microvascular 
permeability is increased. The most serious prob-
lems arise when the glycocalyx layer is damaged. 
This will cause the subglycocalyx plasma protein 
concentration to be increased and the glycocalyx 
plasma protein osmotic reflection coefficient to 

be reduced. Thus the effective osmotic pressure 
exerted of plasma proteins is reduced. These 
changes shift the hockey-stick-shaped curve to 
the left and likely increase the slope of the linear 
part of the curve. Microvascular pressures above 
this effective osmotic pressure conditions favor 
extravascular plasma protein and fluid accumula-
tion. At microvascular pressures below the effec-
tive plasma protein oncotic pressure, a key 
question is whether the pressure still lies within 
the relatively flat part of the hockey-stick-shaped 
relation between filtration rate and pressure. It is 
also important to emphasize that interstitial pro-
tein concentration may increase without signifi-
cant damage to the glycocalyx (e.g., increased 
vascular permeability resulting from localized 
inter-endothelial cell gaps). This may increase 
tissue plasma protein concentrations (as in condi-
tions where tissue plasma protein was experi-
mentally increased, Fig.  6.3(c), but Adamson 
et  al. (Adamson et  al. 2004) demonstrated that 
the plasma proteins still exert close to 70% of 
their effective osmotic pressure across the glyco-
calyx. These observations point to the need to 
preserve the integrity of glycocalyx and to under-
stand conditions where its structure is damaged. 
New strategies should include ways to repair or 
replace damaged glycocalyx layer. Some of the 
ways to monitor the integrity of the glycocalyx 
and the limits of current attempts to measure 
changes in whole body glycocalyx are reviewed 
below.

 Monitoring the Stability 
of the Endothelial Glycocalyx

A reduction in plasma osmotic reflection coeffi-
cient reduces the effective colloid osmotic pres-
sure of the plasma proteins. While it is recognized 
that both acute and chronic inflammatory 
 conditions modify adhesion between endothelial 
cells and disturb both the adhesion between adja-
cent endothelial cells and the glycocalyx close to 
the junctions, there is a growing interest in moni-
toring the stability of the glycocalyx. Reduced 
integrity of the glycocalyx is one of the earliest 
indications of endothelial barrier dysfunction.
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 Circulating Glycocalyx Components

Measurement of glycocalyx components in cir-
culating plasma is one way to evaluate the integ-
rity of the glycocalyx. The general chemical 
composition of the glycocalyx has been described 
in detail elsewhere (for review, see (Weinbaum 
et al. 2007)), and it is assumed that loss of some 
of these components and increased levels in cir-
culating plasma or urine provide a clinically use-
ful measure of glycocalyx breakdown even if the 
location of the site of damage cannot be deter-
mined from such measurements. Glycocalyx 
damage has been described in several conditions 
including hypovolemia, leading to poor tissue 
perfusion and subsequent ischemia/reperfusion 
injury (Rehm et al. 2007), in diabetes (Nieuwdorp 
et al. 2006), and exposure to a range of infections 
and inflammatory agents including tumor necro-
sis factor-α, cytokines, proteases, and other 
enzymes including heparanase (Becker et  al. 
2015; Broekhuizen et al. 2009; Lipowsky 2011; 
Henry and Duling 2000). Analytical methods 
(based on ELISA) have been used to monitor 
increased syndecan-1 and heparan sulfate in 
patients undergoing major vascular surgery 
(Rehm et al. 2007) and increased syndecan-1 and 
hyaluronic acid in dialysis patients (Vlahu et al. 
2012). Similarly, an increased level of plasma 
hyaluronic acid in type 1 diabetes is associated 
with an increased circulating level of hyaluroni-
dase. Current methods to improve the specificity 
of these analytic methods include attempts to 
identify glycocalyx component characteristic of 
specific organs (Schmidt et  al. 2014). This 
approach is supported by an elegant investigation 
in mouse models which demonstrated that leuko-
cyte interaction with the endothelial surface 
requires disruption of the endothelial surface 
layer (Schmidt et al. 2012).

 Optical Methods

The model of a quasi-periodic structure in 
Fig. 6.3b used to describe the inner glycocalyx 
as the primary osmotic barrier at the endothelial 
surface is based on detailed investigation of gly-

cocalyx structures revealed by electron micros-
copy under a variety of fixation conditions 
(Curry et  al. 2016; Arkill et  al. 2010). This 
structure extends between 100 and 300 nm from 
the endothelial surface and is stabilized by elec-
trostatic and chemical interactions between 
components directly attached to the endothelial 
cytoskeleton as well as binding of plasma pro-
teins such as albumin (Curry 2018). A range of 
optical methods used in an animal model of 
microvascular function clearly demonstrated an 
endothelial surface layer that is thicker than the 
inner layer described above. The extended layer 
(best called a endothelial surface layer, ESL, to 
distinguish it from the inner layer) has been 
investigated using approaches that include bind-
ing of fluorescent probes, the exclusion of high 
molecular weight tracers at a distance from the 
vessel wall, and the exclusion of red cells and 
other large flow markers away from the 
microvessel wall (Curry et al. 2016; Weinbaum 
et  al. 2007; Vink and Duling 2000). There is 
growing evidence that this outer ESL is more 
porous to macromolecules, including plasma 
proteins, than the inner layer and can have a 
resistance to the flow of water that is an order of 
magnitude lower than that of the inner layer 
(Curry et  al. 2016; Curry and Adamson 2012) 
but still sufficient to support a lubricating layer 
for red cells.

In the clinical setting, the most advanced 
optical methods are based on an adaption of 
orthogonal polarization spectral imaging known 
as sidestream dark field imaging. This enhances 
the contrast between circulating red cells and 
the vessel wall and has been used to visualize 
microvessels and microvascular flows. With the 
use of specialized software, it has been adapted 
to measure the mean distance between flowing 
red cells and the vessel wall in sublingual and 
conjunctival blood vessels. A reduction in the 
thickness of this layer (called a peripheral 
boundary thickness, PBR) is interpreted as a 
loss of the endothelial surface layer and an index 
of glycocalyx dysfunction. A striking feature of 
reports using this approach is PBR thickness 
measurements of more than 2–3 microns in ves-
sels up to 50 microns in diameter (Nieuwdorp 
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et  al. 2006; Becker et  al. 2015; Broekhuizen 
et al. 2009; Lipowsky 2011; Henry and Duling 
2000; Vlahu et  al. 2012; Schmidt et  al. 2014; 
Schmidt et  al. 2012; Vink and Duling 2000; 
Curry and Adamson 2012; Dane et  al. 2014; 
Mulders et  al. 2013; Donati et  al. 2013). The 
authors claim some positive correlation between 
changes in PBR thickness and corresponding 
changes in other markers of inflammation. 
However, the relatively small magnitude of the 
reported reductions in PBR thickness, and the 
limited understanding of the mechanism that 
results in large baseline values for PBR thick-
ness, means that the ability of the approach to 
discriminate between normal and diseases states 
may be limited (Curry et  al. 2016; Amraoui 
et al. 2014). For example, while there is reason-
able evidence that increased penetration of red 
cells toward the endothelial cell membrane in 
microvessels 4–5 microns in diameter is associ-
ated with loss of the inner glycocalyx, in larger 
vessels, the peripheral boundary layer thickness 
may also be disturbed by changes in red cell 
mechanics, the presence of platelets, and vessel 
geometry. Furthermore, it is possible to demon-
strate using a theoretical model of the endothe-
lial surface as a two-layer structure that, at 
normal microvascular pressures, steady state 
filtration through an intact inner layer may not 
be significantly modified by mechanism that 
effect loss of only the outer ESL. Some of these 
issues are areas of active evaluation, in addition 
to more recent clinical evaluations in sublingual 
and conjunctival microvessels (Pranskunas et al. 
2018; Rovas et al. 2018).

 Measurement of Whole Body 
Glycocalyx Volume

A third approach to evaluation of the glycocalyx 
and ESL is the measurement of the distribution 
volume of a tracer using the dilution principle. 
The tracer is assumed to distribute in the circulat-
ing plasma and also penetrate the glycocalyx. 
This volume is compared to the plasma volume 
calculated from measurement of the red cell vol-
ume and a large vessel hematocrit. The difference 

between these two volume estimates is often 
quite large and has been called a “whole body 
glycocalyx volume” or a “non-circulating plasma 
volume.” Michel and Curry (Michel and Curry 
2009) demonstrated that current methods to 
apply the dilution principle and use large vessel 
hematocrit as a basis for estimating a “circulating 
plasma volume” significantly overestimate the 
apparent glycocalyx volume. They showed that 
there is no tracer small enough to enter the glyco-
calyx to reach the same concentration as in the 
plasma (as required by the dilution principle) and 
still be retained within the plasma volume. 
Further, any higher molecular weight tracer that 
is reasonably well retained in the circulation has 
a lower concentration in the glycocalyx than in 
the plasma due to steric and electrostatic parti-
tioning. Finally, the “circulating plasma volume” 
calculated from the red cell volume (measured 
using labeled red cell) and a large vessel hemato-
crit underestimated the true plasma volume by 
10% under normal conditions. When the errors 
associated with these problems are used to rein-
terpret the published values of glycocalyx vol-
ume, reported values in glycocalyx volume of the 
order of 4.7 liters (clinical dextran as tracer, 
(Nieuwdorp et al. 2006)) are reduced to signifi-
cantly less than 1 liter. Further, the claim that 
hemodilution reduces the noncirculating plasma 
volume (Jacob et al. 2007) could be reinterpreted 
as an indication of mechanisms whereby hemodi-
lution causes the larger vessel hematocrit to more 
closely measure the whole body hematocrit. For 
further review of current methods to study the 
structure of the glycocalyx, see references 
(Michel et  al. 2016; Curry et  al. 2016). On the 
basis of the arguments outlined above, it is 
 reasonable to conclude that there is no valid theo-
retical or experimental basis for measurement of 
whole body glycocalyx volume or a non- 
circulating plasma volume using the dilution 
principle and available tracers under condition 
where the tracers enter the glycocalyx by diffu-
sion alone. Further investigations are required to 
understand the changes in the microvascular that, 
to date, have been interpreted as changes in gly-
cocalyx volume or a non-circulating plasma 
volume.

6 Fluid Filtration in the Microcirculation
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Physiology of Heart Rate

T. Alexander Quinn and Sheldon Magder

One might wonder about the need for a chapter 
on heart rate. A change in heart rate is one of the 
most basic ways that the heart regulates cardiac 
output. Rapid heart rates also often trigger clini-
cal interventions. However, there is a much more 
basic reason for examining heart rate in more 
detail. The ‘periodicity’ that comes with rhyth-
mic beating of the heart creates important restric-
tions on the cardiovascular system. It sets the 
fixed time available for ejection of stroke volume 
from the left ventricle and the time available for 
the stroke return to the right heart. Because of 
these fixed times, the rate of return and rate of 
ejection are important determinants of how much 
blood flow can leave and return during each cycle 
and how much the rate of blood flow needs to 
accelerate to reach its target. The fixed period of 
each cycle also means that the ratio of ejection 
time to the return time (i.e. diastole) is an impor-
tant determinant of cardiac output. At faster heart 
rates, both of these are shortened, but the propor-
tions of time for each can vary. We will start with 
the concept of time constants and their impor-

tance for the discussion of the periodicity of car-
diac contractions. We will then review the 
complex membrane processes in the heart’s 
intrinsic pacemaker that determine heart rate, as 
well as the factors that determine the length of 
the ventricular action potential. The length of the 
action potential is important because it sets the 
amount of time for the entry of calcium ions 
(Ca2+) to produce the contraction phase. We fol-
low with a discussion of basic mechanisms 
involved in regulation of the intrinsic heart rate, 
and heart rate during exercise which gives insight 
into the regulation of heart rate at the extremes. 
This is followed by the significance of the fixed 
filling times for normal function and in patho-
logical considerations. Finally, we review the 
implications for changes in heart rate on the sup-
ply and demands of the heart for oxygen. Some 
of these issues have been covered previously 
(Magder 2012).

 Time Constants and Volume 
Constraints

To appreciate the significance of the periodicity 
of cardiac output, it is first necessary to under-
stand the concept of a time constant. When there 
is a step change in the flow or pressure in a sys-
tem that has stretchable walls, a proportion of the 
initial increased input volume stretches the walls 
of the vessels and does not contribute to distal 
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flow (Fig.  7.1). Once the force across the wall 
matches the new pressure, a new steady state in 
flow is reached and what goes in is matched by 
what goes out. In a vessel, the time taken to reach 
a new steady state is determined by the amount of 
volume the vessel takes up with the change in 
pressure, which is based on the compliance of the 
vessel wall, and how easily volume flows out of 
the vessel, which is determined by the down-
stream resistance. Mathematically, this is 
described by an exponential raised to the power 
of the product of downstream compliance and 
resistance divided by time (Fig. 7.1). The product 
of the compliance and resistance gives a time 
constant, which indicates the time taken to get to 
63% of the new steady state. The greater the 
downstream resistance, or the greater the compli-
ance of the vessel, the longer it takes to get to a 
new steady state. The significance of this in a pul-
satile system is that when the duration of each 
pulse is less than the time constant, the change in 
flow for a change in pressure may be less than 
predicted from just the change in peak pressure 
because there is not enough time to reach the 
steady state (Fig. 7.2). This is especially an issue 
on the venous side because the change in pres-
sure for a change in flow is so low. At faster heart 
rates, blood must come back faster to allow an 
increase in return and increase in cardiac output. 

The primary process allowing this is a decrease 
in venous resistance because the compliance ves-
sels do not change, but during exercise compres-
sion of peripheral veins by the contracting 
muscles likely gives the equivalent of a decrease 
in venous compliance and resistance (Magder 
1995; Magder et al. 2019).

A consequence of increased heart rate is that if 
the duration of systole remains constant, diastolic 
time must become progressive shorter. This 
reduces diastolic filling time and the limit for 
return per beat (stroke return). The heart thus has 
to reach the peak end-systolic elastance (end- 
systolic pressure volume line – see Chaps. 3 and 
4) faster at higher heart rates, and accordingly, 
the action potential needs to shorten. Ventricular 
relaxation time also must shorten to allow more 
time for diastole.

 Cardiac Rhythmicity at the Cellular 
Level

 Sinoatrial Node Control

Excitation of the heart is initiated in the sinoatrial 
node (SAN), the natural pacemaker of the heart. 
It is located adjacent to the crista terminalis at 
the junction of the right atrium and the superior 

Flow (Q) Flow (Q)

Q

Time

Q = e
RC
t

τ=R ∗ C

Fig. 7.1 Concept of a time constant (τ). When a step 
(square) change is made in a tube with a compliance, ini-
tially some of the added volume is taken up by stretching 
the walls and flow does not immediately reach the steady 

state. The small circle indicates the time taken to reach 
63% of the new steady state (= τ the time constant) as 
indicated by the equation in the figure. Q refers to flow, R 
resistance, C compliance of the chamber, and t time
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vena cava. The SAN spontaneously generates 
action potentials (AP) in a rhythmic pattern, 
which propagate through the myocardium and 
the heart’s specialised conduction system. This 
spontaneous, cyclic firing of the SAN (automa-
ticity) is what determines heart rate (HR) and 
ultimately results in cardiac contraction, making 
the SAN fundamental to survival. Because of its 
critical importance, multiple overlapping mecha-
nisms exist to ensure proper SAN function. These 
are highly regulated to allow for rapid adaptation 
of HR to large changes in physiological demand 
(Irisawa et al. 1993).

It is worth noting that there is no set point for 
HR (i.e. a ‘targeted’ value). Thus, function of the 
SAN is not regulated, but rather is controlled 
(Cabanac 1997)  – engineering logic which has 
applications to physiology going back at least as 
far as Arthur Guyton’s classic Textbook of 
Medical Physiology (Guyton 1956). For a system 
to maintain a variable within a narrow range 
around its set point, sensory feedback is needed 
for regulation. This occurs by changes in con-
trolled variables that are allowed to vary widely 
(Modell et  al. 2015). In the cardiovascular sys-
tem, blood pressure is a critically regulated vari-
able (with a clear set point). Changes in the set 
point are sensed by baroreceptors. Cardiac output 
and systemic vascular resistance are adjusted 
accordingly, but they also are determined by met-
abolic activity. HR and SAN activity, though, are 
affected by multiple factors. These are both 

external and intrinsic to the heart. Extrinsic con-
trol is primarily through the central nervous sys-
tem but also by circulating factors in the blood. 
Intrinsic control is within the heart itself and acts 
primarily through intracardiac nerves but also 
through release of local paracrine factors and 
changes in mechanical load. Both processes ulti-
mately control HR by affecting the mechanisms 
responsible for SAN automaticity (Quinn and 
Kohl 2012; MacDonald et  al. 2017, 2020; 
Mangoni and Nargeot 2008).

 Mechanisms of SAN Automaticity

Unlike cells of the working myocardium, which 
have a stable negative resting membrane poten-
tial (Vm) in diastole, SAN cells spontaneously 
depolarise in the diastolic phase of the cardiac 
cycle (‘diastolic depolarisation’). This depolari-
sation drives Vm towards the threshold for excita-
tion and is responsible for automaticity in the 
SAN. Two major systems regulate Vm. These are 
the ‘membrane-clock’, which is dependent upon 
ion channels in the cell membrane of SAN cells, 
and the ‘calcium-clock’, which is driven by intra-
cellular calcium (Ca2+) cycling (Fig. 7.3a).

 Membrane Clock
One of the principal systems driving diastolic 
depolarization is a collection of membrane ion 
channels that are responsible for inward, depola-
rising currents, collectively known as the mem-
brane clock (Maltsev et  al. 2006). In the initial 
portion of diastole, depolarization is primarily 
driven by cations moving out of the cell. This cre-
ates a non-specific current called the ‘funny’ cur-
rent, (If). These ions pass through channels that 
open as the cell membrane becomes more hyper-
polarised (i.e. more negative) and begin to reverse 
the depolarized state. They are called 
hyperpolarisation- activated cyclic nucleotide- 
gated (HCN) channels. There are four isoforms 
of HCN; HCN4 is the most prominent in humans 
(Chandler et  al. 2009; DiFrancesco 2010). If 
decreases with depolarisation of Vm and at the 
next stage in diastole, Ca2+ begins to enter the cell 
and this current begins to contribute to diastolic 
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Fig. 7.2 Importance of time constant for RV filling and 
stroke volume. An increase in heart rate reduces the time 
for diastolic filling and if the rate of filling does not 
increase, stroke returns, and thus stroke volume must fall
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depolarisation. The influx of Ca2+ first occurs 
through transient T-type current Ca2+ (ICaT), which 
is created by Cav3.1 channels, and then by a long- 
lasting L-type current Ca2+ (ICaL) created by 

Cav1.3 which takes over (Mangoni and Nargeot 
2008; Bartos et al. 2015). Once the threshold for 
Cav1.2-mediated ICaL is reached at ~−40  mV, 
Cav1.2 channels are activated, SAN cells are 
excited, and an AP occurs. This process differs 
from that of the working cardiac myocytes in 
which a fast sodium (Na+) current (INa) passing 
through Nav1.5 channels is responsible for exci-
tation (Mesirca et  al. 2015). SAN also express 
Nav1.5 channels, but these have only a minor, 
indirect action on HR (Lei et al. 2007), as do a 
few other currents (Zhang et  al. 2002; Ju et  al. 
2007).

Another important consideration for SAN and 
the determination of HR are the currents that are 
responsible for repolarisation of SAN cells. 
Unlike working cardiac myocytes, SAN have few 
Kir2.1 channels so they do not have the robust 
inward rectifier potassium (K+) current (IK1) to 
maintain the resting Vm (Chandler et  al. 2009). 
However, similar to working cardiac myocytes, 
repolarisation occurs primarily through rapid 
(IKr) and slow (IKs) delayed rectifier K+ currents, 
along with minor contributions from currents 
activated late in the AP upstroke. These include 
the transient outward K+ current (Ito), the ultra- 
rapid delayed rectifier K+ current (IKur), and an 
inwardly rectifying chloride current (ICl). 
Ultimately, these currents determine the maxi-
mum diastolic Vm (MDP), which is the most neg-
ative membrane diastolic potential occurring 
during the cardiac cycle (Mangoni and Nargeot 
2008; Bartos et al. 2015). Importantly, the magni-
tude of these repolarising currents continuously 
decays after maximal activation. This allows 
inward currents to drive diastolic depolarisation.

 Calcium Clock
Intracellular Ca2+-cycling contributes to diastolic 
depolarisation through a system known as the 
calcium clock (Maltsev et al. 2006). Late in dias-
tole, a small amount of Ca2+ is released from the 
sarcoplasmic reticulum (SR) in SAN cells via 
ryanodine receptors (RyR). This can occur spon-
taneously or be triggered by Cav1.3-mediated ICaL 
(Torrente et  al. 2016). Some of the Ca2+ is 
removed from the cell by the Na+-Ca2+ exchanger 
(NCX), which extrudes one Ca2+ ion while 
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Fig. 7.3 (a) Sinoatrial node cell action potential and 
associated ionic fluxes. (b) Effect of sympathetic and 
parasympathetic stimulation on sinoatrial node cell action 
potential. Ca2+ calcium, ICaL long-lasting L-type calcium 
current, ICaT transient T-type calcium current; sodium- 
calcium exchanger current, If “funny” current, IK repola-
rising potassium current, INCX sodium-calcium exchanger 
current, SR sarcoplasmic reticulum
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 bringing in three Na+ ions, thus generating a net 
inward current (INCX) that causes SAN depolari-
sation. The remainder of the Ca2+ is returned to 
the SR by the sarco/endoplasmic reticulum Ca2+-
ATPase, SERCA, pump (Lakatta et  al. 2008). 
Diastolic SR Ca2+ release also occurs in cells of 
the working myocardium but the release is 
enhanced in SAN cells due to a higher basal level 
of cyclic adenosine monophosphate (cAMP), 
which through a number of downstream pro-
cesses, results in a higher uptake of Ca2+ by 
SERCA, and therefore, the potential for greater 
SR Ca2+ release (Vinogradova et  al. 2006; Li 
et al. 2016).

It is still much debated whether diastolic 
depolarization of the SAN is driven primarily by 
the membrane or calcium clock (Rosen et  al. 
2012; DiFrancesco and Noble 2012; Maltsev and 
Lakatta 2012). However, because the 
sarcolemmal- bound NCX plays a critical role in 
the Ca2+-clock by generating the required trans-
membrane depolarising current, these two 
‘clocks’ are intricately linked. It is now generally 
accepted that overlapping and redundant mecha-
nisms combine to cause SAN automaticity by 
forming a coupled system (Rosen et  al. 2012; 
Lakatta et al. 2010) which is under tight extrinsic 
and intrinsic control.

 Extrinsic SAN Control

 Central Nervous System

The primary extrinsic mediator of SAN activity 
is the central nervous system, which acts through 
direct extracardiac sympathetic and parasympa-
thetic innervation of intracardiac neural circuits 
and SAN cells (Gordan et al. 2015). Postganglionic 
sympathetic neurons that project from sympa-
thetic ganglia directly to SAN cells release nor-
epinephrine. This stimulates sarcolemmal 
Gαs-coupled β-adrenergic receptors (β-AR) and 
increases intracellular cAMP levels. By binding 
to the C-terminals of HCN channels and increas-
ing their phosphorylation by PKA, cAMP 
increases HCN channel open probability, 
increases If, and thereby increases the rate of dia-

stolic depolarisation and HR (Larsson 2010). 
β-AR stimulation also has effects on other com-
ponents important for SAN automaticity, all of 
which will increase the rate of diastolic depolari-
sation and thus HR (Fig. 7.3b).

In contrast to sympathetic neurons, pregangli-
onic parasympathetic neurons project from brain-
stem vagal motor nuclei to postganglionic 
parasympathetic neurons within the heart. These 
release acetylcholine, which stimulate intracar-
diac neurons that project to SAN cells to also 
release acetylcholine, which activates sarcolem-
mal Gαi/o-coupled cholinergic M2 muscarinic 
receptors. Stimulation of these receptors results 
in reduced intracellular cAMP concentration, as 
well as rapid Gβγ subunit activation of an 
acetylcholine- activated K+ current (IKACh) through 
G-protein-regulated K+ (GIRK) channels, which 
negatively shift MDP, reduce the rate of diastolic 
depolarization, and decrease HR (Accili et  al. 
1998; Renaudon et al. 1997) (Fig. 7.3b).

 Circulating Factors

SAN function also is affected by circulating 
biogenic amines such as norepinephrine, epi-
nephrine, histamine, serotonin, thyroid hormone 
(Gordan et  al. 2015). Circulating catechol-
amines released by the adrenal glands (epineph-
rine, norepinephrine, and dopamine, when 
converted to epinephrine or norepinephrine) 
bind to α- or β-ARs and cause an increase in HR 
through similar mechanisms to neurotransmit-
ters released by sympathetic neurons. 
Histamines are released primarily from mast 
cells in the heart, but also from basophils, and 
cause an increase in HR by activating G protein-
coupled receptors that increase intracellular 
cAMP and PKA levels. It also acts as a neuro-
modulator by stimulating the release of norepi-
nephrine from sympathetic nerves (Kevelaitis 
et al. 1994). The response to serotonin (5-HT) is 
complex. It binds to many different receptor 
types (Saxena and Villalon 1990), both directly 
on cardiac tissue and also on autonomic nerve 
terminals. Thus, it can cause both an increase or 
a decrease in HR (Linden et al. 1999; Villalon 
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and Centurion 2007; James 1964; Centurion 
et  al. 2002; Gothert et  al. 1986). Thyroid hor-
mones act on nuclear hormone receptors and 
alter expression of cardiac ion channels. They 
influence HR over a longer timescale. High thy-
roid hormone levels cause an increase in HR by 
increasing If by increasing HCN channel expres-
sion (Renaudon et  al. 2000; Pachucki et  al. 
1999; Gloss et al. 2001). Similarly, parathyroid 
hormone, synthesized by the parathyroid gland, 
acts on parathyroid receptors to increase intra-
cellular cAMP and PKA (Potthoff et  al. 2011; 
Chorev 2002), which increases the amplitude of 
If (Critchley et  al. 2010), and thus the rate of 
diastolic depolarization and HR (Shimoni 
1999).

In summary, HR is influenced by multiple 
extrinsic factors, some of which increase HR, pri-
marily by increasing If and diastolic depolarisa-
tion through enhanced cAMP and PKA 
production, and some which decrease HR, pri-
marily by lowering MDP and inhibiting diastolic 
depolarization. Together, these processes main-
tain HR at closely controlled levels.

 Intrinsic SAN Control

 Intracardiac Nervous System

As is the case with extrinsic control of the SAN, 
intrinsic control occurs partly through neuronal 
mechanisms, mediated by the intracardiac ner-
vous system (ICNS). The ICNS comprises a col-
lection of efferent, interconnecting, and afferent 
neurons within the heart (Ardell and Armour 
2016). Functional and anatomical data have 
shown that the ICNS not only receives input from 
extrinsic efferent neurons, but also from local 
interneurons and afferent neurons from other 
locations within the heart. It thus forms intracar-
diac circuits, which are important for the internal 
processing and reflex control of cardiac function 
(Beadling et al. 1999; Gagliardi et al. 1988). As a 
result, even after acute (Gagliardi et al. 1988) or 
chronic (Hodgin et al. 2001) isolation of the heart 
from the central nervous system (decentraliza-
tion), the ICNS remains responsive to changes in 

the cardiac environment. It has been estimated 
that less than 20% of intracardiac neurons receive 
direct inputs from extrinsic nerves, and instead 
act as interconnecting neurons (Armour 2008).

 Myogenic Peptides

Locally released peptides from cardiac myo-
cytes, fibroblasts, and endothelial cells within or 
in close proximity to the SAN can modulate HR 
by paracrine or autocrine actions. They often are 
released as neurotransmitters and act in con-
junction with the autonomic nervous system as 
neuropeptides, neuromodulators, or neurohor-
mones (Beaulieu and Lambert 1998). For 
instance, vasoactive intestinal polypeptide 
(VIP) is a neuropeptide co-released with acetyl-
choline from parasympathetic neurons. It has 
the opposite effect of acetylcholine and thus 
moderates its effect. VIP binds to GPCRs that 
activate Gs- protein cascades that increase cAMP 
and PKA and which shifts the activation curve 
of If. The result is increase in the rate of dia-
stolic depolarisation and HR (Hoover 1989; 
Chang et al. 1994; Accili et al. 1996). Release of 
VIP potentially could be a factor in the persis-
tent tachycardia often seen in patients with pan-
creatitis without being related to volume status. 
Another example is the calcitonin gene-related 
peptide (CGRP), a neuromodulator that 
increases HR by blocking vagal stimulation 
(Bell and McDermott 1996), but in the presence 
of autonomic antagonists, also acts directly on 
SAN cells (Beaulieu and Lambert 1998). 
Another example of a locally synthesized pep-
tide with both neuromodulatory and direct SAN 
cell effects is angiotensin II, which is highly 
concentrated at the level of the SAN artery 
(Saito et al. 1987). Angiotensin II can stimulate 
the release of catecholamines from sympathetic 
neurons (Torrente et  al. 2016), but also stimu-
lates type 1 angiotensin II receptors to decrease 
ICaL and HR (Lambert 1995; Habuchi et al. 1995; 
Sheng et  al. 2011; Kobayashi et  al. 1978; 
Lambert et al. 1991; Sechi et al. 1992). Similarly, 
endothelin-1 and -3, produced and secreted by 
endothelial cells and acting through endothelin 
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receptors A and B, can cause an increase or 
decrease in HR (Saito et  al. 1987; Ono et  al. 
2001; Tanaka et al. 1997; Ishikawa et al. 1988; 
Ju et al. 2011; Minkes et al. 1990).

Perhaps the most important myogenic pep-
tides in terms of their HR effects are natriuretic 
peptides (NP), one of the primary factors released 
by atrial cells (Potter and Magder 2006; Reinhart 
et al. 2004). Three principal NPs are present in 
cardiac myocytes and fibroblasts, atrial NP 
(ANP), B-type NP (BNP), and C-type NP (CNP), 
which act on three NP receptors (NPR), NPR-A, 
NPR-B, and NPR-C (Moghtadaei et  al. 2016). 
NPR-A, which binds ANP and BNP, and NPR-B, 
which is selectively activated by CNP, are guany-
lyl cyclase-linked receptors and enhance cGMP 
signalling (Lucas et  al. 2000). NPR-C, which 
binds all NPs with similar affinity, is coupled to 
inhibitory G-proteins which inhibit adenylyl 
cyclase and thus cAMP signalling (Rose and 
Giles 2008; Anand-Srivastava 2005). Among 
their other functions, NPs affect HR through 
direct effects on SAN cells (Rose and Giles 2008; 
Springer et al. 2012; Azer et al. 2012). By acting 
on NPR-A, BNP and CNP, they increase If and 
total ICa,L and thus the rate of diastolic depolarisa-
tion and HR (Springer et al. 2012; Lonardo et al. 
2004). In contrast, activation of NPR-C does not 
affect SAN activity in basal conditions, but in the 
presence of β-AR activation it decreases ICa,L (but 
interestingly not If), the rate of diastolic depolari-
sation, and HR (Springer et al. 2012; Azer et al. 
2012; Rose et al. 2004). Thus, NPs can modulate 
the SAN via activation through both stimulatory 
NPR-A/B and inhibitory NPR-C, which elicit 
opposing effects that increase HR in some condi-
tions but decrease it in others. The net results 
depend on the extent of β-AR activation and the 
relative contribution of each NPR under varying 
physiological conditions (Moghtadaei et  al. 
2016; Azer et al. 2012, 2014).

 Tissue Stretch

Cardiac function is affected by feedback from the 
myocardium’s mechanical state to its electrical 
activity. This phenomenon known as mechano- 

electric feedback or coupling (Quinn et al. 2014; 
Quinn and Kohl 2016). The SAN specifically 
responds on a beat-by-beat basis to changes in 
hemodynamic load (Quinn and Kohl 2012; Quinn 
et  al. 2011). This was first recognized as an 
increase in HR with atrial distension by intrave-
nous fluid injection (Crystal and Salem 2012). 
Similar effects have since been observed in a 
wide variety of vertebrates (Pathak 1973), includ-
ing human (Donald and Shepherd 1978). Stretch- 
induced increases in HR occur also in the isolated 
heart (Blinks 1956), SAN tissue (Blinks 1956; 
Deck 1964), and SAN cells (Cooper and Kohl 
2005), indicating that the response is intrinsic to 
the heart. Furthermore, the response is insensitive 
to ablation of intracardiac neurons (Wilson and 
Bolter 2002), blockage of neuronal sodium chan-
nels (Wilson and Bolter 2002; Chiba 1977), as 
well as adrenergic and cholinergic blockade 
(Blinks 1956; Wilson and Bolter 2002; Chiba 
1977; Brooks et al. 1966). This implies that non- 
neuronal mechanisms are involved. The increase 
in HR with stretch is associated with both an 
increase in MDP and the rate of diastolic depo-
larisation allowing for shorter time to an AP 
(Deck 1964). This can be explained by a 
mechano- sensitive whole-cell current presum-
ably carried by cation non-selective stretch- 
activated channels (Cooper and Kohl 2005; 
Cooper et  al. 2000; Peyronnet et  al. 2016), 
although a stretch-induced increase in the current 
and activation and deactivation rate of HCN 
channels also has been observed (Lin et al. 2007; 
Calloe et al. 2005).

There appears to be an interaction between 
mechanical and autonomic HR modulation. In 
intact animals (Bolter and Wilson 1999; Bolter 
1994) and isolated atria (Bolter 1996; Wilson 
and Bolter 2001; Barrett et al. 1998), an increase 
in atrial pressure induces both HR acceleration 
and a significant reduction in the percentage 
response to vagal stimulation. Vice versa, when 
HR is first reduced by vagal stimulation, the HR 
response with stretch is augmented which could 
have value for a more rapid increase in heart 
rate with the onset of exercise in well-condi-
tioned persons who usually have high basal 
cholinergic tone.

7 Physiology of Heart Rate



94

 Determinants of the Heart Rate 
Dependence of the Length 
of the Action Potential

As already discussed, if the duration of systole 
does not shorten at fast heart rates, diastolic fill-
ing is compromised. For systole to shorten, AP 
duration (APD) must shorten (Fig. 7.4). After an 
increase in HR, or an early excitation, there first 
is an immediate change in APD, followed by a 
slower transient change if the new faster HR is 
maintained, after which APD eventually reaches 
a new steady state. Different mechanisms account 
for each.

 Immediate Change in APD After 
a Sudden Decrease in HR or 
a Premature Excitation

In general, the first APD after a sudden increase 
in HR, or a premature excitation, is shortened, an 
effect known as restitution. The degree of the ini-
tial change in APD depends on how soon after 
repolarisation of the previous AP the early excita-
tion occurred (‘coupling interval’). This is 

explained by considering the dynamics (activa-
tion/inactivation and deactivation/re-priming) of 
ion currents in cardiac cells. When there is an 
early excitation, ion currents that inactivate dur-
ing an AP have a decreased amplitude during the 
early excitation. The effect on the amplitude pro-
gressively increases with an increase in coupling 
interval. In working myocytes, this impacts the 
inward INa and ICaL currents, and results in faster 
repolarisation and thus APD shortening. In con-
trast, reduced amplitude of outward currents that 
undergo inactivation (i.e. Ito and IKur) prolongs 
APD. However, during most of the AP, other key 
outward currents that do not inactivate (i.e. IKr 
and IKs) undergo mainly activation, and do not 
deactivate until the diastolic phase. As a result, 
when a premature excitation occurs, these cur-
rents remain partly active and accumulate with 
the additional AP and contribute to faster repo-
larisation and APD shortening (Carmeliet 2004; 
Carmeliet 2006).

While these are the dominant ion current 
changes for the immediately shortening of APD 
with early excitation, there also is a contribution 
of rapid changes in ion fluxes carried by trans-
porters. During premature excitation, the ampli-
tude of the inward INCX is markedly decreased 
because it depends primarily on the amount of 
Ca2+ released from the SR, which is reduced dur-
ing early excitation because of incomplete SR 
refilling (Janvier et  al. 1997). Similar to the 
decrease in other inward currents, this reduction 
in INCX results in a shorter AP.

In summary, with a sudden increase in HR or 
a premature excitation, the combined action of INa 
and ICaL inactivation and IKr and IKs accumulation 
accelerate repolarisation, leading to an immedi-
ate shortening of APD (Carmeliet 2004, 2006). It 
should be noted, however, that the restitution pro-
cess is highly species-dependent; this chapter 
deals with humans.

Along with the effects of increased HR or 
early excitation on APD being species- dependent, 
effects vary regionally across the heart (i.e. dif-
ferences between the atria and ventricles and the 
sub-endocardium and -epicardium) due to differ-
ences in channels and transporters. For instance, 
in the ventricle, Ito is more highly expressed and 
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Fig. 7.4 Significance of the plateau of the myocardial 
action potential for cardiac contractions. Ca2+ enters 
myofibres, and is released from the sarcoplasmic reticu-
lum during the plateau of the action potential and results 
in contraction. Ca2+ entry can be visualized by fluores-
cent probes, and this is seen to follow by contraction (ten-
sion) of the myofibre. The process ends when the myofiber 
repolarized which means that the plateau of the AP sets 
the limit of time for contraction and the peak force 
obtained during the cycle
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recovers from inactivation faster in sub- epicardial 
compared to sub-endocardial cells, resulting in a 
greater decrease in APD (Nabauer et al. 1996).

 Transient Change in APD After 
a Decrease in HR

The initial shortening of APD when there is a sud-
den increase in HR generally followed by a slow, 
gradual decrease in APD that occurs over a few 
seconds to minutes although in the first few sec-
onds oscillations in APD (alternans) can occur, 
due to the diastolic interval alternating in a short-
long sequence before gradually reaching a steady 
state. The transient decrease in APD is principally 
driven by: (i) increased intracellular Na+ concen-
tration ([Na+]i, due to the increased influx of Na+ at 
the increased HR; (ii) increased intracellular Ca2+ 
concentration ([Ca2+]i, due to the decrease in the 
diastolic interval, which alters the equilibrium 
between Ca2+ influx via ICaL during the AP and 
Ca2+ efflux via the NCX during diastole, as well as 
Ca2+ influx via reverse-mode NCX activity driven 
by the increase in [Na+]i with the increased HR; 
and (iii) increased extracellular concentration of 
K+ ([K+]o) (Carmeliet 2004, 2006). These changes 
in ion concentrations affect APD by altering the 
flux of ions through various channels and trans-
porters (Carmeliet 2004, 2006).

In addition to changes in ion concentrations, 
transmembrane ion fluxes also are altered by the 
increased sympathetic nervous system activity 
that often drives the increase in HR. Activation of 
PKA by stimulation of β-ARs results in phosphor-
ylation of RyR, and SERCA. This increases the 
load of Ca2+in the SR which facilitates Ca2+ 
release (Carmeliet 2004, 2006). The increased SR 
Ca2+-release causes Ca2+-induced inactivation of 
ICaL and activation of ICl and protein kinase C 
(PKC), which further increase IKr and INaK and 
inhibits the slowly inactivating (also known as the 
late, sustained, or persistent) Na+ current whose 
magnitude is further reduced due to accumulation 
of intracellular Na+ with an increase in HR 
(Tateyama et  al. 2003). Combined, these β-AR-
driven changes contribute further to more rapid 
repolarisation and a subsequent decrease in APD.

 APD at a New Steady State

Once steady state is reached after an increase in 
HR, APD generally is decreased in a 
HR-dependent manner. This relationship, how-
ever, does not hold true at lower HRs (of around 
60 beats per minute or less). In this range, little 
change in APD occurs with a change in HR.

 Intrinsic Heart Rate

In a classic paper, Jose and Collison determined 
the spontaneous intrinsic beating frequency of 
hearts of healthy individuals without any auto-
nomic activity (Jose and Taylor 1969; Jose and 
Collison 1970). To do so, they inhibited parasym-
pathetic activity by blocking muscarinic recep-
tors with atropine, and sympathetic activity by 
blocking beta-adrenergic receptors with propa-
nol. The average heart rate in 25 year-old- subjects 
was 106/minute. Intrinsic heart rate declined with 
age at a rate of 0.057 beats/min per year. By the 
age of 60, intrinsic heart rate was 90 beats/min. 
They also found that subjects with myocardial 
dysfunction had an additional loss of the intrinsic 
rate not accounted for by age alone.

Normal resting heart rate in humans with rest-
ing autonomic activity is 70 beats/min and often 
lower in active individuals. This indicates that 
parasympathetic activity must dominate the rest-
ing state. However, there also must be resting 
sympathetic activity because beta-blockade low-
ers the resting heart rate (Jose and Taylor 1969). 
This is an example of nature driving with her 
foot on the gas and break at the same time 
(Magder 2012). The advantage of having oppo-
site processes active at the same time is that it 
allows a more rapid change. For example, at the 
start of exercise, the parasympathetic output is 
quickly withdrawn and the sympathetic output 
increased so that there is a rapid acceleration of 
the heart rate which then can accommodate a 
rapid increase in venous return (Notarius and 
Magder 1996).

The ratio of heart mass to body weight of 0.6% 
is consistent throughout all mammals,  including 
humans (Dobson 2003, Bettex 2014). Heart mass 
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ranges from around 0.5  kg in a normal male to 
600  kg in a blue whale. Resting heart rate is 
inversely proportional to body size and ranges 
from 600 min−1 in a shrew (2–5 g) to 6–12 min−1 
for blue whale (Levine 1997). Life expectancy is 
also related to heart rate (Levine 1997), which 
means that the total number of heart beats in a 
lifetime is relatively constant at 1.1 billion and the 
total body O2 consumed per body weight is also 
similar.

 Normal Control of Heart Rate 
During Exercise

The importance of parasympathetic withdrawal 
at the onset of exercise was demonstrated by 
Fagraeus and Linnarsson (1976). They used com-
bined parasympathetic and sympathetic blockade 
to determine the role of these systems in the 
change in heart rate from rest to light exercise. 
The increase in heart rate was primarily due to 
vagal withdrawal and occurred in approximately 
10 s. Over the ensuing 20 s, vagal tone increased 
and produced some slowing of the heart rate, 
indicating an initial overshoot and a dynamic 

interaction between sympathetic and parasympa-
thetic systems.

Maximal aerobic exercise is one of for the 
greatest challenges to the cardiovascular system, 
and the adaptations of cardiac output and heart 
rate provide important insights into how the sys-
tem is regulated (Magder et al. 2019). Peak exer-
cise is determined by the amount of oxygen that 
can be consumed by the working muscle (VO2). 
VO2 can increase 12-fold at peak performance in 
a healthy young males (Astrand 1976). The rise 
in VO2 is associated with a linear increase in car-
diac output, which can increase to 4–5 times the 
normal resting value (Åstrand et  al. 1964) 
(Fig. 7.5). The relationship of cardiac output to 
VO2 is so tight that if the oxygen consumption is 
known, and the haemoglobin is normal, the 
increase in cardiac output can be estimated with 
an accuracy of about ± 5%. This indicates that 
under normal physiological activity, cardiac out-
put tightly follows the energy demands which is 
represented by VO2.

The control of heart rate, though, is very dif-
ferent. Heart rate, too, increases relatively lin-
early with energy demands, but not as precisely 
as cardiac output. More importantly, heart rate 

Arm vs leg work
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Fig. 7.5 Concept of relative work load and illustrated by 
arm versus leg exercise. Because legs are much larger than 
arms, they can generate a higher workload and thus a 
higher oxygen consumption (VO2). Heart rate increases 
linearly with VO2. However, maximum heart rate is the 
same with leg and arm exercise. Accordingly, the slope of 

the increase in heart rate with VO2 is flatter with leg exer-
cise than arm exercise. However, if instead of the x-axis 
being VO2 in absolute numbers, it is instead plotted as a 
percent of maximal capacity of the muscle (i.e. relative 
capacity), the two curves overlap
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increases in proportion to what is called the ‘rela-
tive workload’. To understand these concepts, it 
first needs to be appreciated that maximum heart 
rate is related to age. Thus, at the same age, male 
and females, tall versus short, high aerobic capac-
ity versus low aerobic capacity, and fit versus 
unfit persons, all have the same maximum heart 
rate, assuming that they are healthy. However, 
they obviously do not have the same aerobic 
capacity. Thus, at any given workload and VO2 in 
L/min (not normalized to body size), the heart 
rate is lower in a person who has a higher maxi-
mum VO2 than in a person who has a lower maxi-
mum VO2 (Fig.  7.5) because the workload is a 
lower percent of the person’s capacity. Based on 
this, most women have a higher heart rate at a 
given workload than men because they are on 
average smaller and have a lower maximum VO2 
max. However, if heart rate is normalized to the 
percent of the individual’s capacity, that is, the 
person’s work load as a percentage of their maxi-
mum VO2, the lines of heart rate versus percent of 
capacity for all subjects are superimposable. The 
usefulness of this is that if you know your maxi-
mum heart rate, then the percent of your maxi-
mum heart rate at which you are exercising 
indicates what the percentage the workload is of 
your maximum capacity. A useful training rate is 
around 70% of peak aerobic capacity because 
that is a rate that can be sustained for more pro-
longed periods; above that rate, lactate increases 
and steady-state conditions usually cannot be 
sustained (Astrand and Rodahl 1977).

A likely explanation for the relationship of 
heart rate to the ‘relative’ workload is that output 
from the sympathetic nervous system increases 
in proportion to muscle effort through both cen-
tral command and afferent signals from periph-
eral muscle (Mitchell and Shephard 1993). As 
discussed above, increased beta-adrenergic 
 activity is a major factor in increasing the SAN 
depolarization.

There are important pathophysiological con-
sequences of these basic concepts. Cardiac out-
put is the product of heart rate and stroke volume. 
Heart rate is controlled by the relative workload 
and cardiac output by the VO2. Since heart rate 
and cardiac output are controlled variables, it fol-

lows that stroke volume must be a dependent 
variable. There is no central sensor for stroke vol-
ume; changes in stroke volume occur through the 
Frank-Starling length–tension relationship.

The increase in heart rate is a predominant 
factor for the increase in cardiac output during 
exercise. In a young male, heart rate can increase 
almost threefold, whereas the stroke volume in 
the upright posture increases by 60–90% (Åstrand 
et al. 1964; Cassidy and Mitchell 1981) and only 
about 10% when supine (Magder et  al. 1987). 
The increase in heart rate creates a steep rise to 
the cardiac function curve. As a consequence, the 
heart becomes much more preload responsive 
because every stroke volume is affected and there 
are more stroke volumes per minute (Fig.  7.6). 
The effect of heart rate on the preload responsive-
ness is likely a variable that should be accounted 
for when examining the sensitivity of predictors 
of fluid responsiveness. The percent change in 
cardiac output for the same change in preload 
likely is higher at higher heart rates because of 
the steeper slope to the cardiac function curve, 
although this has not been tested.
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Fig. 7.6 Illustration of the dependence of the change in 
cardiac output for a change in preload to an increase in 
heart rate. An increase in heart rate makes the upslope of 
the cardiac function curve steeper and the plateau higher. 
Thus, the change in cardiac output is much large for a 
change in preload
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Heart rate during exercise is driven by three 
mechanisms: central drive, baroreceptor feed-
back, and afferent signals from working muscle 
(Mitchell and Shephard 1993; McCloskey and 
Mitchell 1972). In addition, other central nervous 
system outputs (i.e. conscious thoughts), hor-
mones, and generalized metabolic signals can 
change heart rate through the many currents dis-
cussed in the section on regulation of the SAN. As 
a consequence, based on the discussion above, 
changes in stroke volume are much less predict-
able than changes in cardiac output. Central drive 
describes the process by which motor signals 
descending to muscles from the parietal cortex 
and spillover into hypothalamic and medullary 
centres that regulate autonomic activity. This 
increases sympathetic output and inhibits vagal 
output. The initial vasodilation in the working 
skeletal muscle produces a large decrease in sys-
temic vascular resistance which would markedly 
decrease arterial pressure except for the rapid 
response by the carotid baroreceptors, which 
decreases output from the cardio-inhibitory para-
sympathetic pathway and decreases the inhibi-
tion of the cardio-stimulatory centre (Raven et al. 
2019). The net effect is increased sympathetic 
output, including direct stimulation of the sinus 
node. The third factor is relevant to the critically 
ill patient. Type III and IV thin unmyelinated 
afferent nerve fibres are activated by metabolic 
signals in working muscles (McCloskey and 
Mitchell 1972; Kaufman et  al. 1982; Kaufman 
et al. 1985; Magder 2001). These signals include 
mechanical stretch, increased concentration of 
K+ and arachidonic acid metabolites, osmolality, 
hypoxia, and hydrogen ions (Kaufman et  al. 
1982). The diaphragm and other respiratory mus-
cles also have these afferents. When the work of 
breathing is increased, afferents signals from 
these tissues increase central sympathetic output 
and contribute to an increased heart rate. These 
afferent signals also increase the drive to breathe 
which produces the rapid shallow breathing asso-
ciated with fatigued respiratory muscles (Magder 
2001; Teitelbaum et  al. 1993; Hussain et  al. 
1991). Adding to this the patient’s mental distress 
and a tachycardia is inevitable. Small unmyelin-
ated afferents in other organs, too. They are par-

ticularly dense in the region of the celiac axis. 
These can be activated by inflammation in this 
region, and also can drive an increase in heart 
rate. Likely, for this reason, patients with pancre-
atitis often have sustained high sinus rates. As 
discussed above, release of vasoactive peptide by 
the pancreas and its surrounding sympathetic 
fibres may also contribute (Said 1986). Their 
heart rates often can be in the 120–130 beats/min 
range, and it is important to appreciate that this 
does not indicate hypovolemia even though these 
patients often are intravascular volume-depleted.

 Heart Rate, Beta Blockers, 
and Ejection Fraction

As already noted, cardiac output is tightly related 
to metabolic demand. This means that venous 
return, too, is regulated by metabolic demand, 
and the heart handles this return through its heart 
rate and stroke volume. This has an important 
consequence when pharmacologically manipu-
lating heart rate with, for example, a beta blocker. 
Except for perhaps some adjustments when a 
beta blocker is first started, cardiac output usually 
does not change with chronic beta blocker ther-
apy. Thus, venous return also must be the same. If 
venous return is the same and heart rate is slowed, 
the end-diastolic volume must be increased and 
the stroke volume then is increased through the 
Frank-Starling mechanism. This normal response 
can happen as long as right ventricular end- 
diastolic volume is not limited and the heart is 
functioning on the flat part of the cardiac function 
curve. Because both stroke volume and end- 
diastolic volume increase, the calculated ejection 
fraction increases, but this does not mean that 
there actually was any change in cardiac function 
as often is argued. The increase in ejection frac-
tion is simply a mathematical result of the chang-
ing ratio of stroke volume to end-diastolic 
pressure. On the other side, in distributive shock, 
venous return is increased but there are no central 
command signals to produce the usual increase in 
heart rate (except perhaps form the hypotension 
and baroreceptor activation as well as through 
direct cytokine activation); the myocardium often 
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also is depressed in sepsis. Consequently, right- 
sided filling pressures usually are increased and 
the right ventricle becomes limited at an end- 
diastolic volume that is not sufficient to provide 
the necessary higher blood pressure to match the 
decrease in peripheral resistance. Blood pressure 
then decreases.

Another important consequence of the inter-
action of heart rate, stroke volume, and cardiac 
output is the addition of the cyclic heart–lung 
interactions from ventilation. As discussed in the 
chapters on right ventricular function and heart–
lung interactions, the independent respiratory 
effects on filling and loading of the right and left 
ventricles, and time delay for changes in the right 
ventricle to reach the left ventricle, are modified 
by the phasic interactions of the cardiac cycle. In 
the background is the return of blood, which is 
relatively constant over time since it is based on 
the metabolic activity of the body, that is, flow 
follows metabolic need. A modification of this is 
needed when there is active recruitment of 
abdominal muscles because the changing perito-
neal pressure can alter emptying of the splanch-
nic venous reservoir, as well as the return of 
blood from the legs. The implication is that the 
final magnitude of the impact of ventricular and 
ventilator interactions cannot be studied in isola-
tion. The dominant variable is the steady-state 
flow need, and moment-to-moment changes in 
ventricular size may be measureable but likely 
have only modest effects on overall oxygen 
delivery.

 Tachycardia and Hypovolemia

Medical personnel often react to tachycardia as a 
sign of hypovolemia, but heart rate bears a poor 
relationship to hypovolemia because there are no 
‘volume’ receptors in the system except for some 
mild afferent fibers in the atria and ventricles 
(Coleridge and Coleridge 1980). More than likely 
the increase in heart rate with hypovolemia is due 
to local receptors that are activated by the isch-
emia from inadequate tissue perfusion, or by 
direct action of the cytokines involved in inflam-
mation acting on the cardiac excitatory centres in 

the brain and directly on the SAN. A number of 
studies have examined the sensitivity of heart rate 
and the blood pressure response to hypovolemia. 
One study compared the detection of hypovole-
mia by measurement of the pH in the stomach 
wall by gastric tonometry (pHi) to changes in 
heart rate and blood pressure. To do so, they 
removed 20% of predicted blood volume in nor-
mal subjects (Hamilton-Davies et al. 1997). In 5 
of the 6 subjects, heart rate and blood pressure 
did not change, and in the sixth heart rate slowed 
because he became vasovagal. The gastric tonom-
eter, however, detected a decrease pH in the gas-
tric mucosa in all subjects indicating that 
splanchnic perfusion was impaired despite the 
lack of change in heart rate and blood pressure. If 
the subjects had stood up, though, they likely 
would have been tachycardic because the gravita-
tional stress would have increased the effect of 
the hypovolemia and induced a baroreceptor 
response. These observations indicate that loss of 
volume has to be severe to activate an increase in 
heart rate in a supine patient. In trauma, pain and 
anxiety are more likely to be the cause of the 
tachycardia than hypovolemia.

An accelerated heart rate allows a more rapid 
increase in cardiac output. This is seen especially 
in racing animals, but also can be seen in humans 
as an ‘anticipatory’ response. The faster heart 
rate means that the diastolic volume is lower than 
normal and can immediately handle an increase 
in venous return per beat.

 Bainbridge Reflex

Another factor that can increase heart rate is 
called the Bainbridge reflex (Crystal and Salem 
2012; Bainbridge 1915; Hakumaki 1987). As dis-
cussed in the section on regulation of the SAN, 
stretch of atrial tissue can directly alter the rate of 
SAN depolarization, even in isolated SAN cells 
without innervation (Blinks 1956; Cooper and 
Kohl 2005). This unusual reflex is a feed-forward 
mechanism. A sudden increase in right atrial 
 distension triggers an increase in heart rate. It also 
blocks normal baroreceptor activity that would 
have suppressed the heart rate increase. This was 
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made evident by showing that inactivation of the 
baroreceptors dos not alter the heart rate response 
(Vatner et al. 1975). In the intact person, a reflex 
pathway also is active. The mechanism for the 
reflex is thought to be activation of atrial type B 
receptors by atrial stretch (Crystal and Salem 
2012; Hakumaki 1987). Afferent signals from 
these cells increase sympathetic discharge to the 
heart and decrease vagal activity. Sympathetic 
activity to peripheral resistance vessels also 
increases and maintains the increased arterial 
pressure. As originally proposed by Bainbridge, 
the reflex allows the heart rate to respond faster to 
a sudden increase in venous return as occurs at the 
onset of exercise as discussed under the rapid 
vagal withdrawal at the onset of exercise (Notarius 
and Magder 1996; Fagraeus and Linnarsson 1976; 
Linnarsson 1974). As will be seen later, the conse-
quent shortened diastolic time also limits the dis-
tension of the right heart. Finally, the suppression 
of baroreceptor reflex prevents it from countering 
the increase in heart rate. The activity of this 
reflex likely is minor in critically ill patients 
receiving volume boluses. In one study, there was 
only an average decrease of 1 mmHg whether a 
colloid or crystalloid was given (Magder and 
Bafaqeeh 2007).

 Heart Rate and the Interaction 
of Venous Return and Cardiac 
Function in the Guyton Analysis

The impact of a change in heart rate on cardiac 
output can be analysed with Guyton’s venous 
return cardiac function diagram, which was dis-
cussed in Chap. 2. An increase heart rate shifts 
the cardiac function upward and to the left. As a 
consequence, the cardiac function curve inter-
sects the venous return curve at a lower right 
atrial pressure and higher cardiac output. This 
effectively makes the heart more ‘permissive’, 
in that it allows more blood to come back. The 
cardiac function curve shifts because at the 
same right atrial pressure, that is, same preload, 
there are more stroke volumes per minute. An 

increase in heart rate also means that there are 
more plateaus of the action potential which 
results in greater intracellular calcium influx, a 
major determinant of cardiac contractility. This 
increases the peak slope of the end-systolic 
pressure–volume relationship (end-systolic 
elastance).

However, there are limits to these processes, 
and these have clinical implications. When right 
atrial pressure is below atmospheric pressure, 
and the pressure inside a floppy vein is less than 
the pressure outside, the vessel collapses. This 
creates a plateau on the venous return curve and 
flow does not increase when right atrial pressure 
is lowered further. This means that in the steady 
state an increase in cardiac function may lower 
right atrial pressure but does not increase car-
diac output. Furthermore, if cardiac output does 
not change, and heart rate increases, stroke vol-
ume has to decrease. This is the normal state 
when sitting or standing, but not when moving 
(Notarius et  al. 1998). The cardiac function 
curve also frequently intersects the plateau of 
the venous return curve in patients who are on 
positive pressure ventilation because the limita-
tion to venous return occurs at pressures above 
atmospheric pressure. A clinical consequence of 
this physiological point is that when cardiac 
output is measured with a device that is based 
on a stroke volume measurement, a fall in stroke 
volume does not mean that there necessarily has 
been a fall in cardiac output; the product of heart 
rate and stroke volume must be examined.

At the other end of the spectrum, that is, when 
the venous return curve intersects the plateau of 
the cardiac function, giving volume cannot 
increase stroke volume and an increase in heart 
rate, an increase in contractility, or a decrease in 
afterload are required to increase cardiac output 
by shifting the cardiac function upwards. 
However, what is not evident with the Guyton 
venous return curve is that the heart rate effect 
can be limited if the inevitably shortened dia-
stolic time limits venous return per beat. In this 
case, cardiac output falls. This would ‘appear’ as 
an increase in venous resistance.
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 Heart Rate and Diastolic Limitation

Heart rate is especially important when there is 
left ventricular diastolic dysfunction and end- 
diastolic pressure needs to be higher for a given 
end-diastolic volume. As discussed above, slow-
ing the heart rate by beta blocker requires an 
increase in stroke volume to maintain cardiac 
output. In a heart with decreased diastolic capac-
ity, this can significantly increase end-diastolic 
pressure. This is especially a problem during 
exercise because the stroke volume needs to 
increase even more. It is important to determine 
if a patient’s dyspnea on exertion is due to myo-
cardial ischemia, in which case limiting the heart 
rate is a good therapeutic option, or whether is it 
due to a stiff left ventricle, in which case a beta 
blocker will can make congestive symptoms 
worse.

The limit of diastolic filling in the right heart 
and the decline in peak heart with aging is a 
major factor for the decline in VO2 with age. An 
estimate of the age-related peak heart rate is: 
Max heart = 220 − age in beats per minute. Based 
on this, the peak heart rate of a 20-year old is 
close to 200 and in a 60-year old, it only is 160 
beats per minute. Normally, exercise that is pro-
longed for more than 5–10 minutes only can be 
sustained at approximately 70–80% of the per-
son’s maximum aerobic capacity; in a 60-year 
old male, 80% of peak heart rate is 128 b/min 
compared to 160 in the 20-year old.

The significance of heart rate limitation can be 
seen in a quantitative analysis. If the aerobic 
demand requires a cardiac output of 20  L/min, 
and the peak heart rate is only 120 b/min, the 
stroke volume would have to be 168 ml. However, 
in an average-sized person, the limit of diastolic 
filling is less than 140  ml so that this is not 
possible.

A low heart rate has different effects on the 
right and left ventricles. On the right side, dia-
stolic filling pressures generally are low until the 
limit of right-sided filling is reached. Assuming a 
right ventricular end-diastolic volume of 130 ml, 
and a cardiac output of 5  L/min to meet meta-
bolic needs, the lowest tolerable heart rate would 
be 38 b/min; a heart beat lower than this will 

lower the cardiac output because the stroke vol-
ume would be limited. On the left side, because 
of the steeper diastolic filling curve, and espe-
cially in subjects with diastolic dysfunction, a 
low heart rate can markedly increase end- diastolic 
pressure and the likelihood of pulmonary 
congestion.

 Supply Demand of the Heart

The risk of myocardial ischemia is analysed by 
considering the factors determining myocardial 
oxygen demand and the factors affecting the sup-
ply of oxygen. Myocardial oxygen consumption 
(MVO2) is determined by a baseline need to 
maintain cell function and the need for the work 
done by the heart. The three determinants of oxy-
gen for cardiac work are heart rate, contractility, 
and wall tension, the latter of which is determined 
by the peak systolic pressure and the radius of 
curvature of the ventricular walls (Katz 1992). 
Heart rate and systolic pressure are easy to obtain, 
and contractility usually rises with a rise in heart 
rate. Thus, the product of heart rate and systolic 
pressure gives a good indication of MVO2. This is 
the rationale behind standard exercise testing. 
Most of the information is given by just the heart 
rate but adding the systolic pressure gives what is 
called the rate-pressure product, which gives a 
pretty good indication of myocardial oxygen 
demand.

O2 is supplied to the heart by coronary flow. 
Just as occurs in the whole body, coronary blood 
flow is tightly related to MVO2. ‘Rest state’, 
means a heart rate of approximately 70 b/min, 
where the heart extracts about 70% of the oxygen 
content in the coronary blood. In comparison, 
only about 25% is extracted from the blood for 
the whole body. Because of this, the heart is espe-
cially dependent upon coronary flow. There is 
little reserve for more extraction and anaerobic 
metabolism provides too little energy to maintain 
the working heart. Besides coronary flow, the 
other factors affecting O2 delivery to the heart are 
haemoglobin concentration and arterial oxygen 
saturation. Coronary flow is determined by the 
pressure difference between the aorta and a 
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downstream critical pressure of 25–30  mmHg 
(Bellamy 1978), which is dependent upon the 
diastolic pressure in the ventricle and activity of 
the heart.

The range of coronary flows in the heart is 
huge. Resting coronary blood flow is in the range 
of 80 ml/min/100 g of tissue. At peak exercise in 
a young male, this can increase to 500  ml/
min/100  g, a greater than fivefold increase 
(Bellamy 1978, 1980). In comparison, flow in 
resting skeletal muscle is 5–7 ml/min/100 g, and 
at peak exercise blood flow in aerobically active 
muscles reaches around 200 ml/min/100 g. The 
implication of this is that coronary reserves are 
very large and as long as there is no proximal 
coronary artery stenosis, the myocardium can 
handle a large increase in heart rate. Furthermore, 
most of the resistance in the coronary vasculature 
is at the level of arterioles. Only about 5% of the 
pressure drop occurs in the large epicardial coro-
nary vessels seen on an angiogram. It can be 
shown that it requires more than a 70% proximal 
stenosis of a coronary vessel to impact signifi-
cantly on maximum coronary flow.

 Conclusion

Control of heart rate is a complex process that is 
affected by the autonomic activity of the sympa-
thetic and parasympathetic systems as well as the 
impact of many endogenous and other circula-
tory factors directly on the SAN. Under normal 
conditions, the heart rate increases according to 
the relative external workload, whereas the car-
diac output increases according to the absolute 
workload. This means that stroke volume 
becomes a dependent variable based on the car-
diac output venous return and the heart rate. The 
heart rate sets the time available for filling and 
ejection by the heart, which ultimately deter-
mines what the heart can pump out. When the 
heart rate is increased by factors not related to 
aerobic workload, adaptations in the return of 
blood to heart, and in the ratio of diastolic to sys-
tolic time, may not be adequate for optimal car-
diac filling and emptying. Both ends of the 
spectrum of heart rates are important for cardiac 

output. If the heart rate is too fast for the rate of 
venous return, stroke volume is decreased. If the 
heart rate is too slow for the rate of returning 
blood, stroke volume becomes limited. Heart rate 
is the major factor for large normal increases in 
cardiac output but it also is a major factor in the 
energy needs of the heart. With normal coronary 
circulation, this is not a problem because of the 
large coronary reserves but it can be a problem 
when coronary oxygen delivery is limited.
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Physiological Aspects of Arterial 
Blood Pressure

Sheldon Magder

Blood pressure is measured by almost all health 
care professionals and is one of the most basic 
vital signs. However, little attention is given to 
the physics of the measurement and its physio-
logical implications. As an example of a common 
error in reasoning, low values of arterial pressure 
frequently are used to identify inadequate tissue 
perfusion and then used to provide targets for 
titration of vasopressor therapy. However, arterial 
pressure does not predict cardiac output or indi-
cate adequate tissue perfusion. The arterial pres-
sure of a septic patient may be less than 80 
mmHg, and cardiac output be twice normal. At 
peak exercise, a young male can have a cardiac 
output that is five times normal, but only have a 
small change, or even a fall, in mean arterial pres-
sure. Blood pressure in patients with cardiogenic 
shock can be higher than normal even though car-
diac output is critically low. Blood pressure in 
women often is 90 mmHg or less with a normal 
cardiac output and normal perfusion. To under-
stand why these variations occur requires a better 
understanding of the determinants of arterial 

pressure, which is the subject of this chapter. 
Many of these concepts have been covered else-
where (Magder 2014, 2018).

 Physical Principles

The flow of a Newtonian fluid through a rigid 
tube, that is, a fluid that develops laminar flow, 
was described by Poiseuille as (Burton 1965a):

 
Flow =

DP
R  

(8.1)

where ΔP is the difference between the inflow 
and outflow pressure, and R is the resistance to 
flow along the tube. R is defined as:

 
R l

r
=

h
p

8
4

 
(8.2)

where l is length between the two pressure mea-
surements, η is viscosity, and r is radius of the 
tube. When Poiseuille’s law is written the way it 
appears in Eq.  8.1, it appears that the pressure 
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difference determines the flow. However, in the 
circulation, cardiac output injected into the aorta 

determines the arterial pressure, so that the rela-
tionship is:

 
Arterial ressure Cardia utput systemic ascular esistap o v r= ´c nnce i e BP. . = ´( )Q R

 
(8.3)

More precisely, flow is determined by the 
product of cardiac output and systemic vascular 
resistance minus a downstream number, which 
will be discussed later because in Poiseuille’s law 
it is the difference in pressure, not just the 
upstream pressure. Equation 8.3 can be very use-
ful  diagnostically because it indicates that if 
blood pressure is decreased, it is either because 
the cardiac output is decreased or because the 
systemic vascular resistance is decreased. Since 
systemic vascular resistance is a derived value 
and cardiac output is either measured or esti-
mated, when assessing a hypotensive patient the 
primary question should be: is the cardiac output 
normal or elevated, in which case the primary 
problem is a decrease in systemic vascular resis-
tance; or is the cardiac output decreased, in which 
case the decrease in cardiac output is the primary 
problem. Causes of a decrease in systemic vascu-
lar resistance include a systemic inflammatory 
response due to infection or other causes of cyto-
kine release, anaphylaxis, hepatic failure, endo-
crine conditions (hyperthyroid, adrenal 
insufficiency), spinal shock, spinal anaesthesia, a 
major arteriovenous fistula, vasodilating drugs, 
or Beriberi and thiamine deficiency. Treatment 
should then be directed at correcting the condi-
tion that caused the low resistance state, and if 
necessary, treating the decrease in systemic vas-
cular resistance with a vasopressor to try to 
restore flow to regions that need a greater percent 
of total flow such as the heart, brain, kidney, and 
bowel. If the cardiac output is decreased, as dis-
cussed in Chap. 2 (Magder volume), this could be 
because of a decrease in pump function or a dif-
ference in the return function. If the problem is a 
decrease in pump function, treatment should be 
directed at correcting the pump problem by using 
therapies to increase pump function. If the prob-
lem is the return function, this usually means that 
a volume infusion is required. Abnormalities in 
the pump function versus return function often 

can be identified by examining the change that 
occurred in central venous pressure because this 
is where the cardiac and return functions 
intersect.

Poiseuille’s law makes it look like a pressure 
difference is the only force driving flow, but flow 
is really determined by the total fluid energy dif-
ference from the inflow to outflow of a vessel 
(Burton 1965a, b):

 E P gh v= + +r r1 2 2/  (8.4)

where ρ is density, g is the acceleration due to 
gravity, and v is the velocity of blood. All val-
ues are normalized to volume so that this rep-
resents energy per volume (ρ/volume = mass, 
and P × Volume = E). The first term of Eq. 8.4 
is elastic energy. It is the lateral force that 
stretches the vascular walls and is the most 
important determinant of all vascular pres-
sures. The second term, gravitational energy, 
becomes especially important in the upright 
posture and when making measurements with 
fluid-filled systems. The third term, kinetic 
energy, is the energy produced by the move-
ment of blood. What counts for flow is the dif-
ference in total energy from the start of the 
system to the end. This point will become 
important when considering the kinetic and 
gravitational components.

 Elastic Energy

Elastic energy is the primary type of energy in the 
cardiovascular system and the value we usually 
are referring to when we consider arterial pres-
sure, venous pressure, capillary pressure, ven-
tricular pressures, preload, afterload, and many 
others. It is based on Hooke’s law that says that 
an increase in length of a substance above a rest-
ing length produces a force that is proportional to 
the change in length (Fig. 8.1) (Burton 1965a). 
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The proportionality constant is called elastance, 
and the units are force per length. If the substance 
is homogeneous, the relationship is linear. In the 
vasculature, we deal with curved structures so 
that the term pressure is used to describe the force 
per cross-sectional area. Pressure can be consid-
ered as a kind of “potential energy” in a fluid- 
filled vessel. Volume in a vessel distends the 
elastic wall and thus changes its length. This cre-
ates a recoil force that tends to push the volume 
out of the vessel when it is opened to atmosphere 
(Fig. 8.1). The walls of vascular structures are not 
homogeneous and thus their relationships of 
force per length, or pressure to volume, are not 
linear. At lower lengths elastin dominates, which 
is very “stretchable,” whereas collagen domi-

nates at higher lengths, and it is much less 
 stretchable so that the elastance greatly increases 
and then remains constant.

 Kinetic Energy

Kinetic energy contributes only a small compo-
nent to the arterial pressure, but it has important 
implications on how blood pressure is measured 
as well as the elastic force acting on vessel walls 
(Burton 1965b). The key to understanding this is 
the distinction between blood flow, which is vol-
ume per time, and blood velocity, which is vol-
ume per distance. Flow is related to velocity by 
the following (l = length):

T
E

P P

L V

V0

V

Unstressed
Stressed

a b c

d

Fig. 8.1 Length tension and pressure–volume relation-
ships and elastic energy. (a) Hooke’s law: change in ten-
sion (T), or stress if normalized to cross-sectional area, 
with a change in length of an elastic substance. The slope 
of the line is elastance (E); V0 indicates the limit of 
unstressed length, that is, a length that does not cause ten-
sion. Tension only occurs above V0. (b) Pressure and vol-
ume are used for the length–tension relationship in a 
round structure; V is volume and P is pressure (force per 

cross-sectional area). When the structure is homogeneous, 
the relationship is linear. (c) Pressure–volume (P-V) rela-
tionship of vessels in the body. The lower end of the P-V 
relationship is curvilinear because of recruitment of paral-
lel elements and differences in the elastance of the compo-
nents of the vessel wall. At greater volumes, the 
relationship tends to be more linear, especially in veins, 
because collagen becomes the dominant factor. (d) The 
recoil of an elastic structure can produce flow

 
Flow L Velocity cross sectional rea/ min /( ) = ( )´ - ( )L l la 2

 
(8.5)
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Figure 8.2 shows a tube that is narrowed in its 
middle. Pressures are measured with two types of 
manometers. In one type, the opening of the tube 
faces the direction of flow and in the other the 
opening is perpendicular (lateral) to the flow. 
There only is a negligible resistive drop from the 
beginning to the end of the tube. In the first sec-
tion, the pressure is higher (height of the manom-
eter) when measured with the tube that has its 
opening facing the oncoming flow than the pres-
sure measured with the tube that has its opening 

perpendicular to the flow (lateral pressure). This 
is because the fluid that directly hits the open part 
of the tube facing the flow is stopped, and the 
kinetic energy must be turned into elastic energy 
to maintain the conservation of energy. In the 
narrowed section, to conserve the movement of 
the same mass of blood (volume/time) from the 
beginning to the end of the tube, blood flow must 
speed up (volume/distance) to allow the same 
mass to pass through. This means that elastic 
energy must be converted into kinetic energy. 

P3 P4 P5 P6P2P1

P P ↑↓

∗ ∗ ∗

v = 100 cm/s

1/2 rv2 = 3.8 mm Hg 3.8 mm Hg15 mm Hg

200 cm/s 100 cm/s

Arterial line faces flow
- Kinetic and lateral

“cuff” pressure is lateral
- No kinetic component

A B C

Fig. 8.2 The importance of elastic and kinetic energies 
for measurements of pressure and for pathological pro-
cesses. The schematic represents flow through a tube with 
minimal loss of energy due to friction over its length. The 
velocity (v) at the start is 100 cm/s and kinetic energy per 
volume (1/2 ρv2, where ρ is density and v is velocity) is 3.8 
mmHg. This energy is detected by the catheter at P1 
which has an opening facing the flow because it stops the 
flow and the kinetic energy is converted into elastic 
energy. P2 only measures the lateral pressure and thus 

gives a lower pressure value than P1. In the constricted 
region, velocity must increase to conserve the same vol-
ume over time as comes in as goes out (conservation of 
mass), which increases the kinetic energy component. P4 
is thus much lower than P3. In the last section, the vessel 
is wider and velocity goes back to the initial rate, and the 
difference between P5 and P6 is the same as at the start. 
When just looking at the lateral measurements, it looks 
like the pressure is increasing from P4 to P6 but the total 
energy has not changed
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This is evident by the decrease in the lateral elas-
tic pressure with no change in the pressure mea-
sured with the tube opening facing the oncoming 
flow because it includes both the kinetic and elas-
tic energies. When the tube again widens, the 
velocity of blood decreases and so does the 
kinetic energy. The lateral pressure is back to 
where it was before the narrowing, and this 
makes it look like the flow went from a lower to 
higher pressure. However, the total energy 
remained constant throughout the tube except for 
a trivial loss of energy due to friction against the 
walls of the tube and the “layers” of flowing fluid.

From this example, it should be evident that 
blood pressure measured with an inflated cuff 
should be slightly lower than that measured with 
an arterial line in which the opening of the cath-
eter faces the flow and thus “senses” the conver-
sion of kinetic energy to elastic energy. The 
inverse of the example in Fig. 8.2, a tube that is 
wider in the middle as is the case with an arterial 
aneurysm, has the opposite consequence. Blood 
velocity in the dilated region is reduced, and 
kinetic energy is converted into lateral elastic 
energy. The lateral pressure in the aneurysm then 
becomes much higher than in the upstream and 
downstream regions. This effect is even worse 
when the person exercises and flow significantly 
increases because the velocity and thus kinetic 
component is even greater. The lateral force pro-
motes further dilatation of the aneurysmal sec-
tion and creates a vicious cycle. For this reason, 
the aneurysm must be repaired when the vessel 
diameter is beyond a critical size.

Kinetic energy contributes only about 3% to 
arterial systolic pressure (Burton 1965b). 
However, it potentially plays a larger role in some 
circumstances. In a septic patient who has a car-
diac output that is twice normal, for example, 10 
L/min, and the systolic blood pressure only is 80 
mmHg, the kinetic component could be close to 
10% of the pressure and could have a significant 
impact on how the pressure is measured and inter-
preted. As another example, the cross- sectional 
area of the pulmonary artery is similar to that of 
the aorta, and the blood flow is the same, so that 
the velocity of flow is the same. However, because 

pulmonary artery pressure is much lower than 
aortic pressure, the kinetic component makes up a 
larger proportion of the pressure. This is not mea-
sured with opening of most catheters facing away 
from the flow, whereas catheters measuring aortic 
pressure most often face the flow. If a catheter 
with a transducer at the tip or a fluid-filled cathe-
ter with a hole placed laterally, the kinetic compo-
nent is not detected. Kinetic energy also makes up 
a greater proportion of venous pressures. This is 
because the sizes of the inferior and superior 
venae cavae are similar to the descending aorta. 
This means that flows and velocities are similar 
and thus the kinetic energy is the same, but the 
lateral pressures are lower.

 Gravitational Energy

The third energy type is gravitational energy 
(Burton 1965a). Our bodies always are being 
accelerated towards the centre of the earth by 
gravity, but this force is resisted by the structures 
below us. This force is all around us all the time 
but we do not think about it because it is our 
baseline state. However, it is very noticeable to 
astronauts returning from space. Gravity does not 
have a major impact on haemodynamics when in 
the supine position because the height differences 
are small and all parts of the body are affected 
fairly equally. However, even when supine, there 
still is a significant force difference between the 
top and bottom of the body that can affect fluid 
filtration from capillaries. Where gravity really 
counts is in the upright posture, which is how we 
as bipeds spend most of our time. The key vari-
able in the force of gravity is height. Figure 8.3 
shows a man in the supine position. The mean 
pressure at the level of the heart is 100 mmHg. 
There is only a small pressure drop due to resis-
tance along the major vessels so that in this case, 
the pressure in the arteries of the feet and head 
only are 5 mmHg lower than at the level of the 
heart. Gravity plays no significant role. However, 
things are dramatically different when the person 
stands up. In this example, the man is 180 cm in 
height (71 inches). The height of a column of 
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fluid has a weight because of the acceleration due 
to gravity of the mass of the fluid in the column. 
The density of water is 1 (mass/volume) so that 
the force is simply the height in cm of water 
times the gravitational constant. This can be con-
verted to the usual mmHg unit by multiplying by 
the density of mercury which is 13.6 times the 
density of water and accounting for the conver-
sion from cm to mm which gives 1.36. 
Accordingly, the addition of the gravitational 
force to the elastic force gives an arterial pressure 
of 183 mmHg in the foot. More strikingly, the 
pressure in the arteries perfusing the top of the 
head only is 51 mmHg. In someone who is 
198 cm tall (6′ 6″) and has a pressure of 120/80 
mmHg at the level of the heart, the systolic pres-
sure at the top of the head only is 69/29 mmHg. 
This likely imposes a limit on how tall humans 
can be.

 Why Is Mammalian Arterial Pressure 
Set So High Compared to Lower 
Species?

After the previous discussion, it may seem that at 
high pressure  is needed to perfuse the head. 
However, the arterial pressures of mice and rats 
are similar to humans, and they do not have a 
gravitational challenge. It is higher in all mam-
mals, and even higher in birds, than any other ani-
mals. A high pressure also is not simply neccessary 
to maintain cardiac output in the range of 5 L/min. 
The right heart of the averaged-sized male heart 
pumps 5 L/min through the lungs with a systolic 
pressure of less than 20 mmHg. Blood pressure 
also is not higher in whales and elephants. There 
are two important advantages for high aerobic 
mammals and birds to have high systemic arterial 
pressures. First, by starting with a high arterial 
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Fig. 8.3 Gravitation effect on arterial and venous pres-
sures. On the left side, in the supine position, the effect of 
gravity is minimal. The dotted lines indicate the reference 
level at the midpoint of the right atrium. The arterial pres-
sure is 100 at the level of the heart and the venous pressure 
is 2 mmHg. There is a 5 mmHg arterial pressure drop 
from the heart to the head and foot due to resistance and 2 
mmHg for the returning venous blood. The right side of 
the figure indicates the person in the upright posture. His 
height is 182 cm. The dotted line again indicates the refer-

ences at the heart. The numbers on the right in mmHg 
indicate added gravitational energy to the pressures in the 
feet and loss of energy to vessels in the head with the same 
arterial pressure of 100 mmHg at the level of the heart and 
2 mmHg of venous pressure. The arterial pressure is this 
example is 183 mmHg in the foot and 51 mmHg in the 
head. See text for further details. (From Magder 2014. 
Used with permission of Wolters Kluwer Health, Inc.)
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pressure, blood flow can be selectively increased 
to different regions of the body by decreasing the 
local resistance in the area of need (Magder 2018; 
Burton 1965a). The alternative approach  would 
have required decreasing the already very low 
resistances in the areas that need more flow. This 
would have required producing a very large 
increase in the vessel diameters of the regions in 
need of more flow. More space would be needed 
for the dilated vessels and blood volume would be 
sequestered thereby decreasing the effective vol-
ume for venous return. The pulmonary circuit 
actually increases its flow through recruitment 
and dilatation of pulmonary vessels when flow 
increases but this works because the whole organ 
dilates with only a modest redistribution of blood 
flow; the net effect is an increase in flow with little 
change in pressure. Another strategy could have 
been to significantly vasoconstrict all regions 
except for the region that requires more flow. 
However, this would compromise local metabolic 
regulation of the non- working regions and require 
a lot more central neural coordination. The second 
advantage of starting with a high arterial pressure 
is that the load on the left ventricle can remain 
relatively constant. This is important because 
 generating pressure is a much greater stress on 
heart muscle than ejecting volume. Even at peak 
 exercise  and the need for high tissue flow the 
 arterial pressure of a healthy young person does 
not increase  much above the normal  value. 
This increase in flow can occurt because the major 
vasodilation in the working muscles. This brings 
us to the next topic, and the most difficult one, 
which is the distribution of regional flows.

 Regional Distribution of Flow

I will first begin with some basic principles. 
When resistances are in series, the total resis-
tance is the sum of all the resistances in the series 
(Ross 1985):

 R R R R Rtotal = + + + +1 2 3 4 n  (8.6)

For example, the total resistance from the aorta to 
the capillaries is the sum of the resistance in the 
aorta, large arteries, smaller arteries, arterioles, 
and pre-capillary sphincters. The significance of 

this is that the narrowest region dominates the 
pressure drop. The major resistance, and thus 
major pressure drop, occurs at the level of small 
arteries and arterioles, which are in the 100–200 
u size. The significance of this is very evident in 
coronary artery disease (Fig. 8.4). Coronary ste-
noses occur in the large epicardial conductance 
vessels, which normally contribute very little to 
the pressure drop along the coronary arteries. 
Thus, a major narrowing of epicardial vessels can 
be readily compensated by dilation of the major 
downstream resistance vessels (Ross 1985; 
Gould et  al. 1975; Gould and Lipscomb 1974; 
Gould 2009). Because of this, a coronary stenosis 
of 50% only has a minimal effect on maximum 
coronary flow, and coronary flow does not 
become limited enough to be symptomatic until 
there is a greater than 70% stenosis. Resting 
symptoms are not present until the proximal ste-
nosis is >90%.

Blood flows to the different organs are in par-
allel. Total resistance through a vascular bed with 
parallel resistances is given by (8.5):

1 1 1 1 11 2 3 4/ / / / /R R R R Rtotal = + + + + n  (8.7)
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Fig. 8.4 Effect of stenosis in epicardial coronary artery 
on coronary blood flow (CBF). The bottom of figure indi-
cates that the epicardium contributes only 5% of the total 
coronary arterial resistance and the arterioles (100–200 
μm) make up ~95%. Thus, a proximal stenosis can be 
adequately compensated by downstream dilation until 
there is a >75% proximal stenosis. Resting flow (dotted 
line) is not compromised when the stenosis is >95%
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The rationale is that the greater the number of 
parallel channels, the greater the total cross- 
sectional area and the lower the total resistance.

The greatest flow occurs in the path of least 
resistance (i.e., greatest cross-sectional area). 
The distribution of blood flow to different parts 
of the body is based on the relative vascular 
 resistances of the different parts as represented in 
Fig.  8.5a by their individual pressure vs flow 
lines, which represent conductance or 1/resis-
tance (Ross 1985). At rest, the greatest propor-
tion of flow goes to the muscle region because it 
comprises the large proportion of total body 
mass, and its vessels have the largest cross- 
sectional area. The next largest proportion is the 
splanchnic region because it is metabolically 
active and has a large area. Although the kidneys 
are small, only about 250 g each, they have a 
large blood flow because of their role in filtering 
blood. Brain blood flow accounts for ~15% of the 
total because of its active metabolic rate. In com-
parison, at resting heart rates of around 70 b/min, 
the heart only takes up about 5% of cardiac out-
put because of its small mass.

The pattern looks quite different when the 
flows are normalized to tissue mass; this allows 
the importance of local metabolic activity of 
the tissues to be more evident (Fig.  8.5b). In 
this analysis, resting flow to the muscle is very 
low and flow to the heart is proportionally 
higher. Proportional flows per weight to the 
brain and splanchnic regions are not as high 
because although they are active regions, they 
are not as metabolically active as the heart and 
the flow to the kidney is not related to meta-
bolic activity.

Flows to regions can increase by decreasing 
their local resistances. The minimal resistance (or 
greatest conductance) of a region determines the 
maximum possible flow for a given blood pres-
sure (Magder 1986). Renal resistance is close to 
its minimum at baseline and it thus only has a 
small reserve to increase its flow (Figs. 8.5 and 
8.6). This makes it very vulnerable to a fall in 
pressure. The splanchnic bed and brain, too, 
change little with increased metabolic activity 
because the range of changes in their metabolic 
activity is small. Skeletal muscle has a very large 
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Fig. 8.5 Hypothetical pressure flow relationships of 
major vascular regions. (a) Regional pressure–flow (P-F) 
relationships for muscle, splanchnic region, kidney, brain, 
and heart (based on data from Magder 1986; Hoffman 
1984) based on actual flow. The slope of the lines is con-
ductance or 1/resistance. (b) The same relationships with 
flow are normalized by the weight (100 g) of the organ. 

The slope of the muscle P-F now is small; it increases 
markedly with exercise (curved arrow) as does that to 
heart with an increase in heart rate from 70 to 180 b/min 
(curved arrow). The heart has the highest flow capacity 
per weight of tissue of the major vascular beds and has a 
marked capacity to increase vascular conductance 
(decrease in resistance)
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capacity to increase its flow (Fig. 8.5b). During 
exercise, blood flow to large working muscles 
can go from less than 5–10 ml/min/100 g to 200 
ml/min/100 g. The heart is the most impressive of 
all. Its resting flow is in the range of 80 ml/
min/100  g of tissue and can reach 500 ml/
min/100 g of tissue at peak heart rate (Figs. 8.4, 
8.5, and 8.6) (Hoffman 1984). It thus has a very 
large vasodilatory reserve, which is far larger 
than any other tissue (Magder 1986). Of course, 
this assumes that there is no proximal coronary 
artery stenosis.

The issue of relative resistances brings up a 
very important point for resuscitation. Equation 
8.3 indicates that arterial pressure is approximated 
by the product of cardiac output and systemic vas-
cular resistance. If arterial pressure falls because 
cardiac output falls (Fig. 8.5), and only a vasopres-
sor is given to increase arterial pressure, total flow 
does not change, nor will the flow in any region 
change  unless the distribution of flow changes 
(Fig. 8.7) (Magder 2011; Thiele et al. 2011a, b). 
This emphasizes the earlier point that pressure 

does not indicate flow, and vasoconstriction by 
itself only produces what is called a “tangible 
bias” in that the pressure on the monitor increases 
but O2 delivery to tissues does not change. This is 
most evident with the use of phenylephrine, a pure 
alpha agonist with no significant effect on cardiac 
contractility (Thiele et al. 2011a, b). The only way 
that a region can benefit by vasopressor therapy is 
for that region to constrict less proportionally 
than other regions. This could happen if its local 
regulatory mechanisms override the effect of the 
exogenous vasoconstrictor (Berne 1964a, b; 
Guyton et al. 1964), but this is hard to predict and 
less likely to be the case at high doses of vasopres-
sors. It also means that some other regions lost out. 
The message is that if the blood pressure falls 
because of a fall in cardiac output, cardiac output 
must rise to correct the perfusion deficit. At the 
other extreme, if all regional resistances decrease 
proportionately, the same cardiac output can be 
delivered at a lower pressure (Fig.  8.8). As an 
example, as noted at the start of this chapter, it is 
not uncommon to see women, and sometimes 
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Fig. 8.6 Pressure-flow (P-F) lines for kidney (left) and 
heart (right) obtained in dogs under baseline condition and 
after maximal dilatation of the vasculature with nitroprus-
side. P-F relations were obtained by haemorrhaging the 
animals and blood flow was measured with radio- labelled 
microspheres. The solid line indicates the P-F for the max-
imally dilated state and the hashed lines the non- dilated 

state. The peak flows at a given pressure are higher in the 
kidney than in the heart. However, the kidney starts close 
its maximal P-F line and thus has much less reserve. The 
coronary vasculature heart has a very large capacity to 
dilate. Note that the dilated coronary flow was still above 
the non-dilated value at very low arterial pressures. (From 
Magder 1986, APS journal – no permission needed)
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the inverse of resistance (1/R). (a) The initial values are at 
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without any change in cardiac output. (3) The vasopressor 
restored the mean pressure to 90 mmHg but flows in each 
region remain the same as indicated by the dotted lines. 
The downward arrows mark the decrease in flow from 
baseline for the muscle (M), kidney (K), and heart (H) that 
would occur without any local autoregulation
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men, with systolic pressures less than 90 mmHg 
and still be perfused normally. This indicates that 
all their regional resistances are proportion-
ally lower than normal and this allows their normal 
distribution of blood flow. This has important 
implications for the management of the markedly 
reduced systemic vascular resistance in patients 
with septic shock. If resistances have decreased 
proportionally in all regions, even low blood pres-
sures can be tolerated. However, it is more likely 
that resistance does not decrease proportionally 
and that the greatest decrease is in the peripheral 
muscle bed because it has a large proportional 
mass and large dilatory reserves. It also is possible 
that mitochondrial dysfunction sends signals 
which are equivalent of normal metabolic signals. 
In contrast to the muscle bed, renal resistance 
starts close to its minimum value and cannot dilate 
much more (Fig. 8.6). The kidney, thus, is the most 
vulnerable of all organs and usually the first to fail. 
Because it is so sensitive, renal function may not 
be the best target in resuscitation protocols because 
trying to protect it may compromise other more 
important regions for survival.

The concept of regional resistances poten-
tially is important when considering use of high 
doses of vasoactive drugs. The typical barorecep-
tor response to hypotension is an increase in sys-
temic vascular resistance. This vasoconstriction 
is greater in peripheral muscle beds than in the 
splanchnic region (Hainsworth et  al. 1983), 
which from an evolutionary point of view makes 
sense because the constriction will have less con-
sequences for muscles than on the metabolically 
active and more delicate splanchnic region. The 
difference responses in the two regions is most 
likely due to differences in receptor densities. 
Presumably, the same selectivity occurs when 
exogenous vasoconstrictors are given at moder-
ate doses, which provides a more physiologically 
appropriate response. However, although specu-
lative, it is quite possible that this selectivity is 
lost at higher vasopressor doses and consequently 
there is increased vasoconstriction everywhere 
which disturbs normal flow distribution and com-
promise perfusion of vital organs, especially if 
there is no increase in cardiac output. Furthermore, 
vasoconstrictors also can increase the resistance 

to venous return which decrease cardiac output 
and makes matters worse. The problem for clini-
cians is that it is currently not known what consti-
tutes a “high” dose of vasopressors which would 
produce a loss of vasopressor selectivity.

 Critical Closing Pressure

Systemic vascular resistance classically is calcu-
lated from the difference between mean aortic 
pressure and central venous pressure. However, 
it has been shown that there is a critical closing 
pressure (Permutt and Riley 1963), or flow limi-
tation, at the arteriolar level. Starling understood 
the importance of this for the regulation of flow 
and the constancy of the load on the heart 
(Patterson and Starling 1914) (Fig.  8.9). He 
inserted a floppy tube, which is now called a 
Starling resistor, in the arterial circuit of his 
heart-lung preparation. By controlling the pres-
sure around the floppy tube, he could regulate 
the downstream pressure faced by the heart and 
thereby study the effects of changes in afterload. 
The value of critical closing pressures varies 
throughout the vasculature. A critical closing 
pressure of about 25–30 mmHg has been demon-
strated in the coronary circulation under baseline 
conditions (Bellamy 1978; Kloche et  al. 1981; 
Dole et  al. 1984) and a value greater than 60 
mmHg in resting skeletal muscle (Magder 1990). 
An average for the whole body has be demon-
strated in dogs by obtaining pressure–flow rela-
tionships of cardiac output versus arterial 
pressure; the value was around 30 mmHg 
(Sylvester et al. 1981). The critical closing pres-
sure in the hind limb of a dog has been shown to 
decrease with exercise (Magder 1990), reactive 
hyperemia (Magder 1990), adenosine (Shrier 
and Magder 1997), calcium channel blockers 
(Shrier and Magder 1995a), and is raised by 
alpha agonists (Shrier and Magder 1995b), a 
reduction in baroreceptor tone (Shrier et  al. 
1991), by myogenic response in response to a 
local increase in arterial pressure (Shrier and 
Magder 1993) which thereby tries to keep flow 
constant, and by inhibition of nitric oxide syn-
thase (Shrier and Magder 1995b).
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When a circuit has a critical closing pressure, 
the pressures and the resistances downstream 
from the site no longer affects total flow into the 
region. However, factors downstream from the 
critical closing pressure still can affect capillary 
filtration and the distributions of flow in the 
microcirculation. The consequence of a critical 
closing pressure in systemic arteries is that total 
systemic vascular resistance (SVR) should be 
calculated from mean aortic to mean critical clos-
ing pressure and not to the central venous pres-
sure because factors below the critical pressure 
do not affect the flow into the region. The stan-
dard calculation of SVR gives a resistance value 
that is much higher than the SVR calculated in 
the usual way and introduces an important arte-
fact when the true resistance changes. If the criti-
cal closing pressure does not change, and the 
difference in pressure between the CVP and criti-
cal closing pressure do not change, the error pro-
duced by neglecting the critical closing pressure 

as the true downstream pressure increases as the 
arterial pressure or cardiac output decrease. This 
makes it look like the arterial resistance is 
increasing when flow or pressure decrease, which 
would make sense physiologically, but because 
of the error it also could just be an artefact. As an 
example, milrinone has been considered by some 
to have no inotropic effect and to only act as a 
vasodilator because when milrinone is adminis-
tered the SVR falls with the rise in cardiac out-
put. However, based on the artefact just described, 
any increase in cardiac output will produce a 
decrease in calculated SVR without any actual 
dilation. This is not to say that milrinone does not 
dilate vessels, or for that matter, lower the critical 
closing pressure, but rather that the effects cannot 
be distinguished without having a number of 
points on a pressure-flow line. The presence of 
critical closing pressures also impacts on mea-
surements of impedance and dynamic aortic 
elastance.
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Fig. 8.9 Hypothetical P-F lines and significance of a 
downstream critical closing pressure on the measurement 
of vascular resistance. The vertical dotted line indicates 
three pressure values with the same arterial pressure. In A, 
resistance is measured in the standard way as the inverse 
of P-F line from the arterial pressure to the central venous 
pressure (CVP). In B, there is a critical closing pressure 
which means that the resistance (i.e., inverse of the slope 
of the P-F line) is actually much lower than measured by 
calculating the pressure difference from the arterial pres-

sure to the CVP.  The right upper figure shows how the 
error in the slope of the P-F relationship increases as the 
pressure and flow fall and the bottom right shows how the 
resistance “appears” to increase even without any actual 
vasoconstriction. At C, the critical closing pressure 
increased without a change in the slope of the P-F line (1/
resistance); the flow falls for the same arterial pressure. At 
D, the arterial resistance increased with the same critical 
closing pressure, and there is a further fall in flow at the 
same arterial pressure
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 What Determines Pulse Pressure?

As discussed in Chap. 2, a pressure exists 
throughout the vasculature even without cardiac 
contractions, although it only is in the range of 8 
to 10 mmHg. With each cardiac contraction, the 
heart pumps a stroke volume into the aorta which 
stretches its walls and produces a rising pressure 
that is modified by the run-off of volume to 
downstream regions with a lower pressure. The 
distended elastic walls of the aorta recoil after the 
end of systole and allow aortic flow to continue in 
diastole and lengthen the pulse pressure. This is 
called a Windkessel effect based on the mecha-
nism in early steam engines. When the elastance 
of the aorta is normal, during early diastole a 
pressure wave moves in the opposite direction to 
blood flow because of reflected waves from 
downstream bifurcation points. These backward 

waves further augment aortic pulse pressure. 
When aortic elastance is increased by hyperten-
sion or aging, the speed of reflected waves 
increase and they can come back to the heart dur-
ing the ejection phase and increase the load on 
the left ventricle.

The primary determinants of systolic pressure 
in the aorta are the amount of volume entering 
per beat, that is, the stroke volume, and the elas-
tance of the aortic wall. Because the elastance of 
the aorta is curvilinear, another variable is the 
volume remaining in the aorta at the onset of sys-
tole (Fig.  8.10). The greater the initial volume, 
the greater the pressure for a given stroke vol-
ume. The volume left in the aorta at the end of 
diastole is dependent upon the downstream resis-
tance and critical closing pressure. It also can be 
affected by heart rate because a faster heart rate 
reduces the diastolic time for aortic emptying and 
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Fig. 8.10 Effect of age and initial volume on thoracic 
aortic elastance. Schematic pulse pressures are shown 
above a graph of hypothetical pressure–volume relation-
ships in the aorta on the left and actual data of the aorta 
showing an increase in circumferential tension versus 
increases in aortic circumference in % from age <18 to 
>80 mmHg. (From Nakashima and Tanikawa 1971, with 
permission of SAGE Publications). The slope of lines in 

the graphs is elastance or 1/compliance. With aging, the 
aorta becomes stiffer and shifts to the left. This results in 
increasing pulse pressure (top) for the same size SV (A) 
and from the same staring diastolic volume. The SV at B 
is the same size but starts from a higher initial volume 
diastolic volume and thus is on a steeper part of the aortic 
P-F curve. This results in a much larger pulse pressure for 
the same SV
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increases the aortic volume at the end of diastole 
much the same way that a rapid breathing rate 
can lead to hyperinflation in the lungs, especially 
if arterial resistance is high (see Chap. 7, Heart 
Rate). Higher pressures also can produce a myo-
genic effect and increase critical closing pres-
sures (Shrier and Magder 1993). The shape of the 
elastance curve also is important. Although true 
aortic elastance likely does not change acutely, 
the aorta becomes stiffer with age, with chronic 
hypertension, and potentially, with other chronic 
processes (Nakashima and Tanikawa 1971). A 
stiffer aorta produces a larger pulse pressure and 
the increased pressure leads to further increases 
in aortic elastance by the induction of compensa-
tory transcriptional mechanisms in vascular 
walls. For all these reasons, pulse pressure is 
related to stroke volume, but the relationship is 
not direct.

 Impedance

The arterial waveform is determined by a pres-
sure wave, a velocity wave, downstream resis-
tance, the capacitance effect from the arterial 
elastance, and reflected waves (O’Rourke 1971, 
1990). It thus is argued that the load on the heart 
is best evaluated by assessing the impedance to 
flow in the frequency domain instead of the time 
domain. This allows a decomposition of the vari-
ous components of the waveform and is discussed 
in detail in Chap. 9. However, in the intensive 
care unit, we mostly are concerned with determi-
nants of cardiac output, and the major determi-
nant of this in the impedance analysis is the 
arterial resistance and the downstream critical 
closing pressure. The aortic elastance is a major 
determinant of the wave patterns, but elastance is 
a function of the make-up of the walls of the ves-
sels and does not change rapidly in acute illness 
because changes are required in the composition 
of the vascular walls. In some studies, attempts 
have been made to assess arterial elastance under 
acute conditions, but what most likely is being 
observed is a change in downstream resistance or 
the critical closing pressures. Factors in the 
impedance analysis can affect the magnitude of 

the pulse pressure, shape of the pulse, and the 
pattern of downstream transmission, but these 
only have a small impact on cardiac output and 
thus on O2 delivery, which is the primary concern 
for tissue perfusion. I thus have not included 
impedance as a major factor in this chapter (for 
discussion see Chap. 9). Its analysis also is not 
feasible in most critically ill patients.

 Where Should Pressure 
Be Measured and Which Pressure?

Because of reflected waves, the pulse pressure 
increases the farther away the pulse is from the 
aortic valve. It thus has been argued that aortic 
pressure ideally should be measured at the aortic 
valve, and a tonometric technique has been devel-
oped to estimate this value. This central aortic 
pressure likely is important for understanding the 
physical forces that induce cardiac hypertrophy, 
but this pressure likely is not very significant 
determinant of regional flows. The assumptions 
required to estimate the central pressure in criti-
cally ill also likely are not valid in patients with 
distributive shock.

More proximal sites for pressure measure-
ment, such as the femoral artery or brachial 
artery, often are recommended for monitoring 
patients in shock. This is based on the potential 
for the more peripheral radial artery pressure to 
be damped. There also is data indicating that 
when these more proximal sites are used, less 
catecholamines are needed, especially in cardiac 
surgery patients (Lee et al. 2015; Dorman et al. 
1998; Kim et  al. 2013). However, I have found 
that this often is just another tangible benefit. If it 
is known that proximal values are higher than a 
radial artery pressure, then why not just accept 
the lower radial artery value and save potential 
complications from the more proximal sites!

The question also arises as to which pressure to 
use: systolic, mean, or diastolic. The mean is the 
most frequently used with indwelling catheters and 
today the mean is commonly obtained with auto-
mated cuff-compression techniques. Use of the 
mean avoids under or over-damping errors with 
indwelling catheters (Gardner 1981). It also is 
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thought that it better indicates organ perfusion 
pressures. Much of this has come from studies 
examining the ideal perfusion pressure for the kid-
ney (Bersten and Holt 1995), and most from stud-
ies that were performed with some kind of 
controlled renal blood flow with a relatively non-
pulsatile pump. However, most tissues in the body 
receive the largest percent of their flow during sys-
tole. Furthermore, the mean is very much affected 
by diastolic run-off and a low diastolic pressure 
lowers the mean. However, for the diastolic pres-
sure to be disproportionately lower than expected 
based on the observed systolic pressure, flow must 
continue to be emptying from the aorta during dias-
tole and thus some regions are still being perfused.

I thus prefer the use of systolic pressure. To 
begin, this was the traditional measure in the emer-
gency department or on the ward that triggered the 
call for the patient to be assessed when blood pres-
sure was measured  by a sphygmomanometer. 
There are few caveats though. When using systolic 
pressure with an arterial cannula, it is essential to 
ensure that the waveform is valid. When I am con-
cerned about the systolic pressure, especially if it 
is low, I compare it to a cuff pressure. For me the 
gold standard is not an oscillometer, which calcu-
lates the systolic pressure, but rather the auscul-
tated pressure or palpated pressure with a cuff. I 
will often use the cuff pressure as my reference 
and use the arterial line to rapidly detect changes 
in the patient’s condition, which likely is the most 
important thing to know. In my experience, this 
leads to less catecholamine use than occurs with 
use of the mean pressure. However, there is no out-
come data to know if this is valid.

There is a school of thought that argues that 
diastolic pressure is an important value to monitor 
(Hamzaoui and Teboul 2019). The basis of the 
argument is that diastolic pressure is important for 
coronary blood flow, and therefore there is a mini-
mal coronary perfusion pressure that needs to be 
maintained. On the other hand, coronary flow 
reserves are very large and can be maintained 
with very low pressures (Magder 2019). However, 
this assumes that there are no significant proximal 
coronary lesions which then require higher perfu-
sion pressures. My approach is to not follow the 
diastolic pressure because this leads to higher 

concentrations of vasopressors, which also have 
been found to be harmful. However, if signs of 
myocardial ischemia appear, arterial pressure 
likely should be increased. Of note, an increase in 
troponin is not a reliable measure of this. These 
issues were recently reviewed in an online debate 
(Hamzaoui and Teboul 2019; Magder 2019).

 Conclusion

I have not dealt in this chapter with the subject of 
what is the best clinical arterial target for blood 
pressure in the critically ill. This is because cur-
rently there is no satisfactory empiric data. An 
appropriate physiological prediction also cannot 
be made because of the complex determinants of 
what we measure. A crucial point is that pressure 
is not flow and what counts for tissue function is 
the flow that they receive. A central factor in the 
assessment of the ideal pressure is how flow is 
distributed based on arterial resistances feeding 
different organs. Unfortunately, this currently 
cannot be obtained in an intact person. It is likely 
that only carefully planned empiric studies which 
take into account the physiological principles 
linking pressure and flow will allow recommen-
dations for best targets for blood pressure. These 
likely also will have to be specific for different 
patho-physiologies because best pressure targets 
will be different for haemorrhagic shock, septic 
shock, and cardiogenic shock. Even with general 
recommendations, target values will likely still 
need to be individualized based on the individual 
patient’s needs. In difficult cases, an estimate of 
cardiac output as well as tissue perfusion should 
help individualize care.
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Pulsatile Haemodynamics 
and Arterial Impedance

David Fitchett and Michael F. O’Rourke

The arterial system acts as a conduit to deliver 
oxygenated blood to the tissues, and as a com-
pliant cushion to dampen pressure and flow 
oscillations and convert the intermittent flow 
input from the left ventricle into a near-continu-
ous flow output at tissue level. The intermittent 
ejection of blood from the left ventricle into the 
aorta results in pulsatile pressure and flow 
throughout the arterial system. The time 
sequence and magnitude of left ventricular ejec-
tion is determined by the coupling between the 
hydraulic load imposed by the arterial system 
and the contractile status of the left ventricle. 
The instantaneous value of the pulsatile pres-
sure and flow in the arterial system is, in turn, 
determined by both the left ventricular ejection 
and the properties of the arterial system.

In this chapter, we will consider the properties 
and models of the arterial system that provide a 
quantitative description of the observed physiol-
ogy. The chapter will discuss how changes to 
both the arterial system and cardiac function 
influence pressure and flow waves measured at 
various locations in the arterial tree, to better 
understand problems of left ventricular/arterial 

interaction which occur with ageing and in 
disease.

The elastic properties of the arterial system 
afford a buffer or cushion, to limit the rise in 
pressure that occurs as the heart ejects the stroke 
volume into the aorta. Stephen Hales in the eigh-
teenth century likened the arterial system to the 
air reservoir of a fire engine which changed the 
intermittent input of water from the hand pump, 
to a steady flow at the nozzle. (Fig. 9.1) – now 
termed the Windkessel model.

While the Windkessel model of the arterial 
system provides a simple quantitative description 
of pressure measurements resulting from inter-
mittent flow, it fails to reproduce observed 
changes in arterial pressure and flow waves 
throughout the arterial network. In particular, 
pressure and flow waves travel at a finite speed in 
the arterial tree, and are reflected at points of dis-
continuity, particularly at the entry to high resis-
tance, low-calibre arterioles (as originally 
suggested by William Harvey 1957).

Figure 9.2 shows pressure in the ascending 
aorta of a rabbit under three conditions, which 
are also seen in humans when (1) blood pressure 
is high, the aorta is stiff and the rate at which the 
pressure wave travels (the pulse wave velocity) is 
high, (2) normal conditions where reflection from 
points of discontinuity is apparent as a prominent 
diastolic wave, and (3) an arteriolar dilating drug 
has decreased wave reflection (Wetterer 1954; 
O’Rourke 1970a). These pressure and flow waves 
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were recorded in the same animal just minutes 
apart. It is clear that the Windkessel model is 
inappropriate when blood pressure, heart rate, 
vasomotor tone, and cardiac properties are chang-
ing. The Windkessel model is of no value where 
it is needed most – in humans monitored during 
surgery and in intensive care units.

 Arterial Wall Properties 
and Pulsatile Haemodynamics

Increased arterial stiffness and an increase of 
peripheral resistance are the hemodynamic deter-
minants of hypertension (Ting et  al. 1995). 
Hypertension increases the load on the heart and 

Windkessel
(cushion)

Fire hose
(conduit)

Fig. 9.1 The arterial system was compared to the fire 
engine of the eighteenth century by Stephen Hales. The 
ejection of water into the dome results in compression of 
the air – storing elastic energy which is returned between 

pump strokes converting the intermittent flow from the 
pump into a continuous flow delivered to the fire hose. 
(Reprinted from Hales 1769)
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Fig. 9.2 Changes in ascending aortic pressure and flow 
in a rabbit (1) with severe hypertension induced with nor-
epinephrine, (2) Control state (3) with hypotension 
induced with pilocarpine. Under normal resting states 
there is a prominent diastolic wave due to wave reflec-

tions. With severe hypertension the reflected wave returns 
earlier enhancing systolic pressure. During hypotension 
reflected waves are reduced. (Data from Wetterer (1954). 
Reproduced from O’Rourke (1970a) with permission of 
Wolters Kluwer Health, Inc.)

D. Fitchett and M. F. O’Rourke



125

stress on the arteries, and results in left  ventricular 
hypertrophy, an increased risk of stroke, heart 
failure, renal failure and dementia. 

The arterial wall shows viscoelastic proper-
ties, which can be quantified in  vivo. Arterial 
compliance is the change in volume for a unit 
change in pressure (ΔV/ΔP). Distensibility is the 
compliance normalized for the initial volume of 
the arterial segment (ΔV/ΔP)/V0. Peterson’s elas-
tic modulus (Ep) is the distensibility described in 
terms of arterial diameter: Ep = Do (Ps − Pd) /(Ds 
− Dd): where Ps and Pd are the systolic and dia-
stolic arterial pressures, and Ds and Dd the sys-
tolic and diastolic diameters of the artery. The 
arterial stiffness or elastance is the inverse of 
arterial compliance or distensibility. Calculation 
of local arterial Ep is readily determined by vas-
cular ultrasound measurements of systolic and 
diastolic arterial diameter (Baltgaile 2012) with 
simultaneous pressure measurements and is 
applicable to measurements in the aorta (ascend-
ing, arch, and descending), carotid, brachial, 
radial, iliac, and femoral arteries. Ideally, pres-
sure changes should be measured at the same 
location as the dimension change, or using calcu-
lated central pressure determined from peripheral 
pressure as described below.

Arterial distensibility decreases in the axial 
direction (increasing when measured at a dis-
tance further from the heart) and as mean arterial 
pressure increases. At lower levels of distension, 
the elastic properties of the arterial wall result 
from extension of the arterial elastin, yet with 
greater stretch the less distensile collagen fibres 
take the load. Consequently, comparative mea-
surements of elasticity, distensibility, or pulse 
wave velocity should be made at the same dis-
tending pressure.

Pulse wave velocity (Co) in an elastic tube is 
related to the arterial elastance by the Moens- 
Korteweg or Bramwell-Hill equations:

 
C V P V C Eh ro oor� � � � � �� �/ / .2 �

 

where E is Young’s modulus of elasticity of the 
artery, h wall thickness, V arterial volume, ΔP 
pulse pressure, and ΔV change in arterial volume. 
Pulse wave velocity should be distinguished from 

blood flow velocity: Pulse wave velocity mea-
sures the speed of transfer of energy through the 
arterial wall (velocity range 4–12 m/s), whereas 
blood flow velocity measures the transfer of mass 
along the blood column (velocity range 
10–100 cm/s).

Using measurements of the change of arterial 
radius (dR) between diastole and systole in an 
arterial segment, pulse pressure (dP), and blood 
density (ρ), the wave velocity can be calculated:

 C RdP dRo � / .�2  

Arterial pulse wave velocity is usually mea-
sured using external pressure transducers, from 
the time difference between the foot of the pres-
sure wave over long arterial segments (e.g. 
carotid (as a surrogate for central pressure wave) 
to femoral) (Nichols and O’Rourke 1998). Local 
arterial pulse wave velocity can be determined 
using either ultrasound or MRI measurements of 
arterial flow and dimensions, in the aorta and 
peripheral arteries. From the central aorta to the 
conduit arteries in the legs, the arteries become 
far more numerous, smaller, and have less elastin 
and more smooth muscle: consequently, pulse 
wave velocity increases. These changes are most 
marked in the thoracic and abdominal aorta, and 
least marked in the upper limb vessels. Increasing 
arterial pressure reduces distensibility of the 
arteries, resulting in an increase in pulse wave 
velocity.

With ageing and hypertension, arteries 
become less distensile, consequently pulse wave 
velocity increases.

Current indices of arterial distensibility are 
non-linear. We seek indices which have linear 
relationships or where non-linearities are small, 
or can be controlled or allowed for. Even periph-
eral resistance (Mean pressure / Mean flow) is 
non-linear.

Up until 1960, the approach to pulsatile hae-
modynamics in arteries concentrated on mea-
surements of arterial stiffness. Anatomists 
however pointed out how the dimensions of ani-
mals could alter wave transmission and result in 
reflected waves as well as waves traveling for-
ward by increasing the number of peripheral 
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branches, their distance from the heart and their 
cross-sectional area (Milnor 1979). Moreover, 
such reflected waves have the potential to inter-
fere with outgoing pulse wave in the proximal 
arteries augmenting systolic pressure and reduc-
ing mean diastolic pressure on the pulse wave 
velocity. The nature and degree of such augmen-
tation will depend on the pulse wave velocity.

Of great significance is the recent recognition of 
the importance of the location of the peripheral 
resistance vessels being just a few millimetres from 
the low resistance conduit arteries (O’Rourke et al. 
2018). This confirms the work of Hamilton, Dow 
(Hamilton 1939), Remington (Remington and 
Wood 1956), and others that the peripheral resis-
tance is the site of strong wave reflection (Fig. 9.3).

 Vascular Impedance

A large jump in the field took place in the 1960s 
with the introduction of frequency domain analy-
sis of the arterial pulse by an English group of 
McDonald, Womersley, and Taylor, and a US 
group at the NIH in Bethesda led by Donald Fry. 
Michael Taylor liaised with the UK and US 

groups on his return from London to Sydney. Up 
until 1960, Taylor sought information on optimal 
function of the arterial tree as based upon optimal 
distensibility (Taylor 1967). He progressed to 
anatomical as well as physical preparations as 
required for a comprehensive study. Taylor 
pressed the search for answers through determi-
nation of vascular impedance in animals of dif-
ferent size and shape, and in humans; Michael 
O’Rourke was his graduate student with training 
in anaesthesiology and intensive care.

The pressure developed by the contracting 
heart is determined by the force of contraction of 
the heart muscle and the external opposition to 
ventricular outflow. Characterization of the exter-
nal opposition to left ventricular ejection needs to 
take into account the major components of the 
arterial load: (1) resistance, (2) blood viscosity, (3) 
arterial wall visco-elastance, (4) inertia, and (5) 
wave reflection. The implications of pulsatile hae-
modynamics on left ventricular/arterial coupling 
will be discussed in a later section of this chapter.

Arterial resistance is determined by blood vis-
cosity and is inversely proportional to the fourth 
power of the radius of the vessel.
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Fig. 9.3 Asymmetric T model of the arterial circulation 
showing the location and very abrupt change of resistance 
over a very short distance. (Resistance is shown on a loga-
rithmic scale). These marked impedance mismatches pro-
vide multiple reflecting sites that can be lumped into 
upper and lower body sites. In this model, the lower body 
is the major reflection site with less intense reflections 

returning from the upper body as a consequence of the 
low resistance cerebral vasculature. The measured pres-
sure and flow waves result from the interaction of forward 
and reflected waves from both sites. (Reproduced based 
on diagram from O’Rourke et al. (2018) with permission 
of Oxford University Press)
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R L r L r� 8 4� � �/ , ,viscosity vessel length radius

Consequently, the most important component 
of peripheral arterial resistance is at the level of 
the smallest vessels or arterioles. If flow from the 
heart was constant, the steady pressure (Pmean) 
generated would depend only on arterial resis-
tance: Pmean = R Qmean where Pmean and Qmean are the 
mean pressure and flow, respectively. However, 
the intermittent nature of left ventricular ejection 
presents a more complex case. In addition to the 
peripheral resistance, in the intermittent case, 
there is the possibility of reflected waves from 
more distant points in the vascular tree as well as 
the elastic nature of the arteries (which distend 
and recoil in systole and diastole respectively, 
resulting in a time-dependent elastic contribution 
to pressure). The pulsatile hydraulic load on the 
heart will reflect contributions from all of these.

The pulsatile left ventricular hydraulic load on 
the heart could be described in either the time or 
frequency domains. Time domain assessments of 
the pulsatile arterial load include measures of 
total arterial compliance (e.g. stroke volume/
pulse pressure) or effective arterial elastance (end 
systolic pressure / stroke volume).

However, frequency domain assessment of the 
arterial load by the aortic input impedance pro-
vides the best description of the components of 
steady state and pulsatile arterial load. Impedance 
is a frequency-dependent measure of opposition 
to pulsatile flow. Resistance is the opposition to 
steady or non-oscillatory flow and is the imped-
ance at zero frequency. Input impedance is deter-
mined by the properties of the arterial system, 
which include peripheral arteriolar resistance, the 
viscoelastic properties of the arteries, inertial 
forces associated with changing flow, the viscos-
ity of the blood and the impact of reflected waves, 
as well as the size and shape of the animal.

Characteristic Impedance (Zc) It is the rela-
tionship between pulsatile pressure and pulsatile 
flow (ΔP/ΔV) measured at the same site in the 
absence of reflected waves. Zc is determined by 
the physical properties of the arterial system such 
as the elastic modulus of the artery and the 

inverse of the cross-sectional area. Consequently, 
Zc is linearly related to the pulse wave velocity 
(Co) and is also directly related to blood density.

 Z c rc � � �o /
2

 

Wave velocity (Co), in turn, is directly related 
to ΔP/ΔV by the “Water Hammer” equation

 C P Vo � � �/ �  

where ΔV is the change in blood flow velocity, ΔP 
the change in pressure, and ρ is blood density.

Zc can be estimated from the change in pres-
sure occurring simultaneously with peak flow.

 
Z P Q P PQc i d peak flow� � � �� � �/ /

 

where Pi is the pressure at the inflection point of 
aortic pressure where peak flow occurs (see 
Fig. 9.4), Pd is end diastolic pressure. This esti-
mate assumes that aortic pressure up to this time 
point is not changed by wave reflections.

Zc may also be obtained by Fourier analysis of 
arterial pressure and flow (as described below) by 
averaging the moduli of impedance at frequen-
cies above the first minimum. There is good cor-
relation between the peak flow method and the 
results obtained by Fourier analysis (Dujardin 
and Stone 1981).

When Zc is determined from flow change in 
volume units of cm3/s, Zc has the same units as 
arterial resistance (dyne-s/cm5). However, charac-
teristic impedance is not a true resistance and can 
only be considered in the context of oscillatory 
phenomenon. Zc is best expressed in terms of 
velocity (cm/sec) as dyne.s.cm−3. Zc numerically 
(in volume units) is about 5–7% of peripheral vas-
cular resistance. Measurements of Zc in man show 
increasing Zc (in velocity units) with age, hyper-
tension, and in patients with heart failure, as one 
would expect, on account of the  relationship of Zc 
with pulse wave velocity and arterial stiffness.

Input Impedance (ZI) It describes the actual 
relationship between observed pressure and flow, 
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in the frequency domain. The measured pressure 
and flow waves are the summation of incident 
and reflected backward traveling waves. Thus, 
input impedance (Zi)

 
Z P P Q QI f b f b� �� � �� �/

 

in contrast to Zc reflects the effect of reflected 
waves in addition to the physical properties of the 
arterial system such as vessel radius and visco-
elastic properties. In the ascending aorta, the aor-
tic input impedance describes the actual arterial 
hydraulic load on the ejecting left ventricle.

Fourier transform analysis of pressure and 
flow recordings taken in the arterial system yields 
a Fourier series – a weighted sum of sine waves 
at specified frequencies which would yield the 
observed pressure and flow recordings. These 

frequencies are harmonics – multiples of the fun-
damental frequency (60/HR where HR is heart 
rate in beats/minute). The observed waveforms 
can be reconstructed with increased accuracy by 
including more harmonics.

Zi is determined for each individual harmonic 
(h) as an amplitude (modulus) Zi(h) and a phase 
angle (θ(h)). The phase angle (θ(h)) is the phase 
difference between the pressure (β) and flow (ϕ) 
harmonic and is positive when the flow harmonic 
leads the pressure harmonic.

 
Z h P h Q h hi � � � � � � � � � � �/ � � �

 

An aortic input impedance spectrum is a 
graphical representation of the phase angle 
and impedance moduli for each frequency 
(Fig. 9.4).
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Fig. 9.4 Hypothetical 
aortic input impedance 
spectrum. The first 
minimum of the 
impedance modulus 
occurs close to the 
frequency where the 
phase crosses zero. The 
characteristic impedance 
(Zc) is the average of the 
impedance moduli 
beyond the first 
minimum. A measure of 
wave reflection (RF) is 
the amplitude of the 
impedance moduli 
variation above the first 
minimum. (From Yin 
1987. Reproduced with 
permission of Springer 
Nature)
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Impedance values decline from a high value at 
0  Hz (the peripheral vascular resistance) to a 
minimum at approximately 3.5 Hz. At about this 
frequency, the phase angle crosses zero. A nega-
tive phase angle indicates that the flow harmonic 
leads the pressure harmonic. The impedance 
modulus over a range of frequencies oscillates 
around a mean value due to the impact of wave 
reflections. The magnitude of the oscillations of 
impedance moduli approximates the reflection 
index. The mean value of input impedance at fre-
quencies above approximately 3  Hz is taken to 
represent the characteristic impedance (Zc).

The frequency at which the first minimum of 
impedance modulus and the zero crossing point 
of the phase angle allows calculation of the wave-
length of the travelling wave and, consequently, 
the distance to the major site for wave reflection. 
The reflection site is at a quarter of a wavelength 
(λ/4) where λ = Co/f, Co is the pulse wave velocity 
and f the frequency of the first impedance modu-
lus minimum. The distance to the effective 
reflecting site is d = Co/4f. In normal human stud-
ies, with an impedance minimum at 3.5 Hz and 
an average aortic pulse wave velocity of 750 cm/
sec, the distance from the ascending aorta to the 
effective reflecting site is 54 cm.

The significance of the effect of wave reflec-
tions on the measured pressure depends upon 
their magnitude and the phase difference between 
reflected and incident waves, which in turn 
depends upon both the distance from the reflec-
tion site and the wave velocity. If the phase dif-
ference is 0°, the reflected wave will increase the 
net pressure (constructive interference), whereas 
if the phase difference is 180° the reflected wave 
will decrease the measured pressure (destructive 
interference).

The validity of impedance as a measure of the 
relationship between pressure and flow and the 
application to transmission line theory depends 
upon the linearity of the relationship between 
pressure and flow. For example, in the Fourier 
analysis, each harmonic of pressure and flow is 
considered to be uniquely related and not depen-
dent upon other frequency components, that is, 
there is no harmonic interaction. Theoretical and 
experimental studies have demonstrated that any 

non-linearities between pressure and flow are 
surprisingly small and can be neglected as a first- 
order approximation.

 Arterial Wave Reflections

The arterial system is a network of distensile 
tubes with multiple branches. The arterial pres-
sure wave is transmitted along the conduit arteries 
at the local pulse wave velocity. On encountering 
the branching points and the arteriolar network, a 
proportion of the wave energy is reflected back. 
Such reflecting points are termed points of imped-
ance mismatch. As above, the reflected backward 
travelling wave interacts with the forward wave 
with the resulting observed wave dependent on 
both the magnitude and the phase difference of 
the forward and backward waves. Using parame-
ters acquired from impedance data, the arterial 
pressure and flow waves can be analysed into for-
ward and reflected waves (Fig. 9.5).

Reflected waves are seen in arterial pressure 
recordings, especially in animals and young peo-
ple in whom the amplification is more pro-
nounced and the wave velocity slower such that 
reflected waves return later and after the initial 
impulse (Fig. 9.6).

Wave reflection is responsible for the increase 
in systolic pressure observed as the pressure 
wave travels from the central aorta to the periph-
ery. Over the same distance, diastolic pressure 
falls with a consequent greater fluctuation of 
pressure around a slightly lower mean pressure 
(by just 1–2 mmHg) (Pauca et al. 1992).

Wave reflection can be quantified by the mag-
nitude of the variation of the input impedance at 
frequencies above the first minimum. An esti-
mate of wave reflection can also be made by cal-
culation of a reflection coefficient (Γ): Γ = (ZT 
− ZC)/(ZT + ZC), where ZT is the peripheral resis-
tance and ZC is characteristic impedance. 
However, Γ is frequency dependent and falls 
from a value of approximately 0.8 at the funda-
mental heart rate frequency to very low levels 
above the first impedance maximum.

Wave reflection can be modified by physiolog-
ical, pathological, and pharmacological influ-
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P reflected

Q reflected

P measured

P forward

Q measured

Q forward

Pm = Pf + Pr Qm = Qf + Qr

Fig. 9.5 Measured 
aortic pressure is 
analysed into forward 
and backward (reflected) 
waves. The reflected 
wave results in the late 
systolic peak of 
pressure. (From Yin 
1987. Reproduced with 
permission of Springer 
Nature)

a b

Fig. 9.6 The arterial system is modelled as an asymmet-
ric T with reflections originating in the upper and lower 
parts of the body. (a) In a young subject or in animals, 
systolic and pulse pressure increase as the pressure wave 
is transmitted from the central aorta to the periphery due 
to the impact of wave reflections. (b) In an older human 

subject with stiffened arteries wave reflections return ear-
lier augmenting late systolic pressure and a lesser effect 
on pressure amplification between central and peripheral 
pressures. (From Wave Travel and Reflection in the 
Arterial System. O’Rourke 1971. Modified with permis-
sion of Elsevier Science & Technology Journals)
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ences. Ageing and arterial disease are associated 
with an increase in late systolic aortic pressure 
due to increased wave reflection arriving early 
during systole as consequent to the increased 
pulse wave velocity.

Laskey and Kussmaul (1987) show that exer-
cise reduces the magnitude of the reflected wave. 
The reduction of the late systolic peak of aortic 
pressure observed during a Valsalva maneuver is 
associated with reduced fluctuation of the imped-
ance spectrum indicating a reduction of wave 
reflections (Murgo et al. 1981).

Vasodilators such as nitroprusside reduce mean 
arterial pressure and peripheral vascular resistance 
(Merillon et al. 1982). As a result of the reduction 
of pulse wave velocity, the input impedance curve 
is shifted to the left, suggesting a delay in the tim-
ing of wave reflections. In addition, the amplitude 
of the impedance modulus of the first two harmon-
ics is reduced, indicating an overall reduction of 
wave reflections. In contrast, nitroglycerin reduces 
late systolic pressure in the ascending aorta as well 
as the fluctuations of the modulus of the impedance 
spectrum with little effect on peripheral arterial 
resistance or change in the frequency of the modu-
lus minima (Fitchett et al. 1988a; Yaginuma et al. 
1986). These observations indicate that nitroglyc-
erin reduces wave reflection without changing 
peripheral arteriolar resistance.

 Changes of Waveforms 
in the Arterial System

Differences between peripheral and central arte-
rial pressures have important practical conse-
quences. Pressure measured in the radial artery 
differs from both central aortic and intra-cranial 
arterial pressure. Central aortic pressure is both 
the pressure load encountered by the ejecting left 
ventricle and the driving pressure for coronary 
perfusion in diastole, while carotid arterial pres-
sure is the cerebral perfusion pressure.

Differences in central and peripheral pressures 
become accentuated during procedures that cause 
hypotension as shown in Fig. 9.7.

Radial arterial pressure is frequently used for 
patient monitoring in critically ill patients. With 
vasoconstriction in patients with shock, wave 
reflections can be increased, potentially increas-
ing pressure amplification and exaggerating the 
difference between central aortic and radial arte-
rial systolic pressure (Fig. 9.8).

However, radial arterial pressure can under-
estimate central aortic pressure in these patients 
possibly due to peripheral arterial vasoconstric-
tion. Consequently, measurement of peripheral 
arterial pressure by radial arterial pressure mon-
itoring provides only a limited assessment of 
aortic systolic pressure. There is a need for fur-
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Fig. 9.7 Pressure waves simultaneously recorded from 
the radial artery (dashed line) and from the abdominal 
aorta (solid line) during the course of a hypotensive reac-
tion to rapid intra-aortic injection of isotonic electrolyte 

solution (numbers represent mmHg). (From Remington 
and Wood 1956. Reproduced with permission of American 
Physiological Society)
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ther studies of pressure wave transmission 
between the central aorta and radial artery in 
patients with shock, to better understand the 
changes and clinical implications. Anaesthetists 
and intensivists are well aware of such problems 
which can also damp the pressure waveform. 
The appropriate action is to replace the radial 
cannula with a short catheter and advance it to 
the subclavian artery.

Vasodilators such as nitroglycerine reduce 
ascending aortic systolic pressure more than is 
apparent from changes of radial arterial pressure 
(Fig. 9.9) due to the reduction of reflected waves 
as indicated by the changes of aortic input imped-
ance without any significant reduction in sys-
temic vascular resistance (Fig. 9.10).

 Non-invasive Assessment 
of Pulsatile Haemodynamics 
and Central Aortic Pressure

Analysis of the radial arterial pressure contour 
can provide information about the transmission 
of the pressure pulse from the aorta to the periph-

ery. The radial arterial pulse characteristically 
has an early systolic peak followed by a late sys-
tolic shoulder and another wave after the dicrotic 
notch as shown in Fig. 9.9.

The relationship between recordings of aortic 
and radial arterial pressure waves and the moduli 
and phase of the individual Fourier harmonics – 
the output of any given input – can be expressed 
as a transfer function for each harmonic. In the 
upper limb, the transfer function is remarkably 
constant over a wide range of ages (Karananoglu 
et  al. 1997) and after the administration of 
 vasodilators such as nitroglycerine (O’Rourke 
et  al. 1990). Consequently, the same transfer 
function can be used to generate central aortic 
pressure from recordings of the radial pressure 
wave in a wide range of conditions.

The radial arterial pressure wave can be reli-
ably recorded non-invasively using applanation 
tonometry (Drzewiecki et al. 1983). By applying 
the transfer factor to the radial pressure harmon-
ics, central aortic pressure may thus be synthe-
sized from recordings of peripheral arterial 
pressure. Using this technique, it is possible to 
determine the impact of therapy (e.g. antihyper-
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Fig. 9.8 Radial and 
aortic pressures in a 
patient with 
hypotension, 
vasoconstriction, and an 
obstructed carotid artery, 
showing the exaggerated 
diastolic pressure waves 
in the radial arterial 
pressure due to delayed 
wave reflection. Note the 
substantial difference 
between peak radial and 
aortic pressure 
indicating that radial 
arterial systolic pressure 
can overestimate central 
systolic pressure. (From 
O’Rourke 1970b. 
Reproduced with 
permission of Oxford 
University Press)
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Fig. 9.9 Pressure waves recorded in the ascending aorta 
and brachial artery under control conditions (left) and 
after 0.3 mg sublingual nitroglycerine (right) in a human 

adult. X, height the pressure pulse would be without 
reflection (R). (From Kelly et  al. 1990, Fig.  9.2. 
Reproduced with permission of Oxford University Press)
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Fig. 9.10 The effect of 
nitroglycerin 15 μg on 
the aortic input 
impedance modulus and 
phase, before and during 
nitroglycerine infusion. 
Systemic vascular 
resistance was 
unchanged. There was a 
significant reduction in 
the modulus of 
impedance of the first 
harmonic and less 
oscillation of the 
modulus and phase 
angle spectrum 
indicating nitroglycerine 
reduces peak systolic 
pressure consequent to a 
reduction of reflections 
with no reduction of 
systemic vascular 
resistance. (From 
Fitchett et al. 1988b. 
Reproduced with 
permission of Oxford 
University Press)
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tensive and heart failure medications) on central 
BP and hence the impact on left ventricular load-
ing (Fig. 9.11).

 Pulsatile Haemodynamics 
and Ventricular Arterial Coupling

The external work performed by the heart in a 
cardiac cycle (or stroke work) is the integral of 
the pressure and flow over a cardiac cycle:

 
W PQdtstroke� � � �

 

Total external work has two components: (1) 
steady flow power (Ws).

Ws = Pm ∙ Qm, where Pm is the mean arterial 
pressure and Qm the mean ascending aortic flow 
and (2) oscillatory power (Wo) Wo = ½ ∑ (Qn)2 Zn 
cos θn.

Where Qn is the nth harmonic of flow and Zn 
the nth harmonic of impedance, and θn the phase 
angle of impedance for the nth harmonic. The 
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Fig. 9.11 Tonometric recordings of radial artery pressure 
with synthesized aortic pressure using the transfer func-
tion before and after the administration of s/l nitroglycer-
ine. Similar pressure pulse changes in both the radial 

artery and aorta are observed to those measured with 
intra- arterial measurements as shown in Fig. 9.9. (From 
O’Rourke et  al. 1993. Modified with permission of 
Informa UK Limited through PLSclear)
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total hydraulic power is the sum of Ws and Wo. In 
the left ventricle, the oscillatory contribution to 
total power output is less than 20% of the total 
power (Nichols et al. 1977).

The hydraulic power of blood flow (work/ 
time) in the ascending aorta is dependent upon 
(1) the ability of the left ventricle to perform 
external work and (2) the hydraulic load of the 
arterial system. Consequently, the hydraulic 
power generated is dependent upon both ventric-
ular performance and the impedance to flow. The 
steady state achieved defines the coupling of the 
ventricle to the arterial system.

As shown previously, ageing, the development 
of atherosclerosis, and hypertension decrease 
arterial distensibility and increase wave reflec-
tions which arrive back early in the ascending 
aorta during left ventricular ejection and boost 
systolic pressure. Consequently, both total and 
oscillatory power are increased, with a larger pro-
portion of oscillatory power in the individuals 
with atherosclerosis and hypertension. (oscilla-
tory/total power normal group 13 ± 1%, athero-
sclerosis and hypertension 19 ± 2.5%) (Nichols 
et al. 1977). In the oldest group with the highest 
characteristic impedance, the pulsatile compo-
nent was 26% of total power.

Exercise increases both steady flow and oscil-
latory power. In dogs, there was a modest increase 
in the proportion of oscillatory to total power 
during exercise 19–22% (Unpublished data pre-
sented in (Milnor 1989)). In man especially with 
exercise-induced systolic hypertension, it is 
likely that there is a greater proportion of oscilla-
tory power/total power during exercise.

 Conclusions

 1. The arterial system is more than a conduit to 
deliver oxygenated blood to the organs. It acts 
both as a buffer to limit the rise of pressure and 
to deliver a more constant flow to the tissues.

 2. The hydraulic load encountered by the left 
ventricle is the consequence of arteriolar 
resistance (constant flow) and both the elas-
tance of the arterial system and the impact of 
reflected waves (pulsatile flow).

 3. The arterial system behaves as a distributed 
network of distensible vessels with wave 
reflections originating from impedance mis-
matches that occur mainly at the arterial/arte-
riolar interface.

 4. Characterization of the arterial load is best 
expressed in the frequency domain as the aor-
tic input impedance. It allows assessment of 
both steady flow impedance (arteriolar resis-
tance) and pulsatile impedance as determined 
by the characteristic impedance and the 
impact of wave reflections.

 5. Arterial pressure and flow waves change dur-
ing their transit through the arterial system 
due to their interaction with reflected waves. 
Consequently, pressures measured distally in 
a limb (e.g. radial arterial pressure) may not 
accurately reflect central aortic pressure: the 
pressure determining left ventricular after-
load, coronary and cerebrovascular perfusion. 
Central aortic pressures can be synthesized 
from recordings of radial artery pressure 
waveforms.

For further in-depth reading, see
McDonald’s Blood Flow in Arteries. Theoretical, 
Experimental and Clinical Principles, 6th Edition, 
2011. WW Nichols, MJ O’Rourke, and C 
Vlachopoulos. CRC Press, Boca Raton, USA.

Hemodynamics, WR Milnor, 2nd edition 
1989. Williams and Wilkins, Baltimore.
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Basics of Fluid Physiology

Sheldon Magder and Alexandr Magder

 Introduction

Administration of intravenous fluids is one of the 
commonest medical acts in hospitalized patients. 
This chapter will emphasize the physiological 
role of fluids, principles behind the movement 
and distribution of water and it solutes, and the 
characteristics of different kinds of commonly 
infused fluids. In Chap. 42, use of fluids for both 
resuscitation and maintenance of normal fluid 
balance is discussed. Some of these issues have 
been covered previously (Magder 2001), but in 
this review the principles are updated. An impor-
tant influence on this discussion is the excellent 
review by Bhave and Neilson (Bhave and Neilson 
2011a). We will emphasize four basic concepts. 
(1) Elements, especially sodium ion (Na+) and 
chloride ion (Cl−), have unique importance when 
compared to metabolizable organic molecules. 
(2) The amount of an element in the body can be 
regulated only by absorption or excretion. (3) 
The vascular space is in a dynamic equilibrium 
with the interstitial and other “third” spaces, such 

as the pleural and peritoneal compartments. 
Because of this, they all have approximately the 
same osmolality. This means that any administra-
tion of resuscitation fluids, or de-resuscitation of 
fluid, shifts water and elements between all com-
partments. Thus, volume management must not 
be confined to just the vascular space. (4) Colloids 
play a unique role in the maintenance of intravas-
cular and intracellular volumes because they do 
not readily cross cell membranes.

 What Is the Role of Water 
in Organisms?

Organic molecules and elements need to be in 
solution to react with each other and to move by 
bulk flow or diffusion from one region to another 
(Rawn 1989). With the odd exception, water is 
the solvent for all biological solutions. Life as we 
know it would not exist without water. This is 
because water has a unique property which read-
ily allows dissolved substances to become part of 
its structure (Rawn 1989; Ball 2001). Bodily 
solutions are essentially mixtures of salts, with 
dissolved proteins, carbohydrates, lipids, and 
other small organic molecules.

When original cell walls formed, and solu-
tions of organic substances became walled off 
from the surrounding milieu, regulation of cell 
volume became an important physiological 
 process. This is because cell walls are imbedded 
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with complex protein structures, including chan-
nels, exchangers, and receptors (O'Neill 1999). A 
change in cell volume stresses the cell walls and 
alters the tertiary structure of these large mem-
brane molecules (Macknight and Leaf 1977). 
Changes in their shape can lead to intracellular 
transcriptional and non-transcriptional processes 
that are directed at restoring steady state volume 
as part of the body’s stress response (O'Neill 
1999; Orlov and Hamet 2006). A key message is 
that, independent of the role water has in altering 
intravascular volume, infusion of a fluid that 
results in changes in intracellular volume signifi-
cantly alters intracellular signaling processes 
(key messages are listed in Table  10.1) 
Unfortunately, these processes are complex and 
not predictable; the consequences can be deter-
mined only by empirical studies on whole organ-
isms or cells. These studies likely should be done 
on human tissues because of species and even 
cellular specificities.

When multi-celled organisms developed an 
envelope that excluded interior structures from 
the surrounding environment, it became neces-
sary to evolve systems to regulate the volume and 

concentration of substances in this interior 
space  which is inside the outer integument 
but outside cells (Stein 2002). This is called the 
interstitial space (Pitts 1968; Magder 2014; 
Aukland and Nicolaysen 1981). Without regula-
tion of the concentration of electrolytes in this 
space, water would be lost or gained from the 
milieu outside the organism’s outer barrier. Thus, 
a key message is that in fluid management, even 
though we only make assessments based on the 
plasma space, consideration must be given to the 
consequences of administered fluids for the vas-
cular, interstitial, and intracellular spaces. 
Furthermore, it needs to be appreciated that the 
volume in red cells is not part of the extracellular 
volume, but it is part of the total intracellular vol-
ume, although its properties are different from 
other cells.

 Volume and the Generation 
of Blood Flow

In small organisms, O2 and nutrients can be ade-
quately supplied, and waste excreted, by diffu-
sion from the surrounding environment. However, 
in large multicellular organisms, diffusion is not 
adequate and a distribution system is required to 
allow more rapid conductive flow. This was pro-
vided by evolution of the cardiovascular system 
(Bishopric 2005). The role of volume in the regu-
lation of cardiac output is covered in Chap. 2. In 
essence, cardiac output is controlled by the inter-
action of the return of blood to the heart (return 
function) and cardiac function. The primary force 
in both of these functions is the stretch of the 
elastic walls of cardiovascular structures by 
volume.

As emphasized in Chap. 2, some of the blood 
volume in vessels simply rounds out vessel walls, 
and some of the volume stretches the walls, but 
only the portion that stretches the walls produces 
the elastic recoil force. This is called stressed vol-
ume. The remaining volume rounds out vessels 
but does not stretch their elastic walls; this is 
called unstressed volume. In a standard size male, 
total blood volume is approximately 5.5 L. Under 
resting conditions, about 30%, or 1.3 to 1.4 L, is 

Table 10.1 Key principles from physiology of fluid

1.  Independent of the role water has in altering 
intravascular volume, infusion of a fluid that results 
in changes in intracellular volume significantly 
alters intracellular signaling processes

2.  In fluid management, even though we only make 
assessments based on the plasma space, 
consideration must be given to the consequences of 
administered fluids for the vascular, interstitial, and 
intracellular spaces

3.  A volume bolus of more than 1 to 1.5 L is not likely 
to remain in the vascular space because the vessels 
do not have the capacity to hold it

4.  When considering volume therapy, the volume and 
composition of fluids in all extracellular compartments 
must be considered because they all are in equilibrium 
with the plasma space in the steady state

5.  One must distinguish the concentration of elements 
from their actual amount in the body. The total 
amount of an element in the body is related to the 
total amount of the volume of water and the 
concentration of the element and the amount only 
can be regulated by absorption or excretion because 
elements cannot be created or metabolized

6.  Edema can produce further edema, and large 
volume resuscitation can make things worse
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stressed and an elastic recoil pressure is created 
in vessels (Magder and De Varennes 1998). The 
rest of the volume is unstressed and provides a 
reserve that can be recruited to produce the 
equivalent of an auto-transfusion as discussed 
below. Furthermore, with a hematocrit of 40% 
and a total blood volume of 5.5 L, the plasma vol-
ume is about 3.3 L. The proportions of red cell 
mass and plasma volume in the total blood is the 
same  in the stressed and unstressed volumes. 
Thus, only about 1 liter of plasma contributes to 
stressed volume. This means that the normal 
plasma component of stressed volume is only 
about 1 liter. A key point is that a volume bolus of 
more than 1 to 1.5 L is not likely to remain in the 
vascular space because the vessels do not have 
the capacity to hold it.

 Compartments

Water makes up 60% of total body mass of an 
average male below the age of 40 and 50% in 
females and older males (West 1985; Mudge 
1980). The differences between young males 
and females and older males are due to differ-
ences in the proportion of muscle mass relative 
to total body mass (Bhave and Neilson 2011b). 
In a 70 kg male, total body water is ~42 L. Of 
this total, approximately two-thirds of the water, 
i.e., ~ 28 L, are intracellular fluid (ICF) and 14 L 
are extracellular fluid (ECF) (Fig.  10.1). The 
ECF can be subdivided into five sub-compart-
ments. These include plasma volume, interstitial 
and lymph fluid, dense connective tissue and 
bone fluids, transcellular fluids within cavities 
such as the pleural and peritoneal fluids, and the 
cerebrospinal fluid (Bhave and Neilson 2011a). 
Plasma volume accounts for 3–4 L of the ECF, 
and the other 10 to 12 L of the ECF, at least the 
exchangeable part, is primarily in the interstitial 
space. Adipose tissue can contain a large amount 
of water by weight. When body mass index is 
normal, and there is not a lot of fat, adipose tis-
sue contributes a small amount to total 
ECF.  However, it can account for a very large 
proportion of total body water in the morbidly 
obese (Bhave and Neilson 2011a). Interstitial 

volume as a percentage of total body water can 
increase dramatically when edema develops. 
Fluid that accumulates in body cavities, such as 
the pleural and peritoneal spaces, also freely 
communicates with the interstitial and plasma 
spaces, and they all should be considered as one 
compartment. This becomes very important for 
understanding the distribution of an infused 
crystalloid solution. As will be discussed below, 
the volume and electrolytes in all compartments 
must equilibrate with the vascular space. A key 
point is that when considering volume therapy, 
the volume and composition of fluids in all extra-
cellular compartments must be considered 
because they all are in equilibrium with the 
plasma space in the steady state.

 Regulation of the Distribution 
of Body Water and Electrolytes

Distribution of water between the extracellular 
(EC) and intracellular (IC) compartments is 
determined by hydrostatic pressure and 
osmosis. Steady state water distribution reflects 
the balance of these two forces across 
compartments:

 P Pic ec ic ec� � � ��  (10.1)

35% 65%

3.5 L

EC -12 L

Total ≈ 42 L in 70 kg male

IC
Inter-
stitial

P
la

sm
a

Fig. 10.1 Distribution of water in the body. See text for 
details. (EC extracellular volume, IC intracellular volume. 
The arrows indicate that plasma volume and the intersti-
tial space are constantly interacting)
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where P is the hydrostatic pressure and Π is the 
osmotic pressure inside (ic) and outside (ec) 
cells. Early life forms such as bacteria, fungi, 
and plants have rigid cell walls that are imper-
meable to water and produce hydrostatic pres-
sure differences by pumping electrolytes into or 
outside of their intracellular compartment to 
maintain their volume. In contrast, animal spe-
cies evolved non- rigid cell walls that are perme-
able. This gave these cells  flexibility of 
movement, but it also meant that their intracel-
lular volume needs to match the extracellular 
osmolality. Essentially, Pic − Pec becomes zero 
and Πic = Πec. In this case, the whole organism is 
separated from the outside world by a surround-
ing barrier (i.e., skin) and all inner compart-
ments have the same osmolality. This is 
expressed in the principle of iso- osmolality 
(West 1985; Freedman 1997) which states that 
all compartments of the body have essentially 
the same osmolality. This occurs because capil-
lary endothelium, and almost all cell mem-
branes, are freely permeable to water, which 
easily moves from areas of lower concentrations 
of osmoles to areas of higher concentrations of 
osmoles by osmosis. As will be discussed, there 
is a small exception to this; osmolality of the 
plasma is slight greater than that of the rest of 
the body.

 What Are Osmoles?

Osmoles are discreet particles dissolved in a 
solution. They alter the properties of water such 
as its freezing and vaporization temperatures. 
Osmolality is the number of particles per mass 
(weight) of the solution; osmolarity is the num-
ber of particles per volume. The preferred term 
is osmolality because mass is a fixed property 
of a substance, whereas volume can vary with 
temperature and external pressure. However, 
volume is easier to measure and thus osmolar-
ity is commonly used. The osmolality of a solu-
tion produces a pressure, which is defined by 
the Van’t Hoff equation (West 1985; Freedman 
1997):

 
Osmotic pressure � � �n c M RT/

 
(10.2)

where n is the number of particles, c is the con-
centration of the substances, M is the molecular 
weight of the substances, R is the ideal gas con-
stant, and T is the absolute temperature. The 
expression c/M defines the molar concentra-
tion. One mOsmol generates 19.34  mmHg at 
37 °C (Fig. 10.2). Of importance, the size of the 
particle does not matter so that the osmotic 
effect of a 69 kD albumin molecule is the same 
as that of a single Na+ atom. Osmotic pressure 
from an electrolyte is modified by the valence 
(z) and the nonideality of the solution (φ), 

19.34
mmHg

Pressure effect of Osmoles

Fig. 10.2 Pressure effect of osmoles. In the panel on the 
left, the number of particles is equal on both sides of a 
semipermeable membrane that does not allow the parti-
cles to cross. On the right side, 1 mOsmol (one particle) 

was added and water moves from the left to make the con-
centrations equal. 19.34 mmHg of pressure would need to 
be added to make the heights of water equal on both sides 
of the membrane
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which indicates the deviation of the effective 
osmolality of a  substance in a solution from 
that predicted simply by its mass and particle 
number. The osmotic pressure from one osmole 
in the body is thus:

 
� �� � � � � �ec Z c37 19 34, . [ ]mmHg �

 
(10.3)

 

 
Osmolatiy mOsm kg Z c/ [ ]� � � � ��

 
(10.4)

 

Osmotic water movement is determined by 
how easily water can pass through a membrane, 
which is called hydraulic permeability (Lp) and 
the solute concentration gradient (Δ[c]) between 
two solutions on either side of a membrane.

 
Osmotic flux � � � � � �Lp c19 34. � �

 
(10.5)

Most solutes are at least partially permeable 
across the cell membrane and undergo convective 
transport with water, but their ability to cross 
membranes varies. This is described by the reflec-
tion coefficient, σ, which is a dimensionless num-
ber between 0 and 1. When a solute has σ = 1, no 
particles move across the membrane, and the 
observed osmotic gradient produces the maximal 
osmotic force as predicted based on the difference 
in the number of particles on each side of the 
membrane. When there is a difference in the con-
centration of substances on the two sides of the 
membrane, the system is in a more “ordered” state 
and has a lower entropy. This attracts water to 

reduce the overall ordered state, thus increasing 
the overall entropy of the system in the same way 
as the energy in the form of heat moves from an 
area of higher temperature to an area of lower 
temperature. If some particles manage to cross the 
membrane, the osmotic force is reduced and σ is 
<1. When the particles easily cross the membrane, 
and σ is close to 0, there is no osmotic water 
movement (Bhave and Neilson 2011a). For a sub-
stance that has σ  <  1, and is leaking across the 
membrane, another variable is that the gradient 
for osmosis requires that the concentration gradi-
ent develop faster than the solute flux across the 
membrane (Bhave and Neilson 2011a). For most 
of the discussion in this chapter, water movement 
between the extracellular and intracellular fluid 
(ICF) is primarily related to the concentrations of 
Na+, K+, and Cl− which have σ close to 1 over 
short periods of time.

The compositions of plasma, interstitial, and 
extracellular fluid are shown in Fig. 10.3. Positive 
elements such as Na+, K+, Ca2+, and Mg2+ and the 
negative element Cl− play the major roles in regu-
lating water balance by determining the osmolality 
of body fluids (West 1985; Freedman 1997). A key 
point is that one must distinguish the concentration 
of elements from their actual amount in the body. 
The total amount of an element in the body is 
related to the total amount of the volume of water 
and the concentration of the element and the 
amount  only can be regulated by absorption or 
excretion because elements cannot be created or 
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metabolized. Na+ is by far the dominant cation in 
serum. Once mechanisms evolved to regulate Na+ 
concentration (Stein 2002), the amount of nega-
tively charged substances, such as Cl−, had to fol-
low Na+ concentration to maintain electrical 
neutrality. Thus, by having Na+ concentration con-
trolled Cl− concentration  tends to be controlled, 
although there are some independent regulators of 
Cl− concentration itself because of its importance 
in acid-base balance (Magder 2014; Magder and 
Emami 2015). To allow for independent control of 
intracellular volume from the extracellular space, 
there needed to be a another cation to replace Na+ 
and K+ filled this role. However, K+ concentration 
must still follow the concentration of Na+ in keep-
ing with the principle of iso- osmolality  because 
water can generally move in and out of cells. The 
presence of K+ allowed the distribution of water to 
be controlled despite differences in the electrolyte 
compositions of the extracellular and intracellular 
spaces. The regulation of these differences in con-
centrations occur through the activity of selective 
channels and exchangers that control the influx or 
efflux of these key elements across membranes. 
Na+ has the central role for the whole body regula-
tion of osmolality  because Na+ ions are directly 
taken in or excreted from outside the organism 
(Hollenberg 1980; Manning Jr. and Guyton 
1982). This sets the osmolality of plasma and the 
interstitial space. The concentration of K+ inside 
cells, too, is dependent upon the osmolality of the 
surrounding interstitial space. The concentration of 
K+ is regulated by the exchange with Na+, gated 
channels in the membrane that allow influx and 
efflux of K+ and the movement of water from the 
space outside cells, i.e., interstitial space. K+ also 
has evolved with the important role of maintaining 
transmembrane potentials. Because of this, the 
concentration of K+ across cell membranes must be 
controlled in a tight range to protect life-sustaining 
cell functions.

Water movement due to non-charged mole-
cules is divided into a diffusive component down 
a concentration gradient that does not involve 
water movement and a convective component 
that occurs with water flux. The two factors for 
movement of a non-charged substance are the 
ease with which the substance can cross a mem-

brane, which is called the diffusive permeability 
(PD), and its refection coefficient, σ.

 

Solute flux Js Pd c Jv C
m

Diffusive Convective

� � � � � �� �� �� �� �� 1 �
 (10.6)

where Js is the solute flux, Jv is the volume flux, 
and Pd is the diffusive permeability. Pd can be 
high because a substance is lipophilic and can 
diffuse across membranes or because the sub-
stance is carried by active transport mechanisms.

Glucose is an example of a substance that can 
be osmotically active, i.e., has a σ close to 1, but 
normally does not create an osmotic gradient 
because of the many mechanisms that transport 
glucose into cells and its rapid metabolism. 
However, in type II diabetes, increases in glucose 
concentration can produce osmotic activity and 
water shifts. An important example is hyperosmo-
lar hyperglycemia (Bear and Neil 1983). In this 
condition, a stress, such as an infection or myo-
cardial infarction, triggers a rapid increase in 
plasma and interstitial glucose concentration 
because of uncontrolled glucose production, pri-
marily by the liver, and decreased peripheral glu-
cose uptake. Both of these are related to insulin 
resistance. The increase in extracellular osmolal-
ity pulls intracellular water out of cells and into 
the extracellular space. Plasma Na+ concentration 
is diluted and there is a hyperosmolar plasma but 
hyponatremia. Most often, true total body Na+ is 
reduced because Na+ and water are lost by 
glucose- induced osmotic diuresis. When glucose 
is subsequently decreased, Na+ concentration 
rises because there is a greater loss of water than 
Na+ and the dehydration becomes obvious. It is 
clinically important to determine what the true 
Na+ concentration will be when the hyperosmolar 
glucose state is dealt with because this predicts 
how much and what type of water is needed dur-
ing resuscitation. This expected increase can be 
estimated in mMol by subtracting 5 from the mea-
sured glucose and dividing by 3.5 (Katz 1973). 
There are a number of assumptions in this calcu-
lation including that the extracellular osmolality 
does not completely equilibrate with intracellular 
osmolality, extracellular water is 14 L, the solute 
in cells does not change, there is no Na+ in cells, 
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and the cells have no free glucose, all of which are 
not true but still allow an approximation.

Urea illustrates the difference between Pd and 
σ. Urea is hydrophobic. It normally has a σ close 
to 1 and a low Pd. However, along the inner med-
ullary collecting ducts, there are urea transporters 
and aquaporin for the movement of water mole-
cules. These allow independent urea and water 
movement under the control of antidiuretic hor-
mone (Bhave and Neilson 2011a). Pd thus can be 
high and σ near 1, and urea then can create an 
osmotic gradient. An important variable for per-
meability is the surface area for the movement of 
a substance (Sands 1999). Although urea nor-
mally has a low Pd and σ near 1, the total area of 
cell membranes is large and urea production is 
relatively low, so that normally a concentration 
difference across cell membranes does not build 
up. In capillaries, σ also is <0.01, because urea 
can pass easily through inter-endothelial pores 
producing a high Pd. However, this is not true in 
the brain and this can produce an important clini-
cal problem. Cerebral capillaries have a low dif-
fusive permeability, i.e., low Pd, because they 
lack urea transporters. They also have a σ of 0.5. 
During dialysis, urea in the blood can fall rapidly 
and this can produce a sufficient concentration 
difference between the brain interstitial space and 
plasma which creates an osmotic force that makes 
the water move into the brain. The result can be 
what is called dialysis disequilibrium syndrome 
(Silver et al. 1996).

A special type of osmotic pressure is called 
colloid osmotic or oncotic pressure. This force is 
due to large molecules in the plasma space that 
cannot readily move across vascular walls. Their 
osmotic force thus is limited to the plasma space. 
The presence of colloids in the blood  results in 
the osmotic pressure in the blood being slightly 
higher than that of the interstitial and intracellu-
lar spaces. The presence of this positive osmotic 
pressure gradient between the plasma and inter-
stitial space creates an inward pressure difference 
that counteracts the outward hydrostatic pres-
sure. The result is a reduction of fluid filtration 
out of capillaries and maintenance of plasma vol-
ume (Levick and Michel 2010; Adamson et  al. 
2004). The plasma oncotic pressure normally is 

approximately 25 mmHg, and 65 to 75% of this 
value is accounted for by albumin (Bhave and 
Neilson 2011a; Diem and Lentner 1970). Even 
though albumin is a large molecule with a con-
centration of ~40 g/L in the plasma, recall that 
osmotic pressure is dependent upon particle 
number and not mass. To calculate its osmotic 
effect, the total mass is converted to moles by 
dividing by the molecular weight of albumin 
which is 69  kDa. This gives the number of 
moles  of albumin, which  normally  is around 
0.58 mmol/kg. As a result, albumin produces an 
osmotic pressure of 11.2 mmHg. However,  this 
value is less than the full effect of albumin in 
resisting the outward hydrostatic force.

Albumin molecules can dissociate and have a 
negative charge (Figge et al. 1992). The charge 
depends upon its isoelectric point (pKa), which 
for albumin is ~5, relative to normal plasma pH 
of 7.4. The negative charge creates an electrical 
force that attracts oppositely charged ions, which 
in plasma is primarily countered by Na+. This 
results in a slightly higher concentration of Na+ in 
plasma than in the interstitial space. By the same 
argument, Cl− concentration is higher in the 
interstitial space than in plasma. The final con-
centrations of Na+ and Cl− in the plasma and 
interstitial spaces depend upon the equilibrium of 
their concentration gradients, the charge differ-
ences, the osmolality differences, and oncotic 
pressure, all of which affect water movement. 
The interaction of oncotic forces and charge 
forces is described by what is known as the 
Gibbs-Donnan relationship (West 1985; 
Sperelakis 1997; Overbeek 1956) (Kellum and 
Elbers 2009). The electrical component adds an 
inward force of 5.8 mmHg, which increases the 
net oncotic effect of albumin to 16 to 18 mmHg. 
In total, albumin accounts for 65 to 75% of the 
total plasma oncotic inward pressure. Although 
the same factors in the Gibbs-Donnan relation-
ship exist across cell walls, the Na+-K+ adenosine 
triphosphate pump creates a much stronger force 
that easily overrides the Gibbs-Donnan relation-
ship across cell walls (West 1985).

Albumin can be consumed rapidly during 
inflammatory states because it is part of the 
acute phase reaction. The fall in albumin con-
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centration markedly reduces effective plasma 
oncotic pressure and allows increased fluid fil-
tration. Other proteins in plasma are less osmot-
ically effective because their molecular weights 
generally are even larger than albumin’s, so that 
they have less particles per mass. Somewhat 
surprisingly, there is a condition called congeni-
tal analbuminemia in which sufferers have no 
albumin, yet these patients still survive without 
major edema (Koot et  al. 2004; Kallee 1996). 
This occurs because the concentrations of 
smaller sized globulins increase. These smaller 
globulins also increase to some extent in inflam-
matory hypoalbuminemia because small α1 and 
α2 globulins are  also part of the acute phase 
reaction, too, (Vavricka et  al. 2009), although 
their effect is less efficient than in analbumin-
emia, because the large β fraction is unchanged 
and the larger γ fraction increases with chronic-
ity of the inflammatory process (Kaysen 1993). 
Because of these changes in plasma protein con-
centration with hypoalbumnemia,  the concen-
tration of all plasma protein need to be 
assessed to predict the effect of the albumin loss 
on plasma oncotic pressure (Bhave and Neilson 
2011a; Barclay and Bennett 1987).

A final determinant of plasma volume is the 
number of red cells and their size.

Large proteins, such as albumin, become part of 
the solution and create an effective osmotic force. 
This is not the case for red cells. They are not in 
solution, but rather act as a suspension in the 
plasma and do not contribute to plasma osmotic 
pressure. This means that an increase in the number 
of red cells does not “draw” water into the plasma 
space as occurs with the oncotic effect of proteins. 
Two simple considerations should make this obvi-
ous. In the initial stage of a large bleed, hemoglobin 
concentration does not change because plasma and 
red cells are lost equally. It is only when fluid is 
recruited from the interstitial space back into the 
plasma space, or a crystalloid solution is infused, 
that the loss of red cells and the decreas in the total 
amount of hemoglobin become obvious. On the 
other side, administration of packed red blood cells 
would not change the hemoglobin concentration if 
red cells had an osmotic drew water from the inter-
stitial space into the plasma space. What red cells 

do is create a mass effect in vessels by taking up 
space. This mass still contributes to the hydrostatic 
pressure on the vascular wall and thus contributes 
to blood pressure. However, the effect of a transfu-
sion is proportionally smaller than what occurs 
with an increase in the fluid component because 
red cell mass is a smaller fraction of the total blood 
volume than plasma volume. For example, if the 
initial blood volume is 5 L, a change in Hct from 20 
to 25 would increase blood volume by 5%, whereas 
a change in plasma volume from 3 L to 3.5 L would 
change it by 10%.

 Extracellular Fluid Dynamics

This is discussed in detail in Chap. 6 (Dr. Curry), 
but a few points relative to edema formation will 
be reviewed here. As indicated by Dr. Curry, the 
revised understanding of Starling’s forces is that 
there is a net filtration of fluid from the capillar-
ies under normal conditions (Levick and Michel 
2010; Adamson et al. 2004). This is determined 
by the positive outward hydrostatic gradient 
across the capillaries which is produced by the 
intravascular capillary pressure of approxi-
mately 24  mmHg and hydrostatic pressure in 
the interstitial space of close to zero. This force 
is countered by the inward gradient in oncotic 
pressure of the intravascular space relative to 
the oncotic pressure in the ECF, which is pri-
marily due to the presence of albumin. It was 
initially thought that the albumin concentration 
in the interstitial space is very low, but it now is 
evident that 10  g of albumin moves into the 
interstitial space and then the into the lymphatics 
per hour (Renkin 1986). The concentration of 
albumin in the ICF is 10 to 15 g/L and accounts 
for 25 to 50% of total body albumin (Renkin 
1986). Based on these numbers, the interstitial 
albumin normally turns over approximately 
twice per day. However, the interstitial space is 
not a simple system and actually comprises 
three systems: a free flowing fluid that contains 
albumin, a gel phase that contains glycosamino-
glycans (CAGs), and a collagen-based matrix. 
Water and small solutes move through all three 
compartments (Maroudas 1970), but  albumin 
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only is found in the free flowing component 
(Reed et  al. 1989). This produces an effective 
albumin concentration in the interstitial space of 
20 to 30 g/L and an oncotic force that is 30 to 
60% of that of the plasma (Bhave and Neilson 
2011a).

The discovery that interstitial albumin is not 
close to zero, but rather almost 50% that of 
plasma, created a challenge to the classic Starling 
hypothesis for fluid filtration from capillaries. 
This has been resolved by the understanding the 
role of the glycocalyx on the vascular surface of 
endothelial cells. This region provides an area 
with a lower albumin concentration than the 
whole ECF and can alter filtration rates as dis-
cussed in detail in Chap. 6 (Dr. Curry) (Levick 
and Michel 2010).

A number of local counter-regulatory 
mechanisms prevent excessive volume loss 
by excessive filtration. When filtration is high, 
water flux outstrips albumin flux, and inter-
stitial albumin concentration is diluted. This 
increases the net oncotic gradient across vas-
cular walls, which reduces net filtration rate. 
By this mechanism, interstitial Π is kept at 
about 50% of plasma Π. Another feature of the 
interstitial space also helps. Normal hydro-
static pressure in the interstitial space is close 
to zero. However, the ISF space normally is 
very non-compliant (Wiig and Reed 1981; 
Reed and Wiig 1981; Guyton 1965). Thus, 
an increase in interstitial volume because of 
increased fluid filtration quickly increases the 
interstitial space hydrostatic pressure. This 
decreases the hydrostatic pressure gradient 
from the plasma to the interstitium and reduces 
capillary filtration rate (Reed et  al. 1989). 
Unfortunately, the effect is limited. When 
interstitial volume increases by more than 
20 to 50%, and the interstitial pressure rises 
above approximately 4 mmHg, the interstitial 
space becomes very compliant and edema can 
rapidly increase with little change in the inter-
stitial hydrostatic pressure (Wiig and Reed 
1981; Reed and Wiig 1981; Guyton and 1965). 
This increase in interstitial compliance occurs 
through the interaction of cell surface integ-
rin receptors with the extracellular collagen 

matrix and force generating actin tension in 
the cytoskeleton (Berg et al. 2001; Lund et al. 
1989; Lund et al. 1988; Reed et al. 2001; Reed 
and Rubin 2010; Pozzi and Zent 2003). The 
same increase in the interstitial compliance 
also occurs in inflammatory states or thermal 
injury by cytokine action and greatly increases 
capillary leak. A key message from this section 
is that edema can produce further edema, and 
large volume resuscitation can makes things 
worse.

Nephrotic syndrome demonstrates a number 
of challenges to vascular fluid balance. Aside 
from the presence of hypoalbuminemia, the pro-
portion of high molecular weight proteins 
increases because small-sized proteins are prefer-
entially lost. Thus, unlike what occurs in analbu-
minemic subjects, plasma oncotic pressure falls 
in proportion to the fall in albumin. The fall in 
plasma oncotic pressure leads to increased capil-
lary filtration. As described above, the increased 
fluid flux increases interstitial Pi and lowers 
interstitial oncotic pressure so that the interstitial 
oncotic pressure remains at about 50% of the 
plasma oncotic pressure or about 12  mmHg 
(Koomans et al. 1986). However, when intersti-
tial oncotic pressure falls to zero, it cannot be 
lowered further. When that happens, a further fall 
in plasma albumin cannot be defended by a fur-
ther fall in interstitial oncotic pressure. The ratio 
of plasma to interstitial oncotic pressure falls and 
edema is inevitable. This can result in a rapid 
decrease in intravascular volume and is known as 
a nephrotic crisis in pediatrics (Van de Walle 
et al. 1996).

 Movement and Distribution 
of Fluids

In this section, I will discuss the distribution of 
infused exogenous fluids among the different 
water compartments. So far in this chapter, the 
discussion of water movement largely has been 
based on osmotic forces, but as was evident in 
the discussion on colloids, not all osmoles have 
the same effect on cell volumes, which is a 
major homeostatic processes (Levick and 
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Michel 2010). In this regard, there are osmoles 
that are effective and others that are ineffective 
for the regulation of cell volume. At this time, it 
is necessary to introduce the term tonicity. This 
term is used to describe only effective osmolal-
ity across membranes (Gennari 1984; Mange 
et al. 1997). An isotonic solution can be defined 
pragmatically as one in which added red cells, 
with a normal intracellular osmolality, do not 
shrink or swell. When plasma osmolality is nor-
mal (~290  mOsm/kg), the terms iso-osmolar 
and isotonic are equivalent. However, a good 
example of the difference between isotonicity 
and iso-osmolarity is what happens when etha-
nol is added to plasma. Ethanol elevates osmo-
lality but does not alter tonicity because it 
rapidly diffuses across cell membranes and 
increases intracellular osmolality to the same 
extent as in the extracellular space and cell vol-
umes do not change (Bhave and Neilson 2011a). 
Iso-tonicity thus is more physiologically rele-
vant than iso-osmotic.

The abundance of molecules inside cells that 
only poorly permeate to the outside, substances 
that interact with other molecules inside the cell, 
and the large K+ concentration that acts as a 
counter ion to Na+ outside cells, create a large 
Gibbs-Donnan effect. This produces an osmotic 
gradient that favors persistent water intake by 
cells. However, this does not happen because it is 
countered by the Na+-K+-ATPase, which actively 
extrudes Na+ and, consequently, also draws Cl− 
out of the cell to preserve electrical neutrality 
(Levick and Michel 2010). This process effec-
tively makes the cell impermeable to Na+, Cl−, 
and K+ ions because these ions are regulated by 
exchangers and gated channels (Bhave and 
Neilson 2011a). Water passively distributes 
between ECF and ICF based on Na+ and K+ con-
centrations and osmotic equilibrium (tonicity) to 
preserve cell volume.

An important assumption in the following dis-
cussion is that the patient’s initial plasma osmo-
lality is normal, but in clinical practice, this 
frequently is not the case. Thus, solutions consid-
ered to be iso-osmotic or iso-oncotic relative to 
normal plasma are often not so in relation to the 
patient’s plasma.

 Pure Water and Dextrose in Water

Water in the gastrointestinal tract is taken up by 
the intestinal walls and then is passed into the 
vasculature. This decreases the osmolality of 
plasma relative to that of the interstitial space so 
that the water moves to the higher osmolality in 
the interstitial space. This in turn lowers the 
osmolality of the interstitial space relative to the 
intracellular space and water moves into cells 
until osmolality is again equal in all compart-
ments, except for the slightly higher plasma 
osmolality produced by the colloid oncotic pres-
sure and Gibbs-Donnan effect (Bhave and 
Neilson 2011a; Overbeek 1956). The same 
occurs when 5% dextrose in water (D5W) is 
infused into the plasma space. Initially, the osmo-
lality of D5W is the same as that of normal 
plasma and no movement of the water is expected. 
However, the dextrose moves into the interstitial 
space and cells and is metabolized. The plasma 
osmolality becomes diluted by the added water. 
The water then moves into the interstitial space 
and cells by osmosis just as with pure water com-
ing from the gut. There also is some dilution of 
the concentration of Na+ and Cl− which will have 
transient effects on the charge and concentrations 
in different compartments until water is in equi-
librium in all compartments.

Two other things happen when water is added 
to the plasma space. The increase in volume 
increases the hydrostatic pressure in the micro-
circulation and decreases plasma oncotic pres-
sure by diluting the concentration of albumin and 
other proteins. Both of these processes increase 
filtration across the vascular walls (Levick and 
Michel 2010).

 Normal Saline

Normal saline is a 0.9% solution and is made so 
that it is isotonic to normal plasma. Na+ is 
154  mEq/L in the normal saline  rather the 
140 mEq/L in normal plasma, because to make 
it isotonic to plasma, a higher concentration of 
Na+ is needed to account for the other substances 
dissolved in plasma. Isotonic normal saline 
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should primarily increase the plasma volume. 
However, the normal saline solution increases 
plasma Cl− concentration which moves down its 
concentration gradient into the interstitial space. 
This drags some Na+ with it for electrical neu-
trality and some water to maintain osmolality. 
The saline also dilutes plasma proteins and 
decreases oncotic pressure, which allows more 
filtration. In the end, the saline solution should 
distribute between the plasma and interstitial 
spaces based on their initial relative volumes 
and the Gibbs- Donnan equilibrium. The usual 
distribution based on the relative sizes of normal 
plasma and interstitial volumes is said to be 
one-third plasma and two-thirds interstitial 
(Fig.  10.1). Intracellular volume should not 
change because it has the same osmolality as the 
interstitial space, and the at equilibrium the 
osmolality of the interstitium will be the same 
as in plasma because the normal saline was iso-
tonic. However, if the osmolality of the plasma 
and interstitial spaces is lower than normal, the 
normal saline will be hypertonic relative to the 
patient’s plasma and cells, and some volume 
will be drawn out of cells. This effect should be 
small because the added Na+ and Cl− are distrib-
uted in the whole extracellular volume. If the 
extracellular space is greatly expanded because 
of retained fluid, the proportion of volume of the 
infused saline that remains in the vascular space 
is greatly decreased. For example, in a person 
who has 30 L of ascites and 12 L of interstitial 
volume, the total extracellular volume is 42 L, 
but the plasma volume likely still  is only 

~3 L. Thus, only about 70 ml of the 1 L of added 
normal saline will remain in the vascular space, 
and this amount gets smaller each time more 
crystalloid volume is added (Fig. 10.4).

 Hypertonic Sodium Chloride 
Solutions

There has been a lot of interest in the use of 
hypertonic NaCl solutions because of their poten-
tial to expand intravascular volume faster and 
with less volume than normal saline (Santry and 
Alam 2010). These solutions have been espe-
cially studied for use in blunt and hemorrhagic 
trauma, but studies have failed to show a benefit 
(Bulger et  al. 2011; Bulger et  al. 2010). It is 
worth emphasizing again that volume balance 
really is about Na+ balance. Consideration of the 
distribution of these solutions can help under-
stand why they have failed to provide a benefit. 
The final effect of hypertonic saline depends 
upon the initial concentration of Na+ in plasma, 
the plasma volume, the rate of bleeding, the renal 
function, and the amount given, for in the end 
what counts is how much the plasma concentra-
tion of Na+ and osmolality change. The 7.5% 
solution of NaCl used in some of these studies 
(Bulger et al. 2011; Bulger et al. 2010) contains 
129  mEq/100  ml of Na+ compared to 
15 mEq/100 ml in 0.9 saline. Thus, each 250 ml 
bolus adds 321  mEq of Na+ to the plasma and 
also greatly increases Cl-, which will have a 
marked acidifying effect. If this solution stays in 
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Fig. 10.4 Normal 
saline infusion with 
normal interstitial 
volume (ISV) (left) and 
expanded ISV (right). 
Plasma expansion is 
much less and ISV 
greater when ISV is 
expanded above normal 
values. IC intracellular 
volume
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the plasma space, it would increase the plasma 
Na+ concentration to over 200 mEq/L, but instead 
the Na+ and Cl− rapidly move into the interstitial 
space. Typical Na+ concentrations in the first 
2 hours were in the 150 mEq/L range (Han et al. 
2015), but very high concentrations were reached 
with repeated use (Wells et al. 2012). Initial val-
ues are not reported in the publications, but the 
very large Na+ load on the system would likely 
have quickly drawn water out of the interstitial 
space, and Na+ and Cl− would rapidly move down 
their concentration gradients, increase interstitial 
osmolality, and pull water out of cells. As dis-
cussed above, this will induce intracellular tran-
scriptional processes and the consequences 
cannot reliably be predicted because this is as 
much a pharmacological effect as a volume 
effect.

 Iso-oncotic Colloids

A 5% solution of albumin is iso-oncotic and iso- 
osmotic compared to normal blood. Infusion of this 
solution expands the intravascular space and, theo-
retically, should not affect other compartments. The 
solvent for the solution is most often normal saline 
and distributes accordingly. If the patient’s base-
line albumin concentration is less than normal, the 
5% solution is hyper-oncotic relative to that patient’s 
plasma and behaves to some degree as a hyper-
oncotic solution, which is discussed in the next 
section.

Starch solutions come in many different con-
centrations and molecular sizes (Treib et  al. 
1999). The precise oncotic value of a starch solu-
tion is difficult to assign because the oncotic 
effect is related to the number of particles, and 
serum amylase rapidly breaks starches into 
smaller particles. As the particle number goes up, 
so does the oncotic effect. When the particles are 
small enough, they are excreted by the kidney, 
which lowers the number of particles and the 
oncotic effect. The rate of breakdown of starch 
molecules can be changed by engineering the 
number of hydroxyethyl groups and where these 
are placed on glucose molecules (Treib et  al. 
1999). Starches therefore can function between 
iso-oncotic and hyperoncotic colloids, and the 

effect depends upon the initial concentration and 
size of the starch  molecules, the rate of break-
down, which is dependent upon the substitution 
of the hydroxyethyl groups on the glucose mole-
cules (Treib et al. 1999) and the plasma amylase 
activity.

 Hyper-oncotic Solutions

A solution of 25% albumin is the prototypic 
example of a hyper-oncotic solution, i.e., one 
that has an oncontic effect greater than normal 
blood. The added volume expands the vascular 
space by a small amount, but because it also 
increases the oncotic pressure, it draws fluid 
from the interstitial space. As an example, an 
infusion of 100  ml of a 25% solution 
(25 g/100 ml) into someone with a plasma vol-
ume of 3.5 L and an albumin concentration of 
25 g/L would theoretically increase the albumin 
concentration by 36% and the oncotic pressure 
by 25% (assuming albumin accounts for 70% 
of the total plasma oncotic pressure). This sud-
den increase in oncotic pressure likely tran-
siently pulls water from the interstitial space 
into the plasma space, or at least significantly 
reduces filtration. Na+ and Cl− will follow the 
water, although not necessarily at the same rate, 
because initially the solutions have the same 
electrolyte composition, but a new Gibbs- 
Donnan equilibrium will ensue because of the 
higher albumin concentration. The shrinkage of 
the interstitial space and possible change in 
interstitial electrolyte composition could then 
result in loss of water from cells. Furthermore, 
the albumin is most often in a normal saline 
solution so that shifts associated with Na+ and 
Cl− also occur. Some leak of the albumin into 
the interstitial space should also be expected. 
This will increase the oncotic pressure in the 
interstitial space and could draw more water 
out of the intracellular space. The consequence 
of all these process is activation of intracellular 
stress signaling pathways and expression of 
stress molecules (O'Neill 1999; Shrode et  al. 
1970). Thus, 25% albumin does not act only as 
a volume expander, but it produces a “pharma-
cologic” effect by the associated fluid and elec-
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trolyte shifts from cells (Magder and Lagonidis 
1999). Hyper-oncotic hetastarches might act in 
a similar way (Potter et al. 2013). In addition, 
albumin binds many substances and can act as 
an antioxidant, which could further produce 
non-volume effects (Vincent et  al. 2014). In 
support of this, 25% albumin has been show to 
produce an apparent increase in cardiac func-
tion independent of its volume expansion 
(Magder and Lagonidis 1999).

 Sodium Bicarbonate Solution

As a way of giving Na+ without Cl−, a solution 
can be made by putting three ampoules contain-
ing 44 mEq of sodium bicarbonate (NaHCO3) in 
D5W.  The final concentration of Na+ is 
132 mEq/L which is slightly hypotonic. This Na+ 
of the  solution should distribute between the 
plasma and interstitial space as occurs with Na+ 
in normal saline, and the excess water will dis-
tribute in all fluid compartments. The HCO3

− will 
be in equilibrium with H2CO3 and dissolved CO2 
in serum. PCO2 is regulated by ventilation and so 
the added HCO3

− is cleared by ventilation. 
However, if the patient is mechanically venti-
lated, and has no spontaneous efforts, CO2 in the 
body will increase and be distributed in total 
body water with a consequent fall in pH (Jones 
2008). 

 Summary

The major point covered in this chapter is that the 
total amount of Na+ in the body dictates the 
amount of water in the body. Fluid balance thus is 
about Na+ balance. Elements such as Na+, K+, and 
Cl− only can be absorbed or excreted, and thus 
intake and output of Na+ in particular needs to be 
followed carefully when managing critically ill 
patients. All fluid-filled compartments are con-
nected in a dynamic equilibrium so that move-
ment of fluids and electrolytes across all spaces 
needs to be considered when managing fluid bal-
ance. Finally, it is important to distinguish 
between the concentration and the total amount 
of substances.
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Cerebral Hemodynamics

Christine E. Yeager and Thomas P. Bleck

 Introduction to Intracranial 
Physiology

The brain is unique in that despite contributing 
only 2% of overall body mass, it receives 12% of 
the cardiac output and accounts for about 20% of 
resting oxygen demand (Madhok et  al. 2018; 
Meng et  al. 2015). Understanding intracranial 
physiology starts with the Monro-Kelli hypothe-
sis, which states that the total volume of brain 
parenchyma (about 85% of the intracranial com-
partment), cerebrospinal fluid (about 5%), and 
blood (about 10%) remains constant; therefore, a 
shift in one component must cause a shift in 
another (Madhok et al. 2018). This concept is not 
completely true, as total intracranial volume var-
ies during the cardiac cycle (le Roux et al. 2013) 
and further research has revealed the presence of 
additional components in the brain such as the 
glymphatic system. The glymphatic is the pro-
posed waste elimination pathway of the central 
nervous system (Jessen et  al. 2015). The brain 
consists primarily of water, with the majority of 
the water intracellular and the rest interstitial 

(Ropper et  al. 2004). Typically, volumetric 
changes of the brain parenchyma develop over 
time, in contrast to the relatively rapid changes 
that can occur to in the volume of blood or cere-
brospinal fluid (Kim et  al. 2012). Two mecha-
nisms can increase the water content of the brain: 
cytotoxic edema and vasogenic edema. However, 
only vasogenic edema causes a net increase in 
brain volume (Ropper et al. 2004).

 Cerebral Blood Flow and Circulation

Since blood is one of the three main intracranial 
components, it is important to understand the 
complexity of the cerebral circulation. A major 
determinant of cerebral blood volume (CBV) is 
cerebral blood flow (CBF)(Ropper et  al. 2004). 
CBV is the volume of intravascular blood within 
the brain, and CBF represents the volume of blood 
which moves through the brain per unit of time 
(mL/min) (le Roux et al. 2013). In general, when 
CBF is increased, CBV also is increased and vice 
versa; however, pathologic states can change this 
relationship (le Roux et al. 2013). CBF is approxi-
mately 50 to 75 mL per100 g brain tissue per min-
ute under normal circumstances. Critical 
thresholds of CBF are needed to maintain normal 
tissue health and cellular integrity (le Roux et al. 
2013; Ropper et  al. 2004). At about 20 to 
30 mL/100 g/min, patients typically develop neu-
rologic symptoms, and below 10 mL/100 g/min, 
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complete metabolic failure occurs and membrane 
integrity is compromised; this is one definition of 
ischemia (Madhok et  al. 2018; le Roux et  al. 
2013). One of the most important determinants of 
CBF is vessel caliber, as resistance, and thus flow, 
changes with the fourth power of the radius; for 
example, 20% constriction can reduce the CBF by 
60% if other factors stay the same (le Roux et al. 
2013). Regional variations in CBF are tightly con-
trolled to match these metabolic demands (Ropper 
et  al. 2004). Substances that can alter vascular 
tone and local perfusion include carbon dioxide, 
potassium, adenosine, nitric oxide, histamine, 
neuropeptide Y, vasoactive intestinal peptide, cal-
citonin gene-related peptide, and prostaglandins 
(Verweij et al. 2007). Alteration of vascular tone 
by these mediators is termed metabolic autoregu-
lation, and in general it is still poorly understood.

 CPP and Pressure Autoregulation

 Cerebral Perfusion Pressure

Cerebral perfusion pressure (CPP) is the blood 
pressure gradient across the brain vasculature or, 
in other words, the difference between arterial 
inflow and venous outflow pressure (le Roux 
et al. 2013; Ropper et al. 2004). Since the intra-
cranial pressure (ICP) usually determines the 
venous outflow pressure, CPP is clinically esti-
mated as the difference between mean arterial 
pressure (MAP) and ICP.

 CPP MAP ICP� �  

This is the driving pressure for CBF (le Roux 
et  al. 2013), and the cerebrovascular resistance 
(CVR) can be estimated from Ohm’s law, i.e., 
CPP divided by CBF (Madhok et al. 2018)

 CVR CPP CBF= /  

 Pressure Autoregulation

CBF is maintained over a range of cerebral perfu-
sion pressures via changes in arteriolar diameter 
and thus CVR, a process termed pressure auto-

regulation (le Roux et  al. 2013; Ropper et  al. 
2004). This autoregulation is impaired by brain 
trauma and other pathologic processes (Ropper 
et  al. 2004). As CPP falls, the arterioles in the 
brain dilate, reducing CVR in order to maintain 
CBF with an increased CBV (Ropper et al. 2004). 
Alternatively, when cerebral perfusion pressure 
is elevated, the arterioles constrict to maintain 
CBF with a reduced CBV (Ropper et al. 2004). 
Autoregulation in a normal adult is normally 
maintained when the MAP is between 50 mmHg 
and 150  mmHg; outside these limits, CBF and 
CBV passively follow CPP (le Roux et al. 2013; 
Ropper et  al. 2004). Chronically hypertensive 
patients experience increases in both the lower 
and upper values of autoregulation (Ropper et al. 
2004). When MAP exceeds the upper limits of 
autoregulation, it produces segmental dilation of 
arterial vessels, leading to disruption of the 
blood–brain barrier and causing cerebral edema; 
this is the genesis of hypertensive encephalopa-
thy (le Roux et al. 2013). When MAP is below 
the lower limit, CBF is not maintained and isch-
emia occurs (Castro et al. 2018) . In addition to 
brain trauma pressure, autoregulation may be 
impaired in pathological states including isch-
emic stroke, subarachnoid hemorrhage, and other 
etiologies of brain injury (Madhok et  al. 2018; 
Ropper et al. 2004).

 Elevated ICP and Relationships/
Targets of CPP

According to the Monro-Kelli hypothesis, 
since the intracranial volume is fixed, any 
increase in total brain volume causes an 
increase in pressure (le Roux et  al. 2013; 
Ropper et al. 2004). If pressure is elevated too 
high or for too long a period, intracranial con-
tents will shift among one or more compart-
ments, this leads to a herniation syndrome 
from displacement of brain parenchyma, or the 
development of ischemia and infarction from 
vascular compression (Cadena et  al. 2017). 
Intracranial hypertension is currently defined 
as an elevation of ICP to above 22 mmHg for 
greater than 5  minutes (Cadena et  al. 2017). 
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There is level IIB evidence that ICP above 
22 mmHg should be treated, as a level higher 
than this has been shown to be associated with 
increased mortality (Carney et al. 2017). There 
is also level IIB evidence for targeting a CPP 
value between 60 and70  mmHg to improve 
survival and favorable outcomes, but this target 
is often highly dependent on the degree to 
which cerebral autoregulation is intact (Carney 
et  al. 2017). Intervention for a CPP less than 
60  mmHg or an ICP greater than 22  mmHg 
should always be considered in the context of 
the patient; if a patient is stable and intact neu-
rologically, there may be no need for interven-
tion despite these values (Cadena et al. 2017) .

 Cerebral Metabolic Rate of Oxygen

As noted above, the brain requires significant 
energy due to its high metabolic demand, and as 
it does not have its own energy stores, it needs a 
constant supply of oxygen and glucose (Madhok 
et al. 2018). Cerebral blood flow is important for 
maintenance of intracranial physiology, but oxy-
gen delivery is also important, and disruptions in 
this also contribute to ischemia (Verweij et  al. 
2007). The difference between oxygen content in 
the arterial blood supplying the brain and the 
venous blood exiting the brain is called the arte-
riovenous oxygen difference (AVDO2) (Verweij 
et al. 2007). During the normal resting state with 
preserved CBF, the brain is estimated to extract 
50 percent of oxygen from the arterial blood sup-
ply (Madhok et al. 2018). The cerebral metabolic 
rate of oxygen (CMRO2) is the rate of oxygen 
consumption by the brain and is defined by the 
equation CMRO2  =  CBF x AVDO2 (Madhok 
et  al. 2018). This equation is expanded as 
follows:

 
CMRO CBF2 � �� ��Y Y Ca v a–

 

Where Ya is the arterial oxygen saturation and Yv 
is the venous oxygen saturation. Ca is the oxy-
gen concentration of blood per 100 mL (Liu and 
Li 2016) . Cerebral arterial blood contains about 
13 volume % (ml O2 / 100 ml blood) of O2 and 

venous blood contains about 6.7 volume%, 
which yields an AVDO2 of about 6.3 volume % 
(Verweij et  al. 2007). Using the first equation 
and estimating a CBF of about 50  mL/100  g 
brain tissue/min, the typical value of CMRO2 is 
3.2 mL of O2/100 g of brain tissue/min (Verweij 
et al. 2007).

 Cerebral Oxygenation and CO2 
Reactivity

 Ischemia

One of the major goals in treating brain injury is 
to prevent the irreversible damage associated 
with infarction and brain ischemia. Our under-
standing of which patients will develop cerebral 
ischemia and how we detect it is still very lim-
ited. There is some evidence that CBF reductions 
are coupled to decreases in CMRO2, at least when 
autoregulation is intact (Menon 2006). This cou-
pling fails when CPP is outside of the limits of 
the autoregulatory plateau. CBF thresholds for 
irreversible cell injury have been shown to vary 
based on disease pathology, at least when consid-
ering ischemic stroke and traumatic brain injury 
(Cunningham et  al. 2005). This suggests that 
other variables contribute to infarction and irre-
versible brain injury, but these have not been well 
defined. It is difficult to detect ischemia and pre-
vent infarction with currently available tools. 
Jugular vein oximetry is seldom used in practice 
any more, and brain tissue oximetry and microdi-
alysis are limited in that they only detect highly 
localized abnormalities (Menon 2006). When 
CBF is reduced, oxygen extraction fraction 
(OEF) is increased in an attempt to maintain oxy-
gen consumption to the tissues and to prevent 
ischemia (le Roux et al. 2013) . It has been sug-
gested that one definition of regional ischemia 
could be an increase in local OEF because this 
suggests that CBF is inadequate for oxygen 
demand. (Menon 2006). When OEF is increased 
and CBF is inadequate, the brain may not be able 
to compensate for further reduction in oxygen 
delivery, and infarction subsequently develops (le 
Roux et al. 2013).
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 Mitochondria

When discussing brain oxygenation, it is impor-
tant to understand mitochondrial function and 
how impairment can contribute to damage in the 
brain. Mitochondrial dysfunction decreases aer-
obic metabolism, thus decreasing oxygen 
demand, and results in a lower OEF (Ragan 
et al. 2013). Neuronal mitochondria require an 
intracellular oxygen tension of at least 
1.5 mmHg to carry out aerobic metabolism, and 
when the partial pressure of oxygen in brain tis-
sue (PbtO2) is reduced, there is inadequate oxy-
gen delivery to mitochondria (Verweij et  al. 
2007). PbtO2 is dependent on arterial oxygen 
tension or PaO2 (le Roux et al. 2013), and with a 
typical PaO2 of 90 mmHg and a cerebral venous 
partial pressure of about 35 mmHg, PbtO2 exists 
in a continuum that varies from 90  mmHg to 
34 mmHg depending on proximity to the capil-
lary bed (Verweij et  al. 2007). PbtO2 can be 
approximated to equal the product of CBF and 
AVDO2 (PbtO2  =  CBF x AVDO2) (Rosenthal 
et al. 2008). Based on this understanding, PbtO2 
is not only dependent on PaO2 and CBF but also 
related to hemoglobin concentration and diffu-
sion of oxygen into mitochondria (le Roux et al. 
2013) . When the PaO2 falls below 65 mmHg, 
humans experience difficulty carrying out com-
plex tasks; when less than 55 mmHg, short-term 
memory is impaired; and when less than 
30 mmHg, loss of consciousness occurs (Verweij 
et  al. 2007). Microdialytic studies show that 
infarction occurs when the PbtO2 is less than 10 
to 15  mmHg (le Roux et  al. 2013). In brain 
injury states that limit diffusion or impair mito-
chondrial oxygen metabolism, a higher tissue 
oxygen tension may be required to maintain suf-
ficient tissue oxygen supply (Verweij et  al. 
2007).

 Carbon Dioxide and Hyperventilation
The blood vessels in the brain are very sensitive 
to changes in carbon dioxide; this is termed CO2 
reactivity (le Roux et al. 2013). The major deter-
minant of this response is not CO2 itself, but the 
change in pH which it produces. CO2 is freely 
permeable across the blood–brain barrier, but 

other forms of CO2 in solution such as bicarbon-
ate ion are not. A change in PaCO2 of 1 mmHg 
can cause an increase or decrease in CBF of 
approximately 4% (Rangel-Castilla et al. 2008). 
Hypocapnia causes cerebral vasoconstriction and 
decreases CBF, while the reverse occurs with 
hypercapnia (le Roux et al. 2013). CO2 reactivity 
differs from autoregulation in that these changes 
are not in response to metabolic demands (le 
Roux et al. 2013).

Hyperventilation has long been considered as 
a possible treatment option for elevated intracra-
nial pressure because of the associated vasocon-
striction and decrease in CBF (le Roux et  al. 
2013). However, there is concern that prolonged 
hyperventilation can lead to global cerebral isch-
emia (Muizelaar et al. 1991). There is support of 
this notion from studies with patients who have 
had traumatic brain injuries and were treated 
with hyperventilation within the first 24  hours 
who were noted to have evidence of 
ischemia(Diringer et al. 2000) . Hyperventilation 
can decrease CBF by reducing vessel diameter; 
however, some studies suggest that the reduction 
in CBF is coupled with an increase in oxygen 
extraction fraction, with no net reduction in 
CMRO2. If the increase in OEF is sufficient, there 
still may be adequate substrate available to main-
tain the metabolic demands of the neurons and 
glia (Diringer et  al. 2000). However, at some 
point, CBF will be reduced to levels at which 
increased OEF is unable to compensate for the 
decrease in oxygen delivery, thereby resulting in 
ischemia (Diringer et al. 2000).

 Pharmacologic Regulation

Several pharmacologic interventions can be con-
sidered when attempting to alter cerebral hemo-
dynamics. It is important to understand how each 
intervention works and also what the contraindi-
cations and limitation of each are in order to 
safely administer them. At this time, 
 pharmacologic interventions primarily target 
improvements in ICP and CPP; however, as 
newer targets are identified, additional therapies 
may emerge.
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 Osmotherapy

Osmotherapy is the core of therapy for raised 
intracranial pressure. The Neurocritical Care 
Society considers mannitol and hypertonic saline 
as tier 1 interventions for raised intracranial pres-
sure (Cadena et al. 2017). Mannitol has been the 
mainstay of osmotherapy for some time; how-
ever, with increased interest in hypertonic saline, 
there is much debate over which is more effec-
tive. There is no level I evidence showing that 
osmotherapy improves neurologic outcomes 
(Fink 2012); however, the recommendation for 
use in elevated intracranial pressure is almost 
universal.

 Mannitol
Mannitol is a sugar alcohol that has been used 
since the 1960s; it is excreted rapidly by the kid-
ney when given intravenously and functions pri-
marily by raising serum osmolality (Ropper et al. 
2004; Fink 2012). The most commonly used con-
centration is 20% but is also available in 10% 
concentration. Mannitol does not cross the intact 
blood–brain barrier and it acts as a hyperosmolar 
agent by creating an osmolar gradient that pulls 
fluid from the brain into the intravascular com-
partment (Burgess et  al. 2016; Grape and 
Ravussin 2012). Mannitol is also thought to have 
a rheological effect, improving oxygen transport 
by decreasing blood viscosity and increasing red 
blood cell deformability (Grape and Ravussin 
2012). The reduction in blood viscosity causes 
reflex vasoconstriction, which reduces cerebral 
blood volume and intracranial pressure (Diringer 
et  al. 2012); however, this may be limited to 
patients whose autoregulation remains intact 
(Grape and Ravussin 2012). Additionally, the 
fluid shift caused by the hyperosmolarity causes 
plasma expansion and subsequently can increase 
cardiac output, mean arterial pressure, and 
increased cerebral perfusion pressure (Grape and 
Ravussin 2012). The overall mechanism by 
which mannitol improves intracranial pressure is 
thus still under debate, with some studies sug-
gesting that the decrease in cerebral blood vol-
ume occurs within first minutes after 
administration, and the reduction in water vol-

ume occurring later (Diringer et  al. 2012). In 
addition to reducing intracranial pressure, man-
nitol may be a free radical scavenger and it may 
reduce programmed cell death (Diringer and 
Zazulia 2004). However, these mechanisms need 
further study (Grape and Ravussin 2012).

Mannitol is administered in doses of 0.5 to 
1.0 g/kg by an IV bolus and does not require a 
central venous catheter (Cadena et  al. 2017). It 
has been showed to have an effect on ICP that 
lasts for over two hours (Francony et  al. 2008) 
and possibly up to six hours (Grape and Ravussin 
2012); repeated doses are recommended every 
4–6 hours (Cadena et al. 2017). It has been sug-
gested that serum osmolality should be moni-
tored when using repeated doses of mannitol. 
The previous held belief was that there is no 
appreciable benefit when osmolality went above 
320 mOsm/L (Cadena et al. 2017) and exceeding 
this value could precipitate worsening kidney 
function; however, more recent studies have 
shown that patients tolerate a serum osmolality 
up to 340 mOsm/L (Diringer and Zazulia 2004). 
Another way to monitor mannitol administration 
is to calculate the osmolal gap prior to adminis-
tration of a repeated dose, and if the value exceeds 
20  mOsm/L, the next dose should be delayed 
because it indicates that the previous dose of 
mannitol has not been cleared from the system 
(Ropper et  al. 2004). Theoretically repeated 
doses can also cause mannitol to cross the blood–
brain barrier and potentially worsen cerebral 
edema; (Fink 2012) however, this has not been 
demonstrated in clinical practice (Freeman 
2015). Another concern is that mannitol prefer-
entially reduces water in the normal brain tissue 
and can thereby potentially worsen midline shift 
in brains with hemispheric lesions (Diringer and 
Zazulia 2004). One proposed complication is that 
the mannitol crosses the disrupted blood–brain 
barrier and then remains in the brain interstitium, 
while the intravascular mannitol is rapidly cleared 
from the system, creating a reverse osmolar gra-
dient (Kaufmann and Cardoso 1992). This, too, 
has yet to be demonstrated in clinical practice. 
Contraindications to mannitol use include 
impaired renal function (since it is not removed 
by hemodialysis), progressive heart failure, and 
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severe dehydration (Freeman 2015). The tran-
sient expansion of the plasma volume that can 
exacerbate heart failure is relieved by the diuretic 
effect that soon follows (Freeman 2015). It is 
important to monitor diuresis when using man-
nitol, as hypotension may occur without volume 
replacement (Diringer and Zazulia 2004). 
Additionally, mannitol can be nephrotoxic by 
causing direct tubular damage, so that monitoring 
of kidney function and electrolytes is recom-
mended (Grape and Ravussin 2012).

 Hypertonic Saline
Although the first documented use of hypertonic 
saline was in 1919, its clinical use became more 
prevalent several decades later due to concerns 
with the potential side effects of mannitol and 
contraindications to its use (Surani et al. 2015). 
Hypertonic saline is available in various con-
centrations that range from 2% to 23.4%. 
Concentrations higher than 2% are usually 
administered via a central venous catheter 
(Grape and Ravussin 2012). Hypertonic saline 
has a similar osmotic effect to mannitol, 
although the mechanism is slightly different. 
The increase in serum osmolality causes fluid to 
move across the blood–brain barrier in a manner 
similar to that of mannitol; however, there is 
also some evidence that hypertonic saline down-
regulates aquaporin 4 channels, which have 
been implicated in the development of cerebral 
edema (Zeynalov et al. 2008). Hypertonic saline 
expands the plasma volume, which increases 
cardiac output and mean arterial pressure, and 
potentially increases cerebral blood flow similar 
to the initial increase in plasma volume by man-
nitol; however, it is not a potent diuretic and so 
this effect is not followed by rapid diuresis (Fink 
2012). Hypertonic saline has a rheological effect 
similar to mannitol, which reduces hematocrit 
and improves red cell deformability (Tseng 
et  al. 2003). Additional benefits suggested by 
animal studies on the actions of hypertonic 
saline include a reduction in apoptosis in isch-
emic areas of the brain, and potential attenua-
tion of reperfusion injury, but these mechanisms 
are difficult to confirm in humans (Grape and 
Ravussin 2012).

Hypertonic saline can be administered via a 
bolus or continuous infusion. The typical sodium 
goal ranges between 145 and 155 mmol/L, and it 
is recommended that sodium concentration 
should not exceed 160 mmol/L (Francony et al. 
2008); however, in cases of refractory elevated 
intracranial pressure, concentrations as high as 
180  mmol/L have been tolerated (Fink 2012). 
Hypertonic saline is not recommended for 
patients with severe heart failure because it can 
lead to pulmonary edema due to expansion of the 
plasma volume, and it does not have the same 
diuretic effect as mannitol. There is also concern 
of precipitating osmotic demyelination in patients 
with preexisting hyponatremia if serum sodium 
concentration is raised too quickly.

Many studies have been performed to assess 
which agent is more effective in reducing intra-
cranial pressure; however, they have mostly been 
shown to have equivalent effects in reducing ICP 
(Francony et al. 2008). Small studies have been 
performed and have not shown a difference 
between neurologic outcomes or mortality 
between the two agents (Burgess et al. 2016).

 Sedation

Sedation can be effective for managing patients 
with brain injury. In addition to lowering intra-
cranial pressure by decreasing oxygen demand, 
and therefore CBF, sedatives can also alter intra-
cerebral physiology by other mechanisms. 
Sedation can attenuate patient responses that 
increase cerebral metabolic rate and raise intra-
cranial pressure, such as pain, anxiety, fear, and 
ventilator dyssynchrony (Ropper et  al. 2004). 
Sedatives have been shown to reduce CMRO2 

(Oddo et al. 2016), which improves tolerance to isch-
emia. Sedatives can be administered either by 
using a continuous infusion or by administering 
the agents on an as-needed basis. The use of sed-
atives, however, can be problematic. Many 
 studies have shown that minimizing sedation in 
ICU patients can lead to shorter duration of 
mechanical ventilation and reduced length of 
hospital stay (Oddo et  al. 2016). Sedation holi-
days are often employed in critically ill patients; 
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however, they are often contraindicated in 
patients with brain injuries because they may 
cause critical increases in intracranial pressure 
and even precipitate herniation. Picking the ideal 
sedative should be based on the individual char-
acteristics of the patient and the potential side 
effects of the sedative. The different categories of 
sedatives appear to be equally efficacious in their 
effects on intracranial pressure and cerebral per-
fusion pressure (Roberts et al. 2011).

 Propofol
Propofol is often used in the intensive care unit as 
a sedative because of its favorable pharmacoki-
netic profile. Propofol exerts its effects by inter-
acting with the GABAA receptor and also by 
inhibiting excitatory glutamate release (Adembri 
et al. 2007). It is rapidly distributed from blood 
into tissues, which allows for rapid onset and 
emergence (Adembri et al. 2007). It is primarily 
metabolized by the liver but there is some extra-
hepatic metabolism as well; it does not appear to 
be affected by hepatic or renal failure (Adembri 
et al. 2007). Propofol decreases cerebral metabo-
lism and cerebral blood flow while maintaining 
carbon dioxide reactivity, so it can be an ideal 
choice in patients with brain injury (Van 
Hemelrijck et al. 1990). Propofol also is effective 
at lowering intracranial pressure and decreasing 
cerebral electrical activity, so it often is used as 
the first-line sedative in patients with elevated 
intracranial pressure or in those with concern for 
seizure activity (Oddo et al. 2016). When com-
pared to benzodiazepines, propofol has a faster 
wake up time and permits more rapid extubation 
(le Roux et al. 2013).There are, however, disad-
vantages to its use and these include lack of 
anamnestic effect, lack of an analgesic effect, and 
development of tolerance/tachyphylaxis (Oddo 
et al. 2016). Propofol can also cause hypotension, 
hepatic dysfunction, and metabolic acidosis 
(Ropper et al. 2004). Propofol infusion syndrome 
is a severe adverse event that can occur in patients 
with high doses of propofol for long durations 
and is characterized by metabolic acidosis, and/
or rhabdomyolysis, and progressive myocardial 
failure (Adembri et al. 2007). Therapeutic hypo-
thermia may precipitate this often-fatal compli-

cation by reducing hepatic metabolism (Oddo 
et al. 2016).

 Benzodiazepines
Midazolam and lorazepam are the two benzodi-
azepines most often considered for sedation. 
Lorazepam has a longer half-life than midazolam, 
so it is less suitable for continuous infusion. Its 
use can be limited due to metabolic acidosis 
related to propylene glycol toxicity (Horinek 
et  al. 2009). When compared to propofol and 
midazolam, lorazepam leads to more overseda-
tion (le Roux et  al. 2013). Midazolam has a 
shorter half-life than many sedatives; however, 
its high lipid solubility leads to accumulation in 
the tissues, which can prolong clearance and 
delay awakening (Oddo et al. 2016). Depending 
on duration of use, patients can develop with-
drawal symptoms if benzodiazepines are discon-
tinued too rapidly (Oddo et al. 2016). Midazolam 
has been shown to decrease CMRO2 and cerebral 
blood flow (CBF), with slight decrease in intra-
cranial pressure while preserving CO2 reactivity 
and cerebral autoregulation (Oddo et  al. 2016). 
One positive side effect of midazolam is its anti- 
epileptic effect, which is also seen with propofol 
but not with opioids. Midazolam also exerts an 
amnestic effect which may seem less important 
in the ICU setting but can have significant impli-
cations for the patient in the future and the poten-
tial for psychological conditions to develop after 
critical illness (le Roux et al. 2013).

 Opioids
Opioids are often used to treat processes that can 
increase intracranial pressure such as coughing, 
pain, and intolerance to the endotracheal tube 
(Ropper et al. 2004). Untreated pain or discom-
fort can lead to an increased stress response with 
tachycardia, increased oxygen consumption, 
hypercoagulability, immunosuppression, increased 
catecholamine activity, and increased ICP as previ-
ously reported (le Roux et  al. 2013). Commonly 
used opioid infusions in the ICU are fentanyl, 
sufentanil, and remifentanil. Morphine was com-
monly used in the past; however, with its longer 
half-life, and potential redistribution and accu-
mulation in renal failure, its use has declined in 
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favor of the newer shorter acting agents (de Nadal 
et al. 2000).

However, there can be a transient increase in 
ICP and transient decrease in MAP after fentanyl 
or sufentanil administration, leading to a reduc-
tion in CPP (Oddo et  al. 2016; Flower and 
Hellings 2012). Some studies have shown this 
response in boluses of morphine at a dose of 
0.2 mg/kg, but there are studies with the newer 
agents such as remifentanil and sufentanil that 
suggest this response to be dose dependent (de 
Nadal et  al. 2000; Flower and Hellings 2012). 
Some studies have shown that if the transient 
reduction in MAP is prevented, then the transient 
spike in ICP is not seen (de Nadal et al. 2000). 
Remifentanil has been shown to not alter ICP or 
CBF during its administration; however, it can 
cause hyperalgesia at cessation (Oddo et  al. 
2016) which is important to consider when wean-
ing because its withdrawal can lead to tachycar-
dia and hypertension that may be harmful to the 
patient (le Roux et al. 2013). Many of the seda-
tives used in the ICU do not have analgesic prop-
erties (e.g., propofol), so opioids should be used 
in conjunction with these agents to optimize 
patient management. Disadvantages to use of 
opioids for sedation include reduced gastrointes-
tinal motility and prolonged mechanical ventila-
tion (Ropper et al. 2004) .

 Barbiturates
Barbiturates can be used for secondary treatment 
of refractory elevated intracranial pressure and to 
eliminate critical elevations in ICP (Alnemari 
et al. 2017); but, similar to other agents, it is not 
clear whether reduction in ICP improves out-
comes. Barbiturates are considered third tier ther-
apy for increased ICP (le Roux et al. 2013) . Two 
medications that can be considered from this 
class are pentobarbital and thiopental; however, 
thiopental is no longer available in the United 
States. Pentobarbital is effective at reducing ICP 
by suppressing brain metabolic demand, and also 
decreasing cerebral blood flow and blood volume 
(Wolahan et al. 2018) by causing cardiac depres-
sion and hypotension. However, this effect can 
lead to cerebral hypoxia which may be associated 
with worse outcomes than elevated intracranial 

pressure (Alnemari et  al. 2017). Thiopental has 
been shown to be more effective than pentobarbi-
tal in reducing ICP, and there is some evidence 
that it may provide additional neuroprotective 
effect by reducing cerebrospinal fluids such as 
glutamate and lactate (Alnemari et  al. 2017). 
Barbiturates can be considered in patients with 
brain injury who also develop refractory status 
epilepticus as they are effective in treating sei-
zures. Barbiturate use, however, is associated 
with significant side effects and these must be 
considered when using this class of medications. 
A Cochrane review found that one in four patients 
developed hypotension when on a continuous 
infusion of pentobarbital (Roberts and Sydenham 
2012), and patients often required vasopressor 
support (Cadena et  al. 2017). Other complica-
tions of pentobarbital use include respiratory 
depression, cardiovascular instability, immune 
suppression, and paralytic ileus (Cadena et  al. 
2017). Pentobarbital clearance is very prolonged 
and it may take days after discontinuation of ther-
apy for a patient to arouse (Cadena et al. 2017).

 Dexmedetomidine

Dexmedetomidine is an alpha-2-agonist that can 
also be used in the ICU to provide sedation. It 
has several advantages including exerting an 
anxiolytic effect (Mantz et  al. 2011) typically 
without depressing ventilatory drive and pre-
serving sleep architecture, and it allows for 
arousable sedation (le Roux et al. 2013; Mantz 
et al. 2011). Some research studies also suggest 
that dexmedetomidine exerts neuroprotective 
effects against ischemia (Mantz et al. 2011; Liu 
et  al. 2017) and that it may have favorable 
effects on ICP as well (Schomer et  al. 2019). 
Adverse effects of dexmedetomidine include 
bradycardia and hypotension.

 Neuromuscular Junction Blockers

Neuromuscular junction blockers have been used 
to eliminate responses that can elevate intracra-
nial pressure such as coughing or ventilator dys-
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synchrony. However, in the absence of a need for 
completely controlled mechanical ventilation, 
their use should be limited, and studies have not 
shown evidence of improved ICP control with 
their use (Ropper et  al. 2004). They also have 
many side effects including increased incidence 
of critical illness such as polyneuropathy, longer 
ICU stay, and a higher incidence of pneumonia 
(Ropper et al. 2004).

 Conclusion

Brain injury is a significant cause of disability in 
the world (Kochanek et  al. 2014; Taylor et  al. 
2017). Cerebral physiology and hemodynamics is 
an ever-growing field and there is still a great deal 
more to learn in order to improve patient out-
comes. Further research into this is ongoing and 
will provide future physiologic targets and poten-
tial pharmacologic innovations.
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Stress, Strain, and the Inflation 
of the Lung

C. Corey Hardin and James P. Butler

 Introduction

Basic to the function of the lung is its inflation in 
response to the application of a pressure or stress 
(Fredberg and Kamm 2006). In the case of spon-
taneous breathing, this stress is applied to the 
pleural surface by the respiratory muscles. In the 
case of mechanical ventilation, this stress is 
applied at the airway opening. In either case, 
stress is subsequently transmitted through the 
lung connective tissue and its adherent cells 
(Mead et  al. 1970). The lung is a complex 
mechanical structure whose response to applied 
stress is influenced not only by the mechanical 
properties of cells and connective tissue (Suki 
et al. 2005) but also that of the surface tension at 
the air–liquid interface (Bachofen et  al. 1970) 
and the potentially complex interaction between 
each of these components. Lung inflation in 
response to applied stress can be spatially hetero-
geneous and may exhibit features of viscoelastic-
ity (Fredberg and Stamenovic 1989) with 
deformation varying in time even in the setting of 
constant applied stress. For most clinical pur-

poses, much of this complexity may be over-
looked, but in others the full details of inflating 
forces and resultant lung tissue deformation are 
essential for a complete understanding. Here, we 
describe the nature of lung inflation and stretch 
during the respiratory cycle moving from the 
simplest one-dimensional descriptions of the 
lung as an elastic structure in series with an air-
way resistance to a more complex description 
which incorporates the oscillatory nature of 
applied stress during lung inflation and the time- 
varying response of lung tissue. In the interest of 
brevity, we will not attempt to address several 
important mechanical topics including the non-
uniform distribution of pleural pressure (West 
and Matthews 1972), the parenchymal stress dis-
tribution surrounding airways and blood vessels 
(Lai-Fook 1979), and deformations of the alveo-
lar duct during inflation and under the influence 
of surface tension (Wilson and Bachofen 1982). 
Readers are referred to the cited texts for a full 
discussion of these important topics. Furthermore, 
in this chapter, we make only superficial refer-
ence to the role of the air–liquid interface and 
surfactant in determining lung elastic behavior as 
this topic is addressed in the chapter by Hardin, 
Spragg, and Malhotra in this volume (Chap. 17).C. C. Hardin (*) 
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 Stress and Strain in 1D: Pressure 
and Volume

In clinical practice, we generally conceive of the 
lung as a series of tubes which serve to conduct 
air to and from the distensible gas exchange sur-
faces. The flow of air through the tubes follows 
the formation of a pressure gradient between the 
airway opening and the gas exchange region, the 
alveolar space. The simplest realization of this 
idea is that of a single tube connected to a balloon 
(Fig. 12.1).

The volume of this balloon is a function of the 
pressure difference between the airway opening 
and the pleural pressure acting on the outside sur-
face – the transpulmonary pressure (Mead et al. 
1970). The lung is a pressure-supported structure 
(Kimmel and Budiansky 1990; Suki et al. 2011). 
In normal circumstances, the lung maintains a 
positive transpulmonary pressure and thus a non-
zero volume. In the context of pulmonary 

mechanics, the preexisting stress – the transpul-
monary pressure which exists prior to an increase 
in lung volume above the resting volume is 
referred to as the prestress. It is therefore more 
convenient to describe inflation as change in vol-
ume from some reference state Vo rather than an 
absolute volume. We can thus imagine a relation-
ship between the transmural pressure and dis-
placement of the volume from its reference state. 
Pressure is a force per unit area so that this rela-
tionship describes the one-dimensional displace-
ment of the volume as a function of an applied 
force and is analogous to Hooke’s law describing 
an increment in length in response to an imposed 
force: σ = Y(x − x0). The magnitude of the change 
in length is proportional to a constant, which is 
determined by the physical properties of the 
material being stretched and is represented by the 
constant term, Y.  The force divided by the 
 cross- sectional area of the material is the stress, 
and the resultant increment in length per initial 

Paoa b

Ppl

PL

Palv

Paw = Pao – Palv

Pel,L = Palv –Ppl

PL = Pao – Ppl

∆P = 
∆P
∆V

1
c(V – Vo)= (V – Vo)

V
ol

um
e

Fig. 12.1 One-dimensional model of the lung. (a) The 
transpulmonary pressure incorporates both the resistive 
pressure drop across the airway and the elastic distending 
pressure across the alveolus. (b) The relationship between 
pressure and volume is nonlinear, with the slope of the 

curve given by compliance or 
∆
∆
V

P
.However, the pres-

sure–volume curve may be approximated as linear over 
appropriate ranges of volume as indicated by the red lines 

tangent to the curve. The pressure–volume curve also 
indicates that the lung has a nonzero volume at zero trans-
pulmonary pressure so that when describing stress and 
strain during inflation volume is considered as an incre-
ment in volume from the unstressed reference state. 
(Abbreviations: Paw, pressure drop across the airway, Pao, 
pressure at the airway opening, Palv, pressure in the alveo-
lus, Ppl, pleural pressure, Pel,L = elastic distending pressure 
of the lung, PL transpulmonary pressure, C, compliance, 
Vo, volume at zero transpulmonary pressure)
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length is the strain. Y is specified by the ratio of 
stress to strain defined as the fractional change in 
length. In the case of the 1D lung model, the 
stress is the pressure across the lung (the trans-
pulmonary pressure) and the strain is the frac-
tional increment in volume:

 
�P E V V� �� �0  

(12.1)

Note that above we have ignored the portion 
of the transpulmonary pressure, which is dissi-
pated across the airway resistance. A fuller treat-
ment results in the familiar one-compartment 
lung model equation of motion (Bates 2009; Otis 
et al. 1950):
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dV

dt
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(12.2)

The above description may be recommended 
by its simplicity but even here a hidden com-
plexity lurks. If a real material is deformed in 
one direction – by applying stress parallel to its 
long axis  – it will also deform along another 
axis, for example, by contracting along the axis 
perpendicular to the applied stress. The full 
mechanical behavior, even in this very simple 
case, therefore requires the specification of not 
just one but of two material constants (Atkin 
and Fox 2005) – Y (which is referred to as the 
Young’s or elastic modulus) and ratio of strain 
in the perpendicular direction to that in the par-
allel direction. This ratio is referred to as 
Poisson’s ratio.

 More Complicated Models of Lung 
Inflation

The simple description above breaks down in 
several respects when used to describe actual 
lung stress and strain. The first is the problem of 
length scale. At the level of the alveolus, the pul-
monary parenchyma is composed of elastic tissue 
alternating with airspaces. The stress is therefore 
well defined only on a length scale which aver-
ages over these discontinuities (Solid Mechanics 
2011). Such a coarse-grained approach risks 
overlooking important events such as cellular 
mechanical transduction (Ingber 2003), which 
may depend on forces at the level of single cells 
(Butler et al. 2002). Secondly, Eq. 12.1 is a linear 
equation which implies that the relationship 
between stress and strain is linear – the constants 
being fixed. That the lung, in reality, has a nonlin-
ear relationship between stress and strain is clear 
from an inspection of the pulmonary pressure–
volume loop (Fig. 12.1) in which the slope clearly 
depends on lung volume. Third, the lung is a 
three-dimensional structure. Whereas the vecto-
rial description of the forces acting on the 1D 
system required the specification of only one 
force vector, the description of the relationship 
between stress and strain in three dimensions 
requires the specification of six independent 
stress components (Fig. 12.2[a]). These may be 
resolved into those that act to expand (contract) 
an arbitrary cube of lung tissue (referred to as 
normal stresses) and those which distort its shape 

∆X

∆X

θ

a b c

Fig. 12.2 Shear and normal stress. Any arbitrary defor-
mation may be described by an appropriate combination 
so-called normal stress (contraction or elongation, a) 
and  shear stress (change in shape without change in 

 volume,  b). In real materials, a deformation along one 
axis will result in a deformation along another as well so 
that, for example, an elongation in the x-direction will 
also result in a contraction along the y-axis (c)
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without changing its volume  – referred to as 
shear stresses. The material constant appropriate 
for normal deformation is the bulk, or elastic 
modulus defined as the ratio of normal stress to 
fractional volume change (V/V0). The material 
constant appropriate for shear deformation is the 
shear modulus defined as the ratio of the shear 
stress to the shear strain which may be measured 
by the tangent of the angle through which the 
material is deformed (Fig. 12.2).

Experimental measurements of lung material 
properties generally yield a bulk modulus that is 
3–4 times larger than the shear modulus 
(Stamenović 1990). Any arbitrary deformation of 
a deformable material may be described by an 
appropriate combination of normal and shear 
deformations. Fourth, the response to imposed 
stress in the lung may be nonuniform. By nonuni-
form displacement it is meant that the application 
of a force at a particular location causes portions 
of the lung to be displaced relative to other por-
tions of the lung, a form of strain quite different 
from uniform volume enlargement or elongation 
envisioned by Hooke’s law.

 Prestress and the Shear Modulus

We previously alluded to the fact that the lung is 
a pressure-supported structure – its nonzero vol-
ume depends upon a nonzero transpulmonary 
pressure. The transpulmonary pressure at the 
resting volume of the lung (roughly speaking, 
the functional residual capacity or FRC) is the 
prestress. By coarse graining the stress acting on 
lung tissue, defining it as an average over a suf-
ficiently large length scale that the discrete 
nature of tissue components is ignored, we gloss 
over a critical consequence of the prestress. If 
one assumes that macroscopic deformations are 
faithfully transmitted to the microscopic scale 
(deformations which meet this requirement are 
referred to as affine deformations in mechanics) 
and attempts to predict the lung shear modulus 
from the properties of the individual compo-
nents, one arrives at a number that is signifi-
cantly larger than the measured shear modulus of 
lung tissue, which is approximately 0.7 times the 

transpulmonary pressure (Lai-Fook et al. 1976). 
The resolution of this discrepancy lies in the 
relaxation of the assumption of affine deforma-
tion. At the microscopic level, lung tissue may 
be modeled as a series of connective tissue 
“struts” joined at discrete points to form a poly-
hedral structure (Fredberg and Kamm 2006; 
Stamenović 1990; Kimmel et  al. 1987). When 
subjected to shear stress, this structure will not 
just undergo a large- scale deformation but the 
individual structural members may move rela-
tive to each other. This additional degree of free-
dom results in a structure which is less resistant 
to shear deformation than bulk expansion or con-
traction. The tendency of internal elements to 
move relative to each other will be less if the 
overall structure is under a greater degree of 
stress. In the lung, this results in a situation in 
which an applied stress results in a greater ten-
dency to change shape than volume and one in 
which the shear modulus is a constant fraction of 
the transpulmonary pressure (Stamenović 1990).

 Stress Transmission in the Lung

In keeping with the above discussion, the most 
comprehensive description of stress and strain 
will specify each at each point in the lung. 
Mathematically, this may be done by specifying a 
stress field  – a mathematical construct which 
associates to every point in space a stress which 
has a magnitude along each of the three spatial 
axes. In response to this stress field, the lung will 
develop a displacement field in which each point 
in the lung is displaced relative to its position 
prior to the application of the stress field. Which 
leads to the question of what a typical distribu-
tion of stress and strain is obtained within the 
lung? Ultimately, the macroscopic material con-
stants such as the bulk and shear modulus mostly 
arise from the microscopic structure of lung 
 tissue (Kimmel et al. 1987). In the case of uni-
form inflation, the distribution of stress takes a 
particularly simple form (Mead et  al. 1970). 
Consider an arbitrary, assumed spherical, surface 
within the lung (Fig. 12.3). The forces acting on 
this surface will consist of the forces applied to it 
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by all of the alveolar units through which it 
passes. These can be described as the sum of tis-
sue attachments on each side of the surface (Fi 
and Fo, respectively), the pressure difference 
across the wall (Pi – Po) and the radial stress that 
results from the elastic recoil of the surface (Pw). 
In equilibrium, forces must sum to zero. Note 
that if the tissue forces are divided by the area 
over which they act, they may be expressed as 
pressures. The radial stress for a sufficiently 
small surface may be determined from the law of 
Laplace (Mead et al. 1970) as Pw = 2Fw/r, where 
r is the radius of curvature.
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The general expression above may be simpli-
fied with respect to specific portions of the lung. 
At the pleural surface, there are no outward tissue 
forces acting to distend the lung. The radius of 
curvature at the pleural surface is quite large, so 
we are left with an expression which specifies the 
total distending stress as the transpulmonary 
pressure and the recoil forces as the sum of 
inward acting tissue forces:
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where we have substituted the alveolar pressure 
for the internal pressure and the pleural pressure 

for the external pressure. This expression may be 
read as a partial justification for the one- 
dimensional model discussed above in which 
lung stretch results from the transpulmonary 
pressure and is opposed by the elastic properties 
of the tissue.

Away from the pleural surface, the above sim-
plifications do not apply. However, inside the 
lung, the gas pressures will be everywhere equal 
so that the first term in Eq. 12.3 will be zero. The 
force balance will then be:
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where the outward acting tissue forces are 
opposed by inward acting forces and the elastic 
recoil due (primarily) to surface tension. In a 
homogenous lung, the stress tending to stretch 
the lung, the distending stress, has a particularly 
simple form. If the lung is homogeneously 
inflated and the pulmonary parenchyma is 
regarded as homogenous, the sum of outward 
acting forces is just the number of attachments 
times the (uniform) force per attachment: nF/A. 
The assumption of homogeneity implies the 
stress everywhere is the same. In particular, at the 
pleural surface the outward acting stress is the 
transpulmonary pressure, so this argument 
implies that the distending stress is everywhere 
the transpulmonary pressure – a further justifica-
tion for the simple model of Eq. 12.1.

Fo

Fo
Fo Fo Fo

Fw

Fi

Fi
Fi Fi Fi

Pi

Po

Fig. 12.3 Force balance and pulmonary stability. Any 
region of the pulmonary parenchyma will be composed of 
airspaces and connective tissue attachments (ignoring, for 
simplicity, the air–liquid interface and local distortions 
due to blood vessels or airways). For the lung to be stably 
inflated, all forces must balance. Imagining an arbitrary 

spherical surface somewhere in the lung, the relevant 
forces are the pressure difference across the surface (Pi- 
Po), the force from tissue attachments pulling inward on 
the surface (Fi), the force from tissue attachments pulling 
outward on the surface (Fo), and the tension in the wall of 
the surface, Fw, approximated by the law of Laplace
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 Nonuniform Inflation: Stress 
Multipliers

In arguing for the centrality of the transpulmonary 
pressure above, we assumed homogenous infla-
tion. Even under normal circumstances, however, 
the lung is not uniformly inflated (Wilson 1983) 
as there exists a vertical gradient of pleural pres-
sure (Lai-Fook 2004). Moreover, disease states 
such as the Acute Respiratory Distress Syndrome 
may result in partial lung collapse (Gattinoni and 
Pesenti 2005). In the setting of nonuniform infla-
tion, stress transmission is altered as follows: if 
we postulate the collapse of a spherical region and 
assume that the magnitude of tissue forces does 
not change (they may, in fact, increase as connec-
tive tissue fibers are stretched. However, the 
assumption provides a lower bound on the change 
in forces associated with collapse). The force act-
ing at the junction of collapsed and inflated lung 
then is no longer the transpulmonary pressure but 
instead is a multiple of it (Mead et al. 1970):

• Initial stress: nFo/Ao

• Resultant stress: nF0/A

Assuming spherical collapse, the area is the 
volume to 2/3 power, and the ratio of resultant 
stress to initial stress is:
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On the basis of the above relationship, junc-
tions between inflated and non-inflated lung have 
been referred to as stress raisers and the number of 
such stress raisers is correlated with the severity of 
lung injury in the Acute Respiratory Distress 
Syndrome (Cressoni et  al. 2014) Note that the 
above argument is explicitly predicated on the 
geometry of the local collapsed region and the 
subsequent change in the area on which tissue 
forces are acting. There are common situations of 
nonhomogeneous inflation – plate-like atelectasis 
in the lung bases, for example, in which the area 
does not change and would not be expected to lead 
to significant stress multiplication (Fung 1975).

 Barotrauma and Volutrauma

Lung injury and ARDS are said to result from 
multiple sources (Curley et al. 2016) – barotrauma 
(overly large distending pressure), volutrauma 
(excessive lung stretch), biotrauma (inflammatory 
injury which may not be confined to the lung), 
and atelectrauma (repeated opening and closing 
of lung units which may result in shear stress on 
epithelial cells). It is apparent, however, that baro-
trauma and volutrauma should not be considered 
as separate mechanisms as changes in volume 
result from changes in pressure according to the 
equation of motion. The term barotrauma is fre-
quently used to describe gross tissue rupture such 
as pneumothorax, but as these events involve dis-
placement of tissue elements (a change of volume 
or shape), this is more accurately described as 
volutrauma. Indeed, in most circumstances, soft 
tissues such as the lung parenchyma may be 
treated as incompressible – their density is con-
stant – so that the only possible result of an appli-
cation of pressure is a displacement. The 
possibility of mechanotransduction (Wang et  al. 
1993) (the initiation of a biologic signaling cas-
cade by the application of a mechanical stimulus) 
and subsequent biotrauma is beyond the scope of 
this chapter except to say that such events are 
likely to involve displacement of macromolecular 
complexes or protein domains.

 Viscoelasticity, Respiratory Rate, 
and Mechanical Power

It is well established that the pulmonary paren-
chyma, like other biologic tissues, is not a purely 
elastic material (Bayliss and Robertson 1939). 
Elastic materials deform reproducibly and instan-
taneously when subjected to external stresses 
while most biologic materials dissipate some of 
the imposed stress in a manner analogous to the 
resistance of a flowing liquid. As in a liquid, the 
friction which occurs when elements of a tissue 
under load move relative to each other will be pro-
portional to the rate of application of the external 
load and are referred to as viscous stresses. 
Materials which respond to an imposed load with 
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both elastic strain and viscous stresses (propor-
tional to rate of deformation) are said to be visco-
elastic. Viscoelastic materials may also develop 
other, complex, time-dependent behavior such as 
creep (defined as increasing strain despite con-
stant stress) and stress relaxation (defined as con-
tinuous change in stress in response to constant 
strain). The precise structural origin of creep and 
stress relaxation is complex and material depen-
dent but ultimately results from the complex 
structure of biologic materials in which constitu-
ent parts (proteins, proteoglycans, etc.) may rear-
range relative to each other in response to external 
loading (Suki and Lutchen 2006). As the material 
structure changes, so may the strain at constant 
stress or stress at constant strain.

The viscoelasticity of lung tissue raises the 
possibility that the respiratory rate (the frequency 
of cyclic loading) will be mechanically impor-
tant. It has even been suggested (Tonetti et  al. 
2017) that rate-dependent processes are clinically 
important. In particular, it has been suggested 
that respiratory rate can be a contributor to lung 
injury on par with strain. An expression which 
quantifies both the elastic strain in response to 
stress and the rate-dependent viscous stress is the 
mechanical power. To derive an expression for 
the mechanical power, investigators typically 
start by modifying the equation of motion 
(Eq. 12.2) as follows:
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explicitly including the prestress in the form of 
positive end-expiratory pressure (PEEP), setting 
the volume increment above resting (V-Vo) equal 

to Vt, the tidal volume, and letting 
dV

dt  be equal 
to the flow. Instead, here we will follow the prac-
tice of Huhle et al. (Huhle et al. 2018) in omitting 
the PEEP term as it represents an energy which is 
not applied at each cycle (see below for further 
discussion of PEEP and mechanical power). This 
equation determines the relationship between 
pressure and volume and integrating it over a vol-
ume change will yield the work done on the 
respiratory system with each breath. Writing the 
flow in terms of the tidal volume, respiratory rate, 

and I:E ratio and carrying out the integration 
yields (Gattinoni et al. 2016):

Work R
IE

IE
E Vbreath t�

��
�
�

�
�
� �

�

�
�

�

�
�.

.
.

1

60

1

2
2

 
(12.8)

Power is work per unit time so that the expres-
sion for mechanical power becomes:
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A few clinical objections may be raised 
against the above expression (Huhle et al. 2018). 
PEEP, a hallmark of clinical management of lung 
injury is difficult to incorporate. Including PEEP 
in the power is misleading (for the reasons stated 
above as justification for omitting it). However, 
cyclic stress is not independent of static stress. 
The justification for PEEP, a purely static stress, 
in the setting of lung injury is to prevent tidal 
recruitment and de-recruitment. Tidal recruit-
ment is expected to increase the harm of dynamic 
(cyclic) stress so that PEEP should decrease 
cyclic lung injury (Protti et  al. 2014) yet even 
with PEEP included, the power equation does not 
take this interdependence into account in a sim-
ple way. Mechanical power always increases 
with increasing PEEP, which suggests PEEP 
should always be harmful. Secondly, the expres-
sion above for mechanical power is clearly more 
complicated than a model of lung injury which 
considers only strain, so it can only be recom-
mended if it adds explanatory power. Currently, 
there is no convincing clinical evidence that 
mechanical power offers superior prognostic 
information to that provided by driving pressure 
or tidal volume alone.

More fundamentally, the association between 
energy applied to the respiratory system and the 
development of lung injury is not straightfor-
ward owing to the complex structural origin of 
pulmonary viscoelasticity. It seems apparent that 
the dissipation of energy via flow across the 
resistance provided by airways should not be 
expected to result in strain or tissue injury. Less 
obvious is that energy dissipated in the tissue is 
also not of necessity associated with tissue 
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injury. Viscous dissipation in lung tissue is often 
described phenomenologically as akin to resis-
tive dissipation in a flowing liquid, as we have 
done above. However, at the molecular level, 
viscous dissipation in biologic tissue is quite dis-
tinct. Formally, a frequency-dependent stress-
strain relationship in the lung may be given by 
(Hantos et al. 1992):

 
Z G ixH� �� �/��

 
(12.10)

Where Z is the impedance (ratio of cyclic stress 
to cyclic strain), 𝜔 is the frequency i is the unit 
imaginary number, and α is a characteristic expo-
nent that depends on G and H. G and H are coef-
ficients which represent the viscous and elastic 
stresses, respectively. Two observations which 
have been repeatedly validated in lung tissue are 
that dissipation during cyclic deformation 
depends on the magnitude but not the rate of 
deformation – quite in contrast to fluid dissipa-
tion  – and that the ratio of viscous to elastic 
stresses(G/H) is invariant. Together, these obser-
vations support a model of pulmonary tissue 
called the constant phase model (Hantos et  al. 
1990), which describes systems in which viscous 
and elastic forces arise from the same structural 
components of a material. The precise molecular 
nature of viscous dissipation in the lung is still 
debated but it is plausibly related to internal rear-
rangement of the complex network of large bio-
polymers (Mijailovich et  al. 1993; Suki et  al. 
1994) which comprise the ECM and even the cell 
cytoskeleton. Energy which is dissipated by rear-
rangements like this may result in stress relax-
ation, and in any case need not result in any tissue 
injury.

Finally, it is possible to imagine that even 
absent viscoelastic effects repeated cycles of 
strain may result in greater injury in a manner 
analogous to fatigue and crack propagation in 
non-biologic materials (Bouchbinder et al. 2010). 
However, this analogy breaks down on inspection 
as, unlike non-biologic materials, living materi-
als are active  – in the sense that cells and the 
extracellular matrix (ECM) are actively repaired 
and remodeled on a continuous basis. Fatigue 
and accumulation of injury must follow very dif-

ferent laws than those developed to describe 
cyclic loading in passive materials, if they occur 
at all. Thus, in the absence of new clinical evi-
dence, there is little to recommend the mechani-
cal power concept as a guide for clinical 
management.

 Conclusion

Breathing involves the change in volume of the 
lung in response to the imposition of a transpul-
monary pressure. The lung is a structurally com-
plex, nonlinear, viscoelastic material which 
responds to the imposition of the transpulmonary 
pressure in nonhomogenous ways. Fortunately, 
in the healthy, homogeneously inflated lung, 
most of these complexities may be overlooked 
and the lung’s motion treated as a one- dimensional 
strain given by the increment in volume above 
the resting state that results from the application 
of a single stress (the transpulmonary pressure). 
Important deviations from this simple behavior 
occur in the setting of nonhomogenous inflation. 
The microscopic details of lung structure remain 
important in understanding the resistance of the 
lung to changes in shape (shear deformation) and 
in considering its time-dependent, viscoelastic 
behavior.
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Physiology of PEEP and Auto-PEEP

John J. Marini

 Introduction and Definitions

The end expiratory airway pressure is the plat-
form upon which the forces of inflation are super-
imposed. When positive pressure helps drive 
inflation, the positive end-expiratory pressure is 
designated “PEEP.” If natural muscular effort is 
the sole motive force for breathing, the end- 
expiratory airway pressure baseline is known as 
“CPAP” (continuous positive airway pressure), 
as airway pressure changes minimally. In prac-
tice, CPAP has come to imply that the patient 
provides some or all of ventilating power, while 
PEEP suggests that the ventilator carries most or 
all of the breathing workload. The terms are often 
interchanged, however, as they will be in this 
chapter—the key principles underlying PEEP 
and CPAP are identical. With or without effort, 
the absence of positive end-expiratory pressure is 
designated “zero end-expiratory pressure, or 
ZEEP”. Under static conditions, airway pressure 
at end exhalation is equivalent throughout the 
entire branching network of communicating 
(open) channels even to the alveolar level. 
Alveolar pressure may exceed the pressure mea-
sured at the airway opening, however, if measur-
able expiratory flow continues until interrupted 
by the next inflation or is blocked by early airway 

closure during deflation. Under such conditions, 
the positive end-expiratory alveolar pressure or 
“total PEEP” (PEEPT) is the sum of PEEP applied 
intentionally at the airway opening (PEEP or 
“extrinsic” PEEP) and “auto-PEEP” (sometimes 
also designated “occult,” “inadvertent,” or 
“intrinsic”) PEEP (Marini 2011). When two lev-
els of PEEP are alternated, with spontaneous 
breaths occurring during each phase, the mode is 
termed “biphasic positive airway pressure” or 
“BIPAP.” If the lower level of BIPAP is main-
tained only transiently (i.e., within the span of a 
single exhalation), the mode is referred to as “air-
way pressure release ventilation or APRV.”

 Fundamental Concepts

 Transmural Pressure

To interpret the physiologic effects of PEEP on 
heart and lungs, several key concepts must be 
understood regarding the relationships among 
cardiopulmonary pressures and volumes. By con-
vention, it is assumed that the pressure that sur-
rounds the heart, blood vessels, and alveoli is the 
pleural pressure, even for structures imbedded far 
from the pleural surface. Transmural pressure, the 
inside minus surrounding value, is the effective 
pressure applied across the structure, whether it 
be lung, chest wall, blood vessel, or heart 
(Fig.  13.1a). Regarding the respiratory system, 
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increased PEEP is the increment of transmural 
pressure applied between alveolus and atmo-
sphere, and this increment partitions across the 
lungs and chest wall (Fig.  13.1b). It is not the 
entire PEEP but the difference in transmural pres-

sure across these structures in excess of their 
baseline values that determines the actual incre-
ment of stretching force applied to these  individual 
structures by the boost in airway pressure. Thus, 
the transmural pressure applied across a lung unit 
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Pleural
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Low
Myocardial
Compliance

20 20

+ 7 +12
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PTM =  13 PTM =  8
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Fig. 13.1 (a) Concept of transmural pressure as applied 
to the heart and respiratory system. The same measured 
intracavitary or airway pressure may be associated with a 
range of chamber volumes, depending on transmural pres-
sure (inside minus outside pressure difference) and the 

compliance of the structure. (b) Influence varying chest 
wall compliance on the transmural pressures and volume 
that develop during ventilation with PEEP.  Applying a 
PEEP of 20 cmH2O distends the lungs much less in the 
presence of a stiff chest wall (right)
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is the alveolar pressure (e.g., PEEP) minus the 
local pressure in the pleural space. For the central 
blood vessels and heart, it is the intravascular or 
intracardiac pressure minus the interstitial pres-
sure. For the passive chest wall, it is pleural pres-
sure minus atmospheric pressure, or simply Ppl. 
How much the lung and chest wall actually 
expand under the influence of their individual 
transmural pressures depends upon the individual 
compliances of each of these components of the 
respiratory system. In the absence of pleural effu-
sion or air, the volumes of both lung and chest 
wall are identical, while their transmural pres-
sures differ. Because the lung and heart are both 
enclosed within the chest cavity, a decrease of 
chest wall compliance will raise the fraction of a 
given airway pressure (e.g., PEEP) that translates 
into increased pleural pressure. Simultaneously, 
higher pleural pressure means that the same level 
of PEEP is associated with less transpulmonary 
pressure and volume of the always passive lung. 
The equation that encapsulates these relationships 
when airflow stops is the following:

ΔPpl = [CL/(CL + CW)] × ΔPaw

When pleural pressure is lowered by active 
inspiratory breathing effort, the negative change 
from end-expiratory baseline sums with the alve-
olar pressure to increase the transpulmonary 
pressure. Such increases of transpulmonary pres-
sure generally affect the peri-diaphragmatic 
regions more than lateral and apical ones.

PEEP is applied to the lung surrounded by a 
chest wall with regionally different and body 
position-sensitive compliance characteristics. 
During passive inflation, the near-flaccid dia-
phragm allows pleural and abdominal pressures 
(Pab) to rise by similar amounts, that is, the abdo-
men effectively forms part of chest wall. If intra- 
abdominal pressure is selectively raised (as during 
intra-abdominal hypertension), approximately 
half Δ Pab is transmitted across the diaphragm to 
the pleural space to raise Ppl. A given PEEP value 
is then associated with a lower transpulmonary 
pressure and FRC.  During active expiration, a 
phasic increase of Pab means that any PEEP pro-
vides a boost for inspiration upon its release, help-
ing to share the inspiratory workload. Interestingly, 

when the aerated lung’s external environment is 
made asymmetrical by a large pleural effusion or 
by contralateral atelectasis or consolidation, local 
pleural pressures differ but changes in Ppl are 
sensed rather uniformly throughout the chest cav-
ity (Keenan et  al. 2016; Cortes-Puentes et  al. 
2014; Cortes-Puentes et al. 2015).

These basic principles of transpulmonary pres-
sures and breathing kinetics strongly influence the 
cardiovascular system as well (see below). 
Although the heart is never truly passive due to its 
unceasing muscular activity during both phases of 
its cycle, similar principles apply. The familiar 
Frank-Starling relationship that relates stroke vol-
ume to preload ideally allows for the surrounding 
pleural pressure, which is influenced by increases 
of airway pressure over baseline. Muscle fiber 
stretch—not intracavitary or even transmural 
pressure alone—determines the loading condi-
tions prior to and during contraction.

 Regional Heterogeneity

As already outlined, the lung and passive chest 
wall are serially linked structures that oppose any 
rise in alveolar pressures, such as PEEP. While 
alveolar pressure is everywhere the same in alve-
oli that communicate with the central airway, the 
local pleural pressures that surround the lung are 
nonuniform, with higher pleural pressures (and 
lower transmural pressures and net alveolar dis-
tending forces) usually encountered in more 
dependent zones. This nonuniformity is explained 
not only by the influence of gravity, but also by 
inherent shape differences between the two struc-
tures that must share the same dimensions of the 
thoracic compartment  – the lungs (truncated 
cone-shaped) and the chest wall (cylinder- 
shaped) (Gattinoni et al. 2013). As implied by the 
previous discussion, regional differences of chest 
wall and respiratory system compliance cause 
local expansions and regional ventilations to dif-
fer. For similar reasons, the absolute pressures 
that surround the heart are not entirely uniform. 
However, the magnitude of regional differences 
in pericardiac and transmural pressures are much 
less for the heart than for the lung (O'Quin et al. 
1985; Marini et  al. 1982; Pelosi et  al. 2001). 
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Careful studies using flexible surface sensors 
have shown that the lateral pressure adjacent to 
the heart is similar to that at the lung’s same hori-
zontal level (Yoshida et al. 2018) and marginally 
lower than that sensed by an esophageal balloon 
that lies beneath the heart and mediastinum in the 
supine position (Cortes-Puentes et  al. 2015; 
O'Quin et  al. 1985). By comparison, the great 
vessels (the superior and inferior vena cavae and 
aorta) are more strongly influenced by the 
regional pleural pressures that surround them.

 PEEP, Mean Airway Pressure, 
and Hemodynamics

Under passive conditions, the mean airway pres-
sure (mPaw) averaged over the entire respiratory 
cycle closely reflects the mean alveolar pressure 
(Marini and Ravenscraft 1992). Although incre-
ments of inspiratory pressure and inspiratory 
time fraction increase mPaw, PEEP has a propor-
tionally greater influence on the numerical value, 
as PEEP serves as the steady baseline for both 

phases of the respiratory cycle. Elevating mPaw 
influences the loading conditions of the heart, 
tending to reduce effective filling pressures and 
left ventricular afterload while having a less con-
sistent directional influence on right ventricular 
afterload (see following).

 Interaction of the Venous Return 
and Starling Curves

Vascular filling and tone are integral to cardiac 
output regulation – the heart cannot pump what it 
fails to receive in venous return, and vasoconstric-
tion is a key determinant of afterload as well as the 
capacitance of the systemic vasculature. In fact, 
cardiac output determinants may be viewed strictly 
from a vascular perspective, as originally brought 
to our attention by Arthur Guyton (Guyton 1955)
(Fig. 13.2). In steady-state conditions, venous 
return is proportional to the quotient of venous 
driving pressure and venous resistance. (Were the 
PRA to rise suddenly to equal the PMSFP, all venous 
return and cardiac output would stop.) Under most 
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Fig. 13.2 Determinants of cardiac output. Conceptually, 
cardiac output is determined by the intersection of the 
venous return curve and the Starling curve that character-
izes the right ventricle’s response to the preload. The dif-
ference between mean systemic pressure (MSP) and right 

atrial pressure provides the motive force for venous return. 
The normal intersection point (a) can be influenced by 
alterations of either curve by vascular filling (b), impaired 
or augmented contractility, or increased resistance to 
venous return in the large veins (c)
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circumstances, the downstream pressure for 
venous return is the intravascular (not transmural) 
right atrial pressure. The upstream pressure that 
drives venous return, the mean systemic filling 
pressure (PMSFP), is the volume-weighted average 
of intravascular pressures throughout the entire 
systemic vascular network. Because a much larger 
fraction of the total circulating volume is con-
tained on the venous side of the circulation, PMS is 
much closer to the right atrial pressure (PRA) than 
to MAP. (One reasonable estimate for normal PMS 
is 12–14 mmHg.) Mean systemic filling pressure 
is influenced by the circulating blood volume and 
vascular capacitance, which in turn is influenced 
vascular tone. Thus, PMSFP tends to rise under con-
ditions of hypervolemia, polycythemia, and right-
sided CHF; conversely, it tends to decline during 
vasodilation, sepsis, hemorrhage, diuresis.

The measured PMSfp is also influenced by the 
downstream intravascular backpressure that 
opposes it (the PRA) (Fessler et al. 1992). Up to a 
certain point, lowering PRA while preserving 
PMSfp increases driving pressure for venous blood 
flow and improves venous return. However, when 
PRA is reduced below its surrounding tissue pres-
sure, the thin-walled vena cava tends to collapse 
near the thoracic inlet (Fessler et  al. 1993). 
Effective downstream pressure for venous return 

then becomes the pressure just upstream to the 
point of collapse, rather than the PRA itself.

Raising PRA has the opposite effect, impeding 
venous return and dropping cardiac output unless 
PMS rises sufficiently to maintain the flow-driving 
gradient. Therefore, a rising PRA exerts the twin 
effects of increasing the heart’s intracavitary fill-
ing pressure while impeding venous return. At 
any given moment, the cardiac output is deter-
mined by the intersection of the venous return 
curve and the Starling curve that characterizes 
the filling of the right heart (Guyton 1955; Fessler 
et al. 1991). In the analysis of a depressed cardiac 
output, both aspects of circulatory control must 
be considered, and each is affected by PEEP.

 Influence of PEEP 
on the Determinants of Cardiac 
Output

By altering both intracavitary and transmural 
pressures as well as the pulmonary vascular resis-
tance, PEEP may influence both the venous return 
and the loading conditions of the right and left 
ventricles (Fig.  13.3). Except where otherwise 
noted, the following discussion assumes a passive 
respiratory system unaided by muscular effort.

20

Fig. 13.3 Effects of adding PEEP on the determinants of 
cardiac loading conditions and output. When the lung 
expands under the influence of high PEEP (20 cmH20), 
right ventricular afterload rises and preload tends to fall. 
Septal shift (dark black line) may crowd the left ventricle, 

restricting its filling while left ventricular afterload falls 
marginally. Diaphragmatic descent during lung expansion 
may narrow the inferior vena cava and impede venous 
return to some extent as well
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 PEEP and Transmural Cardiac Pressures
Invariably, PEEP will raise the intrapleural pres-
sure by an amount influenced by the relative elas-
tances of the series-coupled lungs and chest wall: 
Etot = EL + EW . In this expression, the total elas-
tance opposes the expanding effect of PEEP, 
while EL and ECW oppose expansion of the trans-
mural pressures generated by PEEP across the 
lungs and chest wall, respectively. Thus, Δ 
Ppl = [EW/Etot] × Δ PEEP. Recast into the more 
familiar clinical terms of lung and chest wall 
compliances (the inverse of their elastances), we 
arrive at a variant of the same algebraic relation-
ship already described above: ΔPpl  =  [CL/
(CL  +  CW)] × ΔPEEP.  In computing transmural 
vascular and cardiac pressures, which are cus-
tomarily expressed in units of mmHg, the airway 
and pleural pressures need expression in similar 
units: 1.34 cmH2O = 1.0 mmHg. As a simplified 
and convenient example, if the compliances of 
the lungs and chest wall were equal (as they are 
near FRC in normal humans), the “transmission 
fraction” would approximate ½, and a 13.4 
cmH2O increment of PEEP would boost pleural 
pressure by 5 mmHg. Therefore, a right (or left) 
atrial pressure measured at 10 mmHg would cor-
respond to a volume similar to that of 5 mmHg at 
ZEEP. In practice, of course, the interpretation of 
what this “correction” represents is less precise. 
The associated myocardial muscle fiber tension 
that better correlates with effective preload is 
simultaneously affected by ventricular interde-
pendence (see Effects on Myocardial Contractility 
and Compliance).

 PEEP and Afterload
Although afterload is often equated with eleva-
tions of blood pressure or vascular resistance, it is 
better defined as the muscular tension that must be 
developed during systole per unit of blood flow. As 
such, the systolic wall stress is affected by blood 
pressure, wall thickness, and ventricular volume. 
The dilated chambers of a failing heart—both 
right and left—are inherently afterload sensitive.

 Left Ventricular Afterload
For a given systemic systolic blood pressure, any 
rise in pleural pressure consistently helps the left 

ventricle achieve the requisite systolic and mean 
pressure targets that are customarily measured at 
the periphery against atmospheric, rather than 
pleural, pressure. The levels of PEEP used clini-
cally have a negligible direct effect, as is expected 
from a comparison of associated pleural and sys-
temic arterial pressures. Rising pleural pressure 
in response to PEEP, however, may reduce right 
ventricular filling sufficiently to improve effec-
tive compliance of the interdependent left ventri-
cle and myocardial wall tension, an important 
determinant of afterload to both ventricles. PEEP 
has little predictable effect on systemic vascular 
resistance, apart from secondary effects of com-
pensatory reflexes.

 Right Ventricular Afterload
Right ventricular (RV) afterload tends to rise 
nonlinearly with increasing lung volume (Pinsky 
et al. 1992; Vieillard-Baron et al. 2016). The pul-
monary vascular pressure–flow relationship may 
differ slightly for positive versus negative pres-
sure breathing. However, the RV afterload corre-
sponding to any given lung volume is not greatly 
influenced by changes of pleural pressure, 
because the vessel that accepts its outflow (the 
pulmonary artery) is subjected to similar varia-
tions in pressure (Pinsky et al. 1992). Unlike its 
left ventricular counterpart, however, the lung 
volume increment in response to PEEP may 
 significantly boost RV afterload by affecting the 
pulmonary vascular resistance (PVR). In both 
healthy and diseased lungs, progressive lung 
expansion by PEEP compresses the alveolar cap-
illaries as it dilates the extra-alveolar vessels 
(Fig.  13.4). Consequently, PEEP increments 
without counterbalancing recruitment raise PVR 
in nonlinear fashion at all volumes that exceed 
functional residual capacity.

For diseased lungs, the PVR response to PEEP 
is often complicated by the simultaneously com-
peting process of lung unit recruitment. Regional 
differences of compliance are accentuated by 
supine positioning, so that a PEEP increment that 
helps open one zone over-distends another. In 
early ARDS or congestive heart failure, for 
example, low to moderate increments of PEEP 
(generally <10 cmH2O) may leave PVR 
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unchanged or even reduce it. These benefits of 
recruitment and attenuation of hypoxic vasocon-
striction sharply decline as PEEP is raised into its 
higher clinical range, so that RV afterload pre-
dictably increases in progressive fashion with 
further PEEP increases. Recent work suggests 
that for a given level of PEEP, prone positioning 
helps even the distribution of transpulmonary 
pressures as well as reduce regional disparities of 
vascular resistance, especially if prone position-
ing recruits lung units and relieves the cardiac 
compression of the dorsal lung zones (Jozwiak 
et al. 2013; Albert and Hubmayr 2000).

 PEEP Effects on Myocardial 
Contractility and Compliance
In the past, concern had been raised that PEEP 
might impair myocardial contractility, based pri-
marily on the observation of marginally higher- 
than- expected values for left atrial transmural 
pressure (Scharf et al. 1979). Exactly how such 
proposed depression might occur remained 
obscure, and transmural pressures based on 
esophageal pressure were later shown to be influ-
enced by ventricular interdependence and 
regional pleural pressure measurement artifact 
during lung expansion (Robotham et  al. 1980; 
Marini et  al. 1981). Unlike contractility, the 
effective compliance of the left ventricle can be 
influenced at high levels of PEEP-related lung 
distention, owing to its interdependence with the 
afterloaded right ventricle (Fig.  13.3). PEEP- 
accentuated interdependence is produced by their 

shared interventricular septum, interwoven cir-
cumferential myocardial fibers, and the stretched 
pericardium (Jardin et  al. 1981; Feihl and 
Broccard 2009). Moreover, because the heart is 
enclosed within the juxtacardiac fossa, its weight 
is partially supported by more dorsally positioned 
lung tissue. Lung expansion in the supine posi-
tion may lift the heart a small amount and exert 
centrally directed compressive forces that are 
marginally higher than measured at the lateral 
lung surface (Marini et  al. 1982). Large caudal 
displacement of the diaphragm may distort or 
narrow the inferior vena cava at the thoracic inlet, 
increasing its resistance to venous return to a 
minor degree (Fessler et al. 1992; Fessler et al. 
1993; Fessler et al. 1991).

The compliance and even the contractility of 
the right ventricle are placed more at risk from 
high PEEP than is the left ventricle, especially in 
the supine position. The more distensible and 
innately afterload-sensitive RV dilates under the 
influence of PEEP-increased PVR, rapidly 
approaching its elastic limit as its transmural 
pressure rises (Pinsky et  al. 1992). Dilation 
crowds the pericardium and shifts the interven-
tricular septum toward the left. Increased muscu-
lar wall tension due to dilation not only 
accentuates RV afterload but also increases the 
pressure surrounding the embedded coronary 
vessels, potentially contributing to ischemic 
stress and impairing contractility. Simultaneously, 
any PEEP-related reduction of coronary perfu-
sion pressure caused by lower mean arterial pres-

low
lung volume

high
lung volume

Fig. 13.4 Differential 
behaviors of alveolar 
capillaries and 
interstitial microvessels 
during lung expansion. 
As the lung inflates, 
capillaries compress and 
the interstitial 
microvessels dilate 
under the influence of 
their respective 
transmural pressures
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sure adds to the hazard, as the coronary vessels 
have little innate ability to dilate.

 “Braking” Effect of PEEP on Heart Rate
A common clinical observation is that stroke 
volume and cardiac output may fall as PEEP is 
applied, whereas heart rate remains relatively 
unchanged. The lack of this normal adaptive 
response, although potentially explainable on 
the basis of innate pathology, anesthesia or drug 
intervention, may also be partially explained by 
a vagal reflex related to lung distention. 
Laboratory data indicate the presence of such a 
rate- “braking” reflex in relation to moderately 
high PEEP that is not observed when cardiac 
output is reduced to a similar extent by other 
types of reduction in preloading, such as hemor-
rhage and partial inferior vena caval obstruction. 
Selective afferent vagal blockade restores appro-
priate parity of heart rate response to PEEP 
(Marini et al. 1985).

 PEEP and Lung Edema

PEEP exerts multiple effects that influence the 
amount and distribution of lung water (Paré et al. 
1983; Luecke et  al. 2003). Extra-alveolar 
microvessels are fluid-permeable, so that 
increases of alveolar pressure that raise pre- 

capillary hydrostatic pressure accentuate leakage 
from those sites. External pressures that com-
press alveolar capillaries are increased by PEEP- 
induced lung distention, whereas pressures that 
surround extra-alveolar vessels are reduced 
(Permutt and Riley 1963). The net result of these 
offsetting effects of boosting PEEP is usually 
neutral, so that total lung water remains unaf-
fected while its distribution shifts from alveolar 
to extra-alveolar compartments (Paré et al. 1983; 
Luecke et al. 2003). Pulmonary lymphatic drain-
age, although difficult to measure, is unlikely to 
be improved, as the pressure within the SVC and 
right atrium present increased backpressure to 
the sump (Frostell et al. 1987).

 Spontaneous Vs. Passive Inflation 
and PEEP’s Cardiopulmonary Effects

The hemodynamics of spontaneous breathing dif-
fers markedly from those of passive inflation.(Fig. 
13.5) Normally, the Pmsfp to RA pressure gradi-
ent that drives venous return is increased during 
inspiration, as diaphragmatic descent simultane-
ously raises intra-abdominal pressure as it lowers 
pleural pressure. When the respiratory muscles are 
silenced, mean alveolar pressures rise markedly. 
At the same time, the phasic boost to venous return 
characteristic of spontaneous breathing is attenu-

5

Expiratory Effort

5

Inspiration Onset

Fig. 13.5 The inspiratory “work sharing” concept during 
vigorous breathing. PEEP may serve as a spring against 
which expiratory muscular energy can be stored. In this 
illustration, PEEP is not allowed to distend the lung to its 

passive end-expiratory dimensions (left). Upon expiratory 
muscle relaxation, the chest wall recoils to its passive 
position, helping PEEP to assist the inspiratory muscles at 
the onset of inspiratory effort
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ated or eliminated, rendering increments of intra-
thoracic (pleural) pressure caused by PEEP more 
potent inhibitors of venous return and cardiac out-
put, especially when the systemic vasculature is 
underfilled and/or adaptive venoconstriction is 
attenuated, as by sepsis (Nanas 1992).

 Selected Clinical Applications

From the foregoing, it should be clear that the 
observed hemodynamic and monitoring impacts 
of PEEP may differ widely among varied clinical 
conditions; PEEP holds joint potential for bene-
fit, harm, and interpretive confusion, depending 
on its level, the clinical condition, and the vigor 
of the breathing rhythm.

 Hemodynamic Monitoring

Elevations of end-expiratory alveolar pressure 
not only affect hemodynamics but influence the 
evaluation of monitored information (O'Quin and 
Marini 1983). As already described, for the same 
distension, intracavitary vascular pressures are 
raised by the associated increase of pressure that 
surrounds the compliant blood vessel or cardiac 
chamber. Central venous pressure (CVP), PA 
pressures, and pulmonary artery occlusion pres-
sures (Pw) should be interpreted with these 
effects in mind. The stiffer the chest wall and the 
more compliant the lung, the greater is the mag-
nitude of the “offset” (O'Quin et  al. 1985). It 
should be noted that the importance of these 
PEEP-related increases of pleural pressure fade if 
the ventilated lung is significantly smaller than its 
enclosing chest wall – as it is in ARDS. While the 
relative effect of PEEP on PVR may be amplified 
because the aerated alveoli are more distended 
while the major portion of blood flows through a 
lung with lesser capacity, the associated pleural 
pressure increments and their effects on Pw and 
CVP are sharply attenuated. In the setting of 
acute lung injury, this result is less a consequence 
of a stiffened lung than of the size mismatch 
between the aerated lung and its surrounding 
enclosure (Gattinoni et al. 2013).

Somewhat the opposite applies when PEEP is 
applied to the atelectatic lungs of a patient with 
massive obesity. Here, the chest wall is relatively 
stiff and the lungs have near-normal capacity to 
expand. Consequently, increases of alveolar pres-
sure are disproportionately distributed to the 
pleural space and the vascular structures that they 
surround. Relatively high CVP and Pw may be 
recorded with little evidence for pulmonary 
edema. PEEP-caused elevations of pleural pres-
sure do tend to impede venous return, however, 
even though Pmsfp may rise by a nearly com-
mensurate amount in patients with intact veno- 
constricting reflexes (Fessler et al. 1991).

 Dynamic Hyperinflation 
and Auto-PEEP

Positive pressure may persist at end expiration 
even when it is not externally applied as set 
PEEP. This phenomenon occurs as a consequence 
of insufficient time allotted for exhalation to 
recover relaxed functional reserve capacity. An 
invariable accompaniment of this enhanced recoil 
is gas flow that persists to the very end of exhala-
tion period, driven by the end-expiratory 
 flow- driving differential between auto-PEEP and 
the central airway pressure (Marini 2011). This 
elevation of alveolar pressure, which raises the 
effective mean pressure, tends to expand the lung 
and chest wall in the same way as PEEP. Although 
the spectrum of alveolar pressures may vary from 
region to region, depending on their individual 
deflation time constants and whether the local air 
channels remain open or experience early closure 
(as in the supine obese individual) (Lemyze et al. 
2013), generation of auto-PEEP keeps the lung 
unit from experiencing tidal collapse. This prin-
ciple of alveolar splinting is integral to inverse 
ratio ventilation and APRV. Persistence of auto- 
PEEP mandates an increase of inspiratory work-
load from patient or machine.

Auto-PEEP was first clinically defined and 
recognized in acutely decompensated COPD as a 
consequence of the impressive hemodynamic 
effects and monitoring artifacts of dynamic 
hyperinflation uncovered during the transition to 
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passive breathing (Pepe and Marini 1982). 
Spontaneously breathing patients maintain ade-
quate forward output and venous return even at 
high levels of end-expiratory intrathoracic pres-
sure, due to the negative pressures developed dur-
ing inspiration that lower mean airway pressure 
and the net backpressure to venous return. 
Examination of the arterial pressure tracing of 
the vigorously breathing obstructed patient fre-
quently demonstrates the effects of the respira-
tory half-cycles on the undulating stroke volume. 
When not flow-limited, expiratory muscle activ-
ity can also be called into play so as to speed 
expiratory airflow and avoid or attenuate dynamic 
hyperinflation. (Normal vigorous exercise also 
makes use of this “work sharing” mechanism.) 
(Henke et al. 1988) (Fig. 13.6) When auto-PEEP 
is accompanied by dynamic hyperinflation, as it 
invariably is during passive mechanical ventila-
tion, the expanding lung increases RV afterload 
and boosts pleural pressure. The less the dynamic 
hyperinflation, the less the hemodynamic conse-
quences associated with measured auto-PEEP 
(Marini 2011).

With these principles in mind, it becomes easy 
to see why transitioning to passive breathing 
exerts such impressive effects on cardiac output, 
blood pressure, and monitored intrathoracic vas-
cular pressures (CVP and Pw) in COPD. Under 
passive conditions, relatively high lung compli-
ance limits recoil, allowing unfettered dynamic 
hyperinflation that raises RV afterload, elevates 

pleural pressure, and impedes venous return 
(Pepe and Marini 1982). These effects emerge 
rather suddenly as spontaneous breathing ceases, 
as during airway intubation.

 PEEP on Auto-PEEP

It is reasonable to wonder what happens to the 
hemodynamic profile as PEEP is added to auto- 
PEEP in a patient with unchanging respiratory 
mechanics. The answer depends not only on 
whether spontaneous efforts are made and on the 
level of PEEP applied but also on the extent of 
tidal flow limitation (Henke et  al. 1988) 
(Fig. 13.7). If auto-PEEP develops in a passively 
ventilated normal lung, for example, due to high 
minute ventilation, external PEEP simply adds to 
the preexisting auto-PEEP, proportionally adding 
to hyperinflation and increasing the hemody-
namic consequences already outlined (Smith and 
Marini 1988). By contrast, PEEP added to a flow- 
limited patient essentially counterbalances the 
alveolar pressure until the original level of auto- 
PEEP is approached. Therefore, little additional 
hemodynamic impact usually results until the 
added PEEP exceeds the original auto-PEEP 
value (Baigorri et al. 1994). In fact, well-titrated 
PEEP may help keep open airways that otherwise 
undergo premature collapse. If the patient is 
breathing spontaneously, the inspiratory work of 
breathing declines during this intervention, as 
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reversal of auto-PEEP is no longer necessary to 
initiate the breath (Feihl and Broccard 2009). In 
pressure-targeted modes such as PCV, offsetting 
auto-PEEP makes the true inspiratory driving 
pressure more apparent.

 Conclusion

Whether deliberately applied or unintentionally 
developed, PEEP influences numerous determi-
nants of hemodynamics as well as the interpreta-
tion of monitored hydrostatic pressures. 
Prominent among these are the loading condi-
tions of both ventricles, heart rate, backpressure 
to venous return, and to a lesser degree, heart 
rate, left ventricular compliance, and perhaps, 
right ventricular contractility (Table  13.1). 
Understanding the key physiologic concepts of 
global and regional lung and vascular transmural 
pressures, interactions between the heart’s Frank- 
Starling and venous return curves, and the deter-
minants of dynamic hyperinflation primes the 
clinician to interpret and address many of PEEP’s 
hemodynamic consequences at the bedside.
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Basics of Ventilation/Perfusion 
Abnormalities in Critically Ill 
Ventilated Patients

Jeremy E. Orr and Susan R. Hopkins

 Introduction

The fundamental role of the pulmonary system is 
the delivery of oxygen to the bloodstream and 
removal of carbon dioxide. As inspired air travels 
through the upper airways, it is warmed and 
humidified. Continuing its path to the alveolus, it 
is mixed with resident gas that is left at the end of 
the previous expiration. Finally, after reaching the 
alveolus, oxygen diffuses into and carbon dioxide 
diffuses out of the blood by the passive processes 
of diffusion and is circulated to the capillary beds. 
This process of pulmonary gas exchange is 
remarkably efficient in young healthy humans 
and the difference between the partial pressure of 
oxygen in the alveolus (PAO2) and the arterial 
blood (PaO2) is atmost a few mmHg. However, a 
majority of lung diseases are characterized by 
reduced gas exchange efficiency, manifest as an 
increase in the alveolar-arterial difference for 

oxygen (AaDO2). The goal of this chapter is to 
provide a basic physiologic understanding of 
 ventilation-perfusion matching and how it can be 
disrupted in critically ill patients.

Ventilation-perfusion,  V QA / , matching refers 
to the matching of the delivery of fresh inhaled 
air into the alveolar regions of the lung to the 
delivery of deoxygenated capillary blood to the 
same regions. The precise matching of ventila-
tion and perfusion in the lung is required for effi-
cient transfer of both oxygen into and carbon 
dioxide out of the body. Under normal resting 
conditions, the mean  V QA /  ratio of the lung is 
close to 1; almost equal minute volumes of air 
and blood are delivered to the gas-exchanging 
regions of the lung (Prisk and Hopkins 2013). 
This is not surprising because the oxygen content 
of room air (20.9  ml/100  ml) and of normally 
oxygenated blood (~20.6 ml/100 ml) are almost 
equal, necessitating equal volume delivery. In a 
single lung unit such as an alveolus, gas exchange 
is determined by the local  V QA /  ratio (Riley and 
Cournand 1949) (Fig.  14.1). However, in the 
human lung, there are several thousand acini, 
which are the primary gas exchange units of the 
lung. Each has a unique  V QA /  ratio which 
include units that are perfused but not ventilated 
which comprise shunts, and units which are ven-
tilated but not perfused which form dead space.

In an individual lung unit, there is diffusion 
equilibrium in all but a few exceptional circum-
stances (see Agusti et al. 1991; Crawford et al. 
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1995) but ventilation-perfusion mismatch 
increases the AaDO2. As discussed in more 
detail below, this is because the alveolar gas 
composition is the ventilation-weighted average 
of all the lung units, but the arterial blood is the 
perfusion- weighted average from these same 
units. A majority of lung diseases are character-
ized by an increase in  V QA /  mismatch, includ-
ing chronic obstructive pulmonary disease 
(COPD) (Wagner et al. 1977), pulmonary hyper-
tension (Melot et  al. 1983), asthma (Wagner 
et al. 1978), pulmonary edema (Podolsky et al. 
1996), pulmonary fibrosis (Agusti et al. 1991), 
and acute respiratory distress syndrome (Ralph 
et al. 1985).

 General Considerations 
and Theoretical Basis of Gas 
Exchange

 Ventilation–Perfusion Relationships

Rahn and Fenn (1955), Riley and Cournand, and 
others (Riley and Cournand 1949, 1951; Riley 
et al. 1951) developed a series of simple equa-
tion to describe the relationships between alveo-
lar gas concentrations and  V QA /  ratio. These are 
briefly outlined below and described in more 
detail elsewhere (Hopkins and Wagner 2017; 
Stickland et  al. 2013; Farhi and Tenney 1977). 
These equations, which apply to steady-state 
conditions, are written for oxygen, but can be 
applied to any gas such carbon dioxide or inert 
gases such nitrogen and others (more about inert 
gases later). They assume that there is no diffu-
sion limitation that is, that alveolar gas and 
 end-capillary partial pressures of the gas in equi-
librium, which is not always true for oxygen but 
is true for inert gases and likely true for CO2. The 
first is a simple statement of mass balance: the 
amount of oxygen taken up by the body (the 
minute volume of oxygen uptake ( O )V 2 ) must 
equal the difference between what enters the 
lung in inspired air and what leaves the lung in 
expired air, that is:
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(14.1)

VI  is inspired ventilation, VE  expired ventila-
tion, FIO2 the fractional concentration of oxygen 
in inspired gas, and FEO2 the fractional concen-
tration in expired gas. Note that VI  does not equal 
VE  identically except when the respiratory 

exchange ratio is 1, because the volume of carbon 
dioxide diffusing into the alveolar space is not 
matched by the volume of oxygen diffusing out 
of the alveolus into the blood stream. This is a 
small effect and introduces an error only of ~1% 
under resting conditions. Dead space in the lung 
is due to unperfused areas and thus is not involved 
in gas exchange, so the relationship in Eq. (14.1) 

Fig. 14.1 The relationship between the partial pressure 
of oxygen and carbon dioxide and  V QA /  ratio. At a low 
 V QA /  ratio, the partial pressures of oxygen and carbon 

dioxide are close to mixed venous blood. At a high  V QA /  
ratio, the partial pressure approaches that of inspired air. 
(Redrawn from West (1977). Adapted with permission of 
the American Thoracic Society. Copyright © 2020 
American Thoracic Society. All rights reserved. Cite: 
West (1977). The American Review of Respiratory 
Disease* is an official journal of the American Thoracic 
Society. Readers are encouraged to read the entire arti-
cle for the correct context at https://www.atsjournals.
org/doi/10.1164/arrd.1977.116.5.919?url_ver=Z39.88- 
2003&rfr_id=ori:rid:crossref.org&rfr_dat=cr_pub%20
%200pubmed. The authors, editors, and The American 
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can be simplified by expressing it for alveolar 
ventilation VA� �  and assuming that the respira-
tory exchange ratio is equal to 1 so VI  is equal 
to VE :

 
  V V VO FO F OA I A A2 2 2� � � � � �· ·

 
(14.2)

Rearranging Eq. (14.2) gives a simple mass 
balance equation describing oxygen uptake on 
the ventilation side:

 
 V VO FO F OA I A2 2 2� �� �·

 
(14.3)

Mass balance for oxygen also dictates oxygen 
leaving the lung must also appear in the blood, 
where uptake is described by the Fick principle:

 
 V QO C O C Oc V2 2 2� ��� ��· �  

(14.4)

where Q  is cardiac output, C′c’O2 is the oxygen 
concentration in blood leaving the lungs, that is, 
end-capillary blood (and C OV 2  is the oxygen 
concentration in blood entering the lung (i.e., 
mixed venous). Under steady-state conditions, 
the amount of oxygen lost from the lungs must be 

balanced by that being taken up into the blood so 
that Eq. (14.3) = Eq. (14.4):

 V QA I A c VF O F O C O C O· ·2 2 2 2�� � � ��� ���  
(14.5)

This can be rearranged to give:

 V QA c V I AC O C O FO F O/ /� ��� �� �� �� 2 2 2 2  
(14.6)

Converting the fractional concentrations of 
inspired and expired oxygen to partial pressures:

 V QA c V I AC O C O FO F O/ / .� ��� �� �� �� 2 2 2 2  
(14.7)

k is a constant and equals 7.60 × (273 + T)/273 
where T is body temperature in degrees Celsius. k 
is required to account for alveolar gas variables 
which are typically expressed as BTPS (body 
temperature pressure saturated) and blood vari-
ables which are expressed as STPD (standard 
temperature, pressure, dry). At 37  °C, k equals 
8.63.

An almost identical equation can be written 
using CO2 elimination instead of oxygen uptake 
as:

 
 V QA V c A Ikg C CO C CO P CO P CO/ / .’� ��� �� �� �2 2 2 2

 (14.8)

Equations (14.7) and (14.8) show that when 
mixed venous and inspired O2 and CO2 concentra-
tions and the oxygen hemoglobin dissociation curve 
are known, local PO2 and CO2 are determined by 
the  V QA /  ratio. These relationships can be solved 
for different  V QA /  ratios giving rise to Fig. 14.1, 
as shown previously. However, one caveat is that O2 
and CO2 cannot be considered independently. This 
is because of the Bohr effect (Bohr 1891; Riggs 
1988) whereby local CO2 and pH alters the affinity 
of hemoglobin for oxygen, thus affecting the oxy-
gen concentration in blood from a unit, and the 
Haldane effect (Christiansen et al. 1914) where the 
CO2 carrying capacity of hemoglobin is affected by 
the local oxygen content.

It can be seen that when ventilation is low 
relative to perfusion, the values of alveolar gas 
approach mixed venous concentrations (PO2 ~ 40, 
PCO2 ~ 45, under normal sea level resting condi-

tions). Conversely, when alveolar ventilation is 
high relative to perfusion, the alveolar gas 
approachs inspired (PO2  ~  150, PCO2  ~  0). As 
seen in Fig. 14.1 , the partial pressures of oxygen 
and CO2 change the most between  V QA /  ratios 
0.1–10. While PCO2 continues to fall with higher 
 V QA /  ratios, PO2 changes little.

In a perfectly uniform lung (without shunt or 
dead space), the alveolar-arterial difference 
would be zero. However, because the lung is not 
uniform, the alveolar gas composition is the 
weighted contributions of ventilation from each 
unit such that units with high ventilation will 
contribute more to expired gas. However, end- 
capillary gas concentration is weighted by perfu-
sion so that units of high perfusion will have a 
greater effect on end-capillary blood, giving rise 
to an alveolar-arterial difference. Figure  14.2 
shows how ventilation-perfusion mismatch 
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affects gas exchange efficiency in a simple three- 
compartment idealized lung.

 Shunt

Shunt is one extreme of the ventilation-perfusion 
distribution and represents areas of the lung that 
are perfused but not ventilated (intrapulmonary 
shunt), or blood that bypasses the lungs alto-
gether (extrapulmonary shunt). Shunt can be 
quantified during hyperoxic gas breathing, typi-
cally 100% oxygen breathing (Berggren 1942). If 
breathed for a sufficient period of time, blood 
leaving regions of low  V QA /  ratio will be fully 
oxygenated, and any venous admixture over-
come. Also, in the presence of 100% oxygen, any 
diffusion limitation for oxygen is eliminated. 
This leaves shunt as the only potential source of 
deoxygenated blood in the arterial circulation. To 
calculate shunt, arterial and pulmonary mixed 
venous oxygen content is measured and end cap-
illary content, Cc’O2, is calculated by assuming 
the end capillary PO2 is the same as alveolar PO2. 
This is a reasonable assumption because as noted 
above the effects of diffusion limitation and low 
 V QA /  ratio on the arterial blood are eliminated 

in the presence of 100% oxygen.

First, alveolar PO2 is calculated from the baro-
metric pressure, Pbar, the saturation vapor pressure 
of water (47 mmHg at 37 °C), the inspired oxygen 
concentration FIO2, the arterial PCO2 (PaCO2) and 
the respiratory exchange ratio (R; often assumed to 
be 0.8–1.0) as:

 
P O Pbar F O P COA I a2 2 247� � � �- •

 
(14.9)

The saturation of arterial blood and mixed 
venous blood are estimated from the arterial and 
mixed venous PO2, from the equation of 
Severinghaus (1979).

SO , pO pO2 2
3

2

1 1

23 400 150 1� �� � �� �� �

• •

(14.10)

While breathing 100% oxygen, end-capillary 
blood hemoglobin is essentially 100% saturated. 
Using the PAO2 as the end-capillary PO2, Cc’O2 is 
calculated from

C O Hb SO POc� � �2 2 21 39 0 003� � � �. .
 

(14.11)

The arterial and mixed venous oxygen con-
tents are similarly calculated from the saturation 
and PO2 using equation 14.11 above. The total 
cardiac output QT� �  is divided into the portion of 
flow that participated in gas exchange in the cap-
illaries QP� �  and that flowing through shunted 
regions QS� � :

 
  Q Q QT P S� �  (14.12)

Mass balance dictates that the oxygen content 
in arterial blood is the weighted sum of the fully 
oxygenated blood leaving the lung in the pulmo-
nary end-capillary blood (Cp’O2) and the shunted 
deoxygenated mixed venous blood C OV 2� � :

 
  Q Q QT a P c S VC O C O C O· · ·2 2 2� ��  

(14.13)

By substituting  Q QT S−  for QP , and 
rearranging
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where  Q Qs T/  is the fraction of cardiac output 
that can be attributed to shunt.

Fig. 14.2 Pulmonary gas exchange in a three- 
compartment lung, showing how regions of low  V QA /  
ratio contribute to venous admixture and hypoxemia. Due 
to the nonlinear shape of the O2-Hb dissociation curve, the 
increase in the oxygen content of a region of high 
ventilation- perfusion ratio, in this case  V QA /  = 10 does 
not balance the low O2 concentration in blood leaving the 
low ventilation-perfusion ratio (0.1) unit, resulting in 
reduced arterial oxygen content. (Modified with permis-
sion of Wolters Kluwer Health, Inc)
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 Bohr Dead Space

Dead space, the other extreme of ventilation per-
fusion matching, represents areas of the lung that 
are ventilated but not perfused. Dead space was 
first quantified by Bohr (1891) who measured 
dead space arising from not only the conducting 
airways but also an additional component arising 
from lung units of very high  V QA /  ratio (i.e., 
regions of the lung that receive alveolar ventila-
tion but are un-perfused). Combined, these two 
components are termed physiologic or Bohr dead 
space (i.e., anatomic plus alveolar dead space). 
Bohr dead space can be calculated using the rela-
tionship between alveolar ventilation, carbon 
dioxide production, and dead space as follows 
(Bohr 1891). Rewriting Eq. (14.1) above for CO2 
elimination:

  V V VCO F CO F COE E I I2 1 2� � � � � �· ·
 

(14.15)

The fraction of inspired CO2, FICO2, is negli-
gible so this simplifies to:

 
 V VCO F COE E2 2� � �·

 
(14.16)

Assuming that all CO2 exchange takes place in 
the alveoli, mass balance dictates that the volume 
of CO2 eliminated from the alveoli must balance 
that in the expired air

  V V VA A E EF CO CO F CO• •2 2 2� � � � � �
 

(14.17)

Total expired ventilation is the sum of alveolar 
ventilation and dead space ventilation, VD

 
  V V VE A D� �  (14.18)

Substituting into Equation and rearranging the 
Eq. (14.17):

 V VD E A E AF CO F CO F CO/ /� �� �2 2 2  
(14.19)

Partial pressures of CO2 can be substituted for 
FACO2 and FECO2 and assuming PaCO2 = PACO 
and then fractional dead space  V VD E/� �  can be 
calculated using measured PaCO2 and mixed 
expired CO2, PECO2:

 V VD E a E aP CO P CO P CO/ /� �� �2 2 2  
(14.20)

If V̇E and respiratory frequency are known, 
this can be converted to a dead space volume by 
multiplying by the tidal volume.

 The Alveolar-Arterial Difference 
(AaDO2)

The AaDO2 is a measure of pulmonary gas 
exchange efficiency. Ventilation-perfusion mis-
match, diffusion limitation, and shunt are the 
only contributors to the AaDO2. The derivation of 
the equation of the AaDO2 is as follows: Returning 
to Eq. (14.3) and rewriting it for CO2:

 
 V VCO F CO F COA A I2 2 2� �� �·

 
(14.21)

And dividing by Eq. (14.1)

 
   V V V VCO O F CO F CO FO F OA A I A I A2 2 2 2 2 2/ • / •� �� �� � �� �� �  (14.22)

The ratio of VCO2  to VO2  is the respiratory 
exchange ratio, R, assuming the concentration of 
CO2 in inspired gas is negligible, and since VA  
appears in both the numerator and denominators, 
this simplifies to:

 
R � � �� � �� �� �F CO FO F OA I A2 2 2/

 
(14.23)

Rearranged and expressed in terms of partial 
pressures (these gases follow Dalton’s law of par-
tial pressures, i.e., that “the total pressure exerted 

by the gases is the sum of the individual pres-
sures”), this becomes:

 P O PO P COA I A2 2 2� � / R  (14.24)

This will be recognized as the simplified ver-
sion of the alveolar gas equation, simplified 
because of the assumption that the inspired ven-
tilation, VI equals expired ventilation, VE. 
Without this simplification (see (Rahn and Fenn 
1955) for more information), the full equation is 
written as:
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 P O PO P CO P CO FOA I A A I2 2 2 2 2 1� � � �� �/ • • /R R R  (14.25)

And the alveolar-arterial difference AaDO2 is:

 AaDO P O P OA a2 2 2� �  (14.26)

 Assessing  V QA /  Matching 
with the Multiple Inert Gas 
Elimination Technique (MIGET)

Much of what is known about  V QA /  matching 
in humans has been obtained from studies using 
the multiple inert gas elimination technique 
(MIGET). The basic principles of MIGET are 
simple and build on the equations outline in the 
first portion of this chapter; however, consider-
able mathematical modeling underlies the imple-
mentation of the technique. The interested reader 
is directly elsewhere (Hopkins and Wagner 2017) 
for a full discussion of the theoretical underpin-
nings and practical implementation. MIGET is a 
quantitative technique that solves for the distribu-
tion of ventilation-perfusion ratio in multiple 
gas-exchange units. MIGET uses relationships 
between arterial, expired, and mixed venous con-
centrations of trace inert gases to solve for  V QA /  
ratio. The fundamental equation of MIGET is:

P P P V QA V V APa/ / / /� � ��� ��� �  

 
(14.27)

Where λ is the blood: gas partition coefficient. 
This is the ratio of concentrations of the gas in 
blood and gas at equilibrium. Thus, they have the 
same partial pressure in gas and blood but may 
have very different concentrations depending on 
how soluble the gas is in blood. Equation (14.27) 
is derived from Eq. (14.7) shown previously. The 
full derivation is beyond the scope of this chapter 
but can be found here: (Hopkins and Wagner 
2017). By solving Eq. (14.27) for gases of differ-
ent λ, the extent of ventilation-perfusion inequal-
ity can be estimated. This is done by modeling 
the measured data to fit a 50-compartment model 
with the first compartment being shunt, and the 
last compartment being dead space (Hopkins and 
Wagner 2017). To express heterogeneity, ventila-
tion and perfusion are plotted vs  V QA /  ratio. 
This plot is shown for a healthy normal subject 
and a patient with ARDS in Fig. 14.3. The typical 
metrics used to describe  V QA /  heterogeneity are 
the widths of this distribution as expressed by the 
LogSD, V  referring to the standard deviation on 
a log scale of the VA  vs.  V QA /  distribution and 
the LogSD, Q  referring to the standard deviation 
on a log scale of the Q  vs.  V QA /  distribution, 

Fig. 14.3 Ventilation-perfusion matching measure by 
MIGET in a normal subject (left) and a patient with ARDS 
(right). In ARDS, there are large areas of shunt and some 

broadening of the  V QA /  distribution along with some 
regions of very low  V QA /  ratio. (Modified from Hopkins 
and Wagner (2017))
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respectively. These calculations of heterogeneity 
exclude the shunt and dead space compartments 
which are quantified separately. A limitation of 
MIGET is that the ventilation and perfusion dis-
tributions recovered from MIGET can only be 
expressed relative to  V QA /  ratio ( VA  vs.  V QA /  
and Q  vs.  V QA / ). Additional metrics for 
describing heterogeneity that do not depend on 
the fit to a 50-compartment model have been 
described (Hopkins and Wagner 2017; Hlastala 
1984), but are not as commonly used. The amount 
of diffusion limitation of oxygen transport can be 
also be indirectly estimated from MIGET data 
(Hammond et al. 1986). The technical challenges 
and moderately invasive nature of MIGET has 
largely limited it to a research tool, but as dis-
cussed below it has provided great insights into 
ventilation-perfusion matching in health and 
disease.

 Clinical Assessment of Ventilation- 
Perfusion Matching

Pulmonary gas exchange problems are encoun-
tered commonly in a wide variety of clinical set-
tings. Assessment of ventilation-perfusion 

matching is essential for evaluating hypoxemia 
and hypercapnia, determining appropriate treat-
ments, and as a marker of disease severity and 
prognosis. It should be noted that while pulse 
oximetry is useful for identifying impaired oxy-
genation, in isolation it provides limited informa-
tion regarding the status of ventilation-perfusion 
matching. Arterial blood gas testing, in contrast, 
allows the calculation of several useful metrics.

The alveolar to arterial oxygen difference 
(AaDO2, also referred to as the A-a gradient) is a 
well-known measure that reflects contributions 
from ventilation-perfusion heterogeneity, diffu-
sion limitation of oxygen transport, and shunt in 
the lung. Alveolar PO2 is estimated using the 
alveolar gas equation (Eq. 14.25 above), and arte-
rial PO2 is measured directly from the arterial 
sample. The arterial PCO2 is used as an estimate 
of PACO2. The measure requires an assumed 
respiratory exchange ratio unless it is directly 
measured (normally 0.8–1.0 under resting condi-
tions) and the assumption of steady-state 
conditions.

In a normal adult, A-a difference is approxi-
mately 5–20 mmHg, with predicted values vary-
ing by age. This can be estimated as:

 ( . .Predicted AaDO age in years Mellemgaard2 2 5 0 21 1966� � � � �� �� �..  (14.28)

It should be noted that, as mentioned earlier, 
of three contributors to the AaDO2, diffusion 
limitation whereby there is incomplete equilib-
rium between alveolar gas and pulmonary end 
capillary blood, is extremely uncommon except 
in patients with interstitial lung disease (Agusti 
et  al. 1991). Other situations where diffusion 
limitation of oxygen transport can be present 
include heavy/maximal exercise in some highly 
trained athletes (Hopkins et  al. 1998; Hopkins 
et al. 1994) and during exercise at high altitude 
(Torre- Bueno et al. 1985; Wagner et al. 1987). 
This leaves ventilation-perfusion mismatch and 
shunt as the usual causes of an increased AaDO2. 
Increased ventilation-perfusion mismatch is 
ubiquitous in patients with lung disease, and a 
large AaDO2 is common. Large shunts are also 
common in many critically ill patients and can 

be assessed using 100% oxygen as described 
above.

The PaO2/FIO2 ratio (“P/F ratio”) is another 
measure commonly used in mechanically venti-
lated patients (particularly in the setting of 
ARDS), in whom the FIO2 is known (and often 
higher than room air). This measure is simple to 
calculate at bedside, but utility in assessment of 
gas exchange is limited due to confounding 
effects of barometric pressure, respiratory 
exchange ratio, and PaCO2. In addition, if the 
inspired FIO2 is high, and close to 100%, the P/F 
ratio will only reflect shunt and not other  V QA /  
abnormalities.

The effects of ventilation-perfusion matching 
on carbon dioxide exchange may also be clini-
cally relevant. Evaluation of carbon dioxide 
 elimination can provide information regarding 
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dead space, which may contribute to hypercapnia 
and excessive ventilatory demand, and may also 
have prognostic utility in some situations. For 
example, several studies have reported that dead 
space ventilation is higher in non-survivors of 
ALI/ARDS than in survivors (Cepkova et  al. 
2007). For every 0.05 increase in dead space to 
tidal volume ratio, the odds of death increase by 
45% (Nuckton et  al. 2002; Kallet et  al. 2004). 
Interestingly, when prone position results in a 
reduction in dead space, survival rates are 
improved (Gattinoni et al. 2003).

Physiologic dead space can be calculated 
using the PaCO2 determined from arterial blood, 
as well as mixed expired CO2 concentrations, as 
discussed previously (Eq. 14.20). To estimate the 
alveolar dead space fraction, the same principle 
is applied using exhaled gas capnography to mea-
sure the end-tidal (i.e., end-expiratory, thus 
reflecting alveolar) CO2 (PETCO2), using the 
equation:

 V VD T a ET aP CO P CO P CO/ /� �� �2 2 2  
(14.29)

Note that the end-tidal value may not measure 
alveolar gas from slowly emptying lung units, 
which may artificially increase the dead space 
estimate in that an error may be introduced 
because of uncertainty in determining end tidal 
values. Measurement of anatomic dead space 
(i.e., volume of conducting airways) can be deter-
mined via the Fowler method (see Fowler 1948, 
1949; Fowler and Comroe 1948; Verbanck and 
Paiva 2011). Overall, the physiological dead 
space is most commonly reported in patients with 
ARDS given its ease of measurement and 
(Robertson 2015) value as a marker of disease 
severity (as above).

 Ventilation-Perfusion Matching 
in Healthy Young Subjects

In young healthy individuals, one would expect 
that ventilation and perfusion are closely matched 
throughout the lung, and there is a minimal dif-
ference between alveolar and arterial PO2. 
However, although the structure of the healthy 

lung is well-suited towards efficient exchange of 
gases, regional ventilation and perfusion are 
nonetheless not completely uniform due to fac-
tors including airway and vascular geometry, as 
well as gravity and posture (see (Glenny and 
Robertson 2011) for review). As such, there is a 
distribution of ventilation-perfusion ratios within 
even the healthy lung, although the variability is 
fairly low. Data from MIGET and other tech-
niques have shown that in normal subjects most 
ventilation and blood flow goes to areas with 
ventilation- perfusion ratios of 0.3 and 2.1, and 
there appears to be no appreciable shunt or diffu-
sion limitation while breathing air (Wagner et al. 
1974).

Ventilation and perfusion matching is not a 
completely passive process that is based on lung 
airway and vascular geometry and posture; mis-
match in  V QA /  activates compensatory mecha-
nisms that attempt to “normalize” local matching. 
For areas with low  V QA /  ratio or shunt, the 
presence of alveolar hypoxemia activates hypoxic 
pulmonary vasoconstriction (HPV) (Dunham-
Snary et al. 2017). Working on the timescale of 
seconds to minutes, HPV leads to constriction of 
small intrapulmonary arterioles, diverting blood 
away from these areas. Nitric oxide, endothelin, 
and prostaglandins are vasoactive substances and 
thus modulators of HPV (reviewed in (Moudgil 
et al. 2005)), while a number of exogenous drugs 
lessen HPV (calcium channel blockers, volatile 
anesthetics) (Moudgil et al. 2005; Sylvester et al. 
2012) and a few, such as almitrine, may enhance 
it (Reyes et al. 1988; Prost et al. 1991).

 Effects of Gravity and Posture

Alveolar pressure is generally uniform through-
out the lung at the beginning of inhalation and 
again at the end of inhalation. However, lung 
deforms under its own weight, and this means 
that there is a gradient in alveolar size from the 
gravitationally dependent (i.e., posterior in 
supine posture) to the nondependent (i.e., ante-
rior in supine posture) lung (Glazier et al. 1967). 
As a result, there is a pleural pressure gradient 
and different portions of the lung are on different 
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parts of the nonlinear pressure volume curve 
(Fig.  14.4) (Hogg and Nepszy 1969). The net 
result is that on inspiration the gravitationally 
dependent lung is preferentially ventilated 
(Bryan et al. 1966) compared to the nondepen-
dent lung because the nondependent alveoli are 
already at a higher resting volume. Of note, this 
physiology assumes a normal chest wall and 
attendant pleural pressures; in those with a heavy 
chest wall such as obesity, the opposite may be 
true due to an overall increase in pleural pressure 
and reduction in lung volume (Holley et  al. 
1967). Importantly, heterogeneity of ventilation 
within these gravitational planes is also present 
due to the geometric configuration of the lung 
(e.g., airway branching structure) (Glenny and 
Robertson 2011).

With respect to perfusion, gravitational gradi-
ents drive perfusion to dependent lung zones via 
hydrostatic gradients, an effect accentuated in the 
upright position. Local perfusion is also affected 
by alveolar pressure, as conceptualized by the 
West zone model (West and Dollery 1960; West 
et al. 1964); specifically, in Zone 2 where Parterial 
> Palveolar > Pvenous, perfusion pressure is dependent 
on arterial and alveolar pressure, but not down-

stream venous pressure via a Starling-resistor 
mechanism (i.e., waterfall effect) (Permutt et al. 
1962). Similar to the airways, the geometry of 
branching vessels results in substantial variabil-
ity independent of gravitational forces (Glenny 
and Robertson 2011). Experiments in parabolic 
flight in which gravity is temporarily abolishing 
have in fact suggested that this geometric con-
figuration is more important to perfusion than 
gravity, although a bias is introduced in these 
measurements because all estimates are made in 
air-dried lungs at total lung capacity (see Hopkins 
et al. (2007) for explanation). Nonetheless, grav-
ity clearly plays an important role in ventilation- 
perfusion relationships and substantially accounts 
for the variability in regional  V QA /  matching 
observed in normal healthy individuals.

The prone posture has important effects on 
both ventilation and perfusion, with an overall 
effect of improving ventilation-perfusion match-
ing in both healthy lungs and those with ARDS 
(see below). Modeling studies predict that the 
gravitational distribution of ventilation and 
ventilation- perfusion matching is expected to be 
more uniform in the prone position, and this is 
supported by imaging studies (Henderson et  al. 
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Fig. 14.4 Explanation 
of the regional 
differences of ventilation 
down the lung. Because 
of the weight of the 
lung, the intrapleural 
pressure is less negative 
at the base than at the 
apex. As a consequence, 
the basal lung is 
relatively compressed in 
its resting state 
compared to the apex 
(circles represent 
alveolar sizes). However, 
the lung is more 
compliant at this 
volume, so for a given 
swing in pleural 
pressure, there is a larger 
change in alveolar 
volume (i.e., higher 
ventilation) in the basal 
lung (a) compared to the 
apical lung (b)
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2013a), showing a reduction in regions of high 
ventilation-perfusion ratio. Similarly, animal 
studies in prone posture have shown a reduction 
in regional ventilation-perfusion heterogeneity 
compared to supine posture, and indicate the 
effect is largely because of a reduction in the 
gravitational gradient in ventilation (Mure et al. 
2000; Treppo et al. 1997). Compared with supine 
positioning, in healthy lungs prone positioning 
leads to more uniform ventilation across the ven-
tral to dorsal axis, reflecting more homogenous 
pleural pressure (Henderson et  al. 2013b; Prisk 
et  al. 2007). Several factors appear to mediate 
this effect, including shifting the mediastinal 
weight to the dependent position and removing 
abdominal pressure from the dorsal-caudal lung 
(Fig.  14.5). It should be noted, however, that 
modeling studies (Tawhai et al. 2009) show these 
effects even in the absence of the effects of the 
abdomen and mediastinum, and thus the asym-

metric lung shape between prone and supine pos-
tures is thought to play a major role (Fig. 14.6). 
With respect to perfusion, as discussed above, 
perfusion continues to follow gravitational 
dependence when an individual is turned prone 
such that the gravitationally dependent lung is 
better perfused than nondependent lung. 
(Henderson et al. 2013a; Prisk et al. 2007; Musch 
et al. 2002), although some report that the gradi-
ent is less (Nyrén et al. 1999; Beck et al. 1992). 
Nonetheless, in prone posture  V QA /  matching 
may become more spatially uniform (Henderson 
et  al. 2013a), which may translate into more 
functionally uniform  V QA /  matching (i.e., a 
reduction in LogSD, Q  and LogSD, V ) and 
more efficient gas exchange (Beck et  al. 1992; 
Mure et  al. 1998) and a reduction in shunt 
(Pappert et al. 1994).

 Effect of Aging

Aging of the lung is characterized by a loss of 
elastic recoil, leading to small airway closure in a 
process that to an extent resembles mild chronic 
obstructive lung disease (COPD). Increased 
 V QA /  mismatch is observed in older individu-

als, often clinically recognized on the basis of an 
increased arterial-alveolar oxygen difference 
even in healthy aging. Studies using MIGET 
have demonstrated overall mildly increased 
 V QA /  mismatch with aging, and no relationship 

between age and shunt (Cardús et al. 1997). Both 
ventilation (Verbanck et al. 2012) and perfusion 
(Levin et al. 2007) become more heterogeneous. 
Overall, even in this nonsmoking healthy group, 
most differences in  V QA /  matching across indi-
viduals was not attributable to differences in age, 
rather due to undetermined factors.

 Effect of Obesity

Mild hypoxemia is often observed in obese indi-
viduals, which may reflect hypoventilation (obe-
sity hypoventilation syndrome) and/or abnormal 
ventilation-perfusion matching. Obese patients 
appear to have not only increased ventilation- 

Supine

Prone

Heart

Hea
rt

Fig. 14.5 The effect of prone posture on pleural pressure. 
In the supine posture, the most dependent lung has high 
pleural pressures alveoli due to the weight of the lung, 
lung shape, compression from the heart, and extrinsic 
compression from abdominal contents. In comparison, 
pleural pressures are more uniform in the prone posture. 
The distribution of local ventilation is more uniform in the 
prone posture in large part because the pleural pressures 
and resulting alveolar volumes are more uniform at the 
initiation of each breath. See reference Johnson et  al. 
(2017)
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perfusion mismatch but also increased shunt 
(Barrera et al. 1969; Rivas et al. 2015). It is sus-
pected that these abnormalities are largely seen in 
the dependent and particularly dorsal-caudal 
lung, due to compression and increased pleural 
pressure that occur due to increased weight of the 
chest wall and elevated abdominal pressure.

 Effect of Lung Disease

Chronic lung disease causes disruption in both 
ventilation and perfusion. When substantial mis-
match exists (particularly when low ventilation- 
perfusion regions or shunt is present), patients 

often have systemic hypoxemia and may require 
supplemental oxygen. However, milder mis-
match is often present well before the onset of 
appreciable abnormalities in oxygenation. 
Ventilation-perfusion relationships have been 
studied in a number of lung diseases including 
COPD (Wagner et  al. 1977), asthma (Wagner 
et al. 1978) and pulmonary arterial hypertension 
(Melot et al. 1983). In patients with COPD, data 
suggest that substantial changes in ventilation- 
perfusion mismatch are present even in individu-
als with normal spirometric parameters, which 
might reflect subclinical changes to small  airways 
and/or pulmonary vasculature (Bhatt et al. 2019; 
Estepar et al. 2013).
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Fig. 14.6 Gravitational effects in the lung in the supine 
and prone postures. Considering the lung as a triangular- 
shaped spring, the combined effects of gravity and the 
greater tissue mass suspended from a larger dorsal chest 
wall produce more equal distribution of stress and strain 
in the lung (shown as curved lines inside a lung), resulting 
in more uniform end-expiratory lung volume and alveolar 
size (shown as circles inside a lung). On the right, the dis-
tribution of ventilation (dashed lines), perfusion (solid 

lines), and ventilation/perfusion ratios (dot-dashed lines) 
across the dependent to nondependent lung are shown. In 
the supine posture, there is excess ventilation relative to 
perfusion in the ventral (nondependent) lung, and excess 
perfusion in the dorsal lung, leading to markedly poor 
ventilation/perfusion matching. In the supine posture, 
ventilation and perfusion are more closely matched 
throughout, resulting in a tighter distribution of ventila-
tion/perfusion ratios
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  V QA /  Relationships in Acute 
Respiratory Distress Syndrome 
(ARDS)

ARDS is characterized by non-cardiogenic pul-
monary edema resulting in increased density of 
the lung. However, the pattern of injury itself 
may be relatively homogenous or heterogeneous 
throughout the lung on a gross scale. One of the 
hallmarks of ARDS is disruption of ventilation- 
perfusion matching. The severity of mismatch 
combined with the extent of shunt (see below) is 
included in the definition and severity grading of 
ARDS as the P/F ratio (Mild: 200–300, Moderate: 
100–200, Severe: <100), with increasing severity 
strongly associated with worsening prognosis.

 V QA /  matching in ARDS has been the subject 
of substantial research; a complete summary is 
beyond the scope of this chapter, but the major 
conclusions are presented. In ARDS, a substantial 
proportion of perfusion is directed at areas of min-
imal to no ventilation (shunt), reaching up to 50% 
of cardiac output in some studies (Dantzker et al. 
1979; Santos et  al. 2000), and this is the major 
cause of hypoxemia in these patients. Surprisingly, 
there are regions of lung where  V QA /  matching 
is relatively well preserved (Fig.  14.3). 
Physiological dead space is increased in ARDS 
and provides additional prognostic information 
(Nuckton et al. 2002), as discussed above.

Treatment of ARDS involves supportive care 
focused on maintaining adequate oxygenation 
and avoidance of ventilator-induced lung injury. 
It should be noted that while some interventions 
that improve  V QA /  matching are associated 
with improved outcomes,  V QA /  matching is not 
a universal treatment target per se. For example, 
low tidal volume ventilation is associated with an 
initial worsening of oxygenation (presumably 
increased low  V QA /  and/or shunt regions) but 
improved mortality (Amato et al. 1998).

Prone positioning has shown to be particularly 
helpful in severe ARDS, both in terms of improv-
ing gas exchange and reducing mortality (Guérin 
et al. 2013). The prone position promotes more 
uniform pleural pressures (Figs.  14.5 and 14.6) 
(discussed above), which particularly in the set-
ting of a heavy lung may help to prevent serious 

issues related to atelectasis, including shunting, 
cyclical opening-closing of alveoli, and a reduc-
tion in overall lung volume and compliance. By 
maintaining more uniform ventilation, overdis-
tension of some lung units is reduced and low 
 V QA /  areas may be lessened (Cornejo et  al. 

2013).

 Effect of Positive Airway Pressure

Positive end-expiratory pressure (PEEP) is well 
recognized to improve oxygenation in patients 
with acute hypoxemic respiratory failure and is 
particularly used in ARDS. Studies suggest that 
the improvement in oxygenation is directly related 
to the ability to “recruit” open areas of previously 
atelectatic lung (Gattinoni et  al. 1995), which 
comes with a reduction of areas of low  V QA /  
ratio and shunt (Ralph et  al. 1985). However, 
PEEP appears to come at the cost of increased 
areas of high  V QA /  ratio, possibly reflecting 
overdistension of healthy lung units (Ralph et al. 
1985). In addition, PEEP may alter pulmonary 
blood flow via a reduction in cardiac output, by 
increasing overall pulmonary artery pressures, 
and also by shifting “up” West zones (e.g., zone 2 
becomes zone 1, with a drop in perfusion) (Hermle 
et  al. 2002). Given this recognition of potential 
positive and negative effects of PEEP, strategies to 
match individual PEEP settings to underlying 
physiology have been under investigation, 
although the focus has been generally on assess-
ment of lung mechanics rather than  V QA /  
changes. Emerging technologies such as electrical 
impedence tomography may facilitate setting the 
ventilator based on individual physiology, but are 
not yet supported by clinical trial data.

 Tidal Volume, Ventilation Mode, 
and Cardiac Output

Low tidal volume ventilation is a mainstay of 
ARDS treatment based on clinical trials demon-
strating improvements in mortality (Amato et al. 
1998). From the standpoint of gas exchange, this 
leads to a reduction in lung expansion and a rise 
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in PaCO2, with the effect of a reduction in PaO2 
through the Haldane effect. Other reasons for 
worsening gas exchange include atelectasis and 
an increase in cardiac output associated with 
hypercapnia (discussed below).

The effect of different ventilator modes on 
gas exchange has been the subject of a few stud-
ies. No consistent differences have been shown 
with volume versus pressure-cycled modes of 
ventilation in terms of gas exchange or lung 
mechanics (Muñoz et  al. 1993; Ziebart et  al. 
2014); the decision between these ventilation 
strategies depends on issues such as patient syn-
chrony and the desire to “target” a specific tidal 
volume versus driving pressure. High-frequency 
oscillatory ventilation appears to result in similar 
 V QA /  distributions to pressure-controlled ven-

tilation (Dembinski et  al. 2002). Despite the 
ability to achieve similar gas exchange with 
potentially less bulk changes in lung volume, 
clinical trials have indicated adverse effects on 
outcomes and thus it is not recommended (Fan 
et al. 2017). Biphasic and airway pressure release 
ventilation (APRV) have also been investigated, 
with the potential advantages of sustained lung 
recruitment and the facilitation of spontaneous 
efforts without leading to excessive volumes (as 
would be seen in volume ventilation due to 
breath stacking issues).

Spontaneous breathing superimposed on 
pressure- limited mechanical ventilation has been 
found to improve  V QA /  relationships by 
decreasing shunt and dead space (Putensen et al. 
1994a, b). Nonetheless, mechanisms are unclear, 
as classical concepts would suggest that transpul-
monary pressure swings should be the same for 
identical tidal volumes, and thus the distribution 
of ventilation is expected to be unchanged. One 
hypothesis is that in the setting of lung injury, 
spontaneous breathing leads to occult intrapul-
monary ventilation from nondependent to depen-
dent zones (pendelluft) contradicting the concept 
that pleural pressure swings are uniform across 
the lung (Yoshida et  al. 2013; Neumann et  al. 
2005). Whether this phenomenon is harmful has 
been debated, but perhaps supported by the 
observation that abolishing respiratory effort via 
neuromuscular blockade may improve ARDS 

outcomes (National Heart, Lung, and Blood 
Institute PETAL Clinical Trials Network and 
Moss 2019; Papazian et al. 2010).

Cardiac output and mixed venous oxygenation 
have been recognized as having an effect on oxy-
genation in the setting of ARDS. Studies in dogs 
have shown that increased cardiac output in the 
presence of lung injury does not lead to diffusion 
limitation; rather, there is worsening  V QA /  
matching which might be due to increased blood 
flow to shunt areas or increased edema genera-
tion (Breen et al. 1982). It is possible that the cor-
responding increase in mixed venous oxygen 
tension itself might account for increased shunt, 
although mechanisms are unclear and data are 
conflicting (Rossaint et al. 1995; Sandoval et al. 
1983). Clinical data support that increases in car-
diac output lead to increase in shunt and worsen-
ing oxygenation (Feihl et  al. 2000). Finally, 
decreased mixed venous oxygen tension (seen 
with low cardiac output or high oxygen con-
sumption) can worsen oxygenation by increasing 
venous admixture (i.e., not via changes in  V QA / ).
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 Control of Breathing

Control of breathing is important to maintain 
proper arterial O2 levels (PaO2) to ensure tissue 
oxygenation and eliminate arterial CO2 (PaCO2) 
produced by cellular metabolism. This is par-
ticularly important in physiologically stressful 
environments with low O2 conditions, such as 
high altitude, and pathological conditions of 
lung disease. For example, clinicians in the 
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Key Points
• Negative feedback systems control venti-

lation to maintain normal arterial blood 
gases and minimize the work of breath-
ing in response to changes in the envi-
ronment, activity, and lung function.

• The basic respiratory rhythm is gener-
ated by neurons in the brainstem, and 
this rhythm is modulated by ventilatory 
reflexes.

• Arterial PCO2 is the most important fac-
tor determining ventilatory drive in rest-
ing humans.

• The ventilatory response to hypoxia 
depends strongly on arterial PCO2, and 
it is not appreciable in normal individ-

uals until arterial PO2 drops below 
60 mm Hg.

• Arterial chemoreceptors sense changes 
in arterial PO2, PCO2, and pH, but central 
chemoreceptors sense changes primar-
ily in arterial PCO2/pH.

• Vagal nerve endings sensitive to stretch 
in the lungs mediate reflexes that fine- 
tune the rate and depth of breathing.

• Vagal nerve endings sensitive to 
mechanical and chemical irritation of 
the airways and lungs stimulate cough-
ing, mucous production, bronchocon-
striction, and rapid shallow breathing.

• The ventilatory response to arterial 
blood gases changes with time during 
chronic hypoxemia at high altitude or 
with lung disease.
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intensive care unit (ICU) need to consider con-
trol of breathing as it relates to use of sedation, 
paralytics, patient/ventilator dyssynchrony, and 
ventilator weaning.

Limitations in lung function or gas exchange 
are compensated by physiological control sys-
tems acting to maintain homeostasis. Either 
during extreme pathophysiological situations 
or in daily routines (e.g., running to catch a bus, 
swimming), the control systems are designed 
to (Smith et al. 1991) maintain pH and PaCO2 
within normal limits (Feldman 1995), satisfy O2 
demands of the tissues (Feldman 2011), mini-
mize  mechanical work of breathing (Plataki 
et  al. 2013), and prevent exposure to various 
irritants. It is necessary to distinguish abnor-
malities in the respiratory control system from 
primary disturbances in lung function (i.e., can-
not breathe vs will not breathe) (see Figs. 15.1 
and 15.2).

 Respiratory Rhythm Generation

Skeletal muscles (i.e., diaphragm, intercostal mus-
cles) that drive ventilation do not contract sponta-

neously as does cardiac muscle. Rhythmic 
breathing results from periodic activation of the 
ventilatory muscles via motor nerves from the cen-
tral nervous system (CNS). A central pattern gen-
erator composed of neuronal networks generates 
this basic respiratory rhythm (Smith et  al. 1991; 
Feldman 1995, 2011). Early observations by 
Galen revealed that Roman gladiators with injuries 
in the upper neck stopped breathing; however, 
breathing continued if the spinal injury occurred 
below the neck. In the 1800s, physiologists identi-
fied most of the important respiratory centers by 
making discrete lesions in the pons and medulla in 
experimental animals. A specific region within the 
medulla called the pre- Bötzinger complex is the 
central pattern generator for ventilation (Smith 
et al. 1991). Other nearby respiratory centers inte-
grate afferent information and fine-tune the motor 
output to ventilatory muscles. For example, higher 
brainstem and even cortical influences can modu-
late breathing to coordinate speech, swallowing, 
and voluntary breathing exercises such as pulmo-
nary function tests. Lesions in the medulla and 
pons often result in abnormal breathing patterns. 
For example, apneusis (abnormally long inspira-
tion) can occur if the pons is injured in humans.

Fig. 15.1 The negative feedback loop involved in control 
of breathing. There are afferent inputs from the chemore-
ceptors and mechanoreceptors which are integrated cen-
trally. The effectors influence ventilation via respiratory 
pump muscles which influence gas exchange. During pas-

sive mechanical ventilation, the respiratory rate and tidal 
volume are influenced by the provider although the loop 
remains intact for patients with spontaneous breathing 
(whether ventilated or not)
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 Modulation: Chemoreflex, 
Mechanoreflex, and Negative 
Feedback

The respiratory rhythm is shaped by several 
afferent reflexes that modulate timing and ampli-
tude in response to changes in respiratory system 
function. The primary controlled variable PCO2/
pH must be maintained within a normal range; 
these variables are regulated via negative feed-
back control loops. In a physiological control 
system, a sensor can detect changes in a physio-
logical stimulus and send the information through 
an afferent input to a central integrator that pro-
cesses the information from a single or multiple 
input(s). The central integrator sends information 

through an efferent output to an effector organ, 
which activates a response in order to keep the 
physiological stimulus value closer to the cen-
trally set range (Plataki et  al. 2013). When the 
response of the control system is contrary to the 
initial change in the physiological stimulus, this 
situation constitutes a negative feedback system. 
These concepts of a control system and negative 
feedback explain why a sudden increased level of 
PaCO2 activates sensors that trigger hyperventila-
tion to restore the PaCO2 levels back to normal 
(Younes et al. 2001; Meza et al. 1998a; Dempsey 
et al. 2010; Skatrud and Dempsey 1983).

There are two main classes of sensory control 
systems that convey afferent input information in 
the respiratory system: the chemoreceptors and the 

Fig. 15.2 Respiratory centers in the brainstem with func-
tions described in text. Left-dorsal view of the pons and 
medulla with the cerebellum removed. Right-transverse 
sections from three levels of the medulla. PRG pontine 
respiratory group, preBot pre-Bötzinger complex, respon-

sible for generating the normal respiratory rhythm, VRG 
ventral respiratory group, DRG dorsal respiratory group, 
IX cranial nerve (glossopharyngeal), X cranial nerve 
(vagus), AP area postrema, NTS nucleus tractus solitarius, 
CC central canal
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mechanoreceptors. Chemoreceptors monitor 
changes in arterial PO2, PCO2, and pH, while mecha-
noreceptors monitor pressure and stretch (volume) 
in the lungs and airways to provide afferent infor-
mation about pulmonary mechanics. Generally, 
mechanoreceptors induce reflex changes in the rate 
and depth of breathing that aim to minimize the 
work of breathing under different mechanical con-
ditions and at different levels of ventilation. 
Mechanoreceptors, as well as other sensory nerves 
from the lungs and airways, are also involved in 
airway smooth muscle and secretory responses that 
defend the lungs from environmental insult (note 
that receptor in this context refers to a specialized 
sensory nerve ending and not a neurotransmitter or 
drug receptor) (See also Chap. 16).

 Efferent Pathways: CNS-Processed 
Signal Targeting Effector Respiratory 
Muscles

During resting ventilation, the output from breath-
ing centers leads to rhythmic contraction of the 
diaphragm during inspiration that ceases during 

expiration and allows passive elastic recoil of the 
lung and chest wall. The modulated rhythm from 
the central pattern generator is transmitted through 
synapses to phrenic motor neurons at the third 
through fifth cervical levels of the spinal cord (C3–
C5). Injuries that disrupt the normal flow of infor-
mation between the medulla and C3–C5 result in 
respiratory paralysis; therefore, “high” quadriple-
gics require artificial ventilation. Phrenic nerve 
activity reflects basic features of the central pattern 
generator, including (1) a sudden onset of inspira-
tory activity, (2) a ramp-like increase in activity 
during inspiration, and (3) a relatively sudden ter-
mination of activity at the onset of expiration. Low 
levels of phrenic activity at the onset of expiration 
(Fig.  15.3) allow the diaphragm to transition 
smoothly to passive expiration.

Inspiratory and expiratory intercostal muscles 
are innervated by spinal nerves from all levels of 
the thoracic spinal cord (T1–T11). The pattern of 
electrical activity in the external intercostal 
nerves is similar to that in the phrenic nerve, 
although the internal intercostals are activated 
during forced expiration. Electrical activity in 
lower thoracic and upper lumbar spinal nerves, 

Fig. 15.3 Graphical example of changes in volume due to 
ventilation and motor nerve activity of one expiratory mus-
cle (internal intercostal, recorded from 10th thoracic spinal 

nerve), and two inspiratory muscles (external intercostal 
and diaphragm, recorded from 5th thoracic spinal nerve and 
from phrenic/5th cervical spinal nerve respectively
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which innervate the abdominal expiratory mus-
cles, is similar to the internal intercostal activity 
shown in Fig.  15.3. Inspiratory and expiratory 
activity in the vagus and hypoglossal (XII cra-
nial) nerves, which innervate the upper airway 
muscles in the larynx and pharynx, are also simi-
lar to the patterns shown in Fig.  15.3 (Horner 
1996, 2000, 2008).

 Ventilatory Response to Arterial 
PO2, PCO2, and pH

Arterial PO2, PCO2, and pH are sensed directly by 
arterial or peripheral chemoreceptors, and PaCO2 is 
sensed indirectly by central chemoreceptors in the 
CNS. There is no strong evidence for mixed- venous 
or alveolar chemoreceptors affecting breathing.

 Central Chemoreceptors

A ventilatory response to increases in PaCO2 can 
be observed in experimental animals that have no 

afferent input to the CNS from any peripheral 
sensory nerves. This response to PaCO2 is medi-
ated by central chemosensitive areas of the 
medulla, including the retrotrapezoid nucleus, 
raphé, nucleus of the solitary tract, and the ven-
tral surface of the medulla at the fourth 
ventricle.

A common feature of central chemosensitive 
neurons is that they have dendrites with endings 
near cerebral blood vessels. These vessels and 
nerve endings are also frequently near the surface 
of the brain, which is bathed in cerebrospinal 
fluid (CSF) (Fig. 15.4). Specialized chemosensi-
tive nerve endings depolarize in response to 
decreased intracellular pH, which occurs when 
arterial PCO2 increases. CO2 is very soluble in lip-
ids, so it moves easily across the capillaries and 
membranes in the brain and generates H+ inside 
central chemosensitive neurons, as well as in the 
extracellular space and CSF around these neu-
rons. Glial cells, such as astrocytes present in the 
central chemosensitive areas, may contribute to 
sensing changes in CO2 and pH.  For example, 
astrocyte-induced release of ATP, lactate, or 

Fig. 15.4 The importance of carbonic anhydrase in catalyzing the equilibrium involving CO2, H2O, and HCO3-· CO2 

 diffuses from vessel and influences CSF and chemosensitive neurons as shown
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 glutamate in response to changes in CO2/pH can 
modulate breathing patterns.

Although the mechanism is unknown, central 
chemosensitive neurons may decrease CO2 sensi-
tivity in response to long-term increases in arte-
rial PCO2 (e.g., in some chronic lung disease 
patients) and increase CO2 sensitivity in response 
to chronic reduction in arterial PCO2 (e.g., in some 
individuals exposed to chronic hypoxia at 
 altitude). Previously, it was thought that changes 
in central CO2 sensitivity could be explained by 
metabolic compensation for respiratory distur-
bances in CSF pH. However, the pH of CSF does 
not show complete compensation to its normal 
value (7.3) during chronic respiratory acidosis or 
alkalosis but remains slightly acidic or alkaline. 
Nevertheless, ventilatory reflexes from central 
chemoreceptors can adapt to chronic changes in 
PCO2 “as if” the H+ stimulus changed in parallel 
with metabolic compensations of arterial pH, at 
least under some conditions.

 Arterial Chemoreceptors

Arterial chemoreceptors is a generic term for 
both the carotid body chemoreceptors and aortic 
body chemoreceptors, although most knowledge 
about the arterial chemoreceptors is based on 
studies of the carotid body. The carotid bodies are 
small (diameter ≈ 2 mm) sensory organs located 
near the carotid sinus at the bifurcation of the 
common carotid artery at the base of the skull. 
The aortic bodies are located on the aortic arch 
near the baroreceptors. Afferent nerves travel 
from the carotid bodies via the glossopharyngeal 
(IX cranial) nerve and from the aortic bodies in 
the vagus (X cranial) nerve to the CNS.

Carotid bodies have high blood flow per unit 
mass, and this rich blood supply makes them 
efficient at sensing changes in arterial blood 
gases. While carotid bodies respond to changes 
in arterial PO2, PCO2, and pH (Dempsey et  al. 
1990), they are the most important chemorecep-
tors for ventilatory sensitivity to PaO2. This 
response is specific to O2 partial pressure but not 
changes in O2 content nor hemoglobin satura-
tion. This concept is critical for understanding 

clinical problems such as anemia or carbon mon-
oxide poisoning. In these cases, ventilation will 
not be stimulated because PaO2 is normal, or even 
elevated, and there is no major sensory system 
for decreases in O2 content of hemoglobin satu-
ration. However, in extreme situations, such as 
lactic acidosis, breathing will be clearly stimu-
lated (Duffin et al. 2000).

The mechanism of PO2 sensing in the carotid 
bodies is not completely understood. The carotid 
body consists of specialized neurosecretory glo-
mus (chief or type I) cells that contain several 
types of neurotransmitters and neuropeptides, 
glial-like sustentacular (sheath or type II) cells, 
capillary endothelial cells, afferent nerve endings 
from the glossopharyngeal nerve, and even sym-
pathetic efferent nerve endings. Specialized 
NADP(H) oxidases, cytochromes, and O2- 
sensitive potassium channels are candidate 
molecular O2 sensors, and O2 sensing appears to 
further involve reactive oxygen species signaling. 
Hypoxia depolarizes glomus cells, causing 
release of an (unknown) excitatory neurotrans-
mitter and excitation of afferent nerve endings 
that sends action potentials to respiratory centers 
in the brain.

Changes in PaO2 are coded as changes in the 
frequency of action potentials. Carotid body 
afferent nerve activity has a low level of tonic 
activity with normal PaO2 (100 mm Hg) and PaCO2 
(40  mm Hg). Arterial chemoreceptor activity 
does not increase until PaO2 falls below normal 
levels if PaCO2 is normal. However, carotid body 
chemoreceptors are also sensitive to PaCO2. If 
PaCO2 is below normal levels, PaO2 must decrease 
even further below normal to excite carotid body 
chemoreceptors. Conversely, carotid body che-
moreceptors can be stimulated at higher PO2 lev-
els if PaCO2 is increased. The interaction between 
PO2 and PCO2 at carotid body chemoreceptors is 
synergistic, so hypoxia and hypercapnia increase 
the effect of each other as chemoreceptor stimuli. 
This synergistic effect at arterial chemoreceptors 
is important because it explains the multiplicative 
effect of PaO2 and PaCO2 (hypoxemia plus hyper-
capnia) on ventilation. The physiological advan-
tage of this effect is that combined hypoxia and 
hypercapnia, which usually occur together with 
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limitations of gas exchange, increase ventilation 
more than either stimulus could alone. During the 
COVID-19 pandemic, considerable discussion 
about “silent hypoxemia” led to revisiting of 
these concepts (Simonson et al. 2021). In brief, in 
the absence of hypercapnia, the PaO2 may fall to 
varying degrees among individuals before a sub-
stantial increase in dyspnea or ventilation 
(Moosavi et al. 2004).

The synergistic effect of O2 and CO2 can also 
explain environmental and clinical observations. 
At extreme high altitude, low barometric pressure 
leads to low PaO2 and increased ventilation. 
However, the reduced arterial levels of CO2 may 
produce apneic events during sleep, also known as 
high-altitude central sleep apnea (periodic breath-
ing) (Orr et al. 2018; Heinrich et al. 2019; Swenson 
2016). Another example is patients assisted with 
mechanical ventilators in the intensive care unit. If 
mechanical ventilation decreases the CO2 below 
the chemical apneic threshold, central apnea 
would be predicted even if the PaO2 also falls. This 
situation occurs commonly during spontaneous 
breathing trials as the patient may be apneic and 
labeled as “failing” their spontaneous breathing 
trial (see clinical note) (Meza et  al. 1998a, b; 
Skatrud et al. 1990; Meza and Younes 1996).

Arterial chemoreceptors respond within sec-
onds to changes in PaO2, PaCO2, and pH. Changes 
in arterial blood gases that occur in phase with 
breathing, especially during conditions such as 
exercise, can be sensed by arterial chemorecep-
tors and may stimulate ventilation. This rapid 
response explains how ventilation can be altered 
within a single breath when arterial blood gases 
change. Carotid body chemoreceptors contain 
carbonic anhydrase, which increases the speed 
of response to PaCO2 based on the intracellular 
pH-sensing mechanisms described above 
(Dempsey 1995; Dempsey et al. 1972).

 Reflexes from the Lungs 
and Airways

Reflexes from the upper airways and lungs are 
primarily defense reflexes, which protect the lung 
from injury and environmental insults to the 

body. Pulmonary reflexes also adjust frequency 
and tidal volume to stabilize ventilation. The 
vagus nerve forms the afferent limb for most of 
these reflexes. The following sections describe 
reflexes associated with different types of pulmo-
nary receptors:

 Nose and Upper Airways

The nose has sensory nerves that transmit affer-
ent information to the respiratory centers via the 
trigeminal (V) cranial nerve. The ends of these 
sensory nerves respond to mechanical and 
chemical irritants in the nasal mucosa, so they 
are called mechanoreceptors and chemorecep-
tors, respectively. The sneeze reflex occurs when 
nasal mechanoreceptors are stimulated, for 
example, by inhaled dust, or nasal chemorecep-
tors are stimulated by noxious gases. Sneezing 
is a strong inspiration followed immediately by 
strong expiration, which directs air mainly 
through the nose to remove the offending stim-
uli. Stimulation of nasal chemoreceptors with 
water elicits the diving reflex. The diving reflex 
causes apnea (breath holding), laryngeal clo-
sure, and bronchoconstriction to protect the air-
ways from water inhalation. A secondary 
cardiovascular reflex response to arterial che-
moreceptor stimulation also occurs during 
apnea, slows the heart rate, and diverts blood 
flow to vital organs such as the brain. This is 
considered an important part of the diving reflex 
because it conserves O2 supplies in the body 
until breathing can resume safely.

The pharynx and epipharynx (the nasal pas-
sages just above the pharynx) contain vagal 
mechanoreceptors. Mechanical irritants in the 
epipharynx stimulate the aspiration, or sniff 
reflex, consisting of several short and strong nasal 
inspirations in rapid succession. This reflex sends 
material down into the pharynx where it can be 
coughed out or swallowed. Mechanoreceptor 
stimulation in the pharynx causes the swallowing 
reflex. Swallowing inhibits inspiration and closes 
the larynx, which protects the lungs, while the 
tongue and other muscles move food or liquid 
into the esophagus.

15 Control of Breathing
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The larynx contains mechanoreceptors and 
chemoreceptors from the recurrent laryngeal and 
superior laryngeal nerves, which are branches of 
the vagus. The laryngeal chemoreceptors are sen-
sitive to inhaled noxious gases (e.g., ammonia 
and sulfur dioxide) and smoke, which stimulate 
coughing and the expiratory reflex. The expira-
tory reflex is a short and strong expiratory effort, 
but coughing also involves inspiratory activity. 
Liquid can also stimulate laryngeal chemorecep-
tors to cause apnea, which protects the lungs 
from inhaling fluids.

Laryngeal mechanoreceptors respond to 
changes in airway pressure, upper airway muscle 
contraction, and temperature (Horner et al. 1991; 
Horner 2001; Mathew 1985; Mathew et al. 1982a, 
b). Airway temperature can change with inspired 
gas temperature, ventilation rate, and the velocity 
of air flow, as well as mouth versus nose breath-
ing. Stimulation of laryngeal mechanoreceptors 
causes reflex changes in upper airway muscle 
tone, which decreases airway resistance and pre-
vents upper airway collapse with negative pres-
sures during inspiration. A short and strong 
inspiratory effort results in either a sigh or a hic-
cup, depending on whether or not the upper air-
way muscles are simultaneously activated.

 Lungs and Lower Airways

Vagal sensory nerves from the lungs and lower 
airways fall into two functional groups: myelin-
ated and nonmyelinated pulmonary receptors. 
Myelinated nerves conduct action potentials 
 rapidly and are generally involved in fine motor 
control and rapid defense responses. 
Nonmyelinated nerves conduct action potentials 
more slowly and are involved in slower defense 
reflexes.

 Pulmonary Stretch Receptors

The vagus contains myelinated afferents called 
slowly adapting pulmonary stretch receptors 
(sometimes abbreviated PSR or SAR), which are 
stimulated by changes in lung volume. These 

mechanoreceptors are located in the smooth mus-
cle of the trachea and intrapulmonary airways. 
Stretch depolarizes these receptors, sending 
action potentials to respiratory centers in the 
brain via the vagus nerve. If volume is increased 
rapidly and maintained at a new level, the 
 frequency of action potentials increases rapidly 
and then settles to a slightly lower frequency. 
However, the steady-state frequency is propor-
tional to the steady-state volume, and the recep-
tors are described as slowly adapting because 
frequency does not completely adapt back to the 
basal rate. Slowly adapting pulmonary stretch 
receptors are tonically active at functional resid-
ual capacity (FRC), so they can send to the CNS 
afferent information about increases or decreases 
in lung volume.

Slowly adapting pulmonary stretch receptors 
are involved in the control of tidal volume and 
respiratory frequency through the Hering-Breuer, 
or inflation inhibitory, reflex. Increasing lung vol-
ume causes increased action potential frequency 
from pulmonary stretch receptors. This afferent 
signal inhibits further inspiratory nerve activity and 
terminates an inspiration through synaptic mecha-
nisms in the pons and medulla. Hence, the inflation 
inhibitory reflex limits a breath from being larger 
or longer than necessary to achieve a given level of 
ventilation. This reflex is of historic interest because 
it was the first description of negative feedback in a 
physiologic control system in 1868. It is of physi-
ologic interest because it explains the effect of the 
vagus on the pattern of breathing.

The pattern of ventilation can also be irregular 
in lung transplant patients. This situation also 
occurs in awake lung transplant patients and 
experimental animals with pulmonary denerva-
tion. Hence, pulmonary stretch receptors decrease 
breath-to-breath variations in tidal volume and 
frequency for a given level of ventilation. This 
fine-tuning of the ventilatory pattern is hypothe-
sized to reduce the mechanical work of breathing.

Pulmonary stretch receptors also are involved 
in the deflation reflex, which increases respiratory 
rate at low lung volumes. Recall that pulmonary 
stretch receptors are tonically active at FRC, so at 
low lung volumes the afferent input to respiratory 
centers is decreased.

E. A. Moya et al.



213

 Bronchial C-Fibers

C-fiber is another term for a nonmyelinated fiber, 
where the C designates conduction velocity in an 
alphabetical system (C ≤ 2.5 m/sec). Pulmonary 
C-fibers can be defined further by their blood 
supply. Bronchial C-fibers are supplied by the 
systemic circulation, in contrast to juxtacapillary 
C-fibers, which are supplied by the pulmonary 
capillaries. Bronchial C-fibers can be stimulated 
by chemicals injected in the bronchial circula-
tion, such as capsaicin (the hot ingredient in red 
chilies) and phenyldiguanide (a serotonin recep-
tor agonist). Physiologically, bronchial C-fibers 
are probably stimulated by local release of cyto-
kines, such as histamine, prostaglandin, and bra-
dykinin in the airways.

The reflex response to bronchial C-fiber stim-
ulation is an airway defense reflex, which 
includes rapid shallow breathing, bronchocon-
striction, and mucous secretion. Bronchial 
C-fibers may contribute to the cough reflex too. 
Finally, bronchial C-fibers are involved in bron-
choconstriction and changes in vascular permea-
bility in the airways with airway inflammation. 
Bronchoconstriction involves both autonomic 
effectors (see Autonomic Nervous System in the 
Lungs) and a local axon reflex.

 Juxtacapillary Receptors

Pulmonary vagal C-fibers that can be stimulated 
by chemicals in the pulmonary circulation are 
called juxtacapillary receptors, or J-receptors 
because of their presumed location next to the 
pulmonary capillaries. J-receptors can be stimu-
lated by capsaicin injected into the pulmonary 
artery, and the reflex response is tachypnea, or 
rapid shallow breathing. Apnea (no breathing) 
may precede tachypnea depending on the dose 
and timing of chemical stimulation.

Physiologically, J-receptor stimulation occurs 
with pulmonary embolism, congestion, and 
edema and causes the rapid shallow breathing 
observed in these conditions. J-receptor stimula-
tion probably explains the tachypnea and sensa-
tion of breathlessness (dyspnea) with interstitial 

lung disease also. Nonmyelinated vagal afferents 
are responsible for all sensation, including pain, 
from the lower airways.

 Autonomic Nervous System 
in the Lungs

The airways in the lungs receive both parasym-
pathetic and sympathetic innervation, which con-
trols bronchial smooth muscle constriction, 
mucous secretion, vascular smooth muscle, fluid 
transport across the airway epithelium, and vas-
cular permeability in the pulmonary and bron-
chial circulations. In normal conditions, 
parasympathetic control of bronchial smooth 
muscle tone is the most important of these func-
tions. Acetylcholine released from the vagus 
nerve causes bronchoconstriction and tonic vagal 
activity determines bronchial smooth muscle 
tone. Sympathetic innervation of the lung is less 
important. Circulating epinephrine from the 
adrenal medulla causes bronchodilation through 
β-adrenergic receptors on airway smooth mus-
cle. Norepinephrine released from sympathetic 
nerves in the airways can cause bronchodilation 
indirectly via α-adrenergic receptors on para-
sympathetic ganglia in the lung. Activating these 
α-adrenergic receptors inhibits parasympathetic 
activity and cholinergic bronchoconstriction.

These different autonomic mechanisms provide 
a physiological basis for treating bronchoconstric-
tion in lung disease. Chronic bronchoconstriction 
from chronic obstructive pulmonary disease is 
treated with acetylcholine receptor antagonists to 
reduce the effects of vagal tone. Acute and severe 
bronchoconstriction during an asthma attack is 
treated with β2-adrenergic agonists. β2-adrenergic 
agonists are selective for bronchial smooth muscle 
and have fewer cardiac effects.

Neuropeptides are also important in control-
ling airway function. The bronchoconstriction 
from substance P released directly from sensory 
nerves by the axon reflex were described above 
(see Bronchial C-Fibers). This is also called the 
excitatory nonadrenergic, noncholinergic system 
(e-NANC) to distinguish it from autonomic 
 control. In contrast, the neuropeptide VIP 
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 (vasoactive intestinal peptide) causes bronchodi-
lation. VIP is released from nerves arising from 
parasympathetic ganglia, which are called the 
inhibitory nonadrenergic, noncholinergic system 
(i-NANC). Nitric oxide (NO) may also be 
involved in i-NANC bronchodilation.

 Patients in the Intensive Care Unit
Intensivists need to consider control of breathing 
because it has many important clinical implica-
tions. Control issues are important in how the 
patient presents clinically, and thus influences sub-
sequent diagnostic testing (Kikuchi et al. 1994). In 
addition, control of breathing is important in the 
pathophysiology affecting respiratory disease, for 
example, high vs. low respiratory drive which can 
affect lung injury and/or weaning from mechani-
cal ventilation. Thus, therapeutic decisions includ-
ing sedation, use of paralytics, and setting the 
ventilator to optimize patient/ventilator synchrony 
are best considered in the context of the control of 
breathing (Mascheroni et al. 1988).

In terms of clinical presentation and diagnos-
tics, healthcare professionals often reassure 
patients that they are healthy based on an easily 
measured normal O2 saturation, but decisions 
that consider O2 saturation without other impor-
tant factors can be deceiving (Moosavi et  al. 
2004). Oxygen tension is just one input into the 
respiratory control system that helps health care 
providers make appropriate care decisions but the 
evaluation also should consider findings on phys-
ical exam such as breathing and speech patterns 
(“2–3 word dyspnea”), accessory muscle use, 
and additional laboratory data such as PaCO2 
(Manning and Schwartzstein 1995).

Breathing drive is highly variable across indi-
viduals. Notable examples are reported among 
high-altitude residents whereby many Tibetan 
but few Andean individuals exhibit an augmented 
ventilatory response to hypoxia. This may be 
attributed to different adaptive genetic profiles 
(Beall et al. 1997a, b; Simonson et al. 2010; Song 
et al. 2020). In the clinical setting, patients at the 
extremes of sensitivity may be more susceptible 
to critical illness. For example, patients 
 susceptible to near-fatal asthma had the lowest 
drives and poorest perception of dyspnea, 
whereas on the other hand, high drive might pre-

dispose to lung stretch and further lung damage 
(Kikuchi et  al. 1994; Mascheroni et  al. 1988). 
The transpulmonary pressure determines stretch 
on the lung and is defined by the pressure differ-
ence between airway opening pressure (Pao) and 
the pleural space (Ppl) (Mead et al. 1970). While 
providers measure and control Pao (by setting 
pressures from noninvasive ventilation or inva-
sive mechanical ventilation), few measure pleural 
pressures that contribute substantially to lung 
stretch. Thus, lung protective settings on the ven-
tilator may not be truly protective depending on 
ventilatory drive. A patient with very high venti-
latory drive can have very negative pleural pres-
sure swings which produce high inspiratory 
transpulmonary pressures and lung stretch. Lung 
injury could theoretically result in the context of 
parenchymal heterogeneity (Mead et  al. 1970). 
However, this concept of self-inflicted lung injury 
has been controversial as it remains largely 
untested (Esnault et al. 2020; Tobin 2020; Tobin 
et al. 2020; Gattinoni et al. 2020). Additionally, 
while many health care providers routinely ask 
patients about pain, few providers assess and 
treat dyspnea, which might be equally distressing 
and might be relieved in many cases by adequate 
ventilatory support and pharmacotherapy. As will 
be discussed, there are different underlying 
causes of ventilator dyssynchrony, and an under-
standing of control of breathing may help assess 
and treat patient and ventilator dyssynchrony.

 Clinical Implications

A number of clinical situations occur in the ICU 
where the above concepts become important for 
clinical care of patients as illustrated by the few 
examples that apply the points above.

 (a) Apnea. A common scenario in the ICU is that 
a patient receiving mechanical ventilation trig-
gers the apnea alarm, which frequently leads 
the treating team to change the patient to vol-
ume cycled ventilation while providing 
increased sedation and/or paralysis (Meza 
et al. 1998a). In fact, the pathogenesis of apnea 
during mechanical ventilation is complex and 
should prompt consideration of the differential 
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diagnosis and a search for underlying cause. 
One situation which was best described by 
Younes is during pressure support ventilation 
(PSV). When patients are weaning from 
mechanical ventilation, they sometimes trigger 
apnea alarms, which prompts some practitio-
ners to conclude that the patient “is not ready 
to wean” and the ventilator settings are returned 
back to baseline with a backup rate (Meza 
et al. 1998a, b; Meza and Younes 1996; Younes 
2002; Tobert et al. 1997). In reality, the tidal 
volume achieved during PSV is a function of 
the resistance and compliance of the respira-
tory system, but what also matters is the 
patient’s ventilatory drive (Pmus). A gradual 
rise in PSV level leads to an instantaneous 
increase in tidal volume followed by a gradual 
return of tidal volume to Vtmin (based on the 
resistance and compliance of the respiratory 
system) as the respiratory muscles are gradu-
ally unloaded with increasing PSV.  At some 
level of PSV, however, the tidal volume starts 
to increase, which can contribute to hyperven-
tilation. Because minute ventilation is a func-
tion of respiratory rate and tidal volume, some 
reduction in respiratory rate may be expected 
but, in general, high flow rates promote tachy-
pnea and thus hypocapnia can frequently occur 
(Tobert et al. 1997). As a result, the occurrence 
of apnea during PSV is frequently a manifesta-
tion of excessive pressure support and can be 
effectively managed by either reducing the 
PSV level or extubation. In contrast, the apnea 
alarm frequently triggers the opposite response 
where the patient is sedated and/or paralyzed 
and put back on volume-controlled ventilation. 
Thus, simple concepts underlying control of 
breathing may have a major impact on patient 
care and likely ICU outcomes.

 (b) Another scenario in which control of breath-
ing issues become important in the ICU is in 
the case of patient/ventilator dyssynchrony. 
Recent studies have shown a high prevalence 
of dyssynchrony with the potential for a 
major mechanical impact on the lung which 
can influence ICU outcomes (see Chap. 47). 
For instance, patients receiving volume- 
targeted ventilation may receive an injurious 
tidal volume if double triggering occurs, that 

is, breath stacking dyssynchrony. Many 
authors have suggested that the outcome ben-
efits observed with cisatracurium vs. placebo 
by Papazian et al. in NEJM were a result of 
reductions in breath stacking dyssynchrony 
(Papazian et  al. 2010; Hibbert et  al. 2012). 
Although the most recent data from the 
ROSE study in NEJM were not confirmatory, 
the concept that there is heterogeneity in the 
mechanisms underlying dyssynchrony is 
likely to be true (Moss et  al. 2019). For 
example, a patient with ineffective triggering 
due to auto-PEEP may benefit from the 
application of extrinsic PEEP as a means of 
reducing the so-called inspiratory threshold 
load. On the other hand, some patients with 
ventilator-induced diaphragm contraction  – 
so-called reverse triggering  – occasionally 
benefit from reduced sedation while other 
patients may require paralytics to reduce the 
risk of breath stacking (Akoumianaki et  al. 
2013). One manifestation of air hunger can 
be double triggering whereby patients with 
high drive feel they are receiving insufficient 
airflow from the ventilator. Depending on the 
ventilator and the set mode, efforts that 
increase the airflow provided or reduce venti-
latory drive (e.g., relief of hypoxia or reduced 
extravascular lung water) may be well effec-
tive, rather than simply paralyzing patients 
who are dyssynchronous. Thus, the approach 
to patient–ventilator dyssynchrony can be 
complex and influenced by the sedation 
level, the mechanical ventilator settings, and 
the underlying control of breathing of the 
patient. Efforts to adjust ventilator settings/
strategy based on these principles may be 
required in an individualized manner, given 
that a “one size fits all” approach (e.g., give 
early paralytics to all ARDS patients) has not 
been generally fruitful to date (Beitler et al. 
2016; Berngard et al. 2016).

 (c) Dyspnea. Another important concept which 
is frequently overlooked in the ICU is related 
to dyspnea. Patients who are short of breath 
often look uncomfortable, which can prompt 
bedside practitioners to provide increased 
sedation and/or narcotic. In some scenarios, 
this solution may be appropriate, but in other 
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situations addressing the underlying cause 
may be advantageous for the patient. The 
relief of dyspnea, for example, can occur 
with bronchodilation or with diuresis, both 
of which provide improvement to the 
mechanics of the respiratory system. The 
corollary discharge hypothesis has been pro-
posed whereby dyspnea is generally a func-
tion of a “disconnect” between what the 
brain/control centers are expecting and what 
the respiratory system is actually able to 
deliver (Moosavi et  al. 2004; Manning and 
Schwartzstein 1995). Thus, in the scenario 
that a bronchodilator leads to relief of dys-
pnea, the delivered tidal volume becomes 
more in line with the brain’s expectations as 
compared to that received prior to the bron-
chodilator. One factor of importance also 
pertains to the inspiratory flow rate. One 
reflex which has been observed by Younes 
and Hubmayr and others is that high inspira-
tory flow rates can lead to termination of 
neural inspiration (Tobert et al. 1997; Younes 
1989). During pressure-targeted ventilation, 
high flow rates can thus lead to tachypnea 
whereas during volume-cycled ventilation, 
this reflex can lead to respiratory alkalosis. 
Of note, for the patient with rapid shallow 
breathing which has been induced by high 
inspiratory flow rates, the breathing pattern 
can normalize with reductions in the deliv-
ered inspiratory flow. In contrast, for patients 
with air hunger, higher inspiratory flows can 
be helpful to meet the inspiratory flow 
demands of the patient. Thus, a sophisticated 
understanding of control of breathing has 
important clinical implications and may well 
be helpful in individualizing therapy and 
avoiding unnecessary interventions.

 (d) In some patients with chronic hypercapnia, 
the application of supplemental oxygen can 
lead to worsening respiratory acidosis 
(Malhotra et  al. 2001). The typical context 
where this phenomenon has been reported is 
during acute exacerbation of COPD, in 
which patients develop profound respiratory 
acidosis when given moderate amounts of 
supplemental oxygen. The reasons why this 

deterioration occurs are unclear, but in some 
cases likely reflects progression of the under-
lying acute illness. However, a number of 
physiological mechanisms have been sug-
gested to be important at least in some cases. 
First, central drive to breathe is likely 
impaired in patients with chronic hypercap-
nia. Dunn et  al. measured the PCO2 recruit-
ment threshold (RT), that is, the CO2 value at 
which breathing resumes after severe hypo-
capnia (Dunn et al. 1991). The PCO2RT was 
importantly impacted by supplemental oxy-
gen, such that the only logical conclusion 
was the oxygen was affecting central drive to 
breathe in patients with chronic hypercapnia. 
Second, the Haldane effect describes the 
changes in Hb binding affinity for CO2 in the 
context of supplemental oxygen. The release 
of CO2 from Hb can thus occur in this con-
text leading to worsening hypercapnia. Third, 
the changes in ventilation perfusion (V ̇A/Q̇) 
relationships with supplemental oxygen can 
lead to worsening hypercapnia. Robinson 
et al. performed MIGET (multiple inert gas 
elimination technique) studies with and with-
out supplemental oxygen and observed 
increases in dead space with supplemental 
oxygen (Robinson et al. 2000). The supple-
mental oxygen led to release of hypoxic pul-
monary vasoconstriction in low V ̇A/Q̇ lung 
units. The perfusion was thus being stripped 
from high V̇A/Q̇ lung units leading to 
increased dead space. CO2-induced broncho-
dilation was also thought to be important in 
increasing ventilation to high VȦ/Q̇ ratio lung 
units. Fourth, patients with acute exacerba-
tions of COPD are typically sleep–deprived, 
and thus the administration of oxygen can 
contribute to sleep onset by relieving both 
anxiety and dyspnea. Worsening hypercapnia 
is commonly observed in obese patients who 
likely have underlying obstructive sleep 
apnea/obesity hypoventilation syndrome. 
Loss of the wakefulness drive to breathe can 
thus contribute to worsening hypercapnia. 
Fifth, the inspiratory flow demand can have 
an important impact on the actual FIO2 being 
delivered to the lung. The administration of 
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noninvasive oxygen can thus lead to highly 
variable FIO2 depending on the breathing 
pattern and the amount of room air entrain-
ment. Via all of the above mechanisms, as 
inspiratory flow demand is reduced (e.g., at 
sleep onset), there is a progressive increase in 
the actual FIO2 reaching the lung even with 
no change in wall oxygen settings. The result 
of these mechanisms can occasionally be the 
development of a vicious cycle of worsening 
hypercapnia from supplemental oxygen 
yielding profound respiratory acidosis in 
some cases. The overreliance on pulse oxim-
eters can contribute to this problem since 
major changes in CO2 can occur without 
appreciable changes in SpO2 depending on 
the clinical context. The use of noninvasive 
ventilation in COPD exacerbations has 
helped mitigate some of the deteriorating gas 
exchange, which was previously observed 
more commonly during acute exacerbation.

In summary, control of breathing is an impor-
tant subject for the critical care practitioner to 
consider. Although a major expansion in our 
knowledge of neural control mechanisms has 
occurred in the past years, some ICU training 
programs neglect many of these important topics. 
In a number of common clinical scenarios, a 
sophisticated knowledge of control of breathing 
can have a big impact on patient care.
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Respiratory Muscle Blood Flow 
and Heart–Lung Interactions

Sheldon Magder

 Introduction

The cardiovascular and respiratory systems are 
the two dominant systems maintaining the body’s 
basic vegetative functions. They are intricately 
linked through the function of the respiratory 
muscles. The circulatory system must provide the 
blood flow that delivers oxygen (O2) and nutri-
ents to the working respiratory muscles and 
clears carbon dioxide (CO2) and other waste 
products produced by the working muscles. In 
turn, respiratory muscles must maintain airflow 
into and out of the lungs so that the blood carried 
by the cardiovascular system is adequately oxy-
genated and CO2 removed. Lack of adequate 
blood flow can compromise respiratory muscle 
function. In turn, inadequate activity of the respi-
ratory muscle and gas exchange can compromise 
cardiac function. The activity of the respiratory 
muscles also produces afferent neural signals that 
can affect the pattern of breathing and central 
sympathetic output, which can affect the distribu-
tion of organ blood flow and the activity of the 
heart.

 The Respiratory Muscles

 Anatomy

Respiratory muscles are classified as being inspi-
ratory or expiratory. Inspiratory activity is domi-
nated by the diaphragm, which has two 
components, the crural or central region, and the 
costal or lateral region. Most of diaphragmatic 
blood flow comes from the phrenic artery but 
blood flow also comes from branches of the inter-
costal arteries and internal mammary arteries 
(Lockhat et al. 1985). These form a plexus that 
provides the flow. Other inspiratory muscles have 
more minor roles during normal breathing. They 
include the external intercostals, scalenes, and 
the serratus anterior (Robertson et  al. 1977a; 
Viiris et al. 1983; Rutledge et al. 1988). Expiration 
usually is passive and does not require muscle 
activity, but it can be active under a number of 
circumstances, some of which are physiological 
and some pathological. Normal uses of expira-
tory muscles include exercise (Aliverti et  al. 
1997) in which active expiration can speed expi-
ration as well as decrease lung volume below 
functional residual capacity and thus expand the 
maximum tidal volume for high aerobic needs, 
walking (Sanna et  al. 1999), playing musical 
instruments (Cossette et  al. 2008), mechanical 
loading (Martin and De 1982), and defecating. 
Abnormal actions of expiratory muscles include 
forced expiration in patients with obstructed 
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 airways (Parthasarathy et  al. 1998; Yan et  al. 
2000), in which case the extra force does not 
increase expiratory volume because of flow limi-
tation, in the period in which patients are regain-
ing consciousness from deep sedation (Yan et al. 
2000; Magder et al. 2016), and anxiety. The pri-
mary expiratory muscles are the internal inter-
costals; others include the transverse abdominal, 
internal oblique, external oblique, and the rectus 
abdominis (Robertson et al. 1977a).

 Energetics and Mechanics

Normal resting ventilation is in the range of 7 L/
min but at peak aerobic exercise in a young 75 kg 
male, total ventilation can be greater than 140 L/
min (Astrand and Rodahl 1977; Astrand 1976). 
Muscle performance can be evaluated based on 
work, which is given by the product of the total 
pressure generated (area under the pressure curve 
over time) and the volume moved per breath (i.e., 
tidal volume). Power is the work per time and 
takes into account frequency. During a normal 
breath, the diaphragm descends and lowers pleu-
ral pressure (Ppl) and increases abdominal pres-
sure. Force generated by the respiratory system is 
the positive pressure developed in the abdomen 
minus the negative change in Ppl. This gives a 
positive number that is called the transdiaphrag-
matic pressure, Pdi. The area under a curve of Pdi 
over time gives the pressure–time index (PTI). 
Peak Pdi per breath is proportional to PTI because 
the change in Pdi over a breath is almost triangu-
lar, and so Pdi can be used to track changes in 
PTI.  Bellemare et  al. (Bellemare et  al. 1983) 
introduced the term tension time index of the dia-
phragm (TTdi), which is the product of Pdi and 
the duty cycle. Duty cycle is the proportion of a 
contraction cycle, that is, inverse of respiratory 
rate, spent in contraction and is expressed as a 
fraction. The normal duty cycle is about one third 
of the cycle. TTdi is similar to the tension time 
index used for assessing the energy demand of 
cardiac muscle (Brazier et  al. 1974). As is the 
case with cardiac muscle and other skeletal mus-

cles (Cingolani et  al. 2013), diaphragmatic O2 
consumption, and thus diaphragmatic blood flow, 
is more closely related to the PTI than to work as 
long as the contractions are intermittent and the 
duty cycle is constant. Thus, PTI is the more use-
ful indicator of diaphragmatic blood flow needs 
than diaphragm than work (Buchler et al. 1985a; 
Rochester and Bettini 1976; Robertson et  al. 
1977b). The duty cycle is important, too, because 
contraction with a high diaphragmatic muscle 
tension can limit the blood flow during the con-
traction phase as occurs with coronary blood flow 
in the left ventricle during systole, when there 
may not be enough time to reach the necessary 
higher flows (Bellemare et  al. 1983; Buchler 
et al. 1985a).

Frequency of contraction at a fixed tension 
and duty cycle has a marked effect on diaphrag-
matic blood flow; when the frequency of contrac-
tion was increased from 18 to 74 per minute in 
diaphragms of dogs, blood flow increased from 
147 ± 13 ml/min/100 g to 265 ± 15 ml/min/100 g 
(Buchler et  al. 1985a). Blood flow in tissues, 
especially in working muscle, is tightly linked to 
O2 consumption so that a high flow indicates that 
the O2 consumption is high. This also is true in 
the diaphragm, and there is a linear relationship 
between PTI and diaphragmatic O2 consumption. 
The blood flow values per tissue weight in the 
diaphragm are much higher than in most other 
skeletal muscles during exercise (Laughlin et al. 
2012). One explanation for the high energy cost 
with increases in diaphragmatic frequency is that 
each contraction requires a heat of activation to 
initiate the contraction. This energy cost then is 
added to the energy cost of generating pressure. 
Since the head of activation occurs on each beat, 
its component increases linearly with the increase 
in frequency of contractions (Buchler et  al. 
1985a). The important point from this discussion 
is that a high respiratory frequency is energeti-
cally expensive and maladaptive in a critically ill 
patient.

When normal, trained, and adapted subjects 
breathed against a high resistance, they breathed 
more slowly and with larger tidal volumes. 
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However, when they breathed against an elastic 
load, they breathe with a rapid rate and shallow 
tidal volumes (Freedman and Campbell 1970). 
This makes sense physiologically. When there is 
a resistive load, for example, breathing through a 
straw, breathing slowly reduces the peak flow 
rate, which reduces the resistive pressure differ-
ence required for airflow and less energy is 
require per breath. The larger tidal volume taken 
slowly maintains total ventilation. In contrast, 
when subjects breathe against an elastic load, 
increasing frequency means that tidal volumes 
can be smaller and less energy is needed to stretch 
the lung and chest wall, and the increased rate 
maintains the required total ventilation. However, 
in the clinical setting, patients most often respond 
to both resistive and elastic loads with rapid shal-
low breathing as occurs with the elastic load. 
This maladaptive pattern greatly increases the 
work of breathing, especially in patients who 
have a high airway resistance, a very common 
type of increased respiratory load in the critically 
ill, especially when intubated with a smaller 
diameter endotracheal tube. This increased work 
increases their respiratory distress and the anxi-
ety drives the rate higher and creates a vicious 
cycle. When blood flow to the diaphragm was 
measured in animals given a resistive (Robertson 
et  al. 1977c) or an elastic respiratory load 
(Magder et al. 1983), diaphragmatic blood flow is 
the same at the same PTI. However, an increase 
in respiratory rate increases the number of PTI 
per minute and thus the energy cost. When an 
elastic load was applied, blood flow to the dia-
phragm even remained the same when cardiac 
output was reduced by tamponade (Rutledge 
et al. 1985) meaning that the working muscle got 
preferential flow.

The effects of Ppl and abdominal pressure on 
diaphragmatic flow were studied in a canine 
model. Sustained tetanic contractions of the dia-
phragm with creation of either negative Ppl or 
positive abdominal pressure obstructed diaphrag-
matic blood flow; the effect was greater with 
negative Ppl than positive abdominal pressure 

(Buchler et  al. 1982). Intermittent contractions 
did not reduce mean blood flow with either mode 
because the obstruction to diaphragmatic blood 
flow during contraction was compensated during 
the relaxation phase as long as the duty cycle was 
not too long (Buchler et al. 1982; Hussain et al. 
1988a).

 Normal Resting Respiratory Muscle 
Blood Flow and the System at Peak 
Effort

Based on normalization of data obtained in ani-
mals, normal resting respiratory blood flow in a 
70 kg human (Arora and Rochester 1982) is esti-
mated to be around 100 ml/min and accounts for 
about 2% of normal resting cardiac output. The 
largest proportion of the respiratory muscle blood 
flow goes to the diaphragm, which at resting ven-
tilation is around 10 to 15 ml/min/100 g of tissue 
(Robertson et al. 1977a, 1977b; Viiris et al. 1983; 
Rutledge et al. 1985). Assuming a diaphragmatic 
weight of 180 g, this accounts for about 25% of 
total respiratory muscle flow. In comparison, 
blood flow to the external (inspiratory) and inter-
nal (expiratory) intercostal muscles are each 
about 5 to 7  ml/min/100  g (Robertson et  al. 
1977a, b; Viiris et al. 1983; Rutledge et al. 1985). 
Blood flow to the other respiratory muscles is 
much lower per weight, but they still contribute a 
large percentage of the total of respiratory muscle 
blood flow because of their large size (Viiris et al. 
1983; Robertson et  al. 1977c; Rutledge et  al. 
1985). During high diaphragmatic activity, such 
as working against a high resistive load, dia-
phragmatic blood flow can increase more than 
20-fold, whereas blood flow to the intercostal 
muscles only increases about sixfold (Robertson 
et al. 1977c) (Fig. 16.1).

Some basic principles about the relationship 
of blood flow demand and the role of blood pres-
sure are illustrated in Fig. 16.2. These principles 
hold true for the relationship of cardiac output to 
O2 consumption for any muscle, and even the 
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whole body during exercise (Åstrand et al. 1964). 
In this study, blood flow to the diaphragm was 
measured with a flow probe on the phrenic artery, 
and arterial pressure was varied between 50 to 
110  mmHg by infusing or removing blood. 
Diaphragmatic contractions were spontaneous. 
Measurements were made at quiet breathing and 
three levels of increasing airway resistance. 
Diaphragmatic blood flow increased with each 
increase in the load, and the flow remained con-
stant over a range of arterial pressures indicating 
that flow was being regulated to match the O2 
demand that was required for that level of energy 
consumption. For this to occur, the phrenic vas-
cular resistance vessels had to dilate to keep the 
flow constant. However, an arterial pressure 
eventually was reached at which the vessels could 
not dilate more. This gives the maximal conduc-

tance (or minimal resistance) for this vasculature. 
Once this value is reached, a further fall in arte-
rial pressure must be associated with a fall in 
blood flow.

Field et al. attempted to measure O2 consump-
tion of respiratory muscles in patients with car-
diorespiratory disease who were mechanically 
ventilated and close to being weaned (Field et al. 
1982). Measurements first were made while all 
breaths were triggered. The respiratory rate then 
was increased so that all breaths were fully sup-
ported. The authors argued that the difference in 
VO2 between the two conditions indicated the 
energy consumption of the respiratory muscles. 
However, it also is possible that their general 
condition changed when they were put back on 
mechanical support. For example, mechanical 
ventilation could have reduced anxiety from the 
respiratory distress-associated breathlessness 
when they were breathing on their own, and this 
could have contributed to the energy cost by 
altering the tone of non-respiratory muscles. VO2 
decreased from 312 ± 90 ml/min to 246 ± 38 ml/
min, which by their estimate gave an respiratory 
muscle VO2 consumption of 75 ± 82 ml/min, but 
the range with this crude measure was large - 8 to 
286  ml/min. In comparison, in normal resting 
adults, VO2 is thought to be 5 to 10 ml/min, or 
about 1 to 3% of total body VO2. On the basis of 
their work, the authors concluded that in these 
patients respiratory muscles consumed 24% of 
total VO2. They further concluded that in patients 
with limited cardiac reserves and increased work 
of breathing, or inefficient work of breathing, 
mechanically supporting ventilation could leave 
a considerable amount of O2 to be distributed to 
other tissues. This led to the hypothesis that when 
blood supply is limited in shock, and the work of 
breathing is increased because of pulmonary 
edema, respiratory acidosis, and increased cen-
tral drive, inability to increase respiratory mus-
cles blood flow can lead to respiratory muscle 
fatigue and failure, which without mechanical 
support would be an important cause of death in 
shock. Second, if the respiratory muscles take up 
a significant proportion of the limited blood flow 
in shock, mechanical ventilation could free up 
blood flow for vital organs. To analyze this 
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hypothesis, it is worthwhile to first put these 
numbers into a quantitative context. A normal 
young male of average body size can achieve a 
peak VO2 in the 3000 to 4000  ml/min range. 
Thus, an additional cost of even 300 ml/min of O2 
per minute, which is higher than in any of the 
subjects in the study by Field et al. (Field et al. 
1982), is still very small compared to the aerobic 
reserves of the body as a whole. The aerobic 
capacity of a patient would have to be severely 
limited before this would become clinically sig-
nificant. In any case, this hypothesis led to a 
 number of experiments to provide more quantita-
tive data that has allowed us to better understand 
the constraints of the system.

The question of respiratory muscle fatigue as 
a cause of respiratory muscle failure was 
addressed in a case series by Cohen et al. (Cohen 
et al. 1982). Muscle fatigue is defined in physi-
ological terms as a failure of motor output for a 
given neural input and reversible by rest. As 
such, the hallmark of fatigue is evidence of 

decreasing muscle force despite the same or 
increasing neural electrical activity. This pattern 
indicates that the problem is at or beyond the 
neural-muscular junction. It was not possible in 
the study to wait for true physiological respira-
tory fatigue to actually develop for the obvious 
clinical reason that the patients would have been 
apneic. Instead, a change in the ratio of high- to 
low-frequency EMG signals was used as an early 
warning sign of impending fatigue. I will come 
back to this point later. The authors found that 7 
of the 12 patients met their fatigue criteria. PCO2 
rose and pH fell in all subjects. The clinical man-
ifestations of their “pre-failure” state are still rel-
evant today. The respiratory rate and minute 
ventilation progressively increased before mus-
cles started to fail (Fig. 16.3). This indicates that 
the work of breathing actually increased. 
Normally, the abdomen goes outward with spon-
taneous breaths because the descent of the dia-
phragm increases abdominal pressure, but when 
the diaphragm does not contract, and only inter-
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costal muscles are used, the decrease in Pp with 
inspiration pulls the abdomen inward. This is 
called “abdominal paradox” and it occurred in 6 
of the 7 subjects who were said to have fatigue. 
The third sign was respiratory alternans in which 
there is alternating abdominal and rib cage 
breathing; this occurred in 4 of the 7 subjects 
classified as having fatigue. Although not calcu-
lated in the study, based on the change in ventila-
tion and change in respiratory rate, it is likely 
that tidal volumes also fell, as shown by others 
(Tobin et al. 1986), (Yang and Tobin 1991).

The fatigue hypothesis was studied in an ani-
mal model of cardiogenic shock which was pro-
duced by creating a controlled cardiac tamponade 
(Aubier et  al. 1981). Following the tamponade, 
total ventilation increased and PCO2 initially 
decreased. Of clinical importance, prior to death, 
the mean PCO2 rose back to the normal 40 mmHg, 
and animals generally suddenly became apneic 
before PCO2 increased above normal. The clini-
cal message is that patients need to be intubated 
when in distress, and clinicians should not wait 
for PCO2 to rise above normal. In this model, 
there were clear signs of respiratory muscle 
fatigue as indicated by a rise in phrenic neural 
activity and electrical activity of the diaphrag-
matic muscle with a decrease in diaphragmatic 
pressure generation (Fig. 16.4).

In a subsequent study, the authors used the 
same model to measure respiratory muscle and 
major organ blood flow during shock with and 
without mechanically ventilation (Fig.  16.5) 
(Viiris et al. 1983). This represented a direct test 
of the Cohen et al. hypothesis (Cohen et al. 1982). 
In the non-ventilated animals, blood flow mea-
surements were made before respiratory muscles 
failed. During shock, total respiratory muscle 
blood flow doubled from approximately 60  ml/
min at rest to 127  ml/min and because of the 
severe reduction of cardiac output to only 30% of 
the baseline level, these muscles consumed 21% 
of the total available cardiac output. It may seem 
that this is similar to what was observed by Cohen 
et al. (Cohen et al. 1982), but it must be appreci-
ated that in this case cardiac output only was 
about 25% of normal. When mechanical ventila-
tion was instituted, total respiratory muscle blood 
flow markedly decreased to 21  ml/min and 
accounted only for 3% of cardiac output 
(Fig.  16.5). However, because the total cardiac 
output was very low, the amount of blood flow 
redistributed to vital organs was very modest 
(Fig. 16.5). The rate of rise of lactate was reduced 
by mechanical ventilation but it still rose. This 
emphasizes that the primary role of mechanical 
ventilation is to ensure maintenance of ventila-
tion when there is impending respiratory failure 
and death, but mechanical ventilation only pro-
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Fig. 16.4 Development of diaphragmatic fatigue follow-
ing induction of cardiogenic shock with a controlled tam-
ponade. The left shows a sample tracing from an animal in 
cardiogenic shock. Pdi  =  transdiaphragmatic pressure, 
Edi = diaphragm electromyogram (% of relaxed state), and 
Ephr  =  phrenic nerve electrogram. At 140  min, the Pdi 

decreased with an increase in Edi and Ephr. The right side 
shows the mean data. After 60 minutes of tamponade, there 
was a steady decrease in Pdi while Ephr and Edi continued 
to increase. These are the classic signs of the development 
of muscle fatigue. (From Aubier et al. (1981). Used with 
permission of The American Physiological Society)

Fig. 16.5 Blood flow to respiratory muscles and selected 
organs during cardiogenic shock induced by tamponade 
with and without mechanical ventilation. On the left, 
respiratory muscle blood flow is markedly reduced by 
mechanical ventilation. However, on the right, the increase 

in flow to other tissues in these animals with mechanical 
ventilation were modest and only significant in the brain, 
liver, and skeletal muscle (quadriceps). (From Viiris et al. 
(1983). Used with permission of the American Society for 
Clinical Investigation)
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vides minimal blood flow support to other organs. 
Protection of other organs requires an increase in 
cardiac output. As will be discussed below, 
mechanical ventilation may have an unantici-
pated role. By stopping respiratory muscle activ-
ity, it decreases thin fiber afferent activity from 
respiratory muscles and their negative impact on 
the drive to breath and distribution of blood flow 
(Magder 2001). It also is worth noting that the 
blood flow to the diaphragm in this study was still 
much less than the maximum flow that can be 
achieved when the diaphragm is paced at a high 
frequency (Buchler et al. 1985b) or with a very 
high resistance (Robertson et  al. 1977c), which 
means that there still were reserves in blood flow. 
As also observed by Casan et  al., maximal O2 
consumption by the respiratory muscles did not 
reach an estimated critical common value with 
the two types of maximal loading of respiratory 
muscle, and the increased energy demand was 
not a cause of dyspnea (Casan Pere et al. 1997).

Similar studies were performed by Hussain 
et  al. in animals with septic shock induced by 
endotoxin (Hussain et al. 1986). In their animal 
study, endotoxin produced a marked fall in car-
diac output which is not the case in most human 
cases of sepsis. There was a consequent rise in 
ventilation, likely due to direct central stimula-
tion plus the rising lactic acidemia. The pattern of 
respiratory failure was very similar to that seen in 
tamponade-induced shock (Aubier et  al. 1981); 
the neural output and EMG activity of the dia-
phragm increased, but force generation decreased. 
The authors argued that respiratory muscle fail-
ure is the major cause of death in sepsis unless 
mechanical ventilation support is instituted. Just 
as in the case of cardiogenic shock, clinicians 
should not wait for a rise in PCO2 before deciding 
to intubate a patient with septic shock.

These investigators also measured respiratory 
muscle blood flow in the septic animals (Hussain 
and Roussos 1985). Of note, the fall in cardiac 
output was not as severe as in the cardiogenic 
shock study by Aubier et al. (Aubier et al. 1981) 
and Viiris et al. (1983) Respiratory muscle blood 
flow rose to 100 ml/min, which is similar to what 
was seen in cardiogenic shock and the distribu-
tion of blood flow to other organs, too, was simi-

lar. In most of the animals, the flow to the 
diaphragm was close to the maximum conduc-
tance value for diaphragmatic flow, as assessed 
by Reid and Johnson (Reid and Johnson Jr. 1983). 
The authors further studied the effect of mechani-
cal ventilation on the distribution of blood flow 
during the induced septic shock. As with cardio-
genic shock, mechanical ventilator support mark-
edly decreased respiratory blood flow and 
redistributed blood flow to other regions (Hussain 
and Roussos 1985). However, regulation of the 
redistributed blood flow was disturbed. Blood 
flow to the brain and gut increased, but renal 
blood flow did not change and blood flow to a 
sample nonworking skeletal muscle increased, 
which indicates maldistribution of blood flow. 
Blood flow to the myocardium also did not 
increase but this likely was due to decreased 
demand for blood flow with the mechanical 
respiratory support.

Boczkowski et  al. showed that force genera-
tion in response to repeated stimulation fell much 
faster in isolated strips of diaphragm from septic 
rats than in control animals (Boczkowski et  al. 
1988). Similarly, DeBoisblanc et  al. found that 
the maximal strength of the diaphragmatic strips 
in vivo from rats fell by 40% at 270 minutes after 
an injection of E coli. These studies in isolated 
strips of muscle indicate that the fall in diaphragm 
force production is not just flow-related.

The message from this review of muscle fail-
ure in sepsis is that respiratory failure is related to 
the intrinsic failure of muscle function and likely 
is not related to a limitation of blood flow. This 
means that there is little to be gained from the 
redistribution of blood flow to other regions by 
mechanical ventilation. Mechanical ventilator 
support is needed in sepsis because the limited 
functional capacity of the muscles as part of the 
generalized inflammatory process results in 
respiratory muscles failure. In my experience, it 
can be quite striking how quickly respiratory 
muscle function recovers once the inflammatory 
process recedes. In less than 12 to 24 h, a patient 
who had limited diaphragmatic function from 
sepsis has sufficient respiratory muscle function 
to be extubated. This indicates that the reason for 
muscle weakness is not damaged tissue but rather 

S. Magder



227

impairment of the contractile machinery, which 
seems to be a rapidly reversible biochemical pro-
cess. Importantly, muscle inactivity can rapidly 
result in muscle atrophy. It thus is important to 
recognize that muscle function has improved and 
allowed the patient to begin triggering breaths, 
which has been shown to reduce muscle atrophy 
(Sassoon et  al. 2002). Prolonging mandatory 
mechanical unnecessarily may just end up pro-
longing the recovery period.

Respiratory muscle blood flow also was stud-
ied in a model that combined pulmonary edema 
and cardiogenic shock (Rutledge et  al. 1988). 
Lung injury was induced by injecting oleic acid 
intravenously. This produces a capillary leak syn-
drome; cardiac depression was created with a 
controlled tamponade (Rutledge et al. 1985). In 
the first step, when pulmonary edema was cre-
ated but cardiac function still was normal, respi-
ratory efforts markedly increased, and blood flow 
to the diaphragm increased almost threefold, 
similar to what was seen in the shock studies 
(Fig.  16.6) (Viiris et  al. 1983; Hussain and 
Roussos 1985), but there was no significant 
changes of blood flow to any of the other respira-

tory muscles, except for the internal intercostal 
(an expiratory muscle). With the strong respira-
tory effort, VO2 of the diaphragm doubled, but 
VO2 for the whole body increased only by 13%. 
When tamponade was applied, blood flowed to 
all regions of the body, but only by moderate 
amounts in respiratory muscles. When the respi-
ratory muscle began to fail, and PTI decreased, 
there was little change in respiratory muscle 
blood flow. However, blood flow to the kidney 
decreased further. This might have been due to a 
sympathetic effect on the distribution of blood 
flow induced by an increase in diaphragmatic 
afferent signals as discussed further below. In this 
study, since respiratory muscle blood flow did not 
change much with the addition of the tamponade, 
respiratory muscle blood flow became a larger 
percent of the total cardiac output. As in the Viiris 
study (Viiris et al. 1983), reducing blood flow to 
the respiratory muscles with use of mechanical 
ventilation only would have provided an addi-
tional 70 ml/min to other tissues. Blood flow to 
the diaphragm in this study was compared to 
maximal diaphragmatic arterial conductance, 
which as discussed above, indicating the O2 
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Fig. 16.6 Diaphragmatic energetics and blood flow dur-
ing pulmonary edema and hypotension (tamponade). (a) 
Diaphragmatic electromyogram (Edi%) as percent of 
baseline, inspiratory diaphragmatic generated pressure 
(Pdi), and pressure time index (PTI) at baseline, with pul-
monary edema induced by oleic acid, with the addition of 
cardiac tamponade to reduce cardiac output to 25% of 
baseline, and when the muscle fails as indicated by the 
same EMG but falling pressure generation. (b) Blood flow 

to inspiratory muscles. Diaphragmatic blood flow tripled 
with pulmonary edema fell somewhat with addition of 
tamponade (this was not significant in the study) and was 
not lower at the time of fatigue. (c) shows diaphragmatic 
O2 consumption (VO2di) versus PTI.  VO2di increased 
fourfold with pulmonary edema, changed further by only 
a small amount during tamponade and fell considerably 
with muscle failure. (From Rutledge et al. (1988)). https://
journals.physiology.org/author- info.permissions
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delivery value at which blood flow becomes 
dependent upon arterial pressure. During the 
tamponade condition, the flow–pressure values 
were very close to this predicted limit (Chapters 
8 and 31) (Magder 1986). It is not possible to 
know if at this stage the diaphragm needed more 
flow but could not obtain it, or if it just did not 
need it. However, the results indicate that when 
cardiac output is normal, even under conditions 
in which there is a marked increase in respiratory 
muscle demand, there still likely are adequate 
blood flow reserves to supply the respiratory 
muscles, even without a large increase in cardiac 
output. It thus is unlikely that respiratory muscle 
blood flow is a limiting factor for respiratory 
muscle function unless there is a very marked 
decrease in cardiac output, in which case every 
other organ fails too. It also has been shown that 
the diaphragm has large anaerobic reserves and 
can continue to contract at basal levels for a few 
hours with its flow cut off (Teitelbaum et  al. 
1992a).

In these severe animal models, the falling 
TTdi with rising neural input clearly indicate that 
respiratory muscle fatigue was present. However, 
the progressively rising respiratory rate and fall 
in tidal volume are major factors in and of them-
selves because this pattern of breathing greatly 
increased the energy demands of the respiratory 
muscle. Thus, it is not that that muscles fail at 
some constant high-energy demand, but rather 
there is a progressive increase in energy demand 
that “drives” the animals to the limit of the capac-
ity of their respiratory muscles. A careful study 
of the fatigue hypothesis which addresses this 
issue was undertaken by Laghi et  al. (2003) in 
patients being weaned from a ventilator. They 
measured transdiaphragmatic twitch pressures by 
stimulating the phrenic nerves and found that in 
most of the patients who had failing respiratory 
muscles the diaphragms were weaker at the start 
and the force generated by the twitches did not 
decrease during the weaning trial, arguing against 
true muscle fatigue being the cause. Instead, the 
respiratory load and demand on the diaphragm 
increased with no development of low-frequency 
fatigue on the diaphragmatic EMG.

As discussed above, a rise in respiratory rate is 
very energy demanding (Buchler et al. 1985b). It 
shortens the time for diaphragmatic blood flow 
(Hussain et al. 1988a; b), increases dead space, 
and perhaps most importantly, when there is 
increased airway resistance it leads to air trap-
ping, hyperinflation, and consequent decreased 
thoracic compliance. All these increase the load 
on the respiratory system and lead to respiratory 
distress and muscle failure. Thus, patients likely 
“drive” themselves into fatigue if they are allowed 
to continue. The failure occurs because of an 
excess respiratory load and work of breathing 
rather than inadequate blood flow.

 Role of Afferent Fibers

Since rapid shallow breathing is so inefficient, 
and can actually “drive” a patient into respiratory 
failure, why does it happen? All skeletal muscles 
have thin-fiber afferent nerves that respond to 
noxious signals in the muscle such as increased 
potassium ion, lactate, arachidonic acid, increased 
osmolality, as well as mechanical stretch. These 
afferents send signals to central nuclei in the brain 
that send efferent signals to increase the drive to 
breath, and also increase sympathetic activity 
which can change the distribution of blood flow 
(Magder 2001; Kaufman et al. 1983a, b; Hussain 
and Roussos 1995; Teitelbaum et  al. 1993a, b; 
Hussain et al. 1991a). During normal exercise, the 
metabolites that accumulate in the skeletal mus-
cles activate these nerve terminals and provide 
important feedback to the brain that helps match 
respiratory activity to the metabolic needs and 
helps maintain normal PCO2 and pH.  This 
includes increased respiratory rate and total venti-
lation to deal with the increased PCO2 production, 
and increased sympathetic activity that constricts 
vessels in nonworking tissues and redistributes 
blood flow to the working muscles, including the 
working respiratory muscles. During exercise, 
these afferent responses are appropriate and adap-
tive. However, when these afferents only are acti-
vated in respiratory muscles because of the 
increased respiratory activity in shock or with 

S. Magder
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compromised respiratory function, a vicious cycle 
can develop. The increasing respiratory muscle 
activity drives a further increase in respiratory 
muscle activity, which generates more afferent 
signaling, until the patient is driven into respira-
tory failure from the increase in respiratory rate 
and low tidal volumes. The activity of this path-
way has been demonstrated by injecting capsaicin 
into the whole animal or into the isolated vascula-
ture of the diaphragm (Figs.  16.7 and 16.8). 
Capsaicin causes discharge of the neurotransmit-
ter Substance P, which is the central mediator of 
the afferent pathway. Of importance, once 
Substance P is depleted, it takes weeks for it to be 
restored to normal levels and during that time, the 
afferent signals are no longer present (Teitelbaum 
et al. 1993b; Hussain et al. 1991a, b). This allowed 
use of capsaicin in experimental models to evalu-
ate the role of these afferent pathways. At low 
doses, capsaicin can be used to activate afferent 
activity and observe the ventilator and vascular 
responses reflexes (Hussain et  al. 1990a; b). At 

high doses, capsaicin can be used to deplete 
Substance P in the pathways and thereby “de-
afferent” an organ or even the whole animal 
(Teitelbaum et  al. 1993a, b). This shows that in 
the absence of thin fiber afferent activity there is 
no increase in respiratory rate and drive when the 
diagram is made ischemic and is failing 
(Teitelbaum et al. 1992b). Thus, the action of the 
afferent pathway provides a plausible mechanism 
to explain the progressively increasing inefficient 
breathing pattern that drives patients into respira-
tory failure. The respiratory muscles are not fail-
ing because of the inability to handle the workload 
but rather because the afferent activity is driving 
them to require even higher levels of respiratory 
muscle activity which become truly beyond their 
capacity. This hypothesis is consistent with the 
effectiveness of weaning index during a spontane-
ous breathing trial as a predictor failure of extuba-
tion (Yang and Tobin 1991). The two key 
components of this index are the increase in respi-
ratory rate and decrease in tidal volume. The 

60
50

40

30

20

Breath No.

10
0

60 1 mg/ml 10 mg/ml 50 mg/ml
50

40

30

Lt
 E

di
(A

rb
.u

ni
ts

)
R

t E
di

(A
rb

.u
ni

ts
)

E
 P

ar
a

(A
rb

.u
ni

ts
)

E
 m

yl
o

(A
rb

.u
ni

ts
)

20
10

50

40

30

20

10

40
35

30

25
20

15

10

0

0 3 6 9 12 15 0 3 6 9 12 15 0 3 6 9 12 15

Fig. 16.7 Effect of activation of diaphragmatic afferents 
and the consequent increase in respiratory drive after 
injection of capsaicin into the phrenic artery. Changes in 
electromyogram activity (E) of inspiratory muscles. Three 
doses of capsaicin were given in 1, 10, and 50 ug. The top 
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phragm, the third the parasternal muscle (para) and the 
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capsaicin. The arrow marks the time of the ejection. (From 
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afferent reflex would be expected to increase the 
respiratory rate, and for a constant need for venti-
lation, decrease tidal volume and thus augment 
the maladaptive process for this situation. It also 
is quite likely that the activation of respiratory 
muscle afferents changes the distribution of blood 
flow as seen in the animal studies on cardiogenic 
shock (Viiris et  al. 1983; Rutledge et  al. 1985) 
(Fig.  16.5) and sepsis (Hussain and Roussos 
1985). The redistribution with mechanical venti-
lation thus could have been due to suppression of 
afferent signals from the working respiratory 
muscles rather than a simple passive redistribu-

tion of blood flow. A clinical caveat from the 
afferent hypothesis is that sedation can be used to 
blunt the maladaptive response from the afferent 
signals and prevent respiratory muscle failure 
when weaning a patient with limited reserves.

 Conclusion

In summary, the blood flow reserve of the respi-
ratory muscles is large and it is likely that blood 
flow limitation is a significant cause of respira-
tory muscle failure only when cardiac output is 
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markedly reduced and all other organs are failing 
too. It also means that there likely is little benefit 
from blood flow redistribution to other organs 
when a patient in shock is mechanically venti-
lated and their own respiratory effort is removed. 
Accordingly, this should not be a rational for 
instituting mechanical ventilation. However, the 
mechanical ventilation has other important 
effects for a patient in shock. First, the inability 
of the respiratory muscles to maintain adequate 
ventilation will result in respiratory arrest, and 
mechanical ventilation is essential to maintain 
life. Second, mechanical ventilation reduces the 
metabolic activity of the respiratory muscles, 
which reduces their afferent traffic and its nega-
tive effect on respiratory drive and distribution of 
blood flow. Third, in the septic patient, mechani-
cal ventilation is critical because of the reduced 
force capacity of respiratory muscles, which 
means that they have a greatly reduced fatigue 
threshold. Failure of respiratory muscles is sep-
sis, which is not based on inadequate blood flow 
but rather due to intrinsic muscle failure. It can 
occur rapidly and without warning. Fourth, 
reducing large respiratory efforts can be very 
important for avoiding large changes in pleural 
and transpulmonary pressure, which can have 
important consequences for heart–lung interac-
tion (Chap. 18).
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Surfactant Activity 
and the Pressure-Volume Curve 
of the Respiratory System

Charles Corey Hardin, Roger G. Spragg, 
and Atul Malhotra

 Introduction

The mechanics of the lung and chest wall are 
important considerations in managing critically 
ill patients particularly those requiring mechani-
cal ventilation. Throughout the respiratory cycle, 
the lung has a nonzero volume and a positive 
transpulmonary pressure, which is to say that 
pressure is required in order to overcome the ten-
dency of the lung to collapse – its elastic recoil. 
Important insight into the nature of lung elastic 
recoil is gained by noting that the relationship 
between lung volume and transpulmonary pres-
sure changes qualitatively when the lung is 
inflated with liquid instead of air (Fig.  17.1a). 
The pressure-volume curve of the air-filled lung 
is characterized by substantial hysteresis. 
Hysteresis is defined technically as work which is 
not recoverable but in practical terms for the lung 
reflects the fact that inspiration and expiration 

can differ considerably on a pressure-volume 
curve; the pressure needed to maintain a given 
lung volume is less on deflation than on inflation. 
The pressure-volume curve of the liquid-filled 
lung, on the other hand, has very little hysteresis 
(Neergaard 1929). This observation points to a 
central role of the air-liquid interface and its 
associated surface tension in determining lung 
elastic recoil. The properties of the alveolar air- 
liquid interface are heavily determined by a spe-
cialized material, called surfactant, which is 
secreted by the type II alveolar epithelial cells 
(Orgeig et  al. 2007). Pulmonary surfactant is a 
complex mixture of phospholipids and special-
ized surfactant proteins which dynamically mod-
ify alveolar surface tension and maintain alveolar 
stability – thus facilitating gas exchange. In this 
chapter we will review the concept of surface ten-
sion, the dynamics of the alveolar surfactant 
layer, the chemical nature of surfactant and sur-
factant proteins, the determinants of pulmonary 
stability, and the clinical experience with surfac-
tant replacement.

 Surface Tension

For an alveolus with nonzero volume, the alveo-
lar gas pressure is greater than the pressure at the 
pleural surface (Loring et  al. 2016). That the 
alveolar pressure is positive relative to pleural 
pressure implies that the lung possesses a posi-
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tive elastic recoil pressure – a force per unit area 
which would tend to decrease volume where it is 
not opposed by Ptp  =  Pao  −  Ppl (Loring et  al. 
2009). In 1929 Van Neergaard (1929) estab-
lished  – by measuring the inflation pressure- 
volume curve of degassed lungs filled with saline 
and with air (Fig. 17.1) – that a major portion of 
this elastic recoil pressure arose from surface ten-
sion associated with the alveolar air-liquid inter-
face. A liquid such as water is stabilized by 
extensive non-covalent interactions among water 
molecules – interactions which are less available 
to water molecules exposed on one side to air 
(Granger 2012). This situation provides an ener-
getic driving force for returning molecules at the 
air-liquid interface to the bulk liquid phase and 
thus shrinking the area of the interface (Terjung 
2011). Equivalently, it requires energy to increase 
the size of the interface. If a molecule that inter-
acts less strongly with water molecules than 
water molecules interact with themselves is intro-

duced to a solution, its accumulation at the sur-
face will lower the energetic cost of expanding 
the interface (Possmayer et  al. 2001). 
Phospholipids  – amphiphilic molecules com-
posed of a polar head group – and hydrophobic 
lipid tails have this property (Rugonyi et  al. 
2008). That the energetic cost of the interface is 
equivalent to a surface tension (a force per unit 
length) is best seen by a thought experiment such 
as depicted in Fig. 17.1b. Here a bubble or liquid 
surface is stretched between two supports. 
Moving one support by dx expands the surface 
area by dA which requires a force to be applied to 
the bar – a force which is equivalent to the sur-
face tension x the length of the bar:

 � � � � �dA F L dx  

 L dx dA� �  

 � � F  

Thus, the energetic cost of the interface may 
be expressed as a surface energy or a surface ten-
sion, interchangeably. For pure water this surface 
tension is 72.8 dynes/cm at 20 °C (Terjung 2011). 
A surface tension as high as that of pure water is 
incompatible with normal lung function. The 
expansion of an alveolar surface with a surface 
tension that high would present a large load to the 
respiratory muscles and thus a large increase in 
the work of breathing. Introduction of phospho-
lipids will decrease the surface tension. The equi-
librium state of an aqueous solution of 
phospholipids is one in which the phospholipids 
accumulate at the surface until the entire avail-
able surface is coated (Nagle 1973). Introduction 
of an additional phospholipid molecule at that 
point will only displace a preexisting one, and the 
solution has reached its stable, equilibrium sur-
face tension. The air-liquid interface of the lung 
consists of a thin film consisting primarily of the 
phospholipid dipalmitoylphosphatidylcholine 
(DPPC), as well as a mixture of proteins and 
additional lipids. Pure DPPC films have an equi-
librium surface tension of approximately 20 
mN/m (Rugonyi et al. 2008), but the equilibrium 
surface tension of lung surfactant, composed as it 
is of a mixture of lipids and cholesterol, is some-
what higher (Piknova et al. 2002).
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Fig. 17.1 (a) Pressure-volume curve for air-filled (red) 
and liquid-filled lung (blue). Filling with liquid abolishes 
the air-liquid interface and much of the hysteresis. (b) 
Relationship between surface tension and surface energy. 
See text for detailed discussion
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 Pressure-Volume Behavior, 
Recruitment, and Static Surface 
Tension

The elastic recoil pressure of the lung, influenced 
by alveolar surface tension, acts to shrink the size 
of an alveolus and is opposed by the transpulmo-
nary pressure. Consider a simple model of the 
lung as a “bubble on a straw” (Fig. 17.2).

The surface tension (elastic recoil) shrinking 
the bubble is opposed by the transmural pressure 
(analogous to transpulmonary pressure) across 
the bubble wall. The bubble is stable when the 
forces are equal:

 
P P r ri o�� � �� � �2 2

 
(17.1)

where σ is the surface tension and geometric 
terms (r, the radius of curvature of the bub-
ble, πr  the projected circumference, and πr2 the 
projected area) are required to convert from pres-
sures (force/area) and tension (force/length) to 
forces. This expression may be rearranged to 
yield the familiar law of Laplace:

 
�P

r
�

2�

 
(17.2)

In the case of an alveolus inflating at the end 
of an airway, however, the above expression pre-
dicts a region of negative compliance and thus 
pulmonary instability (Fig. 17.2b). At the start of 
inflation, an inflating bubble (or alveolus) will 
comprise a horizontal film across the airway and 
thus have an infinite radius of curvature. As the 
alveolus inflates, its radius of curvature decreases, 
and the distending pressure required to maintain 
that radius (and thus volume) increases, consis-
tent with the Eq.  17.2. However (Fig.  17.2b), 
beyond the point at which the radius of the inflat-
ing alveolus equals that of the airway, the radius 
of curvature will begin to increase again, and the 
required distending pressure will decrease. At 
this point, the system can decrease its energy by 
increasing its volume, and it will thus be 
unstable.

This model is oversimplified in that it omits 
any contribution from pulmonary parenchymal 
tissue. A glance at the saline-filled pressure- 
volume curve in Fig. 17.1 reveals a relatively lin-
ear pressure-volume behavior, presumably 
attributable to the pulmonary tissue alone as there 
is no air-liquid interface. Such a linear curve, in 
series with the air-liquid interface, yields a curve 
(Fig. 17.3) which still possesses a region of nega-

a b

r

a 1. r > a

2. r = a

3. r > a
1

2

3

Po

Pi

Fig. 17.2 (a) Simplified model of an alveolus as a bub-
ble. The recoil force tending to collapse the bubble is 
equal to the surface tension x the length of the air-liquid 
interface. The force opposing the recoil and stabilizing 
the bubble volume is equal to the transmural pressure x 
the projected area of the bubble. (b) Model of a lung as a 
bubble on a straw. This model has three different regions 
which may be defined by the sign of the compliance 
(slope of the pressure-volume curve). In region 1, prior to 
inflation, the bubble is a horizontal air-liquid interface 

across the end of the straw  – its radius of curvature is 
infinite. Inflation from this point will decrease the radius 
of curvature of the bubble and requires an increasing 
transmural pressure according to the law of Laplace 
(Eq. 17.2). This is true until the radius of the bubble (r) 
equals the radius of the straw (a). Region 2 is the point at 
which r = a. After that point, inflation will increase the 
radius of curvature of the bubble and decrease the 
required transmural pressure. Thus, in region 3, compli-
ance is negative
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tive compliance, but that region is now bounded 
by a region of positive compliance at (finite) 
higher volume (Fig. 17.3).

 Recruitment and the Origin 
of Crackles

The presence of bounded regions of negative 
compliance in the pressure-volume curve of 
Fig. 17.3 leads to the possibility of sudden airway 
opening and closing events  – recruitment and 
derecruitment. As the curve is transited during 
inflation, the inflection point between regions of 
positive and negative curvature will be reached 
which will result in a sudden airway opening 
event corresponding to a jump from one region of 
the curve with positive compliance to the next 
region of the curve with positive compliance 
(Nath and Capel 1974; Munakata et  al. 1986; 
Fredberg and Holford 1983). Nath and colleagues 
demonstrated (later verified by others) that this 
will result in the propagation of a stress wave in 

the pulmonary tissue that is manifested as a 
crackle or acoustic wave at the chest surface. A 
similar point of inflection exists on deflation, but 
the curve displays hysteresis so that the point of 
inflection on deflation occurs at a lower transpul-
monary pressure and so will be less energetic and 
more difficult to detect. The existence of both 
inspiratory and expiratory crackles with expira-
tory crackles being less energetic than inspiratory 
crackles has been experimentally confirmed 
(Fredberg and Holford 1983).

 Surfactant Composition

Pulmonary surfactant is primarily, though not 
exclusively, composed of phospholipid. The 
most abundant of the lipids are phosphatidylcho-
line, phosphatidylglycerol, and phosphatidylino-
sitol (Nath and Capel 1974). In addition to the 
phospholipids, surfactant contains a small 
amount of neutral lipids such as cholesterol and 
four proteins, termed surfactant proteins A–D 
(Possmayer et  al. 2001). Surfactant protein A 
and D are hydrophilic and proteins B and C are 
hydrophobic. B and C are synthesized and 
secreted along with phospholipids in the alveolar 
type II (ATII) cell. A and D are members of a 
family of proteins termed collectins which func-
tion in the innate immune system. Members of 
the collectin family possess a C-terminal domain 
that binds carbohydrates found on bacterial and 
viral surfaces (Han and Mallampalli 2015). Mice 
deficient in surfactant protein A have impaired 
clearance of bacterial and viral infections, and 
both protein A and protein D have been shown to 
increase directly the membrane permeability of 
bacterial and viral pathogens. Surfactant protein 
D is not thought to play a great role in the surface 
activity of surfactant. Protein A plays a role in 
promoting the association of reserve structures 
in the subphase (see below). The hydrophobic 
proteins B and C facilitate the rapid spreading of 
surfactant across the alveolar surface once it 
reaches the air-liquid interface (Han and 
Mallampalli 2015).
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Fig. 17.3 Schematic illustrating the relationship between 
alveolar pressure-volume curve (green), recoil due to sur-
face tension (red) and recoil due to elastic pulmonary tis-
sue (yellow). The tissue component and the surface 
component add to yield to the total alveolar curve. The 
green curve contains regions of negative compliance 
bounded by regions of positive compliance. This leads to 
discontinuous jumps in volume  – recruitment and 
derecruitment

C. C. Hardin et al.



239

 Surfactant Activity

Inspection of the lung pressure-volume curve 
highlights the opposing biophysical challenges 
presented by normal respiration. During expira-
tion, the radius of curvature of the alveolus and 
its associated air-liquid interface decreases. This 
will be associated with an increase in the elastic 
recoil pressure, according to the law of Laplace 
(Eq. 17.2) regardless of the starting value of the 
surface tension. Thus, if the only effect of pulmo-
nary surfactant was to lower the absolute value of 
surface tension, there would be an increasing ten-
dency toward alveolar collapse on expiration 
(Hills 1999). A separate problem arises on inspi-
ration where there is a need for rapid expansion 
of the surface film to accommodate the expansion 
of the interfacial area. These challenges are over-
come, respectively, by the effects of compression 
of the phospholipid bilayer and the dynamics of 
the subphase and the action of surfactant 
proteins.

 Surfactant Secretion 
and the Subphase

Surfactant is synthesized by alveolar type II cells 
(ATII) (Dietl and Haller 2005). ATII cells are 
enriched in endoplasmic reticulum (Rooney et al. 
1994) where surfactant lipids are packaged into 
membrane-bound vesicles known as lamellar 
bodies. Lamellar bodies leave the ATII cells by 
exocytosis. Hydrophobic surfactant proteins 
(surfactant proteins C and B) are similarly 
secreted by the ATII cells. Once free of the ATII 
cell, lamellar bodies lose their outer membrane 
and combine with surfactant proteins and are 
assembled into a highly packed state known as 
tubular myelin (Knudsen and Ochs 2018). 
Lamellar bodies, tubular myelin, and complexes 
of previously secreted lipid recycled from the 
actual air-liquid interface form a subphase that is 
closely associated with surfactant monolayer and 
likely serves as a reserve source of phospholipid 
(Goerke 1998) that can be mobilized to facilitate 
rapid spreading of the surfactant film on alveolar 
expansion (Pérez-Gil and Keough 1998). In this 

way, the phospholipid monolayer at the air-liquid 
interface is created and maintained by transfer of 
reserve lipid from the subphase, in a process 
which is not yet fully understood (Rugonyi et al. 
2008). It is thought that replacement of surfactant 
molecules at the air-liquid interface occurs 
through multiple steps starting with approach of 
reserve structures to the surface film, association 
of the reserve structures with surface via protein- 
protein and ionic interactions, and then transfer 
of surface active lipids to the film (Dietl and 
Haller 2005; Pérez-Gil and Keough 1998; Lopez- 
Rodriguez and Pérez-Gil 2014). Once new lipid 
molecules are present at the air-liquid interface, 
they must rapidly spread over the whole of the 
alveolar surface – a process which is facilitated 
by the protein components of surfactant.

 Alveolar Collapse and Phase 
Transitions in Surfactant Lipid 
Layers

As discussed above, at equilibrium, a phospho-
lipid bilayer at an air-liquid interface fully covers 
the surface so that movement of a phospholipid 
molecule from the bulk liquid to the surface dis-
places one already there. The interface is then 
characterized by a single equilibrium surface ten-
sion that is lower than that of a bare surface. It is 
possible to lower the surface tension below this 
equilibrium value. Indeed, Pattle has estimated 
that surfactant-containing lung extracts are capa-
ble of reducing surface tension to near zero 
(Possmayer et al. 2001) during expiration. This is 
possible because phospholipid bilayers undergo a 
phase transition at some sufficiently low temper-
ature between a relatively unordered state, the 
liquid-crystalline phase, and an ordered phase 
termed the gel phase (Daniels and Orgeig 2003). 
In the gel phase, molecules are tightly packed 
into a quasi-crystalline array so that they possess 
little translational freedom. In the liquid- 
crystalline phase, individual molecules possess a 
high degree of translational and rotational free-
dom (Lopez-Rodriguez and Pérez-Gil 2014). 
Transitions between the disordered, fluid state 
and the tightly packed, quasi-solid state may 
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occur with increasing compression as well as 
decreasing temperature. A compressed surface is 
associated with a loss of translational freedom 
but also a greater number of phospholipid mole-
cules present for a given surface area and thus a 
lower surface tension. In the case of the alveolus, 
compression on deflation leads to a greater low-
ering of surface tension as alveolar radius 
decreases. The compressibility of a phospholipid 
layer is a function of its precise lipid content. 
Fully saturated proteins such as DPPC lipids are 
highly compressible whereas addition of unsatu-
rated phospholipids or neutral lipids such as cho-
lesterol decreases the compressibility (and thus 
increases fluidity). A maximally compressed, 
pure DPPC film is capable of reducing surface 
tension to near zero, as observed in films com-
posed of surfactant extract (Lopez-Rodriguez 
and Pérez-Gil 2014; Daniels and Orgeig 2003). 
Such a film, however, is less able to spread rap-
idly over an expanding alveolar surface on inspi-
ration than one that contains a mixture of neutral, 
saturated, and unsaturated lipids.

 Current View of Surfactant Function

As a mixture of saturated, unsaturated, and neu-
tral lipids, naturally occurring surfactant is com-
posed of lipids with different transition 
temperatures and compressibility. Once present 
at the air-liquid interface, this heterogeneous 
composition is thought to lead to a phase separa-
tion which results in the surfactant films consist-
ing of separate ordered and disordered regions 
with the ordered regions enriched in DPPC (de la 
Serna et  al. 2004). On compression, the disor-
dered, DPPC-poor islands are squeezed out so 
that at the end of expiration the alveolar film is a 
relatively pure DPPC film capable of reducing 
surface tension to near zero (Keating et al. 2012). 
The fate of squeezed out lipids is not well under-
stood, with some evidence that they assemble 
into multilayered structures in the subphase and 
add to the lipid reserve (Schürch et  al. 1998). 
During inspiration, the process of inspiration is 
facilitated by surfactant proteins and reserve 
structures that together allow for rapid transfer of 
lipid to the expanding air-liquid interface. 

Transfer from a subphase structure to the air- 
liquid interface potentially involves exposure of 
hydrophobic lipids to the aqueous subphase. This 
energetically unfavorable process is potentially 
facilitated by the hydrophobic surfactant proteins 
B and C (Lopez-Rodriguez and Pérez-Gil 2014).

 Surfactant Function 
and Replacement in Acute 
Respiratory Distress Syndrome 
(ARDS)

Surfactant function is impaired in a variety of 
lung pathologies. In adults, the best studied of 
these is ARDS in which both the function and 
absolute amount of surfactant are diminished. 
These changes are due to a reduction in surfac-
tant production by alveolar type II cells, inactiva-
tion by plasma proteins in alveolar edema fluid, 
and inactivation by reaction with reactive nitro-
gen and oxygen species, proteases, and phospho-
lipases. Loss of surfactant function results in 
decreased pulmonary compliance and functional 
residual capacity, atelectasis, increased right-to- 
left shunt and hypoxemia, and possibly enhanced 
edema formation.

As these changes are all features of ARDS, it 
is reasonable to postulate that loss of surfactant 
function may contribute to the pathophysiology 
of ARDS.  Exogenous surfactant is effective in 
improving oxygenation in animal models of 
ARDS as well as in treatment of premature neo-
nates in whom surfactant production is limited. 
For these reasons, multiple clinical trials of 
instilled surfactant derived from animal lungs or 
produced synthetically have attempted to show 
benefit to patients with ARDS. However, meta- 
analysis of 11 prospective randomized clinical 
trials involving 1038 patients has failed to dem-
onstrate mortality or oxygenation benefit (Meng 
et al. 2019). While surfactant treatment of ARDS 
is not indicated currently, it is possible that future 
investigation targeting specific patient subgroups 
(based on mechanism or underlying endotype), 
using alternative methods of administration such 
as delivery by aerosol, or using synthetic 
 surfactants that are resistant to inhibition in the 
inflamed lung may demonstrate benefit. For 
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example, adaptive clinical trials are now being 
designed whereby therapies can be changed 
based on patient characteristics and responses to 
therapy. In theory, patients with recruitability 
(i.e., who experience opening of collapsed alve-
oli with applied pressure) may be amenable to 
exogenous surfactant; however, clinical trials 
will clearly be required to test this hypothesis.

 Conclusion

The existence of an air-liquid interface is a mini-
mal requirement for gas exchange, and the 
mechanical properties of the air-liquid interface 
determine, to a large degree, the pressure-volume 
behavior of the lung. These mechanical proper-
ties are, in turn, influenced by the presence of the 
pulmonary surfactant layer. Surfactant dynami-
cally lowers surface tension. Thus, surfactant 
activity, the dynamic change in the chemical and 
physical properties of the surfactant layer with 
changes in lung volume, is a major determinant 
of lung mechanical behavior.
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Heart-Lung Interactions

Sheldon Magder and Atul Malhotra

 Introduction

The pattern of breathing has direct effects on car-
diovascular performance. Spontaneous inspira-
tory efforts normally have a small transient effect 
on the steady-state cardiac output, although the 
effect can be large at peak exercise (Miller et al. 
2005). When patients are managed with mechan-
ical ventilation, the positive pressure during 
inspiration, whether triggered by the patient or 
completely by the machine, has important effects 
on cardiovascular function. The converse also is 
true; changes in cardiovascular status can affect 
the lungs. Support of cardiovascular function 
with volume resuscitation and vasoactive and 
inotropic drugs can increase extravascular lung 
water, decrease lung compliance, and increase 
airflow resistance through their effects on cardiac 
filling pressures. Also, cardiovascular therapies 
that increase pulmonary artery pressure and the 
load on the right ventricle (RV) can lead to limi-
tation of RV filling and dampen variations of sys-

temic arterial pressure during the ventilator cycle. 
Understanding the complex interactions of the 
heart and respiratory system in health and disease 
thus is a cornerstone of ICU management 
(Table 18.1).

The importance of heart-lung interactions is 
often underappreciated by the limitations of 
reductionist experiments in which the circulation 
and lungs are separated. Much work has been 
done on lung stretch and injury, but the isolated 
impact of lung stretch in a petri dish misses the 
significance of the important hemodynamic influ-
ences on the changing flow patterns that occur 
in vivo during the ventilation cycle (Katira et al. 
2017). Similarly, the extensive investigations of 
myocardial contractile function in reduced prepa-
rations do not account for important influences of 
expiratory variations on cardiac performance. 
Furthermore, the lungs sit between the outputs of 
the RV and LV, and respiratory efforts can tran-
siently dissociate on the filling and outputs of the 
two ventricles that occupy a common space in the 
pericardium.

We have structured this chapter to review 
spontaneous versus passive ventilation and how 
these impact the inflow and outflow of the RV and 
LV. Key underlying principles are that mass must 
be conserved and that output from the heart is 
predicated on the input to the RV, such that the 
heart can only eject what it receives. It will be 
emphasized that the effects of ventilation on the 
RV dominate heart-lung interactions. This is 
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because it is at the RV that the heart interacts with 
the blood coming back from the rest of the body, 
and the RV must pass this  blood on to the 
LV. Furthermore, during the ventilation cycle, the 
pressure in the RV changes relative to its upstream 
volume reservoir, that is, the systemic veins and 
venules, because the environment around the RV 
changes relative to atmospheric pressure. Flow 
out of the RV, though, is not affected because the 
RV and pulmonary circuit are surrounded by the 
same environment. In contrast, filling of the LV is 
not altered by changing intrathoracic pressure 
because its upstream volume reservoir, the pul-
monary venous compartment, has the same pres-
sure environment as that of the LV. However, the 
output from the LV is affected during the ventila-
tion cycle because the environment around the LV 

changes relative to its outflow pressure, the aorta, 
which delivers blood to vessels surrounded by 
atmospheric pressure.

 Guyton’s Graphical Analysis 
of the Regulation of Cardiac Output

Arthur Guyton’s graphical approach to the 
analysis of the interaction of a function that 
describes the return of blood to heart with a 
function that determines the blood pumped out 
by the heart (Chap. 2) provides a useful format 
for understanding the interactions of the heart 
and lungs during the ventilation cycle (Guyton 
1955; Guyton et al. 1973). The key factor that 
makes the understanding of heart-lung interac-

Table 18.1 Clinical implications of respiratory and cardiovascular variations

Respiratory
Increased Raw:
   Asthma
   COPD
   Secretions
   Tracheal narrowing
   Endotracheal tube

Increased fall in Ppl with spontaneous inspiration
Air-trapping and creation of auto-PEEP
Decreased rise in Ppl with mechanical breath
   Greater potential for developing non-zone II conditions

Increased pulmonary compliance:
   COPD

Greater transmission of Paw to Ppl with mechanical breath

Reduced lung compliance:
   ARDS
   Pulmonary edema

Need for greater transpulmonary pressure

Increased inspiratory threshold 
load: e.g., auto-PEEP

Increased fall in Ppl with spontaneous inspiration

Reduced chest wall compliance: 
kyphoscoliosis – chest wall disease

Greater transmission of airway to pleural pressure 

Increased lung and chest wall 
inflation

Increased vagal activity and slowing of heart rate via pulmonary afferents

Rise in pleural pressure Increase sympathetic activity if venous return is decreased and blood 
pressure falls

Reduction in RV output during 
inspiration with mechanical breath

Increased flow swings and shear stress in the pulmonary vasculature with 
consequent endothelial damage

Cardiovascular
Volume overload Greater increase in RV filling with spontaneous inspiration

Greater risk of RV limitation during spontaneous inspiration
RV limitation Less tolerance of non-zone III conditions

Greater interaction between RV and LV
Increased pulmonary vascular 
resistance

Greater tendency for non-zone III because of greater PA to LA pressure diff

Decreased LV contractility Greater sensitivity to LV afterload from negative inspiratory effort
Inadequate tissue perfusion Local tissue afferents (especially muscle) increase central drive to breath
Rapid heart rate Faster transfer of changes in RV filling during ventilation to the left heart
Slow heart rate Greater dependence of LV filling on pulmonary venous reserves, for 

“pulmonary vascular buffering”

Raw airway resistance, Paw airway pressure, Ppl pleural pressure, PA pulmonary artery, LA left atrium
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tions  difficult is that pressures are made relative 
to a reference value, and the reference value for 
pressures of vascular structure inside the thorax 
is different from vascular structures outside the 
thorax. Vessels outside the thorax are sur-
rounded by atmospheric pressure, whereas vas-
cular structures in the thorax are surrounded by 
pleural pressure (Ppl). Even more so, the refer-
ence pressure for intrathoracic structures, i.e., 
Ppl, changes relative to atmospheric pressure 
which surrounds systemic vessels during the 
ventilation cycle. On the other hand, the blood 
returning to the heart from the rest of the body 
is surrounded by atmospheric pressure which 
does not change throughout the respiratory 
cycle. Importantly, for practical reasons, 
devices that are used for measuring vascular 
pressures are referenced relative to atmospheric 
pressure.

Two other factors further complicate things. 
Pulmonary vessels passing between the alveoli 
(intra-alveolar vessels) are surrounded by airway 
pressure, which is at atmospheric pressure during 
spontaneous breaths but is a positive value in 
mechanically ventilated patients who are receiv-
ing positive end-expiratory pressure (PEEP). 
Furthermore, abdominal pressure surrounds the 
abdominal venous reservoir, and an increase in 
abdominal pressure during the ventilation cycle 
alters the pressure surrounding the abdominal 
venous reservoir. These changes in reference 
pressures can easily be examined in Guyton’s 
graphical analysis by adjusting the x-intercept of 
the relevant function.

A detailed discussion of Guyton’s analysis of 
the interaction of cardiac and return functions is 
provided in Chap. 2, but some key concepts need 
to be reviewed here (Fig.  18.1). First, venous 

Fig. 18.1 Guyton’s cardiac function and venous return 
curves and general model of the circulation. The top 
shows typical baseline conditions. The cardiac function 
curve (red) starts below zero (atmospheric pressure) 
because the heart is surrounded by negative pleural pres-
sure. TM, transmural pressure. The cardiac function curve 
intersects the venous return curve (blue) which gives the 
working right atrial pressure (Pra), the venous return 
(VR), and cardiac output (CO) (Q = flow). The left side 

shows a spontaneous negative pressure breath (−ve Insp). 
With each inspiration, the cardiac function curve moves to 
the left of the venous return curve. Pra falls and CO rises. 
The right side shows a mechanical (positive, +ve) inspira-
tion. Positive end-expiratory pressure (PEEP) shifts the 
cardiac function curve to the right. There is a rise in Pra 
(open circle) and fall in Q. With each +ve breath, the car-
diac function moves further to the right, and there is a fur-
ther rise in Pra and fall in Q
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return is a function of the pressure difference 
between the mean systemic filling pressure 
(MSFP, i.e., pressure in the venous compliant 
region) and the central venous pressure (CVP) or 
right atrial pressure (Pra). These two terms will 
be used interchangeably because, in the absence 
of a central stenosis, they are essentially the same 
(Guyton 1955; Guyton et  al. 1954, 1973). In 
addition, the resistance to venous return to the 
right atrium, generally simply called venous 
resistance, is another important determinant of 
venous return (Guyton et  al. 1957). MSFP is 
determined by the volume filling the systemic 
small veins and venules and the compliance of 
these vessels. Stressed volume is the volume that 
actually stretches the walls of vessels, whereas 
unstressed volume is the volume that just rounds 
out vessel walls but does not stretch them. 
Unstressed volume thus does not produce intra-
vascular pressure. However, as will be seen, this 
volume can be recruited by active vasoconstric-
tion of venous vessels and provides an important 
volume reservoir when increased vascular vol-
ume is needed. Second, the cardiac function 
curve is defined by the filling of the right heart 
and the output from the LV into the aorta. The 
function of everything in between is included, 
which includes the RV, pulmonary vasculature, 
and the LV.  Each of these components can be 
influenced by respiratory processes, emphasizing 
again the interactive nature of the cardiac and 
pulmonary systems, but in the analysis, they are 
assessed by how they change the cardiac function 
curve. Guyton showed that superimposing the 
return and cardiac functions on the same graph 
provides a simple mathematical solution to how 
changes of either function alter the steady-state 
Pra, venous return, and cardiac output, which are 
defined by the single point at which the two func-
tions intersect on the graph.

When measuring the pressure of an elastic 
structure, what matters is the difference between 
the pressure inside the structure and the pressure 
outside the structure because this is the force that 
determines how much the elastic structure is dis-
tended. This pressure difference is called the 
transmural pressure, and the outside pressure is 

considered the reference value. Since our bodies 
are surrounded by atmospheric pressure, we 
generally make measurements of vascular pres-
sures relative to the surrounding atmospheric 
pressure and call that value zero. For example, a 
systolic blood pressure of 120 mmHg means that 
the pressure inside the vessel is 120 mmHg rela-
tive to atmosphere which we have called the zero 
reference and thus equals 120 mmHg. However, 
a measurement of a transmural vascular pressure 
inside the thorax is more complicated. At func-
tional residual capacity (FRC), Ppl has a nega-
tive value relative to atmospheric pressure. This 
negative value occurs because of the balance 
between outward chest wall recoil and inward 
lung recoil.

The reference value for pressure on Guyton’s 
plot is atmospheric pressure, which, as we 
already have said, we call “zero.” However, car-
diac function is based on structures in the thorax, 
and the reference pressure for these structures 
should be the intrathoracic pressure. This is eas-
ily handled in Guyton’s graphical analysis by 
having the x-intercept of the cardiac function not 
start at zero but rather from a value that repre-
sents Ppl. With spontaneously normal breathing, 
Ppl at end expiration and functional residual 
capacity normally is around −2  mmHg. Thus, 
the cardiac function curve begins at a Pra of 
approximately −2  mmHg. At this value, the 
pressure across the walls of the heart, that is, the 
transmural pressure, is zero. When Ppl changes 
during the ventilator cycle, the x-intercept of the 
cardiac function curve must move accordingly, 
and this results in changes in the intersection 
point of the cardiac and return function curves 
(Fig. 18.1).

The RV and LV can be affected by a steady- 
state change in the intrathoracic pressure, such as 
occurs with the application of PEEP, but also 
dynamically with each breath, In this situation 
the inputs and outputs of the RV and LV can be 
transiently different. The actions on the RV and 
LV can be separated further to examine these 
effects in isolation, but treating them as one unit 
makes it much easier to understand the average 
blood flow going in and average going out of the 

S. Magder and A. Malhotra



249

who pulmonary vascular unit, which is what 
counts in the end for the tissues.

 Changes in Ppl

Most often, changes in Ppl are the dominant fac-
tor accounting for changes in cardiac output dur-
ing the ventilation cycle. The effects of changes 
in Ppl on cardiovascular function can be divided 
into two types. There can be a fall in Ppl, or “neg-
ative” change in Ppl, as occurs with a spontane-
ous inspiratory effort and activation of inspiratory 
muscles but also with an iron-lung, which lowers 
the pressure around the whole body, except for 
the airway. Or, there can be a rise in Ppl, or “posi-
tive” change in Ppl, as occurs with a mechanical 
inspiration and passive lung inflation, as well as 
from an increase in the baseline airway pressure 
by the application of positive end-expiratory 
pressure (PEEP).

To emphasize the point again, the heart is ana-
tomically situated in the chest cavity. It is sur-
rounded by Ppl and thus is subject to changes in 
Ppl. When examining the pressure-volume rela-
tionship of an elastic structure, a fall in pressure 
inside the structure means that there has been a 
decrease in volume, and the magnitude of the 
change in pressure or volume is a function of the 
compliance of the walls of the structure. A rise in 
pressure means that there has been a rise in vol-
ume. However, these relationships only are true if 
the transmural pressure is used. This error was 
missed in a classic review of heart-lung interac-
tions in the first version of the Handbook of 
Respiratory Physiology. The error resulted in the 
author trying to explain why left heart volumes 
decrease during spontaneous inspiration when in 
fact they actually increase (Sharpey-Schafer 
1965).

 Fall in Ppl: Spontaneous Breath

During spontaneous breathing, Ppl falls relative to 
atmospheric pressure. Since the heart is sur-
rounded by pleural space, the pressure in the 
heart, as measured by a catheter going from inside 
the heart to a transducer outside the chest, falls 

with the fall in the surrounding Ppl. Based on the 
relationship of pressure to volume, the fall in pres-
sure seen on a monitor would appear to indicate 
that the volume in the heart fell during this phase, 
but this is an error due to the way the cardiac 
chamber measurement was made. If intracardiac 
pressure falls by the same amount as the fall in 
pressure outside of the heart, transmural pressure 
(inside minus outside) does not change, and there 
is no change in volume. The importance of this 
concept is illustrated on the cardiac function-
venous return curves (Fig. 18.1). As already indi-
cated, on this graph, the pressure values for the 
venous return and cardiac function curves are ref-
erenced to atmospheric pressure, but what is 
important for cardiac output as defined by the 
Starling curve is the transmural pressures, which 
is the difference in pressure from the x-intercept 
of the cardiac function curve to Pra at the intersec-
tion of the cardiac and return functions. With a 
spontaneous breath, the x-intercept of the cardiac 
function curve shifts to the left based on the mag-
nitude of the fall in Ppl. However, as a point of 
emphasis, without any change in abdominal pres-
sure, the venous return curve does not move. As 
observed in Fig. 18.1, as a result of the leftward 
shift of the cardiac function curve, the intersection 
of the cardiac function and venous return curves 
occurs at a higher Pra relative to atmospheric 
pressure and also a higher transmural pressure on 
the cardiac function curve. This occurs because 
the pressure difference for venous return, defined 
as the x-intercept of the venous return curve 
(MSFP) to Pra, is increased and allows more 
blood to come back to the heart. This increases the 
transmural diastolic filling pressure of the heart, 
and cardiac output increases through the Frank-
Starling mechanism. In effect, it is as if the heart 
is lowered relative to the venous reservoir, which 
“allows” more blood volume to return to the 
RV. The normal gradient for venous return usually 
only is 4–8  mmHg; thus, a decrease in pleural 
pressure of 4 mmHg can have a major impact on 
venous return and cardiac output. The increase in 
RV output is passed through the pulmonary circu-
lation within a few beats to the LV and leads to the 
increased cardiac output as seen on the cardiac 
function-venous return curve. This usual pattern 
of changes of venous return with spontaneous 
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Fig. 18.2 Condition when cardiac function intersects the 
plateau of the venous return curve. The top shows the situ-
ation with no breathing. The left shows a spontaneous 
breath. The insert shows that there are still inspiratory 
variations in CVP but no change in Q.  The right side 

shows a mechanical breath with PEEP.  Collapse of the 
vena cava occurs at a positive value. With each mechani-
cal breath, Pra rises and return to the right heart (Q) 
decreases. Abbreviations are the same as Fig. 18.1

Fig. 18.3 Condition when venous return function inter-
sects the plateau of the cardiac function curve. The top 
shows that increasing MSFP by giving volume does not 
change cardiac output. On the left, the insert shows that 
there is no inspiratory fall in CVP. With inspiration there 

is no change in Pra or Q. On the right, raising intrathoracic 
pressure at lower levels does not change Pra or Q, but Q 
falls when the rise in intrathoracic pressure is sufficient to 
raise Pra. Abbreviations are the same as Fig. 18.1
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breaths does not occur under two conditions: 
when the cardiac function curve intersects the pla-
teau of the venous return curve (Fig.  18.2) or 
when the venous return curve intersects the pla-
teau of the cardiac function curve (Fig. 18.3).

The venous return curve becomes flat just 
below a Pra of zero, or atmospheric pressure, 
when breathing spontaneously. This is because 
the great veins have floppy walls, and when the 
pressure inside is negative relative to atmospheric 
pressure, they collapse and limit any further 
increase in venous return with lower values of 
Pra. This has been called the equivalent of a vas-
cular waterfall (Permutt and Riley 1963). When 
vessels collapse, flow does not stop, but rather 
further increases in flow do not occur when Pra 
pressure is lowered further. This likely evolved 
through evolution as a safety mechanism that pre-
vents the heart from overfilling with very large 
swings in Ppl. The implication of the collapse 
pressure is that the magnitude of the inspiratory 
increase in venous return depends upon the mag-

nitude of the Pra before the onset of the breath. 
The greater the initial Pra, the greater the poten-
tial rise in transmural pressure before venous col-
lapse occurs because there is a greater range for 
Pra to fall before the collapse.

As shown in Figs.  18.1, 18.2, and 18.3, the 
cardiac function curve has a sharp plateau which 
occurs because of the limits of diastolic filling 
either from the cardiac cytoskeleton or more 
often because of the pericardium. The interaction 
of the cardiac and return functions completely 
changes when the venous return curve intersects 
this plateau of the cardiac function curve 
(Fig.  18.3). When this happens, the shift to the 
left of the cardiac function curve with a fall in Ppl 
with a spontaneous inspiration no longer changes 
cardiac filling or cardiac output. Pra also stays 
the same relative to atmospheric pressure, 
although the transmural pressure increases.

This observations lead to a clinical applica-
tion whereby the change in CVP as measured 
during spontaneous inspiration (Fig.  18.4) can 

Fig. 18.4 Use of fall in CVP with a spontaneous inspira-
tion to predict fluid responsiveness. The top left is an 
example of a large inspiratory swing in CVP, and the right 
side shows a CVP with no respiratory variation (except for 
mild increase in CVP from active expiration). The bottom 
right shows the inspiratory fall in the pulmonary artery 
occlusion for the same subject who had no change in CVP 
with the breath indicating that he has a good inspiratory 

effort. The bottom graph shows that some patients with an 
inspiratory fall in CVP had an increase in cardiac output 
in response to a volume bolus, but not all. In those without 
an inspiratory fall in CVP, only one responded (in retro-
spect, the inspiratory effort likely was inadequate). 
(Adapted from Magder et  al. (Magder et  al. 1992) with 
permission of Elsevier)
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be used to predict responsiveness to volume 
resuscitation (Magder et al. 1992). In patients in 
whom CVP does not fall with an inspiratory 
effort that is  adequate to lower Ppl, the patient is 
unlikely to be volume responsive, i.e., “the tank 
is full.” In contrast, in patients in whom CVP 
falls with an adequate spontaneous inspiration, 
the response to volume is more variable and 
depends on where the system “sits” on the car-
diac function/venous return curve. Thus, the pat-
tern of changes in CVP during spontaneous 
inspiratory efforts has good predictive value in 
the negative sense. The lack of an inspiratory fall 
predicts that the patient will not have an increase 
in cardiac output if a fluid bolus is given, but the 
presence of an inspiratory fall in CVP is not a 
strong predictor that cardiac output will increase 
with a volume bolus. This is because the effect 
depends upon how close the venous return func-
tion is to the plateau of the cardiac function 
curve, which is not evident from the CVP 
because the inspiration only indicates left ward 
effects. The same is seen with the use of respira-
tory variations in vena caval blood flow to pre-
dict fluid responsiveness (Barbier et  al. 2004) 
although changes in vessel diameter are harder 
to evaluate than the more precise changes in 
pressure. It needs to be noted that test requires an 
adequate fall in Ppl. This means the test still can 
be used on a ventilated patient if the patient has 
an adequate fall in Ppl while triggering the 
mechanical breath. For the test to be valid, the 
fall in Ppl with spontaneous breathing must care-
fully be distinguished from an active exhalation 
that increased abdominal pressures. This is 
because when the active expiratory force is 
released on inspiration, it may look like CVP fell 
from the inspiration, whereas the pressure fell 
because of the release of the abdominal pressure. 
It also is important to not use the inspiratory 
increase in a “y” decent as indicating a change in 
the baseline. However, the increase in the “y” 
descent marks the inspiratory effort, and a “y” 
descent of greater than 4 mmHg also likely indi-
cates that the person will not be volume respon-
sive (Magder et al. 2000).

 Effect of Decrease in Ppl on the LV

A fall in Ppl also has important effects on the 
LV.  These effects are primarily on the output 
from the LV rather than the input. When the heart 
becomes more negative relative to aortic pressure 
during inspiration, the LV must still generate the 
same pressure relative to atmosphere to open the 
aortic valve (McGregor 1979) (Fig.  18.5). The 
LV must overcome the negative pressure in the 
chest and add on the same change in arterial in 
pressure that was needed before the LV pressure 
was lowered relative to atmospheric pressure. 
The LV afterload thus is increased and the stroke 
volume during the inspiration is decreased. The 
end-systolic pressure-volume relationship is 
shifted to the right, and the end-systolic volume 
rises as does the end-diastolic volume. If the air-
way resistance is increased and there is a greater 
than normal inspiratory effort, a greater negative 
Ppl is needed to inflate the lungs. The effect of 
this on the LV can be very significant, and patients 
have been known to go into pulmonary edema 
because of large inspiratory swings in LV trans-
mural pressure (Timby et al. 1990). The situation 
is worse if the LV end-systolic pressure-volume 
line is depressed because of a decrease in left 
ventricular contractility. The flatter slope results 
in a greater decrease in stroke volume with an 
increase in afterload. In summary, a fall in Ppl 
produces an increase in the forces filling the RV 
and, at the same time, increases the force oppos-
ing LV emptying so that there can be significant 
increases in all cardiac pressure and volumes, 
including those of pulmonary capillaries, during 
the phase of negative Ppl. This is discussed fur-
ther below under the Mueller maneuver.

 Rise in Ppl: PEEP and Mechanical 
Ventilation

The effect of an increase in Ppl with positive pres-
sure on the heart is the opposite of the effect of a 
spontaneous, negative Ppl breath. The rise in Ppl 
raises Pra relative to atmosphere and the venous 
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reservoir. This reduces the pressure difference for 
venous return. RV output and then LV output fall. 
On the Guyton venous return-cardiac function 
curve, this is seen as a shift of the cardiac function 
curve to the right, and it now intersects the venous 
return curve at a higher Pra but a lower value of 
venous return and lower cardiac output (Fig. 18.1).

Where the cardiac function curve intersects 
the venous return curve is again important 
(Figs. 18.1, 18.2, and 18.3). Collapse of the great 
veins occurs when the inside pressure is less than 
the outside pressure. When Ppl is positive the col-
lapse no longer occurs at atmospheric pressure 
but at a positive value (Fig. 18.1). The maximum 
possible venous return is thus decreased and so is 
the maximum possible cardiac output. Cardiac 
output only then can be increased by a shift of the 
venous return curve to the right by an increase in 
stressed volume, which produces a higher inter-
cept on both the x and y axes. This can occur by 
giving the patient volume but also can occur by 

reflex constriction of the smooth muscle in the 
venous capacitance bed, which then converts 
unstressed volume into stressed volume 
(Fig.  18.6) (Nanas and Magder 1992; Fessler 
et al. 1992a, b). For this to happen, there needs to 
be sufficient reserves in unstressed volume to 
recruit. It also has been shown that at higher val-
ues of Ppl there can be flattening of the dia-
phragm which increases venous resistance which 
can further depress the maximum venous return 
(point of flow limitation) (Fessler et al. 1992b).

When the cardiac function curve intersects the 
flat part of the venous return curve, it is possible 
for there to be an increase in Ppl with no change 
in cardiac output, just as there was no change in 
cardiac output with a fall in Ppl when the cardiac 
function curve was in that position (Fig.  18.3). 
However, when the rise in Ppl is sufficient so that 
the venous return curve again intersects the 
ascending part of the cardiac function curve, car-
diac output again falls.

Fig. 18.5 Effect of a decrease in Ppl on the left ventricu-
lar pressure-volume relationship. A decrease in Ppl shifts 
the pressure-volume loop of the LV downward. On the 
first beat, the aortic valve opening is unchanged. This 
increases the isovolumetric part of ventricular contraction 
(blue arrow), increases LV afterload, and shortens ejection 
(i.e., stroke volume). The end-systolic P-V relationship is 

shifted to the right because of the change in the referenc-
ing of the intracardiac pressures relative to atmosphere. 
The right side of the figure shows the equivalent of an 
isolated heart surrounded by a negative pressure of 
40 mmHg and ejecting to an aortic pressure of 100 mmHg. 
It must generate 140 mmHg to do so instead of 100 mmHg
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As was the case with the use of the inspira-
tory pattern of CVP with spontaneous inspira-
tions to predict fluid responsiveness, an 
inspiratory fall in CVP with the fall in Ppl with 
the inspiratory effort that triggers the mechani-
cal breath should indicate that the heart is func-
tioning on the ascending part of its function 
curve. This then should predict that cardiac out-
put will fall when PEEP is applied and the car-
diac function curve is shifted to the right along 
the x-axis of the Guyton plot. Conversely, if 
there is no fall in CVP during the trigger, this 
should predict that the patient is on the flat part 
of the cardiac function curve and may not have 
a fall in cardiac output with the application of 
PEEP. We used the words “may not,” because if 
the rise in Ppl with the PEEP and mechanical 

breaths is high enough, the ascending part of the 
cardiac function curve will again be intersected 
and cardiac output will fall with further increases 
in Ppl. However, the test failed to be helpful 
(Magder et  al. 2002). Although cardiac output 
fell more frequently in patients who had an 
inspiratory fall in CVP during a spontaneous 
effort when PEEP was applied, cardiac output 
did not fall in all of these patients with the appli-
cation of PEEP. The explanation is that the fall 
in cardiac output with PEEP induces a reflex 
sympathetic response that contracts the capaci-
tance veins and venules and recruits unstressed 
in to stressed volume (Fig. 18.6). The effective-
ness of the reflex response depends upon the 
reserves in unstressed volume and the respon-
siveness of the baroreceptors.

Fig. 18.6 Effect of PEEP on venous return and the adap-
tion by a decrease in vascular capacitance. On the left 
side, 10 mmHg of PEEP was applied to an animal. The 
airway pressure rose to 10 cmH2O, Ppl by 3 cmH2O, and 
CVP rose too. Arterial pressure markedly fell, but after 
1  minute, it began to increase because of reflex adjust-
ments. The upper right shows MSFP versus the blood vol-
ume (ml/kg) at 0, 10, and 20 cmH2O of PEEP. Application 
of PEEP resulted in a shift the P-V relationships to the left 
(decrease in capacitance). The slope is compliance and 
was produced by rapid bolus of volume which was then 
removed. Note the linearity of the P-V relationships in the 
measured range. The bottom right shows presumed car-
diac function curves intersecting the venous return curves 

which shift to the right with the increase in MSFP because 
of a decrease in capacitance. The closed circles indicate 
what would have happened to cardiac output without the 
decrease in capacitance – it would have fallen markedly. 
The larger open circle shows how the decrease in capaci-
tance greatly reduced the fall. A small increase in the 
resistance to venous return can be seen at 
PEEP  =  20  mmHg. (Reprinted with permission of the 
American Thoracic Society. Copyright © 2020 American 
Thoracic Society. All rights reserved. Cite: Nanas and 
Magder (1992). American Review of Respiratory 
Disease* is an official journal of the American Thoracic 
Society. *Now titled the American Journal of Respiratory 
and Critical Care Medicine)
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 Effect of Increase in Ppl on the LV

In contrast to the decrease in LV ejection with a 
fall in Ppl, a rise in Ppl increases LV ejection 
because the afterload on the LV is reduced as the 
heart is effectively raised relative to the rest of 
body (Fig.  18.7). However, the effect of an 
increase in Ppl on the LV is much less than the 
effect of a decrease in Ppl for two reasons. First, 
during a decrease in Ppl, filling of the RV 
increases, and ejection from the LV decreases, 
and both work to increase cardiac volume. On the 
other hand, during an increase in Ppl, RV filling 
is decreased and lowers the available preload. On 
the left side, the rise in Ppl only mildly increases 
LV ejection because the changes in Ppl are gener-
ally smaller than the potentially large decrease in 
Ppl with a strong inspiratory effort. The effective 
change in afterload and benefit for LV ejection 
thus is small, and the large decrease in RV filling 
dominates the response.

 Effect of Transpulmonary Pressure

The second major way that ventilation can affect 
cardiac output is as a consequence of lung infla-
tion (Fig. 18.8). With a spontaneous breath, the 
descent of the diaphragm and outward movement 
of the intercostal muscles decrease Ppl relative to 
airway pressure. Application of a positive pres-
sure to the airway expands the lungs by the rais-
ing airway pressure relative to Ppl. In both cases 
the pressure across the alveoli increases to inflate 
the lungs. This is called transpulmonary pressure 
and it always is positive for the lungs to inflate. In 
a normal lung, about half the applied airway pres-
sure with positive pressure inflation is transmit-
ted through the elastic walls of the alveoli to the 
pleural space, and Ppl becomes more positive 
during lung inflation but less positive than alveo-
lar pressure. The pressure from the airway to 
atmospheric pressure is called the transthoracic 
pressure, and it, too, always is a positive value.

Fig. 18.7 Effect of an increase in Ppl on the left ventricu-
lar pressure-volume relationship. An increase in Ppl shifts 
the P-V loop upward, but as in Fig. 18.5, the aortic valve 
initially opens at the same pressure. This shortens the iso-
volumetric part of ventricular contraction (blue arrow), 
decreases LV afterload, and increases ejection (i.e., stroke 
volume). The end-systolic P-V relationship is shifted to 

the left because of the change in the referencing of the 
intracardiac pressures relative to atmosphere. The right 
side of the figure shows the equivalent of an isolated heart 
surrounded by a positive pressure of 40 mmHg and eject-
ing to an aortic pressure of 100 mmHg. It now only has to 
generate 60 mmHg to do so instead of 100 mmHg
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Although almost all cardiovascular structures 
in the thorax are exposed to Ppl, a very strategic 
component is the vessels that pass between alve-
oli. These vessels are called intra-alveolar ves-
sels because they are surrounded by alveolar 
pressure. During lung inflation, whether with a 
spontaneous breath and a fall in Ppl or with a 
mechanical breath and the rise in Ppl, the pres-
sure difference from the alveoli to Ppl always is 
positive so that the alveoli can inflate. This pres-
sure difference is called the transpulmonary 
pressure, and it creates a force on the outside of 
the intra-alveolar blood vessels. It often is con-
sidered that the increase of alveolar pressure on 
these vessels increases pulmonary vascular 
resistance by narrowing them (Whittenberg et al. 
1960), but fluids are not easily compressible, and 
cannot be narrowed. Instead, what happens was 
well described by Permutt and co-workers 
(Permutt and Riley 1963; Permutt et  al. 1961, 
1962). If vessels are not compressed, flow is 

described by Poiseuille’s law, which indicates 
that flow is determined by the difference in pres-
sure between the inflow from the pulmonary 
artery and the downstream outflow in the left 
atrium. This was called by John West as zone III 
(West et al. 1964) (Fig. 18.8). When the pressure 
outside thin walled vessels is greater than the 
inside pressure, the vessel collapses, as was dis-
cussed for the great veins entering the thorax. 
This creates a vascular waterfall or flow limita-
tion (Permutt and Riley 1963; Lopez-Muniz 
et al. 1968) in what is called West zone II. In this 
state, flow is determined by the difference in pul-
monary artery pressure and the alveolar pressure 
(all measured relative to atmospheric pressure) 
rather than the downstream left atrial pressure. 
West zone I occurs when the alveolar pressure is 
greater than the pressure in the intra-alveolar 
vessels, and there then is no flow in that region. 
The consequence of this is that there is a range of 
lung inflations and transpulmonary pressures 

Fig. 18.8 Effect of lung inflation of intra-alveolar vessels 
and creation of West zone II. In this figure all pressures are 
in mmHg for ease of comparison. On the left the RV pres-
sure is 20 and left atrial (PLA) is 11 relative to atmosphere. 
The alveolar pressure (Palv) is 10  g and Ppl is 5. The 
transmural RV is 15 and (large circles) LA is 6 mmHg. In 
this case PLA is > than Palv (= alveolar pressure). On the 
right side, the only difference (circled regions) is that the 
PLA is lower. In this situation PLA is < Palv, and thus the 
venous pulmonary vessels collapse as they leave the intra- 

alveolar space. This is West zone II condition. Note that 
PLA relative to atmosphere is used and not the transmural 
pressure (smaller circles) because the pressure is being 
related to Palv which also is relative to atmospheric pres-
sure. The other ways this could occur are if Palv is greater 
but there is less transmission to Ppl, if pulmonary vascular 
resistance is higher and there is a greater drop in pressure 
across the pulmonary circulation, or if RV systolic pres-
sure is lower
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that do not affect pulmonary blood flow, but 
above a critical value of pressure in intra-alveo-
lar vessels, the load on the RV increases 1:1 with 
the increase in transpulmonary pressure. Factors 
that effect this “break” point include the initial 
pulmonary arterial pressure, which is affected by 
the output from the RV and the resistance in the 
pulmonary artery to the alveolar vessels; the 
downstream left atrial pressure, which is affected 
by blood volume; the function of the LV; and the 
compliance of the lung, which determine the 
change in transpulmonary pressure needed to 
inflate the lung. It is likely that zone II condi-
tions can develop in many patients at peak inspi-
ration with mechanical breaths and with tidal 
volumes between 6–8 ml/kg and may be a major 
reason why lower tidal volumes have been shown 
to be advantageous (The Acute Respiratory 
Distress Syndrome N 2000). It also argues for 
keeping the driving pressure below 15 cmH20 
(Amato et al. 2015).

 Effect of Lung Inflation

Lung inflation itself has a small effect on LV 
filling (Fig.  18.9). Besides there being blood 
vessels between the alveoli, there also are 

blood vessels in the corner spaces outside of 
the alveoli (interalveolar spaces). When lungs 
inflate, the intra- alveoli are compressed and a 
small volume of blood is expelled into the left 
atrium. This produces a rise in left atrial filling 
pressure of ~2 mmHg. On the other hand, the 
corner interalveolar vessels expand and can 
take up volume. Experiments on isolated rabbit 
lungs showed that once left atrial pressure is 
greater than ~2  mmHg, these veins are fully 
distended and do not take up more volume so 
that, in general, the net effect is expulsion of 
pulmonary blood volume with lung inflation 
and a small increase in left atrial pressure 
(Howell et al. 1961).

Lung inflation can also produce a local effect 
on the heart by compressing it. The late John 
Butler nicely described this in his delightful 
Dickinson Richards lecture entitled “The heart is 
in good hands” (Butler 1983). An example is 
illustrated in Fig. 18.10 in which marked varia-
tions in CVP and Ppao are present in this patient 
who had an open chest. In the bottom half of the 
figure, the chest is closed, and the respiratory 
variations in CVP and Ppao are small, likely 
because the mediastinum was less swollen and 
packings were removed.

 Respiratory Variations in Heart Rate

The change in arterial pressure that occurs dur-
ing the ventilator cycle is sensed by the arterial 
baroreceptors. This produces variations in heart 
rate and, potentially to some extent, systemic 
vascular resistance. These changes can alter the 
magnitude of the pulse pressure because of 
their consequent effects on stroke volume. The 
magnitude of the effect depends upon the gain 
of the baroreceptors, as well as the magnitude 
of the change in arterial pressure. The magni-
tude of this sinus arrhythmia tends to be greater 
in younger patients and in those who have 
increased vagal tone. It is possible that there 
also is some direct input into the central regula-
tors of autonomic activity from the respiratory 
center.

Fig. 18.9 Inter- and intra-alveolar vessels in the lungs. 
An alveolus. With lung inflation, whether with negative or 
positive inspiratory efforts, the intra-alveolar vessels are 
exposed to alveolar pressure but only are compressed 
when alveolar pressure is greater than the pressure inside 
the vessels (relative to atmospheric pressure). The interal-
veolar vessels are expanded during a breath and can take 
up volume, but this likely does not occur after a left atrial 
pressure of <3  mmHg because they are then fully 
expanded
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 RV-LV Interactions During 
Ventilation

Interactions of the RV and LV are discussed in 
detail in the Chap. 3 on RV function. In this chap-
ter we will deal with these interactions as they 
relate to the phasic changes in the status of the 
ventricles during the ventilation cycle.

Changes in filling and emptying of the RV and 
LV during the ventilation cycle are out of phase 
with each other. During a spontaneous breath and 
a fall in Ppl, and assuming that the heart is not 
working on the flat part of its function curve 
(Fig. 18.3), RV transmural diastolic pressure and 
volume increase and so does RV stroke volume. 
LV diastolic volume also increases, but this is not 
because of increased return of blood to the heart; 
the inspiratory increase in RV volume has not yet 
reached the LV. Rather, it is because of the inspi-
ratory increase in LV afterload and the conse-

quent decrease in stroke volume. There also is the 
small increase in LV filling because of lung infla-
tion as discussed above. The relative effects on 
the two sides of the heart depend upon the mag-
nitude of volume increase to the RV, how close 
the RV is to the limit of its filling, how big the 
afterload effect is on the LV, and the contractile 
status of the LV. During a mechanical breath and 
a rise in Ppl, RV transmural diastolic pressure 
and volume decrease and so does RV stroke vol-
ume. LV diastolic volume goes down, too, but 
this is not due to decreased filling. It rather 
is because of the decrease in LV afterload and the 
consequent increase in stroke volume with a 
small modification from the blood squeezed out 
of the lungs during lung inflation (Howell et al. 
1961). If non-zone III conditions develop in the 
lung, the situation is more complicated. This is 
more evident during mechanical breaths. In this 
situation, depending upon the relative magnitude 

a

b

Fig. 18.10 Respiratory variations in CVP and Ppao in a 
patient with an open chest and controlled mechanical 
breaths – example of chest compression of the heart. In A, 
the chest is open, and both the CVP and Ppao increase 
together indicating that the lung inflation can produce 
local changes in Ppl and cardiac compression. In B the 

chest was closed. There is a modest decrease in Ppao with 
inspiratory efforts but no change in CVP indicating the 
patient’s RV still is volume limited. On the right side of 
the figure, the balloon is deflated and pulmonary artery 
pressure is seen
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of the increased load on RV ejection and the mag-
nitude of decreased RV filling during lung infla-
tion, the RV diastolic pressure and volume may 
even increase. However, the RV load from the 
development of non-zone III conditions has no 
direct effect on the LV.

From the above it is evident that the volumes 
and pressures of the two ventricles transiently 
differ during the ventilation cycle, and this cre-
ates the potential for changing pressure differ-
ences between the two sides which could alter the 
diastolic and systolic function of the other side. 
The magnitude of these interactions depends 
upon the magnitude of the pressure differences 
between the ventricles and the elastance of the 
septal wall, as well as the elastance of the free 
walls of both ventricles because the force from 
ventricular distension is distributed to them as 
well (Maughan et  al. 1987; Santamore et  al. 
1990; Bove and Santamore 1981). The interac-
tion of the two ventricles is greatly magnified 
when the pericardium limits cardiac filling 
(Takata et al. 1990a). This is because pericardium 
is very stiff, and when its limit of filling is 
reached, it becomes the common elastance of all 
the free ventricular walls. The septum then 
becomes the easiest region to stretch.

Another factor in the interaction between the 
two ventricles is that cardiac muscle in the intra-
ventricular septum contributes to force produc-
tion of both the RV and LV (Santamore and 
Dell’Italia 1998). Thus changes in the force of 
contraction in the septum due to a change in the 
afterload  of one ventricle can potentially affect 
the force produced by the other ventricle. This, 
too, is highly dependent upon the function of the 
ventricles as well at the respective pressures they 
have to eject against (Yamaguchi et  al. 1991). 
Under normal conditions, pulmonary systolic 
pressure is very low compared to that of the LV, 
and the effect of LV contraction on the RV is 
trivial, especially because the normal RV has a 
large range to adapt. However, the situation 
potentially can be very different when the RV 
afterload is greatly increased. As reviewed in the 
chapter on RV function (Chap. 3), the interaction 
effect still likely is small and is primarily an issue 
when RV filling is limited.

There is a third factor that likely dominates 
RV and LV interactions and overrides the effect 
of the other two factors (Olsen et al. 1983). The 
RV and LV are in series. This means that what-
ever comes out of the RV during the cyclic respi-
ratory variations must eventually come out of the 
LV so that based on the conservation of mass 
there is an average state over time. For example, 
a transient increase in the load on the RV from 
lung inflation with zone II conditions will 
increase RV diastolic pressure and volume and, if 
large enough, can shift the septum to the left. The 
leftward shift of the septum takes up space in the 
LV and decreases its diastolic compliance, which 
potentially can alter LV filling. However, after 
the load on the RV is dissipated following inspi-
ration, and the septum is no longer displaced, the 
backed-up RV volume is transferred to the LV in 
subsequent beats, and the following LV stroke 
volumes increase. In the end, the volumes all 
must be conserved and accounted for because the 
system is a closed circuit. Echocardiographic or 
MRI images may look impressive with shifting 
volumes, but in the end the mean outputs cannot 
be different unless there is an increase in the 
mean Pra, which then results in reduction in 
venous return and cardiac output.

An example of how complex the analysis can 
be for these interactions is the situation in which 
an inspiratory increase in the lung volume is suf-
ficient to produce West zone II conditions, 
increases the load on the RV, and consequently 
increases RV diastolic volume as part of the com-
pensation process, and this then results in RV dia-
stolic limitation. When RV limitation occurs, any 
further rise in RV systolic pressure markedly 
increases RV diastolic pressure without a change 
in volume, except by shifting the septum into the 
LV. In the fixed pericardial space, this reduces LV 
diastolic volume and, consequently, decreases 
LV stroke volume (Takata et  al. 1990a, 1997). 
However, the bowing of the septum occurs 
because RV filling is limited by pericardial con-
straint, or the cardiac cytoskeleton itself, so that 
the real problem is the inability to get more blood 
into and out of the RV. It also means that Pra will 
rise during the inspiratory phase without a change 
in volume. This will reduce venous return during 
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this phase. It is the rise in Pra that really reduces 
the steady-state cardiac output, and the left heart 
is not the primary problem because the volume 
cannot get into the heart as a unit. The solution is 
to increase RV function,  which will  lower RV 
end-systolic pressure and allow more blood 
return. If that is not possible, decrease total blood 
volume so that the RV is no longer functioning on 
the flat part of the cardiac function curve and with 
what can be called “wasted preload”.

Another issue that is underappreciated is that 
large transient changes in pulmonary flow during 
the respiratory cycle can potentially have impor-
tant effects on the pulmonary vasculature. As 
shown by Katira et al. (2017), as well as in mod-
eling studies (Magder and Guerard 2012), RV 
output can go to almost zero at peak inspiration 
with a mechanical breath because of the rise in 
Pra relative to atmosphere, as well as develop-
ment of zone II conditions and the consequent 
decrease in RV ejection. On the subsequent beats, 
there can be very large increases in pulmonary 
flow, and it is possible that the resulting shear 
stress has an important impact on the pulmonary 
vessels. This could potentially be an important 
factor for the lung injury associated with large 
tidal volumes. As shown by Webb and Tierney 
(Webb and Tierney 1974) and subsequently by 
Katira et al. (Katira et al. 2017), the lung injury 
with ventilation is primarily perivascular and not 
around the alveoli  indicating that there likely is 
an important vascular component.

It has been argued that changes in the force of 
contraction of one ventricle can affect the other, 
and this could occur during the fluctuation in 
pulmonary and arterial pressures during ventila-
tion. For example, a large transient fall in arterial 
pressure in someone with pulsus paradoxus will 
cause significant changes in the loading on the 
LV and thus forces generated by the septum. It 
might then be argued that this could lead to tran-
sient decreases in the performance of the RV, 
which would potentially lose some of its LV 
assistance. In general, this effect has not been 
shown to be very significant in the majority of 
patients who have had major unloading of the 
LV by a mechanical device (Santamore and Gray 
Jr. 1996), and it is unlikely that this would be 

clinically significant with breathing. Where it 
may be of importance is when the decrease in 
septal contraction reduces the pressure tolerance 
of an already dysfunctional RV enough so that 
the limit of RV filling is reached. When that hap-
pens, any further increase in the RV load will 
reduce cardiac output as discussed above. 
Furthermore, the rising right-sided diastolic 
pressures can be transferred to the LV in diastole 
which also is limited by the pericardium. Even 
though the LV may look under-filled, its dia-
stolic pressure rises with the rise in Pra. This 
raises pulmonary venous pressure, which raises 
pulmonary artery pressure and further increases 
the load on the RV.  However, for all of this to 
happen, vascular volume needs to be sufficiently 
increased to put Pra in the range of limited RV 
filling and that Pra is high enough for the conse-
quent increase in left atrial pressure to affect the 
RV.

In summary, analysis of the effects on cardiac 
output of ventricular interactions that occur dur-
ing the ventilation cycle must take into account 
the conservation of mass, the interaction of the 
cardiac and return functions, and the dominance 
of total vascular compliance by the volume in 
systemic venules and veins. Based on these fac-
tors, a decrease in steady-state cardiac output 
must inevitably be associated with an increase in 
the mean value of Pra because the interactions 
are effectively acting to flatten the cardiac func-
tion curve in the Guyton graphical approach. Too 
often the interactions are evaluated by taking 
observations during a phase of the ventilation 
cycle without considering the necessary subse-
quent correction phase.

 Pulsus Paradoxus

A readily evident effect of heart-lung interaction 
is seen in the variation of arterial pressure during 
the respiratory cycle (McGregor 1979). When 
breathing spontaneously, arterial systolic, dia-
stolic, and pulse pressures fall on inspiration 
(Fig. 18.11). The primary factor is that the pres-
sure around the heart, that is, Ppl, has fallen rela-
tive to atmospheric pressure so that the heart is 
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effectively lowered relative to the rest of the 
body. However, if that were the only thing hap-
pening, systolic and diastolic pressures should 
fall equally, and the pulse pressure should not 
change. The pulse pressure falls because, as dis-
cussed above, the heart starts contracting from a 
lower arterial pressure relative to atmosphere. It 
thus must first overcome this negative  pressure 
difference and then generate a sufficient pres-
sure for the baroreceptors to maintain their nor-
mal set point. This increases the afterload on the 

LV, and pulse pressure falls transiently, but the 
heart still generates a higher systolic transmural 
pressure. Furthermore, during inspiration, filling 
of the RV increases. Through the series effect, the 
increased RV filling is passed to the LV after a 
few beats, which then raises arterial pressures 
during expiration. The term pulsus paradoxus 
was originally coined by Kussmaul to describe 
larger than normal swings in arterial pulse pres-
sure (Fig.  18.12) because he noted that the 
peripheral pulse got weaker whereas the heart 

Fig. 18.11 Normal arterial pulse pressure variation with 
inspiration. The bars below the tracing indicate inspira-
tion. During inspiration the CVP falls and the “y” descent 

increases (cutoff); PA falls relative to atmosphere, but its 
pulse pressure and its width increase, whereas the arterial 
pressure pulse pressure falls

Fig. 18.12 Pulsus paradoxus with corresponding CVP and Ppao. Large inspiratory efforts as indicated by the negative 
swing in Ppao and active expiration contribute the marked swings in arterial pressure. The bars mark inspiration
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sounds got stronger (Swami and Spodick 2003). 
The upper normal range of systolic pressure vari-
ation with a breath is 10 mmHg. The greater the 
fall in Ppl pressure with inspiration, the greater 
the potential pulse pressure variation. The arterial 
pressure variation also is greater when cardiac 
contractility is decreased because of the flatter 
slope of the LV end-systolic pressure.

An exaggerated pulsus paradoxus is seen 
when there is cardiac tamponade (Swami and 
Spodick 2003). The mechanism for this starts 
with the understanding that during tamponade, 
the total volume of all compartments in the peri-
cardium, that is, right atrium, RV, left atrium, and 
LV, is fixed because the pressure in diastole is 
determined by volume in the pericardium sur-
rounding the heart and it does not change. During 
normal cardiac function, both the atrium and ven-
tricles fill during diastole, and the whole heart 
gets bigger. In tamponade, the atrium only can fill 
during systole when the ventricles empty. The 
atrial volume is then passed to the ventricles dur-
ing diastole, and the total pericardial volume 
does not change. Furthermore, during inspira-
tion, the pressure difference filling the RV is 
increased because the pressure in the heart 
decreases relative to atmosphere, whereas this 
does not happen on the left side. During inspira-
tion, the RV thus has an advantage over the LV 

and compromises LV filling so that LV stroke 
volume falls. The LV afterload also increases 
which further lowers its stroke volume. After a 
few beats, depending upon the heart rate, the 
increased stroke volume from the RV passes to 
the LV though the series effect. RV filling is then 
reduced, and LV stroke volume transiently goes 
up which gives the exaggerated respiratory varia-
tion in arterial pressure seen in this condition. A 
classic sign seen in tamponade is the loss of “y” 
descents on the CVP.  This is because the “y” 
descent in the CVP is due to emptying of the 
atrium into the relatively empty and low-pressure 
RV followed by the rapid rise in pressure as the 
RV fills. However, as already noted, in tampon-
ade, the diastolic pressure in the pericardium 
does not change so the volume only can shift 
from the right atrium to RV with no overall 
change pericardial pressure.

When RV filling is limited and the heart is 
functioning on the flat part of the cardiac function 
curve pulse, pressure variations are reduced. This 
is because there is no inspiratory increase of RV 
filling (although the diastolic transmural pressure 
increases). However, there is still the transmis-
sion of the reduction of Ppl to the LV and the 
increase in afterload which can cause some varia-
tion in the arterial pressures due to direct pressure 
effects without a change in volume.

Fig. 18.13 Reverse 
paradox. SPV, systolic 
pressure variation. The 
value was 10 mmHg 
which was 10% of the 
systolic pressure of 
100 mmHg. During 
inspiration, there is a 
small increase in the 
arterial pulse pressure 
(PP) and decrease in the 
pulmonary artery 
pressure (PA) PP. The 
pulse pressure variation 
is calculated from the 
difference between the 
highest and lowest PP 
and the mean of the two
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 Inverse Pulsus Paradoxus

During mechanical breaths and positive pressure 
ventilation, the arterial variations are reversed; 
the systolic and pulse pressures rise during inspi-
ration and fall during expiration (Fig.  18.13). 
Exaggerations of this pattern have been used to 
identify patients who will be fluid responsive 
(Michard et al. 1999, 2000; Michard and Teboul 
2002; Perel 1998; Perel et al. 1987; Pizov et al. 
1988). Importantly, it needs to be emphasized 
that fluid responsiveness does not mean that the 
patient needs fluids (Magder 2004). In this situa-
tion, the inspiratory rise in Ppl reduces the return 
of blood to the heart which is effectively “raised” 
relative to the rest of the body. RV stroke volume 
decreases. At the same time, the rise in Ppl raises 
the LV pressure relative to the systemic arterial 
pressure. This lowers LV afterload and allows a 
larger stroke volume. In a few beats by the series 
effect, the decreased RV stroke volume is passed 
to the LV, and its stroke volume decreases during 
expiration. If the venous return curve intersects 
the flat part of the cardiac function curve, the 

inspiratory reduction of RV filling is reduced; the 
farther the intersection of the venous return- 
cardiac curve is from the ascending part of the 
cardiac function curve, the greater the effect. The 
magnitude of the respiratory change in arterial 
systolic, or pulse pressure, depends upon the 
magnitude of the change in Ppl with the breath, 
which in turn depends upon the tidal volume and 
the compliance of the thorax (Magder and 
Guerard 2012). It also is affected by the size of 
the stroke volume and heart rate because these 
affect how large the change in stroke volume can 
be to alter the arterial pressure (Magder and 
Guerard 2012). Volume reserves in the pulmo-
nary venous compartment and the pulmonary 
vascular resistance also affect the magnitude of 
the effect. The measure thus has a qualitative 
value, but quantitative predictions of volume 
responsiveness should be limited to very con-
trolled situations such as patients in the operating 
room (Magder 2004). Because the effects of neg-
ative and positive pressure inspiratory efforts are 
180° from each other, only changes with pure 
mechanical breath should be used.

Fig. 18.14 Example of Kussmaul’s sign. The middle 
tracing is the pulmonary artery (PAP) pressure and the 
lower tracing CVP.  The blue bars indicate inspiration 
which also is evident from the fall in PAP. On inspiration 
CVP rose but did not change on expiration. The fall in 
PAP also indicates that Ppl fell, and it is unlikely that there 

could have been simultaneous contractions of abdominal 
muscles. For this to occur, the descending diaphragm had 
to have compressed the abdominal venous compartment 
and increased venous return to the RV that was volume 
limited and only could have an inspiratory rise in pressure 
without a change in outflow
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 HJR

Hepatojugular reflux is defined by a sustained 
elevation of jugular venous pressure after abdom-
inal pressure is applied (Fig. 18.14) (Ducas et al. 
1983). The increase in venous return that occurs 
with abdominal pressure increases CVP in 
patients who are at their volume limit of right 
heart filling. Because of the limit to RV filling, 
the increased volume cannot be passed on from 
the RV (Takata et  al. 1990b). This test can be 
helpful in guiding volume resuscitation or 
diuretic therapy by providing a functional assess-
ment of right heart function and identifying RV 
limitation.

 Active Expiration

An important confounder when investigating the 
effect of respiratory variations, either in the Pra/
CVP or with arterial pulse pressure variations, is 
the presence of active expiration. When present, 
abdominal contractions increase abdominal pres-
sure and potentially can shift the venous return to 
a more positive value (i.e., rightward shift) 
(Magder et al. 2018; Verscheure et al. 2016). This 
transiently increases venous return as occurs with 
the hepatojugular reflux (Ducas et al. 1983) and 
produces an effect on the arterial pressure with a 

respiratory frequency. The change in stroke vol-
ume depends upon whether the venous return 
function intersects the flat part of the cardiac 
function curve or the ascending part. The increase 
in abdominal pressure also can be directly trans-
mitted to the pleural space and increase intratho-
racic pressure, and this can transiently increase 
arterial systolic and pulse pressures (Takata et al. 
1990b, c).

The shift in volume to the chest with an 
increase in abdominal pressure is complex 
(Takata et al. 1990c; Takata and Robotham 1992). 
First, there needs to be an adequate volume to 
shift. However, this need not be just stressed vol-
ume. The increase in intra-abdominal pressure 
also can transfer unstressed volume. The second 
variable is whether the cardiac function curve is 
functioning on its plateau. If it is, the CVP will 
rise but diastolic volume will not change. The 
third factor is the magnitude of the venous pres-
sure. If the abdominal pressure is higher than the 
pressure in abdominal veins, the abdominal veins 
will collapse as they leave the abdomen and pro-
duce flow limitation or a vascular waterfall effect 
(Takata et al. 1990c). This can occur at the level 
of the return of blood from the legs to the abdom-
inal veins or at the level of the abdominal veins to 
the chest, which makes predictions of the vol-
ume shifts variable and very sensitive to changes 
in the total body volume status.

Fig. 18.15 Example of a hepatojugular reflux. 
Compression of the abdomen with ~20 mmHg pressure 
produced a sustained increase in CVP. This indicates that 

there was a limit to RV filling. The compression produced 
a small increase in arterial pressure suggesting that there 
likely was a small initial RV volume increase
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 Kussmaul’s Sign

Kussmaul’s sign is defined as an inspiratory 
increase in CVP which is in contrast to the normal 
inspiratory fall in CVP (Fig. 18.15) (Takata et al. 
1990a, b, c; Takata and Robotham 1992). For this 
to occur, RV filling needs to be limited. During 
inspiration, the diaphragm descends and abdomi-
nal pressure moderately increases. If the abdomi-
nal volume reserve is large and the inspiratory 
descent of the diaphragm is sufficiently large, the 
inspiratory rise in intra-abdominal pressure can be 
sufficient to compress the abdominal venous com-
pliant region and transiently  increase the venous 
return to the RV (Takata et al. 1990a, 1997). This 
still will not produce an inspiratory rise in CVP 
relative to atmosphere. For this to occur, RV filling 

needs to be limited for then there can be a pressure 
rise without an increase in forward flow. 
Kussmaul’s sign needs to be distinguished from 
contraction of expiratory muscles which also raise 
intra- abdominal pressure and recruit venous vol-
ume to the right heart as occurs with a hepatojugu-
lar reflux. The difference is that active contraction 
occurs during expiration, whereas Kussmaul’s 
sign occurs during inspiration.

 Mueller Maneuver

A Mueller maneuver is an inspiration against a 
closed glottis. It gives a good physiological dem-
onstration of the potential effects of large  negative 
swings in Ppl on LV ejection. Because the airway 

Fig. 18.16 Transmural pressure change during a Mueller 
maneuver. Pw refers to pulmonary capillary wedge pres-
sure. Mouth pressure was measured with pressure gauge 
attached to a transducer. At the start of the Mueller, mouth 
pressure fell by 40 mmHg, Pw fell below zero (note that 
zero for Pw is in the middle of the tracing), and there was 
a small fall in aortic pressure. At the end of the maneuver, 

Pw was −5 mmHg, and therefore the net change in Pw 
was –10 mmHg. Since mouth pressure fell by −40 mmHg, 
the transmural Pw actually rose by 30 mmHg, and the real 
net value is 35  mmHg. See text for further details. 
(Adapted from Magder et al. (1983) with permission of 
Elsevier)
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occlusion does not allow a change in lung vol-
ume, the change in airway pressure during the 
maneuver reflects the change in Ppl so that change 
in Ppl can be measured without directly accessing 
the pleural space. This maneuver allows a calcula-
tion of change in transmural pressure by subtract-
ing the change in Ppl from the change in vascular 
pressure as seen in Fig. 18.16. At the start of the 
maneuver, there is a moderate transient fall in 
arterial pressure, which within a few beats returns 
to the baseline value. In the figure, the airway 
pressure and thus Ppl fell by 40  mmHg. This 
means that when the arterial pressure returned 
back to the baseline level, LV afterload was 
increased by 40  mmHg. The pulmonary artery 
occlusion pressure as an estimate of the left atrial 
pressure did not fall as much as the Ppl indicating 
that left atrial and LV diastolic transmural pres-
sure and volume increased. As the negative Ppl 
was maintained, there was a progressive increase 

in the left atrial pressure, and large “v” waves 
developed indicating a decrease in left atrial com-
pliance as the left atrium became more distended. 
The final pulmonary artery occlusion pressure 
decreased by 10 mmHg from the end-expiratory 
pre-maneuver value when measured relative to 
atmospheric pressure, but the outside Ppl 
decreased by 40 mmHg so that the final change in 
left atrial transmural pressure was 30 mmHg. The 
actual transmural left atrial pressure was the origi-
nal 5 mmHg plus the 30 mmHg increase, which 
gives a left atrial transmural pressure of 35 mmHg 
and explains the large “v” waves!

 Valsalva

The series effects of an increase Ppl are seen with 
a Valsalva maneuver (Fig.  18.17) which is an 
expiration against a closed glottis, the opposite of 

Fig. 18.17 Example of a Valsalva maneuver. The top 
shows the arterial pressure (BP) and the bottom the heart 
rate. At 1, the subject bears down by expiring against a 
closed glottis. There is an initial increase in arterial pres-
sure because of the transmitted pleural pressure (Ppl) but 
also because of decreased LV afterload as in Fig.  18.7. 
The rise in BP triggers a baroreceptor response and heart 
rate slows. The positive Ppl decreases venous return and 

BP progressively falls. The reduced baroreceptor pressure 
reduces cardiovascular inhibition, stage 2, and there is a 
rise in heart rate and rise in SVR. At 3, the Valsalva is 
released. There is an abrupt further fall in BP because of 
the decreased Ppl surrounding the heart and a further 
small increase in heart rate. In stage 4 backed-up venous 
blood can now return to the heart. BP again rises, heart 
rate slows, and values settle back to the baseline state
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a Mueller maneuver. It also shows reflex adjust-
ments to the effect on the vasculature of an 
increase in Ppl. At the start of the maneuver, 
phase 1, arterial pressure transiently rises because 
of transmission of Ppl to the LV and the resultant 
reduction of LV afterload and increase in stroke 
volume. This only lasts for a few beats. The 
increase in arterial pressure produces a small 
baroreceptor-induced decrease in heart rate. 
During phase 2, the increase in Ppl quickly leads 
to a decrease in venous return and cardiac output 
as evident by the fall of arterial pressure as well 
as arterial pulse pressure. This induces a 
baroreceptor- mediated increase in heart rate and 
systemic vascular resistance. These produce 
some restoration of blood pressure. There likely 
also is some recruitment of unstressed into 
stressed volume which helps support RV filling. 
The expiratory force is released in phase 3. The 
sudden decrease in Ppl leads to a further fall in 
arterial pressure and a further baroreceptor- 
mediated rise in heart rate, but this is reversed 
quickly in phase 4 as the backed up venous vol-
ume rapidly increases RV filling and increases 
cardiac output. The arterial pressure quickly 
rises, especially because the SVR at first still is 
elevated. The increase in arterial pressure results 
in a vagal-induced decrease in heart rate and 
reduction in SVR and the system settles back to 
baseline values.

 Summary

The key principle emphasized is this review is 
that heart-lung interactions are dominated by 
changes in Ppl, which essentially change the 
position of the heart relative the rest of the body. 
Both negative and positive changes in Ppl have 
major effects on RV filling, and negative changes 
in Ppl can have large effects on LV ejection. 
Volume status and limitation of RV filling by the 
pericardium or cardiac cytoskeleton are impor-
tant moderators of the magnitude of heart-lung 
interactions. Low levels of changes in lung vol-
ume with small changes in transpulmonary pres-
sure have a minimal effect on RV output, but 
when a critical value of transpulmonary pressure 

is reached, changes in transpulmonary pressure 
have a one to one pressure effect on the load to 
the RV. The effect of this is especially important 
when RV function is decreased and, even more 
so, when RV filling is limited. The cyclic effects 
of the alteration of filling of the RV/LV are domi-
nated by the series effect so that mass is con-
served. Activation of expiratory muscles adds an 
extra level of complication to heart-lung interac-
tions, as do reflex changes both from the carotid 
baroreceptors and afferent nerves in the lungs 
and peripheral tissues, although these generally 
are small unless the hemodynamic change from a 
heart-lung interaction is sustained.
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Evaluation of Devices 
for Measurement of Blood 
Pressure

Agnes S. Meidert and Bernd Saugel

 Introduction

Blood pressure measurement is the basis of 
hemodynamic monitoring in anesthesia and 
intensive care medicine. Hemodynamic instabil-
ity and hypotension put a patient at risk; there-
fore, the timely detection of low blood pressure is 
crucial. In addition, maintaining individual blood 
pressure targets is only possible by accurate 
blood pressure measurement. Besides the direct 
invasive measurement using an arterial catheter, a 
variety of technologies are available for blood 
pressure assessment (Fig.  19.1). Traditionally, 
non-invasive blood pressure measurement 
employs an inflatable upper arm cuff that 
occludes blood flow in the extremity. Blood pres-
sure is then obtained in an intermittent fashion by 
auscultatory method, by palpating the pulse, or 
automatically by an oscillometric technique. In 
the past decade, technologies that measure blood 
pressure continuously and also in a non-invasive 
manner have become available for patient moni-
toring. In order to choose the appropriate way of 
blood pressure monitoring for an individual 

patient, the clinician needs to understand the 
measurement principle, indications, and limita-
tions of each technique.

 Invasive Arterial Blood Pressure 
Measurement (Arterial Catheter)

Measurement of blood pressure by using a cath-
eter in an artery, connected to a fluid-filled tube 
and an electronic pressure transducer, is called 
invasive or direct blood pressure measurement. 
Since a continuous waveform and blood pressure 
values can be obtained directly from the vessel, 
this method is considered the clinical reference 
standard or “gold standard,” the most accurate 
method available to the physician.

Routinely, arterial cannulation for the moni-
toring of blood pressure is performed in critically 
ill patients and perioperatively in high-risk 
patients or high-risk procedures. Most com-
monly, the radial artery is used for catheter place-
ment, but the femoral, brachial, or dorsalis pedis 
access is also possible. Performed by a well- 
trained operator, the placement of the catheter is 
usually unproblematic; however, it can be chal-
lenging in children or patients with conditions 
such as arteriosclerosis or peripheral vasocon-
striction. It has been suggested to use ultrasound 
guidance to achieve a higher success rate (Gu 
et al. 2014). In general, the placement of an arte-
rial catheter has a low complication rate. 
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However, severe conditions such as embolism, 
ischemic limbs, bleeding, pseudoaneurysm, or 
infection sometimes occur after cannulation of an 
artery (Scheer et  al. 2002). In addition, blood 
flow distal to the catheter is evidently decreased 
(Numaguchi et al. 2015).

Blood pressure is a pressure wave, caused by 
the ejection of the left ventricle into the vascular 
system. Apart from the strength of the heart, the 
pressure depends on the individual resistance of 
the vascular tree. The shape of the pulse wave at 
the measurement site is also influenced by the 
reflection phenomenon from the previous heart 
beats. An arterial catheter and the connected 
tubes are filled with fluid, which is incompress-
ible. Therefore, it transmits the blood pressure 
wave until it reaches the impermeable dia-
phragm of the pressure transducer (Ortega et al. 
2017). The electrical resistance of the dia-
phragm is picked up by attached strain gauges. 
The other side of the diaphragm is open to atmo-
spheric pressure. The pressure wave deforms 
the diaphragm physically (Ortega et  al. 2017). 

As a result of deformation, the electrical resis-
tance changes in a linear relationship to intra-
arterial pressure. The changes are mathematically 
translated into a waveform. Thus, the mechanic 
signal converted into an electric signal is pro-
cessed by the monitor and translated into blood 
pressure waveform and numeric blood pressure 
values. The maximum of the wave is the systolic 
arterial pressure, the minimum the diastolic 
arterial pressure, and the area under the curve is 
the mean arterial pressure. Most processing 
software in the patient monitor average several 
heart beats, because averaging avoids big 
changes from heart beat to heart beat in case of 
arrhythmia. As with every monitoring device, 
the operating staff needs to be familiar with the 
pitfalls to avoid erroneous blood pressure read-
ings. First, the tubes connecting the catheter to 
the transducer must be filled without any air 
bubbles since gas has different transmitting 
properties than fluid. Second, the pressure trans-
ducer has to be placed correctly. The correct 
level of the transducer for measurement and 

Non-invasive blood pressure measurement

Intermittent

Inflatable cuff

Manual:
auscultatory method

palpatory method

Automated:
oscillometry

Continuous

Volume clamp
method

Arterial applantation
tonometry

Automated
automated systems

Manual:
hand-held sensors

Fig. 19.1 Methods for noninvasive blood pressure 
monitoring. (With permission from Meidert and Saugel 
(2018)). With permission from Meidert AS and Saugel 
B (2018) Techniques for Non-Invasive Monitoring of 

Arterial Blood Pressure. Front. Med. 4:231. https://doi.
org/10.3389/fmed.2017.00231. https://creativecommons.
org/licenses/by/4.0/. No changes made
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zeroing is at the anatomic  projection of the 
patients’ right atrium on the thorax (Ortega 
et al. 2017; McGhee and Bridges 2002). Since 
the correct leveling in clinical practice is a mat-
ter of discussion, the phlebostatic axis located at 
the fourth intercostal space in the middle 
between the anterior and posterior chest walls is 
a pragmatic approximation for referencing the 
transducer. It is important to know that due to 
hydrostatic pressure, incorrect leveling of only 
10 cm too high or too low results in a pressure 
difference of 7.5 mmHg at the patient monitor. 
The leveling of the transducer has to be checked 
frequently, especially when the position of the 
patient changes, which is often the case during 
operations. In certain clinical settings, e.g., 
beach chair positioning or patients with raised 
intracranial pressure, the effect of hydrostatic 
pressure may lead to higher blood pressure tar-
gets to ensure adequate brain perfusion.

A third source of erroneous measurement is 
zeroing of the transducer. For zeroing, the pres-
sure transducer is opened to atmospheric pres-
sure. Then, the zeroing button of the monitor is 
pressed. This sets the transducer level as the 
hydrostatic zero reference point. Furthermore, it 
ensures that the monitor uses atmospheric pres-
sure as reference point (Ortega et  al. 2017; 
McGhee and Bridges 2002).

Another prerequisite for reliable blood pres-
sure readings is the testing of the dynamic 
response of the catheter and its connected tubing 
system. A fluid-filled system has a natural fre-
quency and damping coefficient, which deter-
mines the dynamic response. If the damping 
properties are too high, the blood pressure read-
ings can be falsely low (flat waveform), and if the 
damping properties are too low, readings can be 
too high (also known as systolic overshoot) 
(Gardner 1981).

Natural frequency and damping of direct 
blood pressure monitoring can be verified by the 
fast flush test (Ortega et  al. 2017; McGhee and 
Bridges 2002; Kleinman et al. 1992; Saugel et al. 
2014). It is performed by flushing the system 
with 300 mmHg, abruptly terminating the maneu-
ver and inspection of the waveform directly after 
termination of flushing.

Whether a patient needs arterial cannulation 
has to be decided individually, carefully balanc-
ing the risks (due to potential complications 
caused by catheter placement and maintenance) 
and the advantages of an arterial catheter, namely 
the reliable continuous measurement (even in 
hemodynamically unstable situations) and the 
possibility of arterial blood withdrawals (impor-
tant for patients with cardiopulmonary 
problems).

 Intermittent Non-invasive Arterial 
Blood Pressure Measurement

For intermittent BP measurement (manually or 
automated), air-filled cuffs connected to a 
manometer indicating the applied pressure are 
used. The cuff occludes the artery at the extrem-
ity where the blood pressure is taken, most com-
monly the upper arm. In order to get valid results, 
the cuff has to be wide enough, depending on the 
circumference of the extremity (Petrie et  al. 
1986).

There are two methods of manual determina-
tion of blood pressure while gradually releasing 
the pressure in the occluding cuff: the palpatory 
and the auscultatory methods (Geddes et  al. 
1982). By the first method, the palpatory method, 
only systolic arterial pressure can be determined. 
The pulse distal to the occluding cuff is palpated. 
During the inflation, it vanishes when the pres-
sure in the cuff becomes higher than systolic 
pressure. The systolic pressure equals the pres-
sure, at which the pulse can be felt by the exam-
iner while slowly deflating of the cuff. In contrast, 
the auscultatory method provides both systolic 
and diastolic arterial pressures. The examiner 
auscultates the Korrotkoff sounds over the artery 
distal to the occluding cuff during slow deflation. 
Systolic arterial pressure is determined at the 
onset of the sounds and diastolic arterial pressure 
at the disappearance of the sounds.

Apart from manual determination, automated 
noninvasive intermittent blood pressure is possi-
ble by a technique called oscillometry (Ogedegbe 
and Pickering 2010). The technique detects 
oscillations of the arterial wall, which occur 
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when the artery is obstructed by the occluding 
cuff. The amplitude of the oscillations varies 
depending on the pressure applied. In principle, 
oscillations are small when the pressure in the 
cuff is higher than systolic pressure. When the 
cuff is deflated, the amplitude increases until its 
maximum at the mean arterial blood pressure 
(Ramsey 3rd. 1979) and then again decreases 
toward the diastolic BP (Saugel et  al. 2014; 
Nichols et  al. 2011). The most accurate value 
derived by devices embedding oscillometric 
techniques is the mean arterial blood pressure. 
Algorithms integrate changes of oscillations, 
amplitude, waveform, etc., and derive systolic 
and diastolic pressures (Smulyan and Safar 
2011). These algorithms are proprietary and are 
in most cases not made publicly available for 
independent study by the manufacturers 
(Smulyan and Safar 2011; van Montfrans 2001; 
Alpert et al. 2014). It is important to understand 
that, therefore, oscillometry is not a standardized 
technique. Today, automatic oscillometric 
devices are commonly used in anesthesiology 
and intensive care units, in ambulatory medicine, 
general wards, for 24-hour blood pressure 
assessment, and for blood pressure monitoring at 
home. Blood pressure monitoring using oscillo-
metric devices has several advantages: there is 
no need for trained personnel, it is applied fast 
and easily and provides readings automatically. 
However, there are pitfalls that can lead to erro-
neous measurements. First, the correct cuff size 
is of paramount importance, since too small 
cuffs (in relation to the circumference of the 
arm) result in falsely high measurements and too 
large cuffs result in falsely low measurements 
(Pickering et  al. 2005). Furthermore, active or 
passive movement of the measurement site 
causes artifacts that potentially result in false 
blood pressure measurement (Alpert et al. 2014). 
Equally important to know is the tendency of 
oscillometric devices to overestimate low blood 
pressure and underestimate high blood pressure 
when compared with invasively obtained blood 
pressure (Picone et al. 2017).

In critically ill patients, the use of oscillomet-
ric devices to guide therapy is controversially 
debated.

Some investigators studying the measurement 
performance of oscillometry proposed its use in 
intensive care unit patients with hypotension or 
vasopressor infusion (Lakhal et  al. 2018a) and 
even in the presence of cardiac arrhythmia 
(Lakhal et al. 2015, 2018b). On the other hand, 
Lehman et  al. (Lehman et  al. 2013) revealed, 
after comparing oscillometric BP values with 
direct BP measurements (arterial catheter) inten-
sive care unit patients in a big database, marked 
and clinically relevant discrepancies between the 
methods. In a group of non-cardiac surgery 
patients, Wax et al. (2011) found that oscillomet-
ric BP measurements were generally higher com-
pared with invasive BP measurements during 
hypotension and lower during hypertension.

 Non-invasive Continuous Arterial 
Blood Pressure Measurement

For continuous non-invasive automated determi-
nation and analysis of the blood pressure wave-
form, two technologies exist: the volume clamp 
method (also referred to as “vascular unloading 
technology” or “finger cuff technology”) and 
radial artery applanation tonometry (Saugel et al. 
2014). The techniques are often described as new 
and innovative, although the basic underlying 
principles of both methods have been published 
quite some time ago (Penaz et al. 1976; Pressman 
and Newgard 1963).

A single or double inflatable finger cuff, with 
integrated infrared light and transmission ple-
thysmograph is used by the volume clamp 
method. The finger cuff adjusts its pressure con-
stantly (many times per second) in order to keep 
the diameter of the finger artery and hence the 
volume in it constant. From the pressure changes, 
which are necessary for the constant volume in 
the finger artery, a blood pressure curve can be 
calculated. This technique was first described in 
1973 by the physiologist Peňáz (Penaz et  al. 
1976). The method has been developed and 
refined (Wesseling et  al. 1985; Takazawa et  al. 
1996; Imholz et  al. 1992; Fortin et  al. 2006) 
which led to now commercially available moni-
toring systems for bedside use. One of them is the 
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ClearSight system (Edwards Livesciences, 
Irvine, California, USA) using a transfer func-
tion; its embedded algorithm “Physiocal” cor-
rects the finger blood pressure changes due to 
changes in vasomotor tone and automatically 
adjusts for hydrostatic differences between the 
level of the finger and the heart (Wesseling et al. 
1985; Wesseling 1996; Martina et  al. 2012; 
Gizdulich et al. 1997). The other one is the CNAP 
system (CNSystems Medizintechnik GmbH, 
Graz, Austria), in which a proprietary algorithm 
uses oscillometric upper arm blood pressure 
measurement to calibrate systolic and diastolic 
blood pressure values obtained by the finger cuff. 
Adjustment and correction for long-term tracking 
of the finger blood pressure with this system are 
achieved by the use of concentrically interlock-
ing control loops (Fortin et al. 2006).

The limitations of the volume clamp method 
lie within the site of measurement. In some clini-
cal conditions, altered or impaired finger perfu-
sion does occur. Examples are edema in the 
finger, peripheral vasoconstriction, peripheral 
vascular disease, or hypothermia, which can 
reduce the quality of the blood pressure signal. 
Furthermore, blood pressure derived by a finger 
cuff can be disturbed by excessive movement of 
the patient  – both active and passive. Since 
devices using a finger cuff technology impair 
venous return from the finger which leads to 
venous congestion, this can cause discomfort or 
even pain in non-sedated patients. While the 
mentioned limitations hold true for both systems, 
the CNAP system in general has one more limita-
tion due to its method of calibration. Since this 
system uses brachial oscillometric blood pressure 
values for calibration of systolic and diastolic 
blood pressures, the limitations discussed above 
regarding measurement performance and clinical 
applicability of oscillometric techniques also 
apply to the CNAP technology.

Technologically different is the radial artery 
applanation tonometry. This technique was first 
described by Pressman and Newgard in the 1960s 
(Pressman and Newgard 1963) and further 
improved by others (Stein and Blick 1971; 
Drzewiecki et al. 1983); this uses a pressure sen-
sor, positioned over the radial artery.

In principle, the flattening (applanation) of the 
arterial wall by external pressure leads to a maxi-
mization of the pulse pressure amplitude that is 
detected with a sensor positioned over the artery. 
Sufficient applanation of an artery requires the 
artery to lie superficially and is supported by a 
rigid structure (e.g., the radial artery with the sty-
loid bone underneath).

By this technology, the mean arterial BP is 
measured directly and the systolic and diastolic 
BP values are calculated (e.g., using population- 
based algorithms) (Meidert et  al. 2013). Non- 
automatic systems with hand-held sensors have 
been used for estimation of central vascular pres-
sures for many years by cardiologists (Nelson 
et al. 2010). For BP monitoring in the intensive 
care unit or the operating room, automatic radial 
artery applanation tonometry systems using a sen-
sor attached to the patient’s wrist have been devel-
oped (Kemmotsu et al. 1991). In order to obtain 
optimal BP signal, an automatic artery applana-
tion tonometry system needs to constantly adjust 
the pressor of the sensor that flattens the underly-
ing artery with the optimal pressure. The T-Line 
system (Tensys Medical, San Diego, CA, USA) is 
a device for automatic radial applanation tonom-
etry. It uses a disposable wrist splint for position-
ing the wrist and hand in slight extension 
combined with a “bracelet” with an embedded 
sensor. The sensor is electromechanically driven 
by two motors that are able to adjust the sensors’ 
position over the artery, until the position and 
applanation pressure obtaining the best signal are 
found (Saugel et al. 2014; Dueck et al. 2012).

Mean BP is derived from the maximal pulse 
pressure, while systolic and diastolic BP are 
obtained after scaling the BP waveform using a 
proprietary algorithm based on biometric data 
and a large database containing invasive radial 
artery reference data (Dueck et  al. 2012; 
Drzewiecki et al. 1994).

The limitation of the radial artery applanation 
tonometry method is mainly its sensitivity to 
motion artifacts due to movements of the arm or 
hand. There are validation data for this device in 
a variety of clinical settings (Meidert et al. 2013; 
Dueck et  al. 2012; Saugel et  al. 2012, 2013; 
Meidert et al. 2014; Szmuk et al. 2008).
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The measurement performance of these inno-
vative non-invasive technologies for continuous 
BP monitoring has been evaluated in several vali-
dation studies in comparison to invasive refer-
ence measurements (Bartels et  al. 2016; Kim 
et al. 2014; Ameloot et al. 2015).

These studies revealed contradicting results 
for all the devices and technologies described 
above. On the one hand, numerous studies dem-
onstrated good agreement between reference and 
test methods, and subsequently recommended 
the broad clinical use of these non-invasive tech-
nologies as an alternative to invasive BP 
monitoring.

On the other hand, some studies showed poor 
agreement between test method and reference, so 
they did not support the use of these technologies 
in clinical routine to monitor BP and guide 
therapy.

Eventually a meta-analysis including 28 stud-
ies assessed the accuracy and precision of the dif-
ferent continuous non-invasive BP monitoring 
technologies. It revealed an overall random-effect 
pooled mean of differences of 3.2 mmHg, with a 
standard deviation of ±8.4 mmHg and 95% limits 
of agreement −13.4–19.7  mmHg for mean BP 
(Kim et  al. 2014). After stratifying the results 
depending on the different devices, this analysis 
resulted in a mean differences ± standard devia-
tion of 3.5 ± 6.8 mmHg, 5.5 ± 9.3 mmHg, and 
1.3  ±  5.7  mmHg, for the ClearSight (volume 
clamp method), CNAP (volume clamp method), 
and T-Line system (radial artery applanation 
tonometry), respectively (Kim et al. 2014).

However, the question of the optimal defini-
tion of clinically acceptable agreement between 
a non-invasive test method and a reference 
method is still a matter of debate (Saugel and 
Reuter 2014). Besides testing a new non-inva-
sive device against the invasive gold standard, it 
is advisable to test against an intermittent non-
invasive BP monitoring technology (e.g., oscil-
lometry) additionally. Recently, Vos and 
colleagues (2014) drew the conclusion, that 
compared with an oscillometric technique moni-
toring with the non- invasive continuous BP 
monitoring with the ClearSight system was 
interchangeable.

 The Future of Arterial Blood 
Pressure Measurement

Innovative tiny sensors that record BP and heart 
rate might change the methods of BP monitoring 
both at home and at hospital in future.

For example, the use of flexible pressure- 
sensitive organic thin film transistors in the 
recording of non-invasive continuous radial 
artery BP has already been demonstrated 
(Schwartz et al. 2013).

Furthermore, BP signals can be registered and 
analyzed by thin piezoelectric pressure sensors 
placed on the skin (Dagdeviren et al. 2014).

Another promising approach is the use of 
nanocomposites (graphene added to polysilicon) 
as electromechanical sensor, which is highly sen-
sitive and therefore able to detect pulse and blood 
pressure (Boland et al. 2016).

All these novel developments may eventually 
lead to flexible and wearable monitoring systems 
for innovative transcutaneous BP recording. With 
regard to the concepts of “mobile health monitor-
ing” or “mobile biomonitoring,” wireless and 
wearable sensors are an important step toward 
the intriguing possibility of long-term continuous 
monitoring of the cardiovascular status (Michard 
2016, 2017; Michard et al. 2017a, b).

Thus, innovative sensor technology develop-
ments might fundamentally change ambulatory 
and clinic BP monitoring, which offers a variety 
of application in critical care, anesthesiology, 
emergency medicine, and cardiology (Michard 
2017; Michard et al. 2017a, b).

Which Device Is Suitable for My Patient?
In our daily routine, the question of what type of 
BP monitoring is the best choice is answered best 
after considering many factors, most importantly 
the patient-specific ones. Regarding advantages 
and shortcomings of every technology in combi-
nation with the clinical requirements, the choice 
of the optimal monitoring equipment has to be 
made individually.

In case of a critically ill patient in circulatory 
shock, invasive direct BP monitoring with an 
arterial catheter is necessary and advisable 
(Teboul et al. 2016). Apart from the direct mea-
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surement of BP, frequent arterial blood sampling 
allows laboratory testing and blood gas analysis 
that are inevitable for guidance of therapy.

The aforementioned advantages of having an 
arterial access also apply in patients undergoing 
high-risk surgery (e.g., cardiothoracic surgery, 
major abdominal surgery) and high-risk patients 
undergoing low- or intermediate-risk surgery.

Perioperatively, most remaining patients will 
be monitored using non-invasive BP monitoring 
techniques. In certain surgical patients, the use of 
continuous non-invasive BP monitoring is benefi-
cial with regard to better stability of BP instead of 
intermittent BP monitoring (Benes et  al. 2015; 
Meidert et al. 2017; Ilies et al. 2012). To identify 
specific clinical settings where continuous non- 
invasive BP monitoring can contribute to better 
care or patient safety compared to intermittent 
non-invasive BP measurements is the task of 
future research in this area. Since periods of intra-
operative hypotension  – even as short as a few 
minutes - are associated with postoperative organ 
dysfunction or failure (Walsh et al. 2013), continu-
ous BP monitoring or even usage of a closed-loop 
system might help to reduce hypotension- related 
postoperative complications in the future.

Patients who are treated in an emergency 
department due to acute illness or patients who 
undergo diagnostic or therapeutic interventions 
(Nowak et  al. 2011; Wagner et  al. 2014; Siebig 
et  al. 2009) might benefit from continuous non- 
invasive BP monitoring as circulatory depression 
can be detected earlier with continuous monitoring 
than with serial intermittent BP measurement.

 Conclusion

BP is a fundamental hemodynamic variable in 
the critically ill. A profound knowledge of 
BP-monitoring technologies and their limitations 
is inevitable in order to choose the optimal BP 
monitoring method for the individual patient and 
to avoid inaccurate BP monitoring. In critically 
ill patients, the placement of an arterial catheter 
in order to directly measure invasive continuous 
BP remains the method of choice. In hemody-
namically stable patients, BP may be monitored 

in an intermittent fashion by using an oscillomet-
ric technique. Non-invasive technologies that 
continuously monitor BP are now available in 
daily clinical routine. An aim of current research 
is to evaluate whether these technologies for con-
tinuous non-invasive BP monitoring can contrib-
ute to improved patient outcome or to better 
quality of care in certain clinical settings (periop-
erative medicine, emergency medicine).
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Measurement of Cardiac Output

Konstantinos D. Alexopoulos, Sheldon Magder, 
and Gordan Samoukovic

Once species evolved from single-cell organisms, 
the ability to deliver nutrients and remove waste 
products became an essential function for sur-
vival; the circulatory system evolved into the 
complex structure that exists in humans. Simply, 
the role of human circulation is to deliver and 
remove substances. In critical care, it is para-
mount to monitor the bulk flow of circulation as 
an indicator of overall circulatory function. Being 
able to identify patients who are on the steep part 
of the Frank-Starling curve and subsequently 
would be fluid responsive is a core principle in 
clinical practice. Traditionally, this information 
was provided solely by the invasive pulmonary 
artery catheter (PAC). Recent advances in tech-
nology have been able to provide this informa-
tion in a less invasive or completely noninvasive 
manner. Using both macro- and microcirculatory 
monitoring allows the practitioner to determine 
the extent of circulatory homeostasis, which can 
be maintained with fluids, with or without inotro-
pic or vasopressor support. Utilizing continuous 

assessment of cardiac output is one of the funda-
mental requirements for assessing overall func-
tion of a complex biological machine and for 
guiding therapy.

 Cardiac Output and Clinical 
Decision-Making

The measurement of cardiac output (CO) aids for 
clinical decision-making when faced with the 
common problem of hypotension in the intensive 
care unit (ICU). The determinants of blood pres-
sure are the CO and systemic vascular resistance 
(SVR), which is assumed to be relatively con-
stant – or with negligible changes compared with 
changes in the total decrease in pressure. Using 
this fundamental concept, a decrease in blood 
pressure is due either to a decrease in CO or a 
decrease in SVR. SVR is governed by the blood 
pressure, right atrial pressure (RAP), and CO; 
therefore, CO is an independent variable in this 
relationship. If CO is normal or increased above 
normal, then the decrease in blood pressure must 
be a result of a decrease in SVR.  Diagnostic 
efforts should be thus directed at determining the 
cause of the loss of vascular tone, and therapy 
should then be directed accordingly. If blood 
pressure is decreased in a low CO state, then the 
decrease in cardiac output is the resultant cause 
of the hypotension. The low CO state can mani-
fest for a variety of reasons such as circuit  factors, 
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decrease in intravascular volume or increase in 
venous resistance, or a decrease in cardiac func-
tion (i.e., decreased contractility, decreased heart 
rate, or an increased afterload). The value of CO 
is paramount for delineating the various causes of 
hypotension encountered in the ICU (Magder 
1992, 1997).

 Normalization of Cardiac Output 
Measurement

Cardiac output refers to the bulk flow going 
through the circulatory system and is given in the 
units mL/s in SI units or L/min in traditional 
units. The flow velocity is given in cm/s. The 
product of flow velocity and the cross-sectional 
area of a vessel allows for the determination of 
volume flow.

Under normal metabolic conditions, CO is 
directly related to metabolic rate and oxygen 
consumption (VO2). An increase in VO2 is 
directly associated with an increase in CO. For 
example, during exercise, there exists a linear 
relationship between cardiac output and VO2, and 
it is sustained until the end of exercise. The varia-
tion among subjects is small, and the change in 
VO2 can be used to predict cardiac output with an 
error of approximation of 5 percent (Ekelund and 
Holmgren 1967). In patients with severe cardiac 
disease, the relationship remains linear in all sub-
jects, although the y-intercept on the ordinate 
may be shifted up or down based on the hemoglo-

bin. The linear relationship between bulk blood 
flow and oxygen consumption is also present in 
working skeletal muscle and in cardiac muscle, 
strongly suggesting that blood flow is determined 
by the aerobic metabolic activity of tissues.

In a physiologically normal subject, a decrease 
in CO does not translate to a decrease in VO2 as 
oxygen extraction by the tissues can increase to 
maintain VO2. Conversely, in pathologic condi-
tions, a decrease in CO may be of such magni-
tude that in spite of an increase in oxygen 
extraction, there is insufficient oxygen provided 
to the tissues. Under these conditions, the heart is 
unable to generate an adequate CO to meet the 
metabolic demands of the tissues, and changes in 
CO lead to changes in VO2, which is then said to 
be dependent on the CO.

Since CO varies with VO2 and VO2 is influ-
ence by the body mass, CO varies with body 
mass. To compare individuals of different body 
sizes, it is necessary to normalize cardiac output 
in relation to body size. Unfortunately, it is not 
adequate to simply divide cardiac output by body 
weight because of the disproportionate amount of 
adipose tissue related to muscle differences 
among individuals. Adipose tissue has a lower 
metabolic rate than muscle and other body tis-
sues, and thus VO2 does not rise in proportion to 
body weight. It has been observed that the meta-
bolic rate varies with body surface areas and 
body surface area can be estimated by a formula 
developed by Dubois (Berkson Jm Boothby 
1936):

 Bodysurfacearea m weight kg height cm2 0 425 0 07184� � � � � � � �. .  (20.1)

Although body surface has become the stan-
dard for normalizing cardiac output, as noted by 
Guyton et al. (1973), the correlation between car-
diac output and body surface area in humans is 
not strong and even weaker in animals. Based on 
the work of Kleiber (1947), Guyton et al. argued 
that relationship of the metabolic rate and a 
power function of weight is much better (Guyton 
et  al. 1973) but accepted that normalization by 
body surface area has become the standard.

 The Fick Principle

 General Theory

The principle enunciated by Adolph Fick in 1870 
remains the basis for many of the techniques used 
for measuring CO (Fishman and Richards 1975). 
It is essentially a statement of the law of conser-
vation of mass. It postulates that the amount of a 
given substance at the outflow of a system must 
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equal the sum of the amount of the substance at 
the inflow and the amount added or removed 
between the inflow and outflow ends of the 
 system. An analogy may be helpful. Consider an 
observer standing in front of a conveyor belt. 
Every minute a 1 L bottle of milk passes in front 
of them. The person picks up each bottle that 
passes and drinks 100 mL × (0.1 L). Since one 
bottle passes each minute and 100 mL is removed 
from each bottle, the rate of milk consumption is 
100  mL/min. Conversely, if the rate of bottles 
moving along the conveyor belt is not known and 
exactly 100 mL is still poured from each bottle 

into a large graduated cylinder and this is contin-
ued for 10 min, 1 L of milk would accumulate in 
the cylinder over that 10  minute period. Since 
100 mL came from each 1 L bottle, then 10 bot-
tles must have gone by in those 10 minutes, or 1 
bottle per minute.

The Fick principle requires an indicator that is 
added at a constant rate. One of the better indica-
tor substances is O2 because both the rate of oxy-
gen uptake by the lung and the amount of O2 on 
either side of the lung can be measured fairly eas-
ily. The specific formula for CO using O2 as the 
indicator is:

 CO L
O consumption mL

arterialO venousO content m
/ min

/ min
� � � � �

�
2

2 2 LL L/� �
 (20.2)

The consumption of O2 is determined by 
applying the same principle to the inflow and out-
flow of O2 in the air from the lungs. The flow in 
this case is that of air going in and out of the 
lungs and is given by the minute ventilation. The 
consumption of O2 is then determined from the 
difference between O2 content in the inspired and 
expired air. The O2 content of the inspired air is 
equal to the product of the fraction of O2 in the 
inspired air (FiO2) and volume of inspired air. 
Similarly, the O2 content of the expired air (FeO2) 
is the product of fraction of O2 in the expired air 
and the expired volume. Normally, only the 

expired volume is measured. Unfortunately, 
inspired and expired volumes are not equal as 
CO2 is added to the expired air. The expired air 
value can still be utilized to calculate the inspired 
volume by correcting for the addition of CO2 
through the Haldane transformation, which takes 
into account the expired CO2 concentration 
(Jones and Campbell 1982).

The arterial O2 content is obtained by taking a 
sample of blood from any arterial site, since there 
is essentially no extraction of O2 until small ves-
sels are reached. The arterial O2 content is given 
by the formula:

 C O Hgb
S O

p Oa
a

a2
2

21 34
100

0 0031� � ��

�
�

�

�
� � �� �. .  (20.3)

Determination of the venous O2 sample is 
more problematic. It must come from a site where 
there is complete mixing of all venous blood. The 
only places where this is valid are the right ven-
tricle (RV) and pulmonary arteries (PA). Thus, 
this technique requires a right heart catheteriza-
tion and sampling of blood from the PA.

 Sources of Error Using the Fick 
Principle

Sources of error with the Fick principle can be 
considered under the following three categories: 
(1) errors in sampling and analysis, (2) errors 
caused by changes in cardiac output, and (3) 
errors caused by changes in respiration.
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 Errors of Sampling and Analysis

A requirement for use of the Fick principle is that 
the indicator must be thoroughly mixed with the 
fluid flowing at the site of sampling. This is not a 
problem on the arterial side of the circulation, but 
it is a problem on the venous side. As noted 
above, application of the Fick principle using O2 
requires a right heart catheterization and sample 
of blood from the RV or PA. Samples of blood 
from the right atrium (RA) or vena cava are not 
sufficiently mixed to allow for accurate calcula-
tion of CO by the Fick principle. A problem 
arises in patients who have intracardiac shunts, 
because pulmonary arterial blood no longer rep-
resents the mixed venous O2 content. In this situ-
ation, blood samples need to be taken from the 
superior and inferior venae cavae, and the mixed 
venous oxygen is calculated from a weighted 
average of these two samples, although a precise 
value cannot be determined.

As is evident when one looks at signals from 
continuous measurements of pulmonary artery 
saturation, O2 saturation of the pulmonary blood 
is pulsatile and variable. To avoid errors caused 
by this variation, the sample should be withdrawn 
over 5–10 seconds to even out the variations. The 
same is true with arterial samples, especially 
when the arterial PO2 is below 40–50 mmHg, as 
this places the hemoglobin on the steep part of 
the oxygen-dissociation curve, and slight changes 
in PO2 can have a profound effect on the O2 satu-
ration, and even the fluctuations in the PO2 with 
each heartbeat can affect the O2 content.

A number of errors in measurement must be 
considered. The calculation of O2 content given 
above ignores dissolved oxygen. At a normal 
alveolar PO2, this results in only a very small 
error. For every 1 mmHg PO2, 0.03 mL/L of O2 is 
dissolved in plasma. Therefore, at a PO2 of 
100 mmHg arterial blood, the dissolved O2 con-
tent is 3 mL/L. In the PA, the dissolved O2 con-
tent is only about 1.2  mL/L of O2. Since the 
arteriovenous O2 difference is in the range of 
40–50 mL/L, the error for neglecting this is neg-
ligible (i.e., less than 5 percent) and falls within 
the errors associated with measuring O2 satura-
tion and hemoglobin concentration. When the 

FiO2 is high, this error poses a significant prob-
lem. Matters are even worse if the arteriovenous 
difference is narrowed, as occurs in sepsis. When 
the FiO2 is 1.0, the dissolved O2 in a normal sub-
ject can be almost 40 percent of the arteriovenous 
O2 difference; under hyperbaric conditions this 
error is even greater.

Errors in the assessment of hemoglobin con-
centration can cause a problem in correct estima-
tion of O2 content. The O2 saturation is generally 
a very reliable measurement, but the hemoglobin 
measurement on a CO-oximeter is prone to errors 
in analysis. The factors affecting the measure-
ment of hemoglobin include excessive use of 
heparin in the sample syringe, which dilutes the 
blood sample and thus decreases the hemoglobin 
concentration, as well as insufficient heparin, 
which can result in formation of clots, thus artifi-
cially lowering the hemoglobin concentration.

Errors also can occur because of problems 
with measurement of VO2. A common problem is 
a “leak” in the system used to collect expired 
gases so that not all of the expired air is collected. 
Errors also arise at high FiO2 values, because the 
difference between FiO2 and fraction of expired 
oxygen (FeO2) becomes very small compared 
with their actual values, and analytic errors in the 
measurement of O2 have a greater effect. 
Alteration in the FiO2 is another confounding 
factor, because most analytical methods assume 
the FiO2 to be constant. Finally, VO2 is very much 
affected by changes in ventilation. This error is 
described below.

 Errors due to Changes in Cardiac 
Output

If CO changes during the measurement, one 
might consider taking the average arteriovenous 
O2 difference. However, the relationship of CO to 
the arteriovenous O2 difference is rectilinear; 
therefore, the change in CO and the arteriovenous 
O2 difference is not directly proportional. 
Fortunately, this only becomes an issue with very 
large changes in the arteriovenous O2 difference. 
This potential error should be considered if the 
patient does a Valsalva maneuver, is receiving a 
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transfusion that changes the hemoglobin concen-
tration during the measurement, or has a change 
in inotropic therapy during the measurement.

 Errors due to Changes in Respiration

Changes in ventilation introduce a potentially 
significant error when relying on the Fick method. 
An essential assumption is that the measurement 
of VO2 is a measure of the amount of O2 entering 
the blood each minute, and this is violated when 
the volume or air entering the lungs each minute 
is variable. Under steady-state conditions, the O2 
entering the blood must be equal. However, 
because the lungs are a large volume reservoir, 
over short time periods, the volume of O2  entering 
or leaving the lungs can be greater or less than the 
amount of O2 entering the blood. This is particu-
larly important when the FiO2 is high, because a 
greater proportion of the pulmonary gas volume 
is O2 and the impact of the pulmonary O2 volume 
is therefore greater. At an FiO2 of 1.0, a given 
change in pulmonary gas volume produces an 
error five times greater than that which would 
occur with room air. This error is potentially 
greater in patients with larger lung volumes. For 
example, if a patient has a VO2 of 250 mL/O2 per 
minute and the pulmonary O2 volume is increased 
by 250 mL in 1 minute, the apparent measured 
VO2 would be 500  mL/min, and the calculated 
CO would be double the actual value. To reduce 
the effect of changes in lung volume, expired 
gases are collected over a period of 3–5 minutes, 
but even with this precaution, changes in pulmo-
nary gas volume can have a substantial effect on 
the measurement of VO2. A unique problem 
arises in patients with bronchopleural fistulas, 
because an unknown amount of expired O2 
always is lost in the air and Fick principle cannot 
be applied without somehow temporarily stop-
ping the gas leak.

Increases in respiratory rate also affect the 
measurement of CO.  When respiratory rate 
increases, alveolar PCO2 falls, and alveolar PO2 
increases; thus, more O2 is stored in the lung, and 
VO2 is overestimated. This error can potentially 
create a very large problem in patients with 

Cheyne-Stokes respirations and episodes of 
apnea, as occurs in those with sleep apnea, con-
gestive heart failure, or central nervous system 
disorders.

An error that affects calculated CO by the Fick 
method can occur in the VO2 measurement in 
patients with a pulmonary inflammatory process. 
When lung inflammation is severe, consumption 
of O2 by the lung before it reaches the site of 
alveolar gas exchange with blood can be signifi-
cant. Consequently, cardiac output calculated by 
the Fick method is less than that obtained by dilu-
tion techniques or direct measurements of car-
diac output by electromagnetometry (Light 
1988). For example, Light found that VO2 could 
be overestimated by as much as 15% in a canine 
model of pneumonia (Light 1988).

 Continuous Cardiac Output BT 
the Fick Method

Considering the importance of CO measure-
ments, attempts have been made to acquire con-
tinuous measurements of CO using the Fick 
method (Guyton et  al. 1973; Keinanen et  al. 
1992; Wippermann et  al. 1996). The basic 
approach is to use a continuous measurement of 
VO2, either on a breath-by-breath basis or from a 
mixed expired gas sample. Continuous sampling 
of pulmonary venous O2 saturation can be 
obtained with an oximetric catheter and continu-
ous measurement of arterial saturation with a 
pulse oximeter placed on an extremity. The same 
errors discussed above can apply to these meth-
ods. The major concern is that each of the signals 
is variable on an instantaneous basis, and syn-
chrony with the other three measurements may 
be a problem. Changes in pulmonary volume or 
CO will produce spikes in the signal, which 
should be apparent, and cardiac output can be 
discerned by taking the average signal in trends 
over time. The ability to collect these average sig-
nals allows for a greater accuracy in discerning 
the mean value of CO. Nevertheless, one should 
exercise caution when interpreting dynamic sig-
nals with this approach. This technique has been 
successfully used in a pediatric population 
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(Wippermann et  al. 1996). When compared 
with the thermodilution measurements, the bias 
was −4.4 percent, and the precision was 0.32 L/
min or 21.3 percent, which is significant; how-
ever, it should be appreciated that a single ther-
modilution measurement may not be sampling 
the same value as that obtained by the average 
value using the continuous measurement of 
CO. The difference was most apparent in the neo-
natal population, largely in part because their 
VO2 is so low that it was at the level of detection 
of the metabolic monitor.

 Indicator Dilution Methods

The basic procedure in this technique is to 
inject an indicator substance into the venous 
blood and measure its concentration continu-
ously in the blood at an arterial site. The sub-
stance must not affect circulatory dynamics, 
must not disappear from the blood before it 
passes the point of detection, and must be read-
ily detectable. There are two different 
approaches: a single injection in which the indi-
cator is rapidly injected and the continuous 
method, in which a continuous infusion of an 
indicator is given and the arterial blood is ana-
lyzed over a long enough period of time after-
ward to ensure a steady-state concentration in 
the arterial blood. In the first reported use of an 
indicator dilution technique in 1897, Stewart 
employed the continuous dilution method 
(Stewart 1975). He gave a sudden infusion of 
hypertonic saline in the right side of the heart 
and measured the change in the electrical con-
duction of the arterial blood by placing an elec-
trode over an artery. When the arterial blood 
conductivity reached a plateau, a sample of 
arterial blood was withdrawn and the concen-
tration of saline measured. CO was then calcu-
lated by application of the Fick principle. The 
rate of injection of hypertonic saline was used 
for the rate of addition of the indicator sub-
stance, in this case, saline. The normal saline 
concentration in the venous blood of the initial 
sample was considered zero or baseline, and the 
increase in concentration in the arterial blood 

could then be used to represent the arteriove-
nous difference. The rate of injection divided 
by the arteriovenous difference gave the cardiac 
output according to the Fick principle. Obvious 
problems with this are that the increase in blood 
volume could change cardiac output and the 
increased salt can affect vascular tone.

Hamilton and colleagues are given credit for 
working out the technique for the single-injection 
method and the rigorous analysis of its possible 
errors (Kinsman et  al. 1975). This technique is 
the one most commonly used today, since it is the 
basis of the measurement of CO using the ther-
modilution catheter, which is discussed below. 
The basis of single-bolus-indicator dilution tech-
nique is that after an indicator is rapidly injected 
into the blood, the concentration transiently rises 
and then decreases over time. The area under the 
curve (AUC) gives the mean concentration time 
to return to baseline temperature according to the 
formula:

 Cardiac output integral of= I Cdt/  (20.4)

where I is the amount of indicator injected, C is 
the concentration of indicator, and t is time in 
seconds. The formula can be reduced to:

Cardiac output L / min /� � � �60 I CT
 

(20.5)

where C is the mean concentration, T is the time 
to equilibration of temperature, and 60 converts 
seconds to minutes. The amount of indicator 
injected divided by the average concentration of 
indicator during time T gives the total volume that 
passed through the site of complete mixing –i.e., 
the heart. When multiplied by 60 and dividing by 
the number of seconds, duration of the curve 
gives the CO in liters per minute. The rationale 
for this comes from the realization that the 
amount of indicator passing the detector each 
second is given by the product of flow in liters per 
second and the concentration in grams per milli-
liter for that second period. A further assumption 
is that the concentration is the same everywhere 
in the major arteries. The sum of all the intervals 
therefore gives the total amount of indicator 
injected (M); thus:
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M Cdt� �cardiac output integral
which simply is the rearrange

,
mment of Cardiac output integral of� I Cdt/ .

 (20.6)

The major technical problem that must be 
overcome with this technique is the recirculation 
of the indicator, which affects the tail end of the 
concentration curve and makes it difficult to pre-
dict T accurately and thus also the area under the 
concentration curve. Hamilton et al. provided the 
basis for the elimination of the recirculation time. 
They plotted the concentration-versus-time on 
semilogarithmic paper and then drew a straight 
line for the descending part of the curve. The 
rationale for this is that the concentration of the 
indicator disappears as a single exponential, such 
that:

dc dt kC C C e kt/ � � � �� �and therefore 0  (20.7)

The upstroke of the curve is complicated by 
the lack of instantaneous mixing and a dispersion 
of washout curves as the substance moves along 
the vascular tree, but the initial part of the 
downslope indeed matches a washout curve and 
hence supports the rationale behind the semiloga-
rithmic approach (Guyton et al. 1973). Alternative 
approaches today, with computer technology, 
allow curve-fitting techniques to predict the 
downslope of the curve from the measurement of 
dye concentration versus time.

Basic requirements in the indicator dilution 
technique are that the substance must com-
pletely mix with all the blood and most of the 
indicator must pass a sampling site before recir-
culation of the indicator begins. Potential errors 
can occur from changes in the rate of blood flow 
due to either changes in CO or changes in the 
fraction of flow going to the sampling site, 
although the latter is exceedingly rare. Another 
potential problem occurs if the course of blood 
follows different parallel channels with differ-
ent velocities of flow and different dispersions, 
since the recombination of these channels may 
occur unevenly and affect the downslope of the 
curve.

 Thermodilution Technique

 General Theory

Today, the most common indicator substance is a 
cold saline aliquot, and the thermodilution tech-
nique has become the predominant method for 
measuring CO in the ICU.  Excellent detailed 
reviews have been published (Jansen 1995; 
Nishikawa and Dohi 1993). The basic principle is 
that cold saline injected into the blood at a proxi-
mal site in the circulation produces a change in 
temperature, which can then be sampled down-
stream. A bolus of the solution that is cooler than 
the temperature of the blood produces a change 
in temperature over time, which appears as the 
inverse of a dye-dilution curve. Advantages to 
this approach over the dye-dilution technique are 
that the change in temperature is easy to measure, 
it can be done in vivo, and, importantly, there is 
no recirculation of the cold solution, which 
makes the analysis of the downslope of the dilu-
tion curve much simpler. There is also no accu-
mulation of the indicator, so that repeated 
measurements can easily be performed.

The original principle was described by Fegler 
in 1954 (Fegler 1954), but it was not until the 
development of flotation catheters that easily can 
be advanced into the pulmonary artery that this 
technique flourished. In the past, the standard 
approach was is to inject 10 mL of ice-cold dex-
trose in water with the assumption that the water 
was approximately 0  °C, but currently it has 
become easy to measure the temperature of the 
injected dextrose with a thermistor at the site of 
injection so that room-temperature water can be 
used. The solutions are injected through a port in 
the right atrium of a multilumen catheter. The 
change in temperature is sampled by a thermistor 
located at the distal end of the catheter in the pul-
monary artery. The change in temperature from 
baseline is recorded by a microprocessor, and CO 
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is calculated by the integration of the change in 
temperature over time (Weisel et al. 1975).

Although, there is no problem with recircula-
tion with this technique, the return of the tem-
perature to baseline is delayed. This is believed to 
result from the slow washout of cold from the 
myocardium, endothelial surface, and catheter 
(Weisel et al. 1975). The down part of the change- 
in- temperature curve must thus still be extrapo-
lated by a curve-fitting technique. This is usually 
done when the change in temperature is less than 
30 percent of the peak change. Repeat measure-
ments cannot be performed until the baseline 
returns to a steady value.

 Sources of Variability

Sources of variability in thermodilution measure-
ments can be considered under (1) technical fac-
tors in the injection, such as errors in injectate 
volume and injection technique; (2) errors due to 
variations in the physiologic and pathophysio-
logic conditions, such as changes in pulmonary 
temperature and changes in cardiac output; and 
(3) analytic errors related to determination of the 
area under the temperature-change curve.

 Errors Related to the Injectate

The integrated temperature is the difference 
between the baseline temperature and the tem-
perature recorded during the passage of the cold 
injectate. There are always fluctuations in the 
baseline temperature; if these changes are large 
and the change in temperature with the injectate 
is small, then the signal-to-noise ratio is small, 
and accuracy is reduced. To maximize the signal- 
to- noise ratio, it was initially thought that an ice- 
cold solution should be used, because this would 
give the maximum possible change in tempera-
ture (Goodyer et al. 1959; Ganz et al. 1971). An 
ice-cold injectate however increases the potential 
heat gain before the fluid is injected. For exam-
ple, the temperature of an ice-cold 10 mL syringe 
held in the hand will increase by 1 degree every 
13 seconds, and each change in degree centigrade 

produces an error in CO measurement of 2.86 
percent (Nishikawa and Dohi 1993). The syringes 
should also be left in an ice bucket for at least 
15–20 mins to ensure that they are cooled evenly. 
This means that syringes must be prepared in 
advance, which decreases the convenience of this 
technique and the ability to perform rapidly 
repeated measurements. Since syringes must be 
prepared separately and individually iced and 
many syringes are needed, this potentially 
increases the risk of contamination. Finally, using 
a colder injectate also means that a longer period 
of time is needed for the washout of cold from the 
tissues, and this increases the time delay between 
measurements (Pearl et  al. 1986). With all of 
these potential problems, it might be expected 
that cold injectate is less effective than that at 
room temperature, but the reported variability of 
measurements is low. It should be appreciated 
that these measurements are obtained in studies 
in which greater rigor is probably applied than is 
often the case with multiple operators in an ICU.

It has now been demonstrated that the use of a 
solution at room temperature is just as accurate 
and much more convenient than use of an ice- 
cold solution (Pearl et  al. 1986; Shellock and 
Riedinger 1983; Vennix et  al. 1984; Stetz et  al. 
1982). Because the solution is at room tempera-
ture, the syringes do not have to be prepared in 
advance, and there is no change in temperature 
when the syringes are not used immediately. The 
syringes will still warm in the operator’s hand; 
therefore, the operator must take caution to not 
handle the syringes for an extended period of 
time.

An important factor in the thermodilution 
technique is to have an accurate measure of the 
injectate temperature. When an ice-cold solution 
is used, the syringes are put on ice, and the injec-
tate solution temperature is assumed to be zero. 
With the use of injectates at room temperature, 
two bags of solution are kept at the bedside; the 
thermistor probe is inserted into one, and the 
other is used for the withdrawal of sterile sam-
ples. The two bags should thus have the same 
temperature. A common a setup includes con-
necting the thermistor to a bag of dextrose in 
water, which is left at the bedside, and injectate is 
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drawn from a bag attached to the manifold con-
nected to the ports of the thermodilution catheter/
PAC. This bag is also used for flushing the cath-
eter. This approach makes it easier to keep the 
samples sterile, allows for repeated injections, 
and requires only one syringe. An error can arise 
when a fresh bag of injectate is prepared, espe-
cially if it is taken from a refrigerated source, 
since time is needed to equilibrate the injectate 
bag with room temperature. As indicated above, 
currently, it has become common to measure the 
injectated temperature through the catheter used 
for the injection.

Problems can arise with the use of room- 
temperature solutions if the environment is very 
hot (i.e., a burn ICU greater than 30 degrees 
Celsius (86 degrees Fahrenheit) because the 
signal- to-noise ratio will then be very small). The 
same problem also arises if the patient’s tempera-
ture is very low, as occurs in patients who have 
undergone cardiac surgery or those resuscitated 
from hypothermia. As opposed to an iced-cold 
solution, a room-temperature solution also pro-
duces more variable results when the cardiac out-
put is low because of the low signal-to-noise ratio 
in the dilution curve (Nishikawa and Dohi 1993).

The volume of the solution is another impor-
tant variable (Pearl et  al. 1986; Elkayam et  al. 
1983). CO is directly proportional to the injectate 
volume, and whatever percent of error is intro-
duced by an inaccurate volume of the injectate 
gives the same percent of error in CO. There is 
always a potential for error in volume measure-
ment because of the volume being trapped in the 
dead space of the catheter system or because of 
small air bubbles in the syringe and from the 
stopcocks. The error will tend to be of the same 
magnitude whether the injectate is 3 or 10 mL; 
therefore, the percent of error is greater with 
small volumes of injectate. For this reason, it is 
recommended that 10 mL of solution be used in 
the adult patient. The volume should be adjusted 
accordingly in children. If the injectate volume is 
too large, especially with ice-cold solutions, the 
precipitation of cardiac dysrhythmias is possible 
(Harris et al. 1985; Nishikawa and Namiki 1988).

The theory assumes that the indicator mixes 
with the blood at the site of injection. If the injec-

tion is too slow, then this condition is not met, 
and the CO will be overestimated (Bazaral et al. 
1992), because the longer washout curve will 
increase the denominator of Eq.  20.4 by 
thermodilution.

An important source of potential error to be 
wary of is the use of a large infusion of fluids 
through a central catheter at the same time as the 
measurements are made, for this will add another 
large source of cool indicator. If the infusion pro-
duces a steady-state reduction of pulmonary 
artery temperature, the CO will be underesti-
mated. However, if the PA temperature is still 
falling, CO will be overestimated. This may be 
the cause of inaccurate thermodilution CO mea-
surements as compared with electromagnetome-
try reported in dogs undergoing rapid blood loss 
(Nishikawa 1993).

 Errors Related to Physiologic 
and Pathophysiologic Factors

During the respiratory cycle, there are variations 
of pulmonary temperature that produce fluctua-
tions in the baseline signal at the thermistor. CO 
measurements thus vary depending on when in 
the respiratory cycle the measurement is initiated 
(Delhaas et al. 1992; Jansen et al. 1981). There 
are also physiologic variations in the pulmonary 
blood flow related to changes in the pleural pres-
sure. It has been suggested that it might, there-
fore, be advantageous to standardize the time in 
the respiratory cycle in which the injection is 
made. Changes in CO during the respiratory 
cycle are not uniform in all individuals; even if 
they were, this would give the CO for only part of 
the cycle. It has been found that the measurement 
of three randomly placed injections in the respi-
ratory cycle is just as accurate as trying to choose 
a fixed point, and it is definitely simpler. 
Therefore, the present recommendation is not to 
try and inject during any specific point in the 
cycle (Jansen 1995; Nishikawa and Dohi 1993; 
Delhaas et al. 1992; Jansen et al. 1981).

Changes in CO during the measurement will no 
doubt have an effect on the measurement. This 
must be considered when using an ice-cold solu-
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tion, since it can cause slowing of the heart rate by 
as much as 10 percent and can consequently result 
in decreased pulmonary blood flow, which will 
lead to an underestimation of the CO (Harris et al. 
1985). The change in heart rate with a solution at 
room temperature is only 4 percent. Arrhythmia, 
particularly atrial fibrillation, also produce an irreg-
ular stroke volume, leading to artifactual thermodi-
lution measurements. In this case, the actual stroke 
volume/flow at each second is variable, but there is 
also a variability produced by an increase in noise 
in the signal, which produces less accuracy in mea-
suring the area under the temperature curve.

A very common cause of inaccurate CO mea-
surements in the ICU is tricuspid regurgitation 
(TR) (Heerdt et al. 1992; Boerboom et al. 1993). 
This can affect the measurement in a myriad of 
ways. The regurgitant fraction of the right ventric-
ular output exposes the blood to a greater volume 
of tissue, including that in the inferior vena cava, 
and this warms the blood faster than usual, before 
it can be measured at the distal thermistor. CO is 
thus overestimated because the washout of the 
cold temperature is faster. If the regurgitant frac-
tion is very large, there can be a delay of delivery 
of the indicator to the distal thermistor as well as 
an increase in the variability of the signal, which 
makes the integration of the  change-in- temperature 
curve less accurate. The slow release of cold blood 
from the atrium because of the regurgitant fraction 
results in an underestimation of cardiac output 
because it prolongs the descending part of the 
curve and increases the denominator of the equa-
tion listed above.

Most reports demonstrate an increased vari-
ability and inaccuracy of CO measurements in 
patients with TR (Nishikawa and Dohi 1993; 
Heerdt et  al. 1992). There have been several 
reports that have failed to find a difference 
between Fick and thermodilution output mea-
surements in patients with TR and without 
TR.  The difference between CO measurements 
has been small, or the CO was quite low in all 
patients; the variability was thus already large, 
and it would have been difficult to detect a differ-
ence between techniques in patients with TR.

An advantage of the thermodilution technique 
over the dye-dilution technique in the absence of 

an intracardiac shunt is that there is no recircula-
tion. The presence of an intracardiac shunt allows 
for recirculation to occur, and the descending part 
of the thermodilution curve cannot be properly 
integrated with the standard automatic cardiac 
output computers, although techniques are avail-
able for use with the actual thermodilution curve. 
Note that the problem with a left-to-right shunt is 
not the addition of flow distal to the injection site, 
because the injection can be from a proximal site 
with dilution techniques. Rather, the problem 
arises in the recirculation of cold blood through 
the shunt. Right-to-left shunts produce a different 
problem. They result in a loss of indicator and 
inadequate mixing as the stream of cold solution 
separates and reforms.

 Analytical Problems

A major analytic problem in all dilution tech-
niques is the proper assessment of the downward 
part of the dilution curve. This problem is promi-
nent in low CO states, because the washout curve 
is very slow and it is difficult to distinguish the 
washout of cold from the blood from the washout 
of cold from the tissues (Van Grondelle et  al. 
1983). The tissue component is also greater 
because of the longer contact time of the cold 
injectate with the tissues.

An interesting and potentially clinically 
important problem arises in patients after cardiac 
surgery. Following aortocoronary bypass proce-
dures, the core temperature can be as low as 
33–34 degrees centigrade. This results in a much 
smaller signal-to-noise ratio with the use of injec-
tate at room air temperature. More importantly, 
there is also an initial change to the temperature 
when the patient comes off bypass (Bazaral et al. 
1992) and then again during rapid rewarming. 
These changes in baseline temperature can sig-
nificantly decrease the measured cardiac output.

Another technical problem that can poten-
tially arise is the wedging of the catheter tip dur-
ing the measurement. This blocks the thermistor 
from the bloodstream and produces an erroneous 
recording of the blood temperature. It can be 
avoided by ensuring that a good pulmonary artery 
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tracing is present on the monitor before conduct-
ing a measurement.

A number of simple procedures can be of help 
in evaluating the validity of thermodilution CO 
measurements in a patient whose results appear 
spurious. Firstly, the dilution curve should always 
be examined for artifacts or unusual shape, partic-
ularly a long “tail.” Secondly, repeated measure-
ments should produce consistent results. Finally, 
one can obtain a mixed venous sample and deter-
mine if it is appropriate for the measured cardiac 
output and observed clinical status. For example, 
if the CO is high and sepsis is suspected, the mixed 
venous oxygen content should be high. If the CO 
is high and the mixed venous oxygen content is 
also low, these values are concordant. The mixed 
venous oxygen saturation, the arterial saturation, 
and cardiac output can be used to calculate the 
VO2 from the Fick equation, and this value can be 
assessed to determine if it is consistent with the 
patient’s condition and whether the results corre-
late with the patient’s clinical condition.

 Reliability

Stetz et  al. (1982) reviewed nine studies that 
addressed the reproducibility and accuracy of the 
thermodilution method. They found that with 
three injections, the reproducibility data indicate 
that there should be a 12–15 percent difference in 
the measured cardiac outputs before the change 
in cardiac output can be considered to be signifi-
cant. This value increases to 20–26 percent if 
only one injection is performed.

 Continuous Thermodilution 
Technique

Techniques have also been developed to obtain 
continuous measurements of cardiac output by the 
thermodilution approach (Yelderman et al. 1992; 
Haller et al. 1995). With this approach, a thermal 
catheter is placed at the usual site of the injectate 
port. This filament gives a transient burst of heat. A 
distal thermistor then monitors the change in tem-
perature in the blood, and the thermodilution-time 

curve is used to determine cardiac output as in the 
usual method of thermodilution cardiac output 
determination. Bursts of heat are given repeatedly. 
The on/off times of the thermistor can be random-
ized to a stochastic approach, which reduces the 
signal-to-noise ratio and allows for smaller boluses 
of heat (Yelderman et al. 1992). The advantage of 
obtaining multiple CO measurements by this tech-
nique is that atypical measurements become more 
obvious and the trends can be more readily fol-
lowed. The system has yielded very good accuracy 
and precision when compared to the Fick method 
and bolus thermodilution as demonstrated in a 
swine model (Thrush et  al. 1995). It was subse-
quently tested on patients following aortocoronary 
bypass procedure (Bottiger et al. 1995). The preci-
sion and accuracy were excellent before and 
45 minutes after surgery but not in the immediate 
postoperative period, presumably due to changes 
in the baseline temperature. In one study, this tech-
nique was compared with cardiac output measure-
ment by an electromagnetic flow probe on the 
ascending aorta in patients undergoing cardiac sur-
gery (Hogue Jr et al. 1994). The bias was −0.48 L/
min and precision was 0.56 L/min. The difference 
was greater than 20 percent in 11 percent of 
measurements.

 Use of Expired Gases and the Fick 
Principle to Measure Cardiac 
Output

The Fick principle can be applied to expired 
gases to noninvasively measure cardiac output. 
This requires manipulating the expired gases so 
that the mixed venous concentration of the indi-
cator can be obtained. A commonly used indica-
tor is carbon dioxide (CO2). This can be done 
with a rebreathing technique or a single-breath 
technique.

 Rebreathing Technique

In this approach, CO2 is used instead of O2 for the 
direct Fick method. Cardiac output is then 
expressed as:
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In the rebreathing method (Jones and 
Campbell 1982), subject rebreathe from a bag 
containing from 6% to 10% CO2 in air. The 
expired CO2 is continuously measured until the 
concentration reaches a plateau. When this 
occurs, CO2 in the alveoli should be in equilib-
rium with CO2 in the pulmonary arterial blood 
and thus gives a measure of the mixed venous 
CO2. The PCO2 in the bag at the plateau can then 
be used to calculate the pulmonary arterial CO2 
content from the hemoglobin-CO2 dissociation 
curve. This, in turn, can be calculated from the 
PCO2 and hemoglobin concentration because the 
blood CO2 content-PCO2 relationship is rela-
tively linear above a PCO2 of 30  mmHg. The 
arterial PCO2 can be obtained by appreciating 
that arterial PCO2 is approximately equal to alve-
olar CO2. Therefore, end-expiratory CO2 gives a 
measure of arterial PCO2. Finally, VCO2 is 
obtained by collecting the expired gases over a 
fixed time and measuring the volume and CO2 
concentration. Since the inspired CO2 is essen-
tially zero, the CO2 production, VCO2, is the con-
centration of CO2 in the lung multiplied by the 
expired volume divided by the time of collection 
(Jones and Campbell 1982).

 Potential Problems

The selection of the initial PCO2 for the rebreath-
ing bag is very important. If this value is too high, 
the plateau in the expired PCO2 will never be 
reached because there is recirculation of the CO2 
which will continuously increase the value 
because of the continual production by the body. 
If the initial PCO2 is not high enough, it will take 
too long for the subject to reach a plateau, or a 
plateau may never be reached.

The major problem with this approach is that, 
under resting condition, the difference between 
mixed venous and arterial PCO2 only is about 
6 mmHg. Therefore, small errors in the analysis 
of PCO2 have a large impact on the measurement. 
For example, with an arteriovenous difference in 

PCO2 of 6 mmHg, a 1 mmHg error in analysis of 
either signal will result in almost a 15% error. For 
this reason, this approach is much more effective 
when cardiac output is elevated and the arteriove-
nous CO2 difference is increased, as is the case 
during exercise. On the other side, the technique 
should be more accurate in patients with a low 
cardiac output state because they have a larger 
arteriovenous CO2 gradient than normal 
subjects.

The estimate of arterial CO2 also is a poten-
tial source of large error when there are inhomo-
geneities of washout of pulmonary gases. This 
is because the peak of the expired CO2 curve 
does not necessarily indicate arterial blood CO2 
in this case. This obviously is a major issue in 
the ICU, where many patients have acute or 
chronic lung disease. This problem can be ame-
liorated easily since most patients in the ICU 
have an arterial line in the ICU and arterial 
PCO2 can be directly measured from an arterial 
sample. When this is done, the bias, compared 
with thermodilution, was −0.06 L/m2 per min-
ute, and confidence intervals were  −  0.120–
0.001  L/m2 per minute, indicating very good 
precision (Neviere et al. 1994). This study was 
also performed in patients with chronic obstruc-
tive pulmonary disease; however, it is likely that 
these patients did not have a large shunt compo-
nent, because otherwise the bias should have 
been more negative. The presence of significant 
shunts could significantly limit the value of this 
technique in the ICU.

Another potential error is that the breathing 
maneuver required to obtain a plateau during the 
rebreathing from the bag can alter the cardiac 
output. Another assumption with this technique 
is that the CO2-hemoglobin dissociation curve is 
linear. This is true only at values of PCO2 above 
30  mmHg. If the patient hyperventilates mark-
edly and the PCO2 is much below 30 mmHg, this 
assumption is no longer valid. Finally, this tech-
nique measures only pulmonary capillary flow in 
contact with the alveoli, and shunted blood is not 
measured. Bing and coworkers actually used this 
fact to measure shunt flow by comparing the 
direct and indirect Fick calculations of cardiac 
output.
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 Single-Breath Technique

The CO2 rebreathing technique requires time 
and patient cooperation and thus is not very 
useful in the ICU. The rapid breathing required 
to obtain the plateau in expired CO2 can also 
affect patient hemodynamics. Therefore, 
efforts have been made to try and obtain car-
diac output from a single long expiration. 
These approaches do not require an estimate of 
arterial PCO2 from “normal” alveolar air. The 
basic principle is as follows. Oxygenated blood 
carries less CO2 than deoxygenated blood, and 
when the venous blood is oxygenated in the 
lungs, CO2 is liberated. It can be shown that 
when the respiratory exchange ratio (R) of VO2 
to VCO2 reaches 0.32, arterial and venous 
PCO2 are equal, even though the venous CO2 
content is greater. During a long expiration, 
alveolar CO2 progressively rises and the R 
value decreases. When the R value reaches 
0.32, alveolar, arterial, and mixed venous CO2 
tensions are equal, and the alveolar sample can 
be used to obtain the mixed venous PCO2. The 
arterial PCO2 can be obtained by taking the 
alveolar PCO2 and the patient’s R value. The R 
value is calculated from the VO2 and VCO2 
prior to initiating the maneuver. The CO2 con-
tent is then obtained from the CO2 dissociation 
curve for the subject. This curve is calculated 
using the patients PCO2 and hemoglobin (Jones 
and Campbell 1982). Cardiac output then can 
be calculated using the Eq.  20.8. This proce-
dure can be automated so that the rapid analy-
sis of PO2 and PCO2 of each breath gives the 
cardiac output on a breath-by-breath basis.

This approach is attractive in that it allows 
noninvasive and continuous measurement of 
cardiac output. As is the case with the CO2 
rebreathing method, abnormalities in ventila-
tion-perfusion matching and pulmonary func-
tion markedly affect the accuracy of this 
technique and greatly limit its potential useful-
ness in the ICU. Currently no studies employ 
the single-breath technique with CO2 as the 
indicator gas in the ICU.

 Foreign Gas Method

The concentration of a highly diffusible gas such 
as acetylene is the same in the alveoli and sys-
temic arterial blood assuming that there is no 
intrapulmonary shunting. The concentration in 
the systemic blood (Csa) can then be calculated 
from:

 Csa Pal� � k  (20.9)

where Csa is the concentration of the gas in the 
systemic arterial blood in milliliters per liter, Pal 
is the partial pressure of the gas in the alveoli in 
mmHg, and k is the solubility coefficient of the 
gas in milliliters per liter per mmHg.

Inert soluble gases can be used in the single- 
breath or rebreathing technique. With either 
approach, the objective is to measure the washout 
of the soluble gas from the lung. In rebreathing 
techniques (Hsia et al. 1995; Nielsen et al. 1994; 
Pierce et  al. 1987), the subject breathes from a 
bag with an indicator gas for approximately 
15 seconds to allow an equilibrium to be reached 
with the gas in the bag, the alveoli, and the arte-
rial blood; the washout of gas is then monitored. 
The end-expired gas samples give a measure of 
the arterial concentration, and the mixed venous 
concentration is assumed to be zero as long as the 
measurement is conducted before there is signifi-
cant rebreathing. CO can then be calculated as 
follows:

 CO Qg Pal� �/ k  (20.10)

where Qg is the rate of uptake of the gas (or 
washout) and k and Pal are as described above.

In the single-breath technique (Nielsen et al. 
1994; Pierce et  al. 1987; Zenger et  al. 1993; 
Elkayam et al. 1984), the subject breathes in from 
a bag with a known concentration of the inert gas, 
and the initial value is extrapolated from the 
value at zero time of the concentration versus 
time.

A problem with this technique is the assess-
ment of the exposure of the inert gas to the blood 
interface because this affects the rate of uptake of 
gas. To account for this, another gas also is mea-
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sured so that the ratio of the change in that gas to 
change in the soluble gas, such as acetylene, can 
be used to determine the rate of washout of acety-
lene. Various gases have been used. Initially O2 
was used, but investigators have used insoluble 
gases like helium (Elkayam et al. 1984), methane 
(Ramage Jr et al. 1987), and argon (Pierce et al. 
1987). These are added to the rebreathing bag 
and have a different rate of uptake or no uptake, 
which allows an accounting of volume changes 
and allows the calculation of the rate of clearance 
of acetylene. The decay curve of acetylene con-
centration gives the rate of loss of acetylene, 
which is the source of the numerator in the car-
diac output calculation. This curve is then extrap-
olated back to time zero, which gives the initial 
arterial concentration of acetylene. Since the 
venous sample is assumed to have a zero concen-
tration of acetylene, cardiac output can be deter-
mined from the ratio of the rate of loss of 
acetylene and the arterial content.

The advantage of the single-breath technique 
is that it allows rapid repeated measurements and 
requires less cooperation (Crapo and Morrish 
1987). Its accuracy tends to be less than that of 
rebreathing methods. The single-breath and 
rebreathing approaches with acetylene have been 
compared in a number of studies. Wendelbow 
et  al. concluded in dogs that the single-breath 
technique is inferior, which is not surprising, 
considering the potential for greater variability in 
the extrapolation of the initial arterial concentra-
tion and the greater assumptions required in this 
assessment (Nielsen et  al. 1994). Others have 
also found that the single-breath measurements 
of cardiac output agree well in patients with nor-
mal lung physiology but less well in patients with 
obstructive lung pathology (Pierce et al. 1987). In 
one study of patients with coronary artery disease 
(Zenger et al. 1993), the bias compared to ther-
modilution was 0.03  L/min, and the standard 
deviation of the difference was 0.76 L/min. The 
accuracy was less in patients with an FEV1/
FVC < 60 percent. In another study (Zenger et al. 
1993), the bias compared to thermodilution was 
only −0.39 L/min with a precision of 0.94 L/min. 
This was improved by adding a correction for 
shunt. The error produced by shunt with obstruc-

tive lung disease greatly limits the potential value 
of these techniques in the ICU.

 Pulse Contour Analysis

Devices have been developed to use arterial pres-
sure obtained from an intra-arterial catheter to 
measure cardiac output by pulse contour analysis 
(PCS). These systems allow CO to be estimated 
continuously after an optional external calibra-
tion with some systems. The systems measure 
stroke volume (SV), and CO is calculated by 
multiplying SV by heart rate (HR). HR is typi-
cally equal to the pulse rate. The device takes the 
arterial pressure waveform as an input. The pulse 
rate is the number of upstrokes on the arterial 
pressure curve over time. To calculate SV the 
pressure measurement is converted into a volume 
measurement by integrating the pressure over 
time which gives volume. The systems use the 
Otto Frank’s Windkessel model from 1899 that 
has been modified to incorporate arterial imped-
ance (Za), arterial compliance (Ca), and systemic 
vascular resistance (SVR) (Frank 1899).

Arterial impedance is then the ratio of pres-
sure to flow in the central arteries and is deter-
mined by the physical properties of the arterial 
walls. It represents the forces opposing the prop-
agation of the pressure wave transmitted along 
the arterial system. The compliance of the arterial 
system is defined as the difference in blood vol-
ume induced by a difference in pressure and is 
mainly affected by the elastic properties of the 
arterial walls. The SVR is the resistance of the 
total systemic vasculature to the blood flow. A 
limitation of this approach is that arterial imped-
ance and compliance have to be assumed. To do 
so all systems but one do this with the use of 
internal nomograms or databases that are based 
on demographic data, such as age and gender.

 Vigileo™-FloTrac System

The Vigileo™ monitor employs the proprietary 
FloTrac™ (Edwards Lifesciences, Irvine, CA) 
attached to a standard radial or femoral arterial 
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line. There is no external calibration. The system 
samples the arterial waveform at 100  Hz and 
determines CO in 20-second intervals by a multi-
plication of the pulse rate with the standard devi-
ation (SD) of the arterial pressure over a period of 
time (σ) and “conversion factor” χ, which 
accounts for both vascular resistance and compli-
ance and is calculated by a complex multivariate 
polynomial function. This function uses pulse 
rate, BSA, predicted aortic compliance, mean 
arterial pressure, and the SD of the arterial pres-
sure over a fixed time, as well as the shape of the 
arterial waveform. The aortic compliance is 
determined using an internal demographic data-
base (age, sex, height, and weight) and mean 
arterial pressure. The flow or SV is then calcu-
lated based on the following:

 
APCO PR AP� � �� �� �

 
(20.11)

where PR is the pulse rate and χ is the multivari-
ate polynomial function.

The FloTrac™ algorithm has been refined 
multiple times since its introduction. The internal 
database has been expanded, and the tracking of 
SV has been improved by electronically eliminat-
ing and interpolating abnormal or premature 
beats.

The accuracy of this arterial-based technology 
is questionable during hemodynamically unsta-
ble states although the precision likely is reason-
able. More robust algorithms will be required to 
compensate for states of low- and high-peripheral 
vascular resistance.

 LiDCO plus® System

This system (Fig. 20.1) also uses analysis of a 
pulse contour from an arterial pressure wave-
form from an arterial line to determine SV and 
CO. It differs from the above-described system 
in that it utilizes a lithium-based dye-dilution 
technique to calibrate its pulse contour analysis 
algorithm referred to as pulse CO. After calibra-
tion, the LiDCO plus® system (LiDCO, 
London, UK) can generate CO measurements 
using analysis of the pulse contour and the gen-

erated algorithm; however, recalibration is rec-
ommended every 8 hours.

There also is a LiDCO rapid® system which 
uses an algorithm based on predicted arterial 
compliance and impedance as is the case with the 
FloTrac. A difference between the two devices is 
that the LiDCO uses a reverse approach. The 
algorithm subtracts the calculated stroke volume 
from the predicted value rather than correcting 
the calculated from the predicted. The results 
seem to be similar.

 PiCCO System

This device, too, calculated CO by pulse contour 
analysis of the arterial pressure waveform but in 
addition uses a thermodilution measurement to 
calibrate the signal and thus provides a more 
accurate measurement than the devices that just 
use the pulse contour. To do this a cold solution is 
injected in a central vein and detected by an arte-
rial catheter. This needs to be in a large vessel and 
is thus usually put in a femoral artery, but a bra-
chial artery also can be used but with some loss 
of accuracy. Although the thermodilution pro-
vides more reliability, the need for cannulation of 
a larger artery makes it more invasive, and when 
positioned in the femoral artery, it reduces mobil-
ity. The PiCCO monitor (Pulsion Medical 
Systems, Munich, Germany) uses the thermodi-
lution signal to obtain several other measure-
ments including global end-diastolic volume of 
all four heart chambers and extravascular lung 
water measurements (Oren-Grinberg 2010). As 
with other PCS, periods of significant hemody-
namic variability may result in inaccuracy in CO 
measurement which would necessitate frequent 
recalibration. Small single-center studies, differ-
ent settings, and different standards of reference 
make generalization difficult (Boyle et al. 2007).

 Esophageal Doppler

The esophageal Doppler produced by Deltex 
Medical (Fig. 20.2) is a flexible probe that has a 
Doppler transducer (4 MHz continuous or 5 MHz 
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pulsed wave, according to manufacturers) at the 
tip that is placed in the esophagus to obtain an 
aortic velocity signal in the descending aorta. 
The technology allows an assessment of cardiac 
preload by examining the velocity time integral 
(VTI) of the aortic flow (normal range, 330–
3360 msec) (Fig. 20.2b). A decrease in this value 
indicates a decrease in preload of the left ventri-
cle. This can be due to a true decrease in blood 
volume but also can be due to right ventricular 
limitation of cardiac output. The esophageal 
Doppler allows for quantification of myocardial 
contractile function by assessing peak velocity of 
the aortic VTI signal (normal >70  cm/sec). 
Finally, the technology is able to derive vascular 
tone by analysis of the VTI waveform. A meta- 
analysis by Dark and Singer demonstrated an 

86% correlation between CO as determined by 
esophageal Doppler and pulmonary artery cathe-
ter (Dark and Singer 2004).

Clinical studies have demonstrated that trans-
esophageal Doppler-guided protocols compared to 
conventional approaches of volume replacement 
(clinical assessment and/or CVP alone) conclu-
sively reported beneficial effects in the Doppler-
optimized groups (Noblett et  al. 2006; Wakeling 
et al. 2005; McFall et al. 2004; McKendry et al. 
2004; Conway et al. 2002; Gan et al. 2002; Venn 
et al. 2002; Sinclair et al. 1997). This included a 
reduced risk of postoperative morbidity and a 
shorter length of hospital or ICU stay. The result-
ing waveform, however, is highly dependent on 
correct positioning and requires frequent adjust-
ments in depth, orientation, and gain to optimize 

Fig. 20.1 LiDCO 
plus® system for 
measuring cardiac 
output from www.lidco.
com. (Used with 
permission of LiDCO 
Ltd)
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the signal. Therefore, while esophageal Doppler 
has utility in aiding in the assessment of the hemo-
dynamic status of critically ill patients, this tech-
nology has been slow to be adopted. This is likely 
due to the high amount of continuous operator 
involvement required to produce accurate data.

 Echocardiographic Techniques

In recent years, the use of ultrasound and particu-
larly point-of-care ultrasound (POCUS) has 
become pervasive in critical care medicine. 
Current technologies used to achieve the goal of 
measuring cardiac output include transthoracic 
echocardiography (TTE), transesophageal echo-
cardiography (TEE), and hemodynamic trans-
esophageal echocardiography (hTEE).

The improvements in Doppler technology 
have greatly increased the ability to obtain a CO 
measurement by this method. Although repro-
ducibility is very good, studies have challenged 
the accuracy. Recent reports suggest that Doppler 
techniques allow for the monitoring of relative 
changes in flow (Bernstein 1987). The rationale 
behind this technique is fairly simple. A Doppler 
beam is used to determine the velocity of blood 
by directing the ultrasound beam at the flowing 
column of blood. The frequency of the reflected 
sound waves is different than that of the transmit-
ted sound waves. This produces a Doppler shift. 
The magnitude of the Doppler shift is propor-
tional to the velocity of blood flow. If the cross- 
sectional area (CSA) at the site of the flow 

measurement is determined, the stroke volume 
can be calculated for each beat because flow is 
the product of velocity and cross-sectional area. 
The product of the stroke volume and heart rate 
gives cardiac output in L/min. Using this infor-
mation, a transthoracic image can provide left 
ventricular CO by measuring the velocity time 
integral through the aortic valve (Fig. 20.3).

Since stroke volume is calculated as the prod-
uct of velocity of each heart beat and the cross- 
sectional area, accurate determination of CSAs is 
crucial. Using the hydraulic principle, assuming 
a constant mean flow velocity through a rigid cir-
cular tube of constant diameter, and therefore 
fixed CSA, volumetric flow can be expressed by 
the hydraulic equation:

 Q V� �CSA  (20.13)

where Q is the volumetric flow rate (L/sec), V is 
the mean velocity (cm/s), and CSA is the cross- 
sectional area of the orifice (cm2).

During periods of pulsatile blood flow, volu-
metric flow is calculated using the velocity time 
integral (VTI), the stroke distance reached by the 
column of blood during the flow period, and cal-
culation of volumetric flows is equivalent to 
determining the volume of a cylinder, where:

Volume CSA Length CSA VTI� � � �  (20.13)

If we assume a circular orifice, the CSA can 
be obtained using an echocardiographic diameter 
(d) or radius (r) at the site of the flow measure-
ment – for example, the aorta – and the area is 
computed from:

a b

Fig. 20.2 Deltex Medical esophageal Doppler system (a) with a corresponding velocity time integral trace (b) from 
https://www.deltexmedical.com. (Used with permission of Deltex Medical Limited)
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CSA � � � �� r d

2
0 785 2.

 
(20.14)

where CSA is the cross-sectional area (cm2), r is 
the radius of the circular orifice (cm), and d is the 
diameter of the circular orifice (d).

A number of technical problems with this 
approach need to be considered. They are related 
to the measurement of the CSA of the vessel and 
the assumption of laminar flow with a blunt 
velocity profile in the vessel (Bernstein 1987).

Any error in the diameter measurement due to 
resolution problems or selection of a site that is 
not the true CSA for the flow will result in an 
error that is squared and then multiplied by the 
heart rate or VTI.  It seems that the assumption 
that the aorta is circular is also not valid, for in 
reality it is more oval. The vessel and chamber 
diameters also change during systolic ejection 
(Stewart et  al. 1985), and the magnitude of 
change is greater in hypervolemic patients and 
patients on positive-pressure ventilation, because 
the magnitude of their aortic pulse pressure tends 
to be larger. Furthermore, the measured anatomic 
CSA may be different from the functional area 
for flow, particularly during the large increase in 
flow during stroke volume ejection. This can 
result in an overestimation of CSA, which could 
falsely increase the calculated cardiac output.

The proper assessment of aortic flow velocity 
requires that the Doppler beam be within 20 

degrees of the axial flow; otherwise, a correction 
must be applied to the measured velocity (Hausen 
et al. 1992; Siegel et al. 1991; Sahn 1985). Within 
this range, the error introduced is less than 6 per-
cent, but it is not always easy to ensure that the 
Doppler beam is within this range, and this likely 
accounts for the inaccuracies of some other 
Doppler approaches such as transtracheal 
Doppler flow measurements (Hausen et al. 1992). 
Furthermore, the velocity profile may be skewed 
relative to the aortic outflow axis. It also is pos-
sible that the velocity profile is not symmetrical 
in all three dimensions. If the beam is parallel to 
the axial flow in two dimensions, but not the 
third, flow likely is underestimated. Conversely, 
if the highest frequency is picked in the third 
dimension and the velocity in this axis is greater 
than in the other axes, flow could be grossly over-
estimated (Bernstein 1987).

The flow of the column of blood is assumed to 
be laminar, but this is not always the case in the 
proximal ascending aorta in patients who have a 
hyperdynamic circulation, such as patients with 
anemia or tachycardia, patients on inotropic sup-
port, and those with aortic valve disease and a 
dilated aortic root.

Doppler studies can be performed with pulsed 
or continuous Doppler (Come 1986). In the 
pulsed-wave Doppler technique (PW), the probe 
is combined with two-dimensional imaging 

Fig. 20.3 Stroke 
volume and cardiac 
output estimation from 
pulsed Doppler across 
the left ventricular 
outflow tract by 
transthoracic 
echocardiography. 
(From Royal Victoria 
Hospital McGill 
University Health 
Center, Dr. Gordan 
Samoukovic)
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transducer, and the transducer samples an 
operator- chosen area with the field. The advan-
tage is that the site of flow can be localized, but 
there are a number of pitfalls. The primary issue 
is the inability to detect high frequencies before 
aliasing occurs. The column of blood ejected 
from the left ventricle into the systemic circula-
tion has a high velocity and frequency. The maxi-
mal detectable shift in frequency is one-half the 
pulse repetition frequency of the transducer. 
Since the signal is pulsed, there is a finite limit to 
this frequency. When the frequency limit is 
reached, higher velocities cannot be detected. 
This is called aliasing. The number of pulses 
admitted is also dependent upon the distance of 
the sample site from the transducer; longer 
 distances require slower sampling frequencies, 
which compound the problem of aliasing.

In the continuous wave Doppler method 
(CW), there is no limit to the frequencies that can 
be used; therefore, this technique can detect high 
velocities of flow. However, CW Doppler does 
not allow simultaneous assessment of the cross- 
sectional area being sampled. It also does not 
allow for the distinction between two jets of flow 
located close together. Technological advances in 
ultrasound transducers have allowed for the com-
bination of both CW and PW to be obtained using 
the same probe.

Using the above principles, volumetric flow 
across any cross-sectional area, such as a cardiac 
valve of an outflow tract, either during systole or 
diastole, can be calculated from the diameter, 
VTI, and a Doppler beam. When using the atrio-
ventricular valves, the flow is examined during 
diastole, and the VTI is measured by tracing the 
PW spectral Doppler trace modal velocity. When 
using the semilunar valves (aortic and pulmo-
nary), the VTI is obtained during systole by trac-
ing the other edge of the CW spectral Doppler 
trace. Annular measurements are obtained when 
the valves are open. The stroke volume (SV) of 
blood ejected during one cardiac cycle is there-
fore calculated as:

 SV VTI� �0 785 2. ,d  (20.15)

where d is the diameter of orifice (cm) and VTI is 
the velocity time integral (cm).

SV estimates obtained using a Doppler tech-
nique do not make any geometric assumptions 
about the LV cavity size or function. In assessing 
an asymmetric LV, where geometric assumptions 
introduce errors, SV measured by Doppler may 
present a theoretical advantage when compared 
to two-dimensional echocardiography. The cal-
culation of LVEF using the method of Dumesnil 
et al. (Dumesnil et al. 1995) combines the mea-
surement of SV by Doppler volumetric and the 
end-diastolic volume using Teichholz’s formula. 
To enhance accuracy, it is recommended to trace 
and average the VTI of at least 3–5 beats in nor-
mal sinus rhythm and at least 8–10 beats in atrial 
fibrillation. By measuring the time interval 
between two consecutive beats, either on the 
EKG or Doppler trace, the heart rate is deter-
mined by:

 HR time= 60 000, / ,  (20.16)

where “time” is the interval between two con-
secutive heart beats in milliseconds. Therefore, 
CO can be calculated using the following 
equation:

 CO VTI� � �0 785 2. d H  (20.17)

Now that the principles of echocardiography 
applicable to both TTE and TEE approaches are 
established, a site for the measurement must be 
selected. Historically, the original approach was 
to place a CW transducer in the suprasternal 
notch (Donovan et  al. 1987). This approach 
requires operator expertise and experience to 
properly identify the maximum beam. Even when 
used with a dual beam (CW and PW), the Doppler 
measurement underestimates cardiac output, 
especially when cardiac output is increased and 
during spontaneous ventilation (Castor et  al. 
1994). Various other sites have subsequently 
been proposed for measurement of CO (Sahn 
1985). These include the pulmonary outflow tract 
(Stewart et  al. 1985; Maslow et  al. 1996; 
Muhiudeen et al. 1991; Shimamoto et al. 1992), 
mitral valve, and aortic valve (Dittmann et  al. 
1987; Stoddard et al. 1993; Darmon et al. 1994; 
Katz et al. 1993; Descorps-Declére et al. 1996). 
The best site appears to be the center of the aortic 
annulus (Dittmann et  al. 1987), although even 
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this measurement is subject to a lot of error. Use 
of the transgastric approach has been found to 
improve the view of the center of the aortic annu-
lus. However, the mean bias in one study was still 
0.42 L/min, with confidence intervals of 0.89 to 
−1.74  L/min (Descorps-Declére et  al. 1996). 
TTE approaches are limited by the difficulty of 
imaging the heart in many patients on ventilators. 
The best approach is likely use of TEE because 
this removes the interference from the lungs. 
However, the choice between TTE or TEE for 
measuring cardiac output depends upon operator 
expertise/training, equipment availability, and 
status of the patient. As an example, it is very dif-
ficult to obtain TTE images on a postoperative 
cardiac surgery patient due to inadequate  imaging 
windows and especially because of the dressings, 
tubes, and wires in the person’s chest.

 Transthoracic Echocardiography

Traditionally, performing a TTE required an 
experienced echocardiographer and a rather large 
machine to acquire images. Furthermore, the 
quality of the images depends on patient factors 
that may limit or obfuscate echocardiographic 
windows. It is, however, possible with proper 
training to perform a focused TTE and glean use-
ful information such as cardiac output in the 
intensive care unit. The advances in POCUS 
devices have allowed for the clinician to directly 
visualize the cardiac anatomy and assess flow 
dynamics, while allowing for a global assessment 
of structural abnormalities and intravascular vol-
ume status. Historically, echocardiography 
required extensive specialty training and was 
limited to cardiologists and anesthesiologists. 
Recent literature has supported the ability to train 
a non-cardiologist to perform and interpret a lim-
ited focused TTE (Manasia et  al. 2005; 
Mazraeshahi et al. 2007).

Key points of these guidelines include:

 1. Central venous pressure (CVP) estimate via 
inferior vena cava (IVC) diameter and respira-
tory variation

 2. Estimation of preload

 3. Global assessment of ventricular function
 4. Recognition of pericardial effusion and 

tamponade
 5. Global assessment of valvular function via 

Doppler

With this in mind, there was a need to stan-
dardize objectives for learning and examination 
of competence. The National Board of 
Echocardiography Examination of Special 
Competence in Critical Care Echocardiography 
(CCEeXAM) will now be offered as of 2020. The 
modern intensivist will integrate the valuable 
information from a focused TTE exam to guide 
therapy in the critically ill patient.

Mercado et al. recently published on the level of 
agreement between cardiac output (CO-TTE) esti-
mated by CO-TTE and that measured by the 
accepted gold standard reference method, pulmo-
nary artery catheter (CO-PAC) (Mercado et  al. 
2017). They demonstrated that CO-TTE is both an 
accurate and precise method for estimating CO. The 
two measurements were significantly related with a 
median bias of 0.2 L/min; the limits of agreement 
were − 1.3 and 1.8 L/min, and the percentage error 
was 25%. The precision was 8% for CO-PAC and 
9% for CO-TTE. When using CO-TTE to detect a 
change in cardiac output measured by PAC of more 
than 10%, the area under the receiving operator 
characteristic curve (95% CI) was 0.82. A change 
CO-TTE of more than 8% yielded a sensitivity of 
88% and a specificity of 66% for detecting a change 
in CO-PAC of more than 10%. Thus, not only is 
CO-TTE an accurate and precise method for esti-
mating CO, but it can accurately track variations in 
CO (Mercado et al. 2017).

 Transesophageal Echocardiography

Occasionally, it is not feasible to obtain adequate 
echocardiographic windows due to mechanical 
ventilation, recent chest closure from cardiac sur-
gery, and body habitus. Cardiac anesthesiologists 
routinely employ TEE in the intraoperative man-
agement of the cardiac surgery patient. As in 
TTE, there exist barriers that preclude every 
patient from having an individual TEE probe left 
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in place while they are mechanically ventilated. 
These are cost, risk of mechanical complication 
such as esophageal tear, and a dedicated ultra-
sound machine for each patient.

Recent advances have allowed for the miniatur-
ization of the TEE probe (mTEE) down to the size 
of an NG tube. This allows the probe to be left in 
place for up to 72 hours. The probe detaches from 
the handle of the ultrasound machine and allows 
you to use multiple probes in multiple patients.

A feasibility study by Cioccari et al. demon-
strated that with 6 hours of training, intensivist 
were able to perform focused bedside 
 echocardiographic examinations that were feasi-
ble and of sufficient quantity in a majority of ICU 
patients with good inter-rater reliability between 
mTEE operators and an expert cardiologist (Luca 
et al. 2013).

 Methods that Assess Changes 
in Thoracic Volume

Intrathoracic volume changes with each stroke 
volume; this change can be detected by changes 
in thoracic electrical bioimpedance and, more 
recently, by inductive plethysmography (‘thora-
cocardiography”). Similar problems, however, 
plague both these techniques, and they suffer 
from poor accuracy, particularly in pathologic 
conditions. Both, however, have potential for 
monitoring trends.

 Thoracic Electrical Bioimpedance

Attempts to use this technique have been made 
since the 1960s. The basic theory is given in 
detail by Bernstein (1987). In the original 
approach, the thorax was treated as a cylinder 
with a base circumference equal to the circumfer-
ence of the thorax at the level of the xyphoid. The 
cylinder has an electrical length which is the 
measured distance between circumferential band 
electrodes placed at the base of the neck and at 
the level of the xyphoid process. A low- amplitude, 
high-frequency alternating current is applied by 
electrodes placed outside the cylinder, allowing 

the calculation of the steady-state impedance 
based on the specific resistivity of the cylinder. 
Respiratory variations in the signal are filtered 
out, yielding analysis of the cardiac component. 
Increased aortic flow during systole decreases the 
thoracic impedance. The maximum value of the 
rate of change of the cardiac component of 
impedance is proportional to the peak ascending 
aortic flow. The product of peak aortic flow and 
left ventricular ejection time gives stroke volume, 
and the product of stroke volume and heart rate 
gives cardiac output. The original model has been 
modified so that the thorax is modeled as a trun-
cated cone. The monitoring system (Stewart et al. 
1985) has also been improved by using spot elec-
trodes rather than Malar bands and by diastolic 
clamping of the electric signal as well as better 
baseline stabilization.

The efficacy of this technique has been 
assessed in a number of trials (Katz and Feigl 
1988; Lyon et  al. 1980; Thulesius and Johnson 
1966). The technology appears to perform well 
during exercise (Belardinelli et  al. 1996). In a 
multicenter trial (Shoemaker et al. 1994), the lat-
est technology was compared with thermodilu-
tion in 68 critically ill patients with a wide variety 
of diagnoses. The bias was −0.013  L/min, and 
the limit of agreement (precision) was 1.4 L/min 
with a mean difference between the techniques of 
16.6 ± 12.9 percent. In a series of patients follow-
ing aortocoronary bypass surgery, the bias was 
0.33 L/min and the precision was 3.14 L/min; in 
only 62 percent of patients was the cardiac output 
by this technique within 20 percent of the ther-
modilution value (Sageman and Amundson 
1993). The accuracy when compared with ther-
modilution was poor in patients with dynamic 
circulations undergoing kidney transplantation. 
The bias was 1.36  L/min and precision 1.10–
1.54  L/min, indicating very poor agreement. In 
another study, agreement was worse in patients 
with high systemic vascular resistances and low 
cardiac outputs and thus presumably low stroke 
volumes (Doering et al. 1995).

There are many technical factors that affect the 
measurement of cardiac output by this technique 
(Castor et al. 1994). An important assumption is 
that the ejection velocity is constant when, in fact, 
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at high velocities the ejection slows near the end. 
Changes in lung volume do not affect the signal, 
but large variations in intrathoracic blood volume 
with ventilation could be a factor and may explain 
why there is greater consistency during apnea 
than with intermittent positive-pressure breathing 
(Castor et al. 1994). It is not possible to use this 
device on patients with valvular regurgitation 
because the bidirectional flow alters the baseline 
impedance signal. It is also not accurate at high 
heart rates, because the pulsatile component is 
reduced relative to the baseline, and this decreases 
the signal-to-noise ratio. Inaccurate measures of 
body size or improper placement of the electrodes 
can have a very significant impact on the mea-
surement (Castor et al. 1994). This may explain 
the poor performance of this technique in patients 
following an aortocoronary bypass procedure, as 
bandages and chest tubes make placement of the 
electrodes more difficult (Shoemaker et al. 1994). 
Other factors in these patients could include alter-
ations in thoracic impedance by collections of 
extravascular volume, such as pericardial and 
pleural effusions or changes in cutaneous blood 
flow because of the use of vasopressors. Sternal 
wires, mediastinal tubes, and chest tubes may also 
alter thoracic impedance. Improper gating of the 
electrocardiogram (ECG) results in major errors 
because the upstroke of the impedance signal is 
not properly identified. The potential effects of 
pulmonary edema fluid on the signal (Shoemaker 
et al. 1994) are particularly worrisome as this is 
such a common problem in the ICU.  Thus, the 
authors of the multicenter trial (Shoemaker et al. 
1994) and others (Clarke and Raffin 1993) con-
cluded that this technique is a promising approach 
for continuous tracking of cardiac output. 
However, the large potential for artifactual mea-
surements limits its usefulness at the moment, 
particularly in the ICU (Fuller 1992).

 Thoracocardiography

Another approach for the measurement of CO 
uses inductive plethysmography and is based on 
an approach that has been successfully used to 
monitor changes in lung volume. The basic prem-

ise is that inductive plethysmography represents 
the sum of all changes in volume enclosed by the 
transducers on the chest (Bloch et  al. 1997a; 
Sackner et al. 1991). At the level of the xiphoid, 
respiratory movements account for 95% of the 
signal, and stroke volume accounts for 5% of 
waveform amplitude. By digital band-pass filter-
ing and ECG-triggered ensemble averaging, the 
respiratory component can be filtered out, and 
cardiac output is left. The relative change in 
stroke volume is determined from this signal. To 
obtain the actual stroke volume and cardiac out-
put, however, the initial value must be calibrated 
with stroke volume measured by another 
technique.

The volume that is measured by this technique 
is derived from the change in cross section of the 
heart through a short access cut. An important 
assumption is thus that the shape of the heart is 
uniform in all directions. Changes in shape of the 
heart or dyskinesia in the longitudinal plane will 
produce inaccurate results. It is likely that this 
technique will not be accurate in patients who 
have intermittent ischemia. Because this tech-
nique requires averaging to separate cardiac out-
put from respiratory change, oscillations in the 
cardiac output will affect the signal. The device is 
not valid in the presence of arrhythmia and valvu-
lar regurgitation. Given the multitude of technical 
difficulties and limitations of the approach, it is 
not surprising that the limit of agreement is 
around 1.4–1.8 L/min as compared with thermo-
dilution (Bloch et al. 1997b).

Interestingly and in contrast to electrical 
impedance method, the limits of agreement with 
thoracocardiography were worse in spontane-
ously breathing patients than in ventilated 
patients. This is likely due to ventilated patients 
being sedated with fewer movements of the chest 
wall and subsequent distortion of the chest wall 
with each breath. This indicates that any move-
ment will cause great distortions in signal and 
will therefore greatly limit the use of this tech-
nique in many patients, especially since an objec-
tive is to obtain continuous measurements. As 
with electrical impedance methods, the present 
potential for this technique is large for trend 
analysis.
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 Conclusions and Future Directions

Despite the plethora of available techniques for 
estimation of CO, it is difficult to argue which 
one should be the gold standard. Historically, 
PACs have found their way to a vast number of 
ICUs and operating rooms. They have the advan-
tage of being able to see the dilution curves that 
are used to make the measurements so that arti-
facts can be more easily identified. Advances in 
arterial-based and impedance-based technologies 
and utilization of echocardiography continuously 
show promise for less invasive approaches. As a 
basic principle, it is likely that the less invasive 
the device the lower the accuracy. However, the 
less accurate device may have reasonable preci-
sion and thus allow monitoring trends which is 
also an important component of hemodynamic 
monitoring because it allows an assessment of 
responses to therapeutic interventions. 
Furthermore, although the less invasive 
approaches have many potential interferences 
that decrease their accuracy, many of these can be 
identified at the bedside such as impacts from 
lung inflation, fluid in the chest, and for Doppler 
approaches, distortions in the signal.

A paradigm shift may be underway with these 
new technologies. It is possible that in the future, 
besides physical exam and hemodynamic moni-
toring, commencement of fluid and inotropic 
therapy will require an initial assessment cardiac 
output by use of an accepted gold standard 
method including real-time POCUS echocar-
diography or other noninvasive approach and 
then by following the response to that therapy to 
make more rational decisions.
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Evaluations of Devices 
for Measurement of Cardiac 
Output

Pierre Squara

 Quality Criteria Common 
to Measurements and Devices

A measurement method is based on a measure-
ment principle, i.e., a physical, chemical, or bio-
logical phenomenon serving to obtain one or 
more values that can reasonably be attributed to 
the measurand: examples for CO include pulse 
pressure wave, chest changes in bioimpedance, 
and blood dilution of an indicator. A reference 
measurement procedure (reference method) pro-
vides measurement results fitted for their intended 
use. Although it has no international definition, a 
gold standard is supposed to be the best practi-
cally available reference method. The measure-
ment error is the difference between a single 
measurement and a reference value. When this 
term is used without further information, it com-
bines all types of errors and qualifies the accu-
racy (by definition for a single measurement).

A device is used for making repeated mea-
surements of the measurand. It is most often a 
transducer, providing an output quantity (an elec-
tric signal) that has a specific relationship with an 
input quantity (a physiologic signal). The mea-
suring interval is the set of values of the same 
kind that can be measured by a given device with 
specified instrumental uncertainty, under defined 
conditions. A device is characterized by different 

properties or quality criteria in the measuring 
interval.

Although the properties of measurements 
(facts) and measuring devices (method) should 
not be confounded, trueness and precision can be 
studied together for clarity.

 1. The measurement accuracy is the closeness of 
agreement between a single measured value 
and a true or reference value. Accuracy is a 
quality and cannot be expressed as a numeri-
cal value. A measurement with a small mea-
surement error is said to be accurate.

 2. The measurement trueness is the closeness of 
agreement between the average of an infinite 
number of replicate measured values (CO 
indications from a tested device) and the true 
or reference value of the measurand (refer-
ence CO). Trueness is also a quality and can-
not be expressed as a numerical value. Since 
the mean random error of an infinite number 
of replicates is zero, the mean of the differ-
ences between the measured values and the 
reference values (also called measurement 
bias) is, therefore, an estimate of the system-
atic measurement error (Fig.  21.1). 
Consequently, the measurement trueness is 
inversely related to the systematic measure-
ment error but not to the random measurement 
error. A correction can be applied to compen-
sate for a known systematic error.

In analogy to the measurement bias, the 
instrumental bias is the average of replicate 
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indications minus a reference value. It esti-
mates the systematic error of the device.

 3. The measurement precision is the closeness of 
agreement between measured values obtained 
by replicate measurements on the same or 
similar quantities under specified and stable 
conditions (Joint Committee for Guides in 
Metrology 2012; Hapfelmeier et  al. 2016; 
Squara et al. 2015). In other words, precision 
describes the pattern of distribution of repli-
cate measurements of a given CO value, with-
out reference to a true or reference value. The 
measurement precision is related to the ran-
dom measurement error and can be expressed 
as a number by measures of imprecision, such 
as standard deviation (σ) and variance (σ2), of 
repeated measurement and assuming mean 
random error  =  zero (Fig.  21.1). The coeffi-
cient of variation (2σ/mean) can also be 

derived using the mean CO value to express 
the precision in %. The term “precision” has 
many confusing connotations. Especially in 
intensive care medicine, it is often used to 
describe the interpatient variability of the bias 
or confounded with the 95% limits of agree-
ment between two devices. The specified con-
ditions of precision estimation may add 
variabilities of different kinds (Hapfelmeier 
et  al. 2016). Repeatability is the precision 
under conditions that include the same mea-
surement procedure, same operators, same 
measuring system, same operation conditions, 
same location, and replicate measurements on 
the same or similar patients over a short period 
of time (Joint Committee for Guides in 
Metrology 2012). Reproducibility is the 
 precision under a set of conditions that include 
different locations, operators, measuring sys-

Frequency

Measurement value

Systematic error
Bias = (µ – true value)
Trueness

True value (or reference)

Measurement error
(single measurement – true value)
Accuracy

Random error
Variability (2σ)
precision

µ–2σ µ+2σµ–σ µ+σµ

Fig. 21.1 Schematic representation of the different types 
of measurement errors and the corresponding quality cri-
teria. The black point represents a single measurement 
value, the blue curve is the frequency distribution of the 

values in case of replicate measurements of the same 
object under the same conditions, μ = mean, and σ = stan-
dard deviation
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tems, and replicate measurements on the same 
or similar patients. Although it has no interna-
tional acceptance in the VIM, the term preci-
sion is also frequently encountered in 
instrument specifications. In analogy to the 
measurement precision, the instrumental pre-
cision is therefore the variability of replicate 
indications obtained from the same CO value. 
It estimates the random error of the device 
(Hapfelmeier et al. 2016).

 4. The measurement uncertainty. This concept is 
broader than precision and may add uncer-
tainty due to the reference method, time drift, 
definitional uncertainty, and other uncertain-
ties. The objective of measurement in the 
uncertainty approach is not to determine a true 
value as closely as possible but to reduce the 
range of values that can reasonably be attrib-
uted to the measurand.

Since “accuracy,” “trueness,” and “preci-
sion” are frequently misused in the medical 
literature, one solution would be to ban these 
quality terms for which no specified numeri-
cal values are given and to be descriptive, 
speaking of “measurement error,” “systematic 
measurement error,” and “random measure-
ment error.” This is especially the case when 
using Bland- Altman analyses for two main 
reasons. First, the Bland-Altman plot has been 
proposed to compare two devices “when nei-
ther provides an unequivocally correct mea-
surement” (Bland and Altman 1986). The 
second reason is that one important condition 
for estimating trueness and precision is to 
average replicate measurements of the same 
quantity. Therefore, when several intra- or 
interpatient measurements are done under dif-
ferent conditions, the estimation of the bias 
and precision is impossible, and the criterium 
that is studied is the systematic discordance 
between the two devices and its variability 
under different conditions.

 Specific Quality Criteria for Devices

 1. The sensitivity is the quotient of the change in 
a CO indication and the corresponding change 
of the real CO. The change considered must 

be large compared with the resolution (defined 
below). The metrological sensitivity should 
not be confounded with the statistical sensitiv-
ity. The linearity which has no VIM definition 
usually refers to the capability of maintaining 
the sensitivity constant over the measuring 
interval. In other words, the linearity is also 
the capability of maintaining the instrumental 
bias constant (Fig. 21.2). Preferably, the lin-
earity should be close to the identity line.

 2. The selectivity is a property, used with a speci-
fied measurement procedure, whereby it pro-
vides measured values for one or more 
measurands such that the values of each mea-
surand are independent of others (Fig. 21.3).

 3. The resolution is the smallest change in a 
measurand that causes a perceptible change in 
the corresponding indication. The concept of 
resolution is linked to the discrimination 
threshold, the largest change in the measurand 
that causes no detectable change in the corre-
sponding indication. Since a device indication 
is always the result of an averaging of several 
elementary measurements, both resolution 
and discrimination threshold depend on the 
standard error of the mean which is propor-
tional to the variability (σ) and of the number 
(n) of replicates (2 SEM = 2σ/ n ). All these 
properties are therefore linked to the measure-
ment precision. Lower precision mandates to 
average more measurements to identify a sig-
nificant change in the indication (Fig.  21.4). 
In other words, using a given number of mea-
surements, higher measurement precision will 
allow higher resolution. The concept of least 
significant change that can be considered as 
statistically significant (2 2  SEM) is linked 
to resolution.

 4. The step response time is the duration between 
the instant when CO is subjected to an abrupt 
change and the instant when the correspond-
ing indication of a device settles within speci-
fied limits around its final steady value. The 
way by which the final steady value is deter-
mined may be different: for example, the 
inflection point between two regression 
curves, or the first point of a flat curve slope, 
or the first point where the σ becomes below 
specified limits. Step response time is also 
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Indications

indication

Reference methodvalue measurand

Identity line
Slope = 1

∆

∆

Fig. 21.2 Schematic representation of the sensitivity. 
The blue points represent the indications of a device when 
the CO is increasing. Within the range figured by the dot-
ted arrows (measuring interval), the sensitivity is good 
and constant (linearity). In this example, under and over 

the measuring interval, the sensitivity/linearity is altered 
with over- and underestimation of the true changes, 
respectively. The green points represent the indication of 
another device with the same sensitivity but with a posi-
tive instrumental bias

Indications

Time

CO

BP

True (or ref)
value

Fig. 21.3 Schematic representation of the selectivity. In 
this example, the indications from two different devices 
for CO assessment (COa blue points and COb black 
points) are collected when blood pressure (BP green 
points) is decreasing while the true CO is maintained con-

stant (red line). The COa device, although systematically 
overestimating the true CO, is selective since indications 
are independent of the BP.  The COb device, although 
assessing CO more truly at the onset of the test, is not 
selective since its indications covary with BP
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linked to the measurement precision since low 
precision increases the number of indications 
needed to establish the final steady state.

 5. The stability is the property of a measuring 
instrument, whereby its metrological proper-
ties remain constant in time. An instrumental 
drift is a continuous or incremental change 
over time of the indication due to change in 
metrological properties.

 Procedures for the Device 
Validation

Verification is a provision of objective evi-
dences that a given measuring instrument ful-
fills specified requirements. Validation is a 
verification, where the specified requirements 
are adequate for the intended use. Therefore, 
validating devices mandates first determining 
the intended use.

 1. Intended use. In intensive care medicine, we 
measure CO with basically three main 
objectives.
 1. For monitoring purposes, we use CO indi-

cations for triggering an alarm when its 
value is outside a specified range, for 
example, 5 < CO < 2 L.min−1.m−2.

 2. For diagnosis and prognosis purposes, we 
compare CO indications to the expected 
value, with specified uncertainty. For 
example, we can define a low flow state as 
CO < 1.8 L.min−1.m-2.

 3. For therapeutic purpose, we look at 
improving CO up or down to a predeter-
mined target value. For example, in a spe-
cific patient, we can decide to titrate 
CO > 2.2 L.min−1.m−2.

These three objectives have different 
requirements regarding measurement 
properties or device quality criteria. For 
monitoring purpose, indications are com-
pared to their initial value, measured under 
similar conditions, and the delay to indi-
cate significant changes generally matters. 
Therefore, resolution and step response 
time (all linked to random errors of mea-
surements) are the first quality criteria, 
whereas instrumental bias, sensitivity, lin-
earity, and even stability may be seen of 
lesser importance. In contrast, for diagnos-
tic and therapeutic purposes, the measured 
CO is compared with a predetermined 
absolute value, established from measure-
ments in other conditions. The indications 
must be as close as possible to the true 
value. Therefore, instrumental bias, sensi-

Indications

Time

True (or ref)
value

Fig. 21.4 Schematic representation of the resolution. 
The blue indications show a systematic overestimation of 
the measurand (untrueness) and small random error (high 
precision) allowing perceiving a small change of the mea-

surand (high resolution). The green indications show a 
systematic underestimation of the measurand (untrueness) 
and high random error (low precision) hiding a small 
change of the measurand (low resolution)
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tivity, linearity, and stability (all linked to 
systematic errors of measurements) are the 
key quality criteria, whereas resolution and 
step response time may be seen of lesser 
importance if the delay to reach an ade-
quate indication is not critical. For all pur-
poses, selectivity is necessary.

Although not impossible, it is quite dif-
ficult to imagine promoting and validating 
a given device for a restricted use (moni-
toring, diagnosis, or therapy). 
Consequently, the manufacturers of these 
tools most often try to reach an acceptable 
compromise between measurement prop-
erties (i.e., optimal compensation of sys-
tematic and random errors). However, until 
now, no consensual independent validation 
procedure addressing all these quality cri-
teria has been suggested. Finally, the met-
rological properties of a device depend on 
the combined uncertainty of each elemen-
tary measurement, the sampling time, and 
the averaging method to display a value. 
The final compromise is always aimed at 
compensating the intrinsic limitations of 
the technologic chain used to sense 
CO. Basically, when the physiologic signal 
is poorly linked to real CO, the precision of 
measurements is low. This leads to an 
increase in the sampling time and need for 
sophisticated averaging methods. The con-
sequence is always lower resolution and 
step response time.

 2. Choice of the reference method. For each spe-
cific measurand and each quality criterion, a 
reference method that is usable in clinical con-
ditions must be identified. The reference 
method must be recently and appropriately 
calibrated in an official national reference lab-
oratory, used in the appropriate conditions, and 
in its validated measuring interval. Its uncer-
tainty must be known, traceable, and presum-
ably small as compared to the uncertainty of 
the test device. For example, for testing a new 
CO device, an artificial heart or an extracorpo-
real circuit with a measurable flow may be 
chosen. If the test device requires a beating 
heart, an ultrasonic flow probe positioned 

around the pulmonary artery or the aorta dur-
ing an open chest surgery may be preferred 
(Keren et al. 2007). If the test device requires a 
closed chest and standard clinical conditions, 
bolus indicator dilution may be chosen. Most 
often, the true value of the measurand is 
obtained by averaging several measurements 
from the reference method. The appropriate 
number of replicates must be chosen for reach-
ing, at least, an uncertainty four times less (at 
best 10 times less) than that of the test device. 
The number of replicate reference measure-
ments needed to derive the true value of the 
CO, with the prescribed uncertainty, is deter-
mined by the standard error of the mean (SEM) 
according to the formula: 2 SEM = 2σ/ n  if 
the uncertainty is limited to imprecision. For 
example, if the test device has a presumable 
imprecision of 20%, the reference value must, 
at best, have imprecision ≤2% (10 times less). 
If the reference method has an imprecision of 
10% (2σ), then the reference value (true value 
used for comparison with the test device) must 
average at least 25 reference measurements of 
the same quantity to reach a 
SEM  =  10%/ 25   =  2%. In contrast, if an 
uncertainty ratio of 4 were considered as 
acceptable, four reference measurements 
would be needed (objective 20%/4  =  5%, 
obtained by SEM = 10%/ 4 ). Hence, a refer-
ence CO value can be theoretically taken from 
continuous CO measurements when the high 
variability can be compensated by the large 
amount of data collected, therefore leading to 
acceptable SEM (Squara et  al. 2007). In all 
cases, a critical issue is the constancy of the 
CO during the time necessary to collect the 
needed number of replicate values to deter-
mine the reference value.

 3. The measurements properties. Since accuracy 
is qualifying a single measurement without 
numerical values, strictly speaking, it is not a 
suitable term for assessing a device perfor-
mance. Moreover, accuracy depends on two 
types of measurement errors: random and sys-
tematic errors that should not be confounded 
because they have different impacts and 
corrections.
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3a.  Assessment of the random error. In a unique 
patient in hypothetical clinical steady state, 
the needed number of replicate CO indica-
tions must be collected using the reference 
method and the test device in parallel, during 
a short period of time to ensure a constant 
value of the measurand (real CO). If we theo-
retically assume that the real CO is constant, 
the mean CO obtained from the test device 
(μ) can be derived with its variability (2σTD). 
This variability is due to random errors of 
measurements or indications. The mean value 
of random error is 0 if normally distributed 
around the mean value of the measurand (μ) 
and refers to as the instrumental precision of 
the test device. This is an internal property 
that needs no reference to be estimated 
(Fig. 21.4).

3b.  Assessment of the systematic error. The dif-
ference between μ and T evaluates the sys-
tematic error and refers to as trueness. The 
uncertainty on the systematic error depends 
on the respective SEMs, therefore on the con-

fidence interval attributed to the reference 
method and to the confidence interval attrib-
uted to the test device (Fig. 21.5). The signifi-
cance of the mean difference (instrumental 
bias) may be tested using Welsh’s t-test. 
Indeed, the Student’s t-test (and ANOVA) 
assumes that the two populations have normal 
distributions with equal variances. Welch’s 
adaptation is designed for unequal variance 
but still with the assumption of normality.

3c.  Assessment of the sensitivity and linearity. A 
device that allows CO measurements with 
high precision and trueness may be consid-
ered as having high instrumental precision 
and low instrumental bias. Once these proper-
ties have been studied for one central value of 
the real CO, other values must be tested, at 
best the minimum and the maximum values 
of the prescribed measuring interval. In our 
example, other experiments must be done to 
verify the same quality criteria for low and 
high values (e.g., CO = 1.5 and 4.5 L/min). 
This allows estimating the sensitivity and lin-
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Fig. 21.5 Comparison of a test CO device (blue) against 
a reference method (red). In this example, it was chosen to 
collect the same number of measurements (15) in a single 
stable patient, using the reference method and using the 
test device. The figure shows the frequency distributions 
of indications with a step = 0.1. The normal adjustment 
(plain curve), the mean value (dotted line), and the 95% 

confidence interval ± 2SEM area around the mean value 
(colored areas) are figured. In this example, the systematic 
error (instrumental bias) is 0.63 L/min., the uncertainty on 
this systematic error is given by the formula 
(SEMref

2 + SEMTD
2)0,5 = 0.33, and the confidence interval 

is [0.31–0.96], significant with p < 0.001 using Welch’s 
t-test

21 Evaluations of Devices for Measurement of Cardiac Output



316

earity of the test device (Fig. 21.6). This fig-
ure shows a set of experiments on the same 
patient, in the same location, with the same 
investigator and the same device. Adding 
more diversity in each of the three last param-
eters will enlarge the area of imprecision 
which is referred to as reproducibility of mea-
surements. Adding more than one patient 
(referred to as the interpatient variability) rep-
resents another source of variability and 
another component of a device uncertainty.

Since it very difficult to imagine the valida-
tion of a single device, covering the whole 
measuring interval (at least three sets of mea-
surements) in a given patient, it is impossible 
to test different investigators, different devices, 
and different locations (reproducibility) on the 
same patient. That is why we are often limited 
to testing a technology by using different 

devices, in different locations, calibrated with 
different chains, compared to different refer-
ences, with different investigators, and in dif-
ferent patients. In this situation, each piece of 
diversity adds its own variability, and it 
becomes critical (even inappropriate) to speak 
of the instrumental bias or the instrumental 
precision of a technology. It would be prefer-
able to use the general term of uncertainty, 
with its systematic component and its random 
component and respective variability.

Moreover, since it is often difficult to 
manipulate the CO of a patient, we are often 
limited to assessing the whole measuring inter-
val by using interpatient physiological or path-
ological CO variability. Paired measurements 
of the measurand using a reference method and 
a device to be tested may be pooled together 
and come from different patients, locations, 

Identity line
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measurand measurand
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Fig. 21.6 Comparison between the test device and the 
reference method, based on three sets of paired measure-
ments representing the whole measuring interval (1.5–
4.5 L/min). Purple areas show the uncertainty as derived 
by 2SEM of the reference method on the x-axis and 2SEM 
of the test device on the y-axis. In this example, the preci-
sions of both technologies remain constant over the mea-

suring interval (same purple areas). The test device shows 
a good sensitivity (Δ1 indication/Δ1 measurand = Δ2 indi-
cation/Δ2 measurand = 1) with a regression curve (purple 
dotted line) close to the perfect identity shown by the red 
dotted line. Therefore, the instrumental bias shown by the 
test device is constant (offset)
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investigators, devices, etc. A regression line 
between the reference and the test device or a 
modified Bland and Altman representation 
may be used by plotting on the y-axis the dif-
ference between the reference and the test 
devices but only the reference value on the 
y-axis, since it is supposed to represent the true 
value (Fig.  21.7) (Bland and Altman 1986). 
Again, in that case, the term uncertainty is 
more appropriate than precision.

3d.  The step response time validation requires a 
constant quantity of the measurand, followed 
by a sudden change (at best instantaneous) at 
a known start time. In clinical practice, this 
sudden change may be not easy to provoke 
and to prove. Natural changes can be used if 
the test device can be compared with a refer-
ence method with a known fast response 
time. The reference method for validating a 
measuring device may be different for each 
property. For example, for validating the step 
response time of a CO device, changes in the 
mixed venous blood oxygen saturation 
(SvO2) or invasive blood pressure can be cho-
sen as the reference.

3e.  Assessment of stability. Although instrumen-
tal drift is easier to identify, stability may 
affect all properties of a measuring device 
and contributes to the uncertainty of measure-
ments. A complete analysis of stability 
requires restarting the validation process after 
a certain delay to verify that the same perfor-
mances are obtained. The specified period of 
time in which stability must be checked 
depends on the clinical use of the measuring 
device and can range from several hours 
(blood pressure, SpO2, SvO2, cardiac output 
measuring devices) to months (blood gas ana-
lyzers, thermometers, mechanical ventilators, 
and so on). This is easier to do when the mea-
surand is well known (based on a bench or a 
calibrated device). When the validation pro-
cess involves real patients, the interpatient 
variability necessarily enlarges the precision 
and may hide a small systematic drift.

In summary, most often we find in the litera-
ture, global comparisons between two technolo-
gies (a new and old one), both having different 
and specific nonidealities for the different quality 
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Fig. 21.7 On the left panel, a modified Bland and Altman 
representation. Hundred inter- and intrapatient-paired 
measurements are reported. In this example, the system-
atic error is decreasing from low to high values of CO. In 
contrast, the uncertainty (combining imprecision, non- 
sensitivity, and interpatient variability of the bias) is 

increasing proportionally to the value of CO. On the right 
panel, same data reported on a regression plot showing the 
same nonidealities (with different scales). The imperfect 
sensitivity is shown by a regression slope <1 and indicates 
the need for a better gain
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criteria, for the different pathologies, and for the 
different patients. This does not allow an analysis 
of the limitation of a technology and to identify 
potential ways of improvement. Therefore,  testing 
a new device must take first into consideration a 
credible reference method for the considered 
quality criteria: i.e., the reference method can be 
different for each quality criteria. At a first valida-
tion step, comparing two technologies where 
none of them can be considered as a reference is 
not acceptable. A second important requirement is 
to clearly distinct systematic and random errors of 
measurements. Evaluating random error requires 
no reference method but a stable physiologic sig-
nal. A stable CO can be taken from patients under 
stable conditions or under mechanical circulation. 
Large random errors indicate that the physiologic 
signal is not properly isolated or that the signal 
mixes different inputs. It mandates averaging a lot 
of data to compensate and affects the step response 
time and the resolution (ability to detect small 
changes). The last key point is the linearity. Most 
devices using a poorly calibrated signal necessar-
ily used a “calibration factor” based on age, gen-
der, and other morphologic data. This indicates 
that an important part of the indication is depen-
dent of constant values. Such devices necessarily 
minimize the pathological variation of values and 
therefore underestimated high values and overes-
timate low values.

 Conclusion

When evaluating CO measurement devices, it is 
imperative that physicians share the interna-
tional metrology vocabulary with other scien-

tists, apply to consensus metrological quality 
criteria, and develop specific validation proce-
dures  accordingly. The comparison of two tech-
nologies neither of which provides a perfectly 
correct measurement is not an adequate valida-
tion process. The reference method is not only 
specific to the measurand (CO) but also to a 
quality criterion for an intended use. Therefore, 
different reference methods can be chosen to 
evaluate the different basic quality criteria, 
including systematic error (instrumental bias), 
random error (instrumental precision), sensitiv-
ity, linearity, step response time, and stability.
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Basics of Hemodynamic 
Measurements

Sheldon Magder

After obtaining a comprehensive history and per-
forming a proper physical examination of a criti-
cally ill patient, hemodynamic monitoring is a 
central part of the management. However, proper 
use of monitoring tools requires a good under-
standing of the basic principles of hemodynamic 
measurements and the errors that can arise when 
making measurements. Arterial blood pressure, 
cardiac output, and heart rate are covered in sepa-
rate chapters. This chapter deals with central 
hemodynamic measurements and issues related 
to measuring devices. It also includes issues 
caused by heart-lung interactions.

Hemodynamic monitoring evaluates two basic 
physical properties  – volume and pressure. 
Vascular volumes are primarily evaluated by 
ultrasound techniques. Radiological and mag-
netic resonance imaging (MRI) also can provide 
important information but not on an ongoing 
basis. Movement of volume over time, which is 
cardiac output, is discussed in Chaps. 20 and 21. 
Total blood volume can be assessed by dilution 
techniques, but this generally is not helpful clini-
cally. This chapter deals primarily with vascular 
pressure measurements.

 Volume Versus Pressure 
Measurements

The differences between information for evaluat-
ing cardiac status obtained with a pressure versus 
a volume measurement (echocardiography, 
nuclear study, or MRI) are often not appreciated. 
Pressure and volume are linked by the compli-
ance of the chamber, which defines the change in 
volume for a change in pressure so that it might 
first be thought that one can substitute for the 
other. However, this is not valid for a number of 
reasons. First, compliance usually is not known, 
and thus pressure or volume cannot be inferred 
from just one of these values unless there is an 
estimate of compliance. For example, an estimate 
of compliance can be obtained by developing a 
regression of left atrial volumes measured by 
echocardiography versus left atrial pressures; the 
slope of this relationship is related to compliance 
of the atria (change in volume for change in pres-
sure) (Bytyçi et  al. 2019). However, this mea-
surement has a variance around a mean value 
and although it gives a reasonable group predic-
tion  it does not give accurate individual values 
because the compliance is not the same in every-
one; in particular, it varies with body size. The 
estimation of compliance also assumes that it is 
linear over the range of studied values which 
likely also is not true. Pressures also are esti-
mated by relating a set of measured pressures to 
velocities. An example is the estimate of 
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 pulmonary artery pressure from tricuspid regur-
gitation velocity and an estimate of right atrial 
pressure (Augustine et  al. 2018). Again, this 
approach cannot give precise values of pressure 
and more importantly, does not  easily allow 
assessment of changes in pressure, which often is 
the key information for clinical decisions. When 
the limit of stretch of the elastic structures that 
make up vascular walls is reached, the relation-
ship of pressure to volume becomes exponen-
tially steeper. This cannot be detected with only a 
volume measurement because the volume is not 
changing despite the large changes in pressure. 
Third, the accuracy and precision of properly 
performed pressure measurements are very high, 
but volume measurements art not because  of 
their  three- dimensional structures, difficulties 
with resolution of boundaries and complex-
shaped structures. Fourth, pressure and volume 
vary over time so that it is important to pick a 
specific time during the cardiac cycle to make the 
measurement. This is much more difficult to do 
precisely with a measurement of volume over 
time than with pressure over time. Finally, the 
difference between volume and pressure also 
relates to the question being asked. When the 
question is what is the effect of volume on the 
wall of a chamber, what is the energy differences 
for flow, what is the significance of gravitational 
forces, or what are the forces driving fluid filtra-
tion from vessels, a measure of pressure is 
needed.  Volume measurements can give impor-
tant information on how efficiently the heart is 
functioning by giving the fractional difference 
between volume ejected by the heart and the vol-
ume that remains, that is,  the ejection fraction, 
but this does not indicate actual blood flow to tis-
sues, which is what matters for metabolism. 
Volume per distance, i.e., velocity, also does not 
indicate tissue perfusion unless it is converted to 
flow by multiplying by cross-sectional area of the 
vessel. The ejection fraction also does not indi-
cate how the heart handles different volumes for 
the same filling pressure. This is given by the car-
diac function curve, which has pressure on the 
x-axis and cardiac output (or stroke volume) on 
the y-axis. Finally, it is worth remembering that 
vascular pressures have the same magnitude 

regardless of size, age, or even mammalian spe-
cies, whereas volumes must always be normal-
ized to body size and formulas for this are not 
accurate.

 Importance of Understanding 
Pressure Measurements

In 1996 Connors et  al. published a paper that 
rocked the critical care community (Connors Jr. 
et al. 1996a). Based on an evaluation of a data-
base from a group of intensive care units, they 
observed that survival was worse in patients who 
had a pulmonary artery catheter inserted as part 
of their management compared to those who did 
not. They accounted for the potential obvious 
selection bias in an observational study by per-
forming a propensity analysis. There were two 
reactions to their publication. One was to ban all 
use of pulmonary artery catheters until random-
ized data showed that the catheter has value and 
does not produce harm (Dalen and Bone 1996). 
The other was that the results indicated that phy-
sicians do not understand how to properly make 
pressure measurements and, even more impor-
tantly, how to use the measurements, in which 
case better education is the solution. In support 
for this position, Iberti et al. found that the aver-
age score for physicians tested on a set of basic 
hemodynamic measurements that were expected 
to be known by all physicians only was 67% 
(Iberti et  al. 1990). Nurses had a similar score 
(Fisher Jr. et al. 1994). I favor the latter interpre-
tation, that is, physicians lack a basic knowledge 
of hemodynamic measurements. I encourage the 
reader to honestly test his-/herself by studying 
Fig.  22.1 and indicating the value that would 
appear on the monitor. The figure is adapted from 
a paper in which two questions on hydrostatic 
measurements were asked of ten American 
Board-certified cardiologists (Courtois et  al. 
1995). In the paper, 8/10 got the first question 
right and 0/10 got the second one right! The 
answers are at the end of this chapter. Precision in 
pressure measurements is especially important 
for central venous pressures (CVP). This is 
because the range of clinically important 

S. Magder



321

 pressures only is 0–10  mmHg. Thus, measure-
ment errors that produce small differences in 
CVP can lead to major changes in the clinical 
approach, whereas on the arterial side, a pressure 
difference of the same magnitude is not clinically 
significant, although it still might be important at 
the lower end of arterial pressures.

The first approach to the challenge raised by 
the Connor et al. paper (Connors Jr. et al. 1996b), 
that is, perform randomized trials, was done in 
three large studies (Harvey et al. 2005; Richard 
et al. 2003; Wheeler et al. 2006). In contrast to 
Connor’s study, there was no increased harm 
with use of the PA catheter; however, there also 
was no benefit. There are two important criti-
cisms of these trials. They did not have algo-
rithms that could have made use of the 
measurements that were obtained, and secondly, 
the protocols did not adhere to many of the prin-
ciples of measurement covered in this chapter. 
My argument is that if you do not know how to 
properly use the device and if you are not testing 
an actual therapeutic algorithm, how can a device 
by itself change outcome?

 How to Measure a Pressure

Pressure is force per cross-sectional area. As 
such, measuring pressures requires a device to 
quantify the produced force compared to a stan-
dard. This can be as simple as comparing the 
pressure to the force created by a column of water 
of a known height (Fig. 22.2). The mass of water 
in the column is accelerated toward the center of 
the earth by gravity. It might seem surprising that 
this gravitational force is so significant over the 
small height of the column, but gravity is acting 
on us all the time, and we do not “sense” it. 
However, astronauts who have returned to earth 
after a week in space report feeling the weight of 
a hand wipe on the back of their hand and the 
force needed to hold up their heads. The greater 
the height of water, the greater the force of  gravity 
because the mass is bigger and force is mass 
times acceleration. Water is especially useful for 
the measurement because it has a density of 1 so 
that mass can easily be known by just measuring 
the volume. The actual volume of water does not 
matter because the force is per cross-sectional 

a b

Fig. 22.1 Measurement challenge. The two cylinders are 
filled with water to a height of 40 cm. The transducers are 
placed 10 cm below the surface of the water. In (a) a fluid- 
filled catheter goes from the transducer to a position 
10 cm below the water surface (arrow). The transducer is 

connected to a monitor. What is the pressure in cmH2O? 
In (b) the tip of the fluid-filled catheter is passed to the 
bottom of the cylinder (arrow). What is the pressure in 
cmH2O? The answer is at the end of the chapter
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area; volume divided by the cross-sectional area 
gives height so that the height of water is the unit 
of pressure. The pressure in this case is in units of 
cmH2O. As a small technical point, if the cross- 
sectional area is too small, forces created by the 
surface tension of the column come into to play 
as occurs in a capillary tube.

A problem with gravitational units is that the 
force is based on the distance from the center of 
the earth so that it varies the farther one is from the 
earth’s center. Fortunately, this only is a trivial dif-
ference compared to the magnitude of vascular 
pressures; even on the top of Mount Everest, the 
difference is in the decimal point range. The more 
precise measurement of force is the Pascal units 
(Newton × meter2). This requires use of a standard 
force to make a measurement, but again, for vascu-
lar pressures, this does not add needed precision.

A water-based reference is fine for smaller 
pressures but not large pressures. Arterial blood 
pressure would require a column of about 1.6 m. 
Thus, instead of water, mercury is used for arte-
rial gravitationally based measurement because 
mercury is 13.6 times denser than water and a 
smaller column can be used to measure the high 
arterial pressures. Blood has a density close to 

that of water and its density can be considered 
essentially 1. As an example, if the CVP is 
10  cmH2O, it would be 10/1.36 which gives 
7.4 mmHg. The division is by 1.36 and not 13.6 
because of the conversion of cm to mm.

Once electronic systems became available, it 
was much more practical to measure pressures with 
a transducer, although, I recommend always think-
ing about the column measurement to avoid some 
of the errors discussed below. A transducer is a 
device that has a thin membrane that provides a 
resistance to the flow of electrons across it. The 
voltage across the membrane is kept constant by 
resistors surrounding it. Distortion of the membrane 
by an external force changes its shape, which 
changes the resistance across the membrane. Since 
the voltage is kept constant, the change in resistance 
produces a change in current which can be detected 
by an amp meter and displayed on a monitor.

Three factors always need to be considered 
when making a pressure measurement: zero, cali-
bration, and level. The zero is an arbitrary start-
ing value. When a fluid-filled column is used, the 
bottom of the empty column is labeled as zero 
(Figs. 22.2 and 22.3). However, the force on the 
membrane is not really zero. We are surrounded 

Fig. 22.2 Understanding the importance of leveling by 
use of fluid manometers. On the left is a tank open to the 
air. When the bottom of the manometer is placed at the top 
of the water in the tank, water does not increase the height 
of water in the manometer which is measured in cmH2O, 
and the value on the manometer is zero. When the bottom 
of the manometer is positioned at the bottom of the tank, 
the weight of water in the tank raises the height of the 
water in the manometer to 20 cmH2O. On the right is a 

fluid-filled balloon that has a distending pressure of 20 
cmH2O across the wall based on a monometer leveled at 
the middle of the balloon. The pressure measured in the 
manometer leveled to the top of the balloon is only 
10 cmH2O because of the loss of gravitational force in the 
measuring device. Message: pressure values obtained 
with fluid-filled systems are relative to the arbitrary level 
of the measuring device
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by atmospheric pressure so that the force on the 
empty column at standard temperature pressure 
is 760 mmHg, but it is far too clumsy to use this 
absolute value. For example, at standard condi-
tions, if the monitor says the central venous pres-
sure (CVP) is −1 mmHg, it actually is 759 mmHg. 
If the arterial blood pressure (BP) is 120 mmHg, 
it actually is 880 mmHg! Furthermore, the mea-
sured value will continuously change with the 
weather because the barometric pressure sur-
rounding us changes! A column of fluid used for 
the measurement is “zeroed” by emptying it. 
Similarly, the spring-based pressure gauge of a 
blood pressure cuff is “zeroed” by emptying out 
any air stretching the wall of the inflatable the 
cuff. The transducer is zeroed by opening up the 
system to the surrounding atmosphere (air). This 
needs to be done with fluid in the transducer up to 
the point where the system is open to air. If this 
fluid column is not taken into account, the pres-
sure from this fluid is added to the measurement, 
but it is not from the patient. If there is air between 

the transducer and where the system is open to 
air, this creates an air bubble when the system is 
connected to the patient, and it dampens the sig-
nal. Older transducers used to have a “drift” 
meaning that the zero value would gradually rise 
or fall; as a consequence, the transducers had to 
be zeroed before every measurement. This is 
much less of a problem today with modern elec-
tronics, but the zero should still periodically be 
checked by opening the system to atmosphere, 
especially if there is a sudden unexpected change 
in the displayed pressure value.

The second term is calibration. This simply 
indicates the change in pressure associated with a 
change in current through the transducer and how 
it is presented on a graphic display on a monitor. 
Calibration is established by applying a known 
force and observing the change in current. An 
important quality of a transducer is whether the 
relationship of the change in pressure for change 
in current is linear over a range of clinically 
important pressures. For currently used transduc-

Fig. 22.3 Example of change in pressure due to change 
in level. The pressure tracing shows what happens when 
the transducer is abruptly lowered relative to the patient 
by 10 cm. It is useful to consider what happens when the 
position of the base of a fluid column is changed. In this 
example, the transducer position is fixed on a pole inde-
pendent of the bed. Raising the bed relative to the trans-
ducer (lower transducer) resulted in a higher column of 

fluid acting on the transducer and gives a pressure of 
18 mmHg. The proper position at 5 cm below the sternal 
angle (marked with round circle) gives a value of 
10  mmHg. The difference is only 8  mmHg and not 
10  mmHg because of the conversion from cmH2O to 
mmHg which requires dividing by the density of mercury 
which is 13.6 times that of water and also changing cm to 
mm
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ers, linearity is maintained well over the clinical 
range. If the signal is linear, calibration can be 
done with just two points, the zero value and a 
second value, such as 100 mmHg. Calibration of 
electronic devices is used to be done by actually 
attaching a column of water or mercury to the 
transducer, but this now is done with an internal 
electronic “force.”

The third term is leveling. This is what causes 
the greatest errors when making pressure mea-
surements with fluid-filled catheters. The key 
point is that a pressure measured with a fluid- 
filled device is relative to an arbitrary reference 
level. This is because the fluid in the catheter has 
a mass that adds to the measurement because it 
too is being accelerated by gravity. The position 
of the measuring device thus becomes critical for 
the measured value. This is not a problem when 
measuring air pressures because the air in the 
measuring system has a trivial mass and does not 
contribute to the measurement. It generally is 
accepted that the reference level for hemody-
namic measurements is the midpoint of the right 
atrium because this is where the blood comes 
back to the heart and then is pumped out again by 
the heart. On physical exam this positions can be 
found by identifying the sternal angle (also called 
angle of Louis), which is a small bump on the 
sternum where the second rib attaches to it 
(Bickley and Hoekelman 1999) and by knowing 
that the midpoint of the right atrium is 5 cm verti-
cally below this point (Fig. 22.3). This remains 
true whether the subject is lying flat or sitting at 
up to at least 60° because the right atrium is a 
relatively round structure and its center remains 

at the same vertical distance below the sternal 
angle. In our unit we use this value for setting the 
level of hemodynamic transducers. The sternal 
angle is identified and a carpenter’s level device 
is placed on it. A tongue depressor with a line 
drawn 5 cm below the leveling device is attached, 
and the transducer is leveled to this position at the 
level on the transducer where the system can be 
opened to air (Fig.  22.4). More often, the mid- 
thoracic (or midaxillary) line at the fourth inter-
costal position is used. However, this 
measurement only is valid when the subject is 
lying flat. On average, depending upon the chest 
size, measurements at the mid-thoracic level are 
3  mmHg higher than the sternal angle-based 
measurement (Magder and Bafaqeeh 2007). With 
any of the approaches to leveling, the most 
important issue is to always use the same level so 
that trends in the measured values can be fol-
lowed. The advantage of the sternal angle-based 
measurement is that it encourages the healthcare 
team to be more precise in identifying the refer-
ence level and it can be used in semi-upright 
positions as recommended for patients being fed, 
patients with pulmonary edema, or patients 
bleeding following cardiac surgery. The reader 
should now understand Fig.  22.1 (answer is at 
end of chapter).

 Transmural Pressure

The pressure that matters in any hemodynamic 
assessment is the pressure across the wall of the 
elastic structure, because that is the force that 

Fig. 22.4 Proper 
leveling position on the 
transducer. The level 
should be where the 
stopcock opens to 
atmospheric pressure at 
the top of the column of 
fluid needed to fill the 
transducer and to avoid 
air bubbles. The 
difference in leveling 
from the correct site to 
the bottom at the “flush” 
device is 3 mmHg
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distends the wall. It also is the force that drives 
fluid across the capillary walls. Transmural 
pressure is defined as the difference between the 
inside and outside pressures of a structure. As an 
example, for arterial pressure of 120 mmHg, the 
transmural pressure is 120  mmHg minus the 
outside pressure of 0 mmHg, and this seems like 
a trivial point. However, transmural pressure is 
not trivial when interpreting intrathoracic vas-
cular pressures. The pressure surrounding the 
heart and vessels inside the chest is pleural pres-
sure (Ppl) and not atmospheric pressure, and Ppl 
continuously changes during the respiratory 
cycle. As an example, when CVP or pulmonary 
artery occlusion pressure (Ppao) is measured 
with a device outside the chest, the waveform 
usually falls with a spontaneous inspiratory 

effort, and one might conclude that right heart 
volume decreased. An example of the respira-
tory changes in Ppao is shown in Fig.  22.5. 
What really is happening is that the transducer 
is zeroed to atmospheric pressure and not the 
surrounding Ppl. If Ppl had been measured (also 
relative to atmosphere), it would have been 
apparent that Ppao fell less than Ppl because left 
atrial filling actually increases during inspira-
tion because some volume is squeezed out of the 
lungs during inflation. As a consequence, trans-
mural Ppao actually most often rises during a 
spontaneous inspiration (Fig.  22.5). The same 
most often occurs with the CVP. The return of 
blood to the right heart increases because of the 
increased gradient for venous return with inspi-
ration, and this raises the transmural CVP. With 

Fig. 22.5 Measurement of pulmonary artery occlusion 
pressure (Ppao). In a spontaneously breathing person, 
Ppao falls during inspiration. The proper place to measure 
Ppao or CVP is at end expiration or just before the inspira-
tory fall in pressure (these two terms are equivalent). Ppao 
is measured at the base of the “a” and “v” wave. In this 
example the value is 15 mmHg. There is an initial short 
rise in Ppao during expiration likely due to the inspiratory 
increase in right heart filling being passed to the left 
side. The bottom shows the equivalent of a heart (round 
red ball) with a column for measuring the pressure. The 
heart is surrounded by the equivalent of the chest and Ppl. 

At end expiration, Ppl normally is approximately 
−2 mmHg. The true value at end expiration is then 15–
(−2) = 17 mmHg. During inspiration Ppl falls. The change 
in Ppl can be estimated by the change in Ppao which 
closely matches the fall in Ppl except that it usually is 
2 mmHg less because lung inflation increases filling of the 
left atrium (Bellemare et al. 2007). Thus, the new Ppl at 
peak inspiration is −16, the fall in Ppl then is −18, and it 
started from −2 so that the value is −20  mmHg. The 
inside pressure is −1 mmHg relative to atmospheric pres-
sure so that the transmural pressure is 19 mmHg
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a positive pressure breath, the opposite occurs. 
The CVP generally rises less than Ppl because 
during inspiration the positive Ppl decreases 
venous return, right heart volume decreases, and 
the CVP transmural pressure decreases. The 
transmural Ppao, though, still usually rises 
because of the increased return from the lungs 
to the left atrium still occurs with the positive 
pressure lung inflation. The difference between 
the pressure of an intrathoracic vascular struc-
ture measured relative to atmosphere and true 
transmural pressure may seem small, but it must 
be remembered that the pressure difference for 
venous return only is in the 4–8 mmHg range. 
Furthermore, in most people, right ventricular 
filling becomes limited at a right ventricular 
transmural filling pressure measured relative to 
5 cm below the sternal angle at around 10 mmHg 
(Magder and Bafaqeeh 2007). These principles 
apply to all intrathoracic vascular structures.

Changes in Ppl can be estimated with a bal-
loon catheter placed in the esophagus, but this is 
not readily available most of the time, and is too 
inconvenient for routine measurements. The 
solution is to make hemodynamic measurements 
at end expiration because at that time in the respi-
ratory cycle, Ppl is closest to atmospheric pres-
sure with some important exceptions discussed 
below. This is true for both positive and negative 
pressure respiratory efforts. It should be appreci-
ated that the end-expiratory pressure still under-
estimates the transmural pressure with 
spontaneous breathing because, at end expira-
tion, Ppl is subatmospheric (Fig. 22.5). During a 
mechanical breath with positive end-expiratory 
pressure (PEEP), the end-expiratory value is 
overestimated because Ppl is greater than atmo-
spheric pressure. However, these differences are 
small and create a relatively consistent bias. The 
problem becomes more significant when high 
levels of PEEP are used. There is no simple way 
to deal with this. It first should be appreciated 
that in normal lungs, a little less than half the air-
way pressure is transmitted to the pleural space. 
With a PEEP of 10 cmH2O, this means that Ppl 
would increase by about 4 cmH2O or < 3 mmHg, 
which is in the range of the accuracy of measure-
ment and likely only has a small hemodynamic 

effect. Furthermore, higher levels of PEEP usu-
ally are used when the lung is less compliant, 
which means that less airway pressure is trans-
mitted to the pleural space. It might be consid-
ered that the effect of PEEP on the measurement 
could be assessed by just transiently removing 
the PEEP, but this does not work for measure-
ment of CVP because the lower pressure relative 
to atmosphere increases right heart filling in the 
next diastole. Quickly removing PEEP, though, 
can give an indication of the effect of PEEP on 
the left atrial pressure because both the upstream 
venous pressure and the left atrial pressure are 
affected equally and left atrial filling does not 
change right away (Pinsky et al. 1991). The only 
real clinical solution is to chart the value as it is 
measured relative to atmosphere and then esti-
mate a likely transmural pressure range by con-
sidering the magnitude of the PEEP and the lung 
compliance. This holds for external PEEP and 
intrinsic PEEP.

The significance of transmural pressure also 
can be important during expiration. Most often 
expiration is passive during spontaneous breath-
ing, and there is little change in intrathoracic and 
intra-abdominal pressures. During a mechanical 
breath, there is a progressive decrease in the posi-
tive thoracic pressure created by the mechanical 
breath and then a plateau in the CVP and Ppao 
measurements when back to baseline. However, 
patients not infrequently have active expiratory 
efforts, especially when sedation is decreased, 
but also if they experience increased expiratory 
loads. This can result in two patterns which I 
have called A and B (Fig. 22.6a, b) (Magder et al. 
2016). In A, Ppl is increased at the beginning of 
expiration by an active expiratory effort and pro-
gressively falls during expiration as the air in the 
thorax is emptied. In this situation, CVP and 
Ppao should be measured in a ventilator cycle 
with the longest expiratory time or when a clear 
expiratory plateau is identified. In the B type 
(Fig. 22.6b), the expiratory effort increases dur-
ing expiration so that CVP and Ppao progres-
sively increase, too. In this situation, it is wrong 
and misleading to make the measurement at end- 
expiration because Ppl at that time has the great-
est deviation from atmospheric pressure. The 
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correct measurement only can be an estimate and 
should be made at the beginning of expiration 
when the expiratory effort is just starting (Magder 
et al. 2016). Other things that can be tried are to 
examine multiple cycles to find one in which 
there is no strong expiratory effort, have the 
patient talk even with a tube in place because this 
usually stops the expiratory effort, or even seda-
tion (Magder et al. 2016).

 Where on the Tracing Do You Make 
the Measurement?

In patients who have prominent “a” and “v” 
waves, the question arises where on the tracing 
should the pressure measurement be made. In 
Fig.  22.7, the top of the “a” wave is almost 
10 mmHg, the bottom is almost 0 mmHg, and the 
middle is about 5  mmHg. At 10  mmHg fluids 

a

b

Fig. 22.6 (a) Example of forced (i.e., active) expiration 
type A in spontaneously breathing patient. The middle 
tracing shows the pulmonary artery occlusion pressure 
(Ppao) and the bottom the CVP. The scale is 20 mmHg for 
both. The horizontal bar at the bottom indicate  inspira-
tion. The Ppao progressively decreases during expiration 
and CVP does too but more mildly. The breath is identi-
fied by the large fall in Ppao and smaller fall in CVP. The 
CVP tracing shows very large x descents indicating right 
ventricular diastolic dysfunction (Mark 1991; Goldstein 

et  al. 1990). The red lines indicate the proper place to 
make the Ppao and CVP measurements. The Ppao is 
13 mmHg. (b) Active expiration type B. In this spontane-
ously breathing patient, inspiration as indicated by the 
bars can be identified by the fall in CVP. During expira-
tion there are progressive increases in CVP indicating 
active expiration. Note how the a wave decreases during 
expiration, likely indicating decreased right atrial filling 
during this phase
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might be held and a diuretic give, whereas at 
0 mmHg fluids might be given! The proper place 
is at the base of the “c” wave, and if it cannot be 
identified, the base of the “a” wave is a close 
approximation. If the ECG signal can be syn-
chronized with the CVP tracing, another approach 
is to draw a vertical line form the “s” wave of the 
QRS on the ECG to where it intersects the 
CVP.  Unfortunately, this is not always easy on 
newer monitors because the ECG and pressure 
waves are often not synchronized without diffi-
culty (such as the popular Philips devices).

 Frequency Response

Systems that are used to measure pressure are 
characterized by their frequency response which 
is a measure of how quickly the system (pressure 
transducer and catheter) responds to changes in 

pressure (Moxham 2003; Shapiro and Krovetz 
1970). The maximum frequency in Hz that the 
pressure sensor can pass into its signal without 
distortion is called the flat frequency (Moxham 
2003).

Measurement of a pressure with a catheter and 
transducer is characterized as second-order 
underdamped systems. A useful analogy is that of 
a bouncing ball. If there was no loss of energy, it 
would keep bouncing with the same height and 
frequency each time, but instead, frequency of 
bouncing stays the same with what is called the 
“characteristic frequency,” but the height gradu-
ally deceases. The time it takes to come to rest is 
its damping coefficient.

Pulse waves can be broken down into different 
component sine waves that have oscillations that 
are fractions of the dominant wavelength. These 
are called harmonics. For an arterial pulse, the 
first harmonic is the heart rate. Harmonics ideally 

Fig. 22.7 Proper place to measure CVP. The tracing is 
during expiration. The top shows the ECG, the next trac-
ing is the arterial pressure (Part), the third is the pulmo-
nary artery occlusion pressure (Ppao), and the bottom 
tracing is the CVP. The a and v waves and x and y descents 
are marked. The place of the c wave is marked but it is not 
clear in this example. It can be located by a perpendicular 

line drawn from the S wave on the QRS complex of the 
ECG. The line is shifted to the right because of time dif-
ference between an electrical (ECG) and fluid (CVP) sig-
nal. The onset of the upstroke of part also indicates the 
onset of systole and the proper place to measure CVP. The 
CVP in this example is 4 mmHg. In comparison the peak 
value is 9, mean 6, and bottom 2 mmHg. Ppao is 6 mmHg
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should not have a phase shift but a small shift 
related to frequency is acceptable. The natural 
frequency, i.e., equivalent of the bounce of the 
measuring device, must be greater than the first 
six to ten harmonics of the frequencies that make 
up the pressure wave being measured. Based on 
this, a heart rate of 140 b/min would require that 
the measuring system respond at up to 20  Hz. 
The faster the heart rate and the steeper the sys-
tolic pressure upstroke, the greater the natural 
frequency response required for the measuring 
system. On the other hand, venous waves do not 
have steep upstrokes, and they are composed of 
waves with resonant frequencies that are ten 
times that of arterial pressures. They thus require 
frequency responses of 150 Hz. This, though, is 
not practical and damping must be added. When 
the frequency of the measurement (i.e., arterial 
pressure) approaches the natural frequency of the 
measuring system, the system will start to reso-
nate and exaggerate the amplitude of the true sig-
nal. If the frequency response of the measuring 
system is reduced by the friction and viscosity in 
the fluid being measured, the amplitudes of the 
signals are reduced. This usually is done to some 
extent electronically to avoid overestimation of 
the pressure signal, but typically signals are 
underdamped.

A high-frequency response and sensitivity are 
mutually exclusive, so it is important to use a sys-
tem that responds to what is being measured. 
CVP measurements need a low-frequency 
response (10  Hz) but high sensitivity, whereas 
devices for measuring arterial pressure, espe-
cially when the arterial waveform is being used to 
estimate cardiac output, should have higher- 
frequency response (20 Hz). If dP/dt max is being 
measured in ventricle, a very high-frequency 
response (>30 Hz) is required. Importantly, sys-
tolic pressure is overestimated by an under-
damped system. Diastolic pressure is less 
sensitive to sub-optimal dynamic response 
because it falls more slowly than the upstroke in 
systole, but it still is underestimated by under-
damped systems and overestimated by over-
damped systems. The mean pressure is the least 
affected by the dynamic response of the measur-
ing system, but it still can be altered because of 

the different effect of the frequency response on 
systolic and diastolic measurements. Most nonin-
vasive pressure monitoring systems have dynamic 
response limitations, thus it is expected that intra- 
arterial measurements of systolic arterial pres-
sure usually exceed the indirect noninvasive 
measurement. Modern transducers have excellent 
frequency response ranges with electronically 
regulated dampening, and they provide reliable 
systems as long as the catheter system is ade-
quate. A large bore arterial cannula improves the 
frequency response but also increases the risk of 
arterial damage. If possible, less stopcocks, as 
well as stopcocks with wider bore taps, should be 
used. Catheters should regularly be flushed to 
minimize blood clots that will increase resistance 
or air that increases compliance and 0the signal.

The frequency response of the system can be 
tested by flushing the catheter system and observ-
ing the frequency of the response and the time to 
stabilize as shown in Fig. 22.8.

 Use of CVP

Use of CVP is often criticized by arguing that it 
is a “static” measure, that it does not indicate 
blood volume, and that its value does not predict 
fluid responsiveness. The first of these, i.e., that it 
only is a static measurement, is true, but only if 
one looks at just one value; but why would any 
reasonable clinician do that? If changes in 
CVP over time are compared to changes in blood 
pressure, cardiac output, urine output, changing 
lactate, oxygenation, and even wakefulness, CVP 
is as “dynamic,” a measure as any other dynamic 
measures.

The other two points are true and CVP should 
not be used for these purposes. CVP only is 
determined by stressed volume, which, as dis-
cussed in Chap. 2, constitutes a little less than 
30% of total blood volume. This means that 70% 
of blood volume does not affect the CVP. Second, 
CVP does not even indicate the pressure in the 
upstream large venous-compliant region because 
between the two there is a resistance that varies 
with neurohumoral activity. Third, the measured 
CVP is determined by the interaction of cardiac 
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function and return function, both of which are 
constantly changing, and when that happens, 
CVP at the same blood volume changes. In fact, 
these changes are the real clinical usefulness of 
the CVP measurement and will be discussed 
below.

The third statement, which is that CVP does 
not predict fluid responsiveness, also is true, but 
misses the usefulness of CVP as a pretest predic-
tor of the likelihood of a response, which when 
combined with clinical judgment, can be very 
helpful. Factors that affect the pressure at which 
the RV filling is limited include the space taken 
up by other structures in the thorax and  potentially 
compress the heart, the presence of PEEP, the 
intrinsic compliance of the RV during diastole, 
and even the precise position of the right heart 
relative to where it is assumed to be for the refer-
ence level. This likely is a greater problem with 

the mid-thoracic measurement than the measure-
ment based on 5  cm below the sternal angle 
because the heart is an anterior structure; just ask 
a cardiac surgeon who has to do midline sternoto-
mies. The right atrium thus maintains a relatively 
constant position relative to the sternal angle. In 
contrast the mid-thoracic value is affected by the 
depth of the chest, and difference between the 
two leveling sites increases with increased depth 
of the chest.

A single patient meta-analysis of the predic-
tive value of CVP for fluid responsiveness did not 
find a cutoff value that could reliably predict fluid 
responsiveness (Eskesen et  al. 2015). However, 
details were not given for how patients were lev-
eled, where in the cycle measurements were 
made, and how expiratory efforts were used. All 
of these can affect the CVP values which only 
occur over a very small range. One of my papers 

Fig. 22.8 Assessment of frequency response with flush 
test. The top shows a damped arterial pressure on the left. 
The flush test (*) shows a slow return to the base signal. The 
line was kinked and when the arm was straitened the proper 
signal returned. The flush test shows brisk, narrow waves 

post-flush. The bottom shows a normal brisk flush test for 
the CVP (it also shows the same damped part of the arterial 
tracing seen in the upper left but with a larger scale). Patient 
was on pressure support. The a, c, and v waves are marked 
(v is very small). The bar marks inspiratory trigger
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was included in the meta-analysis, and no adjust-
ment was made by the authors for the fact that we 
use a level of 5 cm below the sternal angle instead 
of the more commonly used midaxillary level 
(Magder and Bafaqeeh 2007). In contrast to the 
result of the meta-analysis, we found a very clear 
decrease in the percentage of patients responding 
to fluids with increases in CVP (Magder and 
Bafaqeeh 2007). There were few fluid responders 
above 10 mmHg, and we therefore called values 
above this as a “high” CVP. In reality, any CVP 
above 2–4  mmHg is likely abnormal, although 
the patient still could be fluid responsive because 
fluid need and fluid responsive are not the same. 
It also is important to appreciate that there is an 
inherent bias in almost all fluid challenge studies, 
including our own. The standard experimental 
approach is to obtain values of CVP and cardiac 
output after a fluid bolus is given. This fluid bolus 
most often was given based on the clinician’s 
belief that volume might improve the clinical 
condition. Accordingly, when fluids are given at 
higher CVP values there is a greater likelihood of 
responses because from a Bayesian point of view, 
potential responders are preselected. The dog-
matic statement that CVP does not predict a fluid 
response also ignores some simple clinical situa-
tions. If a patient is in shock and a pulmonary 
embolism is considered but the CVP is zero, yes, 
a pulmonary embolism is still possible, but some 
creative pathophysiology also is required. For 
example, does the patient have a gastrointestinal 
bleed with the pulmonary embolism or even sep-
sis and a pulmonary embolism? On the other 
side, if a patient is in shock and this is thought to 
be due to a massive gastrointestinal bleed and the 
CVP is 20, yes, the shock could be because of the 
bleed, but the high CVP indicates that something 
else is happening, such as perhaps cardiac tam-
ponade at the same time.

As indicated above, the best way to use of the 
CVP is to combine it with an indicator of flow. 
Generally, blood pressure is not a good indicator 
of cardiac output with the exception of the acute, 
severely hypotensive patient in whom the cardiac 
output usually is low. The ideal is to have a car-
diac output measurement. The need for accuracy 
of a measurement of a cardiac output varies with 

the severity and refractoriness of the shock. The 
pulmonary artery catheter and PiCCO systems 
still are the most reliable devices for measuring 
cardiac output but are more invasive. An esopha-
geal Doppler probe can provide a reliable mea-
sure of aortic flow but requires some experience 
in properly positioning the probe (Dark and 
Singer 2004). It can be difficult to be confident 
with Doppler signal at low flow rates because it is 
hard to know whether the low signal is because of 
technical reasons or whether the flow is truly low, 
which is unfortunate because that is the question 
that the clinician wants to know. Changes in the 
signal are easy to observe, so if the system is 
working, the response to an intervention can help 
separate an inadequate signal from a true low 
value. An increase of the velocity signal also can 
be useful for identifying changes in flow in 
response to a therapy (McKendry et  al. 2004). 
Echo-Doppler approaches can be noninvasive or 
less invasive if esophageal echocardiographic 
measurements are obtained but are not easily 
used serially. Metabolic values can give an indi-
rect, but sometimes sufficient indication of a 
response to therapy. These include decreasing 
lactate and rising central venous saturation. An 
increasingly mentally responsive patient with a 
stabilizing blood pressure is likely one of best 
indicators of a good clinical response to a 
therapy.

The approach to use of the CVP and flow mea-
surement is based on the appreciation that CVP 
indicates how cardiac function is handling the 
venous return as discussed in Chap. 2 (Table 22.1). 
An improvement in cardiac function alone makes 
the heart more “permissive” for the return of 
blood and results in a fall in CVP with a rise in 
cardiac output. The reverse, a decrease in cardiac 
function, results in a rise in CVP with a fall in 
cardiac output, i.e., changes in CVP and cardiac 
output go in opposite directions and indicate that 
the heart is more or less “permissive.” An 
improvement alone in the return function results 
in a rise in CVP with a rise in cardiac output, and 
the reverse, a fall in the return function, which 
usually means a fall in stressed vascular volume, 
results in fall in CVP with a fall in cardiac output, 
i.e., they move in the same direction. These rela-
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tionships can be used diagnostically. For exam-
ple, if blood pressure falls, CVP falls, and cardiac 
output falls, this is primarily a return problem 
and most likely a loss of volume. If the blood 
pressure falls, CVP rises, and cardiac output falls, 
the primary problem is a decrease in pump func-
tion. This could be a right heart, pulmonary cir-
cuit, or left heart problem, but the approach now 
can then  be more focused. On the therapeutic 
side, if a bolus of fluid is given and CVP falls, the 
cardiac output rises, the fluid bolus cannot 
explain the rise in cardiac output by itself. Here 
also had to be an increase in cardiac function. 
Perhaps a catecholamine was given at the same 
time or maybe the patient woke up or just 
improved!

A useful clinical tip when following CVP 
tracings on the monitor is that increased positive 
inspiratory swings in patients receiving mechani-

cal ventilation are an indicator of decreased chest 
wall compliance (Fig. 22.9). This type of patient 
may require a higher PEEP than expected to 
maintain good oxygenation. An example would 
be an obese patient. On the other side, inspiratory 
falls in CVP are not as good at estimating the 
inspiratory fall in pleural pressure when com-
pared to the Ppao. This is because the left heart 
receives blood from the pulmonary venous reser-
voir and the change in pressure in that region fol-
lows the change in left heart pressure during the 
ventilator cycle. In contrast, the venous reservoir 
for the right heart is outside the thorax, so the 
environment of the right heart changes relative to 
its reservoir during the ventilator cycle, and 
accordingly, its filling changes more than on the 
left (Bellemare et  al. 2007). However, a large 
inspiratory fall in CVP indicates that there was 
indeed a large fall in Ppl.

Fig. 22.9 Inspiratory increase in Ppao and CVP indicat-
ing decreased chest wall compliance. There is a prominent 
rise in Ppao and CVP during the mechanical breath 
(marked by the blue bar). There also is an unusually large 

early v wave on the Ppao tracing which could indicate 
mitral regurgitation or a noncompliant left atrium. The 
blue arrow marks the v wave and the red line the onset of 
systole

Table 22.1 Clinical significance of change in CVP and change in cardiac output

CVP Cardiac output Functional change Process
Increase Increase Increase in return function Change in volume, capacitance, or 

venous resistanceDecrease Decrease Decrease in return function
Increase Decrease Decrease in pump function Change in HR, contractility, or afterload 

of RV or LVDecrease Increase Increase in pump function
No change Increase Increase in both pump and VR E.g., increased NE
No change Decrease Decrease in both pump and VR E.g., decreased NE

VR venous return function, HR heart rate, NE norepinephrine
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 Use of Ppao

I will start with a comment on nomenclature. The 
first publication on pulmonary artery catheteriza-
tion was by Cournand and co-workers (Cournand 
et al. 1948). They used an end-hole catheter and 
passed it through the right heart, to the pulmo-
nary artery, and then distally until it “wedged” in 
the vessel. When a pulmonary floatation catheter 
is used, the balloon near the tip occludes the ves-
sel, and the tip is free and not “wedged.” This 
means that it is in slightly larger vessels which 
could result in some minor differences. These 
likely are of little clinical significance, but for the 
sake of preciseness, the balloon value is called an 
occlusion pressure instead of a “wedge” pressure 
although in both cases forward arterial flow in the 
vessel is presumed to be stopped so that only the 
distal pressure is measured. A potential error that 
is unique to a Ppao measurement is that the signal 
can be dampened but the artery is not actually 
occluded. This gives a falsely elevated estimate 
of left atrial pressure Fig. 22.10.

The pulmonary artery catheter was created by 
Swan and Ganz because they appreciated that in 
most patients with a myocardial infarction, CVP 
does not identify an elevated left atrial pressure. 
It was thus necessary to directly measure the left 
heart filling pressures to better classify the 
patient’s status and to plan treatments (Table 22.2) 
(Forrester et  al. 1971; Swan et  al. 1970; Laks 
et al. 1967). This still remains the primary use of 
a Ppao. In a patient in whom it is determined that 
a decrease in cardiac function is the primary 
problem, Ppao can be used to determine whether 
the primary problem is in the left heart or in the 
right heart. If the problem is primarily in the left 
heart, the differential diagnosis is limited to coro-
nary artery disease, mitral or aortic valve disease, 
or severe hypertension, which should be obvious! 
Equal elevations of CVP and Ppao indicate a 
global cardiac problem such as a cardiomyopa-
thy, tamponade, or restrictive process, although 
this, too, can occur if there is a primary left heart 
problem and excessive fluids have been given to 
the point where there also is right heart limitation 

a b

c d

Fig. 22.10 Faulty measurement of pulmonary artery 
occlusion pressure (Ppao) with pulmonary artery catheter. 
Panel (a) shows pulmonary artery (PA) and CVP. In this 
patient the end of the catheter slips back into the right ven-
tricle (RV) with a mechanical breath (bar at bottom). The 
arrows mark the sequence of events. In (b) the balloon is 
inflated and the tracing is altered. However, the diastolic 

pressure has not changed and it has a prominent spike. In 
(c) the tracing looks like it could be Ppao but it still has the 
prominent spike. In (d) the proper Ppao is finally seen. 
The pressure is only 4 mmHg instead of 14 mmHg. At the 
end of (d), the balloon is deflated and the PA tracing 
returns
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as discussed in Chap. 3. A CVP greater than Ppao 
indicates that the problem is primarily with the 
right heart such as a pulmonary embolism, pri-
mary pulmonary hypertension, chronic pulmo-
nary disease, or even increased right heart loading 
to the ventilator settings (Table 22.3).

Ppao values should never be used to determine 
if a fluid bolus will increase cardiac output. This 
is because it is the CVP that indicates how the 
heart as a whole is interacting with the return 
function and volume increases cardiac output by 
acting on the return function. Furthermore, when 
right heart filling is limited and Ppao is low, more 
volume cannot get to the LV to fix the problem 
because more volume per beat cannot leave the 
right heart. However, Ppao can be used to indi-
cate that one needs to be cautious about giving 
more fluids. Ppao gives an indication of capillary 
pressure and thus the risk to the lungs when giv-
ing more fluid. When Ppao values are above 

18 mmHg, fluids should be used cautiously, espe-
cially if the albumin is low or capillaries are leak-
ier than normal.

An indirect value of the Ppao when it is in 
place is that the peak changes during the 
 respiratory cycle give an indication of the change 
in pleural pressure with either a negative or posi-
tive inspiratory effort (Bellemare et  al. 2007; 
Verscheure et  al. 2016). The values are not 
exactly the same because lung inflation squeezes 
some blood out of the lungs and increases left 
atrial filling transmural Ppao by about 2 mmHg. 
Thus, the fall in Ppl during a spontaneous breath 
is underestimated by about 2 mmHg during inspi-
ration and with a mechanical breath overesti-
mated by 2 mmHg.

 Pulmonary Artery Pressure

The primary technical issues related to pulmo-
nary artery (PA) measurements are the same as 
those for the CVP and Ppao. The respiratory vari-
ations, though, can be more of a problem, espe-
cially when respiratory effort is increased. This is 
because there is the natural large PA pulse pres-
sure swings at the heart rate frequency combined 
with the respiratory frequency. It is even worse 
when there is active expiration (Magder and 
Verscheure 2014).

Mean PA pressure often is required to evaluate 
the load on the right heart and the driving pres-
sure for pulmonary artery blood flow. This is 

Table 22.2 Clinical prediction from combined CVP and 
pulmonary artery occlusion pressure (Ppao)

Ppao greater than CVP
   Coronary artery disease
   Aortic valve disease
   Mitral valve disease
   Severe arterial hypertension
CVP greater than Ppao
   Excess fluid and RV limitation
   Chronic fluid retention
   Excess fluid given
   Left to right shunt
   Ruptured VSD with AMI
   RV dysfunction
   Elevated PAP
   Decreased contractile function (depressed 

end-systolic pressure-volume relationship)
   (but still require excess fluid be given)
CVP and Ppao both elevated
   Global dysfunction
   Cardiomyopathy
   Diffuse coronary disease
   Volume overload
 Right ventricular dysfunction with CVP transmitted 
to left atrium
   Restrictive heart disease
   Tamponade
   Pericardial fluid
   Mediastinal constraint

Table 22.3 Guide to responses to a fluid challenge

CVP Cardiac Index Response
Change 
≥2 mmHg

Increase 
≥0.3 L/min 
per m2

+ve fluid response

Change 
<2 mmHg

Increase 
≥0.3 L/min 
per m2

+ve fluid response

Change 
<2 mmHg

Increase 
<0.3 L/min 
per m2

Inadequate 
test – repeat

Change 
≥2 mmHg

Increase 
<0.3 L/min 
per m2

Not fluid responsive no 
matter what the CVP 
value

Outcomes are independent of amount of fluid given and 
starting CVP

S. Magder
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done by smoothing out of the tracing and ignores 
the artifact in the estimate of transmural pressure 
from the changing reference value of PA com-
pared to the atmospheric pressure used for the 
transducer (Magder and Verscheure 2014). This 
error is magnified when either inspiratory or 
expiratory efforts are increased. It would make 
more sense to make a measurement of PA pres-
sure at end expiration and calculate a mean. High 
respiratory frequencies increase the problem and 
may make it very difficult to identify end expira-
tion. It can become almost impossible to asses 
true transmural values. From a pragmatic point of 
view, it might be better to just use the pressure 
difference from the pulmonary diastolic pressure 
to the pulmonary artery occlusion pressure, if it 
can be measured, to assess PA vascular resis-
tance. These both move with same reference sys-
tem so that the difference is valid.

 Conclusion

The simple CVP provides a lot of clinically use-
ful information if it is properly understood and 
used in the clinical context and especially when 
used with a flow measurement. If used this way, 
it hardly can be considered a “static” measure-
ment as it marches across the screens of many 
critically ill patients. CVP, Ppao, and pulmonary 
artery pressures generally are much smaller than 
arterial pressures, and there needs to be great care 
in using the appropriate level, zero, and calibra-
tion. Inappropriate changes in management eas-
ily can be made based on faulty measurements. 
The effect of respiration on Ppl always needs to 
be considered when making pressure measure-
ment on intrathoracic structures. It may not 
always be evident that a change in pleural pres-
sure has occurred and that it is altering the mea-
surements. A simple short disconnect from the 
ventilator can sometimes detect this problem. 
Leveling, zeroing, and checking the calibration 
should always be done before any major changes 
are made in hemodynamic management.

The answer to the two examples in Fig. 22.1 is 
10 cmH2O for both A and B.
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Cerebral Hemodynamic 
Monitoring Techniques

Ivan Da Silva and Thomas P. Bleck

 Introduction

Invasive and noninvasive monitoring of the cen-
tral nervous system (CNS) has been a corner-
stone of neurocritical care since the conception 
of neural critical care units. However, there is 
little evidence to support the idea that monitoring- 
based care in neurologically ill patients translates 
into improved outcomes. The aim of this chapter 
is to review the technology and physiology 
behind the most commonly used techniques and 
to highlight the potential utility, limitations, and 
device-related complications of the tools.

 Background

Monitoring the brain, its diseases, and metabolic 
processes has been an obsession since the advent 
of neurocritical care, even when treatment 

options are limited or not significantly effective. 
The original motivation for the development of 
neurocritical care units was to place patients with 
critical neurological conditions in the same area, 
in order to allow physicians and nurses to fre-
quently check the patient’s clinical status 
(Wijdicks 2017). The neurological exam has 
been the pillar of neurocritical care since those 
early days and remains the gold standard assess-
ment of the CNS function. A neurological exami-
nation that identifies preserved mechanisms of 
alertness, awareness, cognitive function, and 
complex motor responses is more accurate and 
reassuring than any other type of brain monitor-
ing, and clinicians should question any “abnor-
mality” detected by ancillary devices when the 
exam is close to normal. All monitoring technol-
ogies are primarily of use in patients in whom a 
reliable neurological exam is not possible such as 
someone in whom significant brain injury has 
already occurred; the devices are being used to 
help prevent further neurological demise.

The term multimodal intracranial monitoring 
was coined within the last decade to further dis-
cuss the multitude of CNS monitoring techniques 
that have been developed and the challenge of 
how to integrate them. Excess nonintegrated 
information can lead to confusion and medical 
decisions that may cause more injury. As previ-
ously shown with the worldwide scrutiny and 
bashing of invasive pulmonary artery monitoriza-
tion a few decades ago (Marik 2013), monitoring 
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devices do not change patients’ outcomes, and 
medical decisions based solely on numbers, and 
in the hands of inexperienced clinicians, can defi-
nitely lead to further harm. Previous studies have 
shown that neurocritically ill patients can experi-
ence improved outcomes if treated in units dedi-
cated to such conditions (Egawa et  al. 2016; 
Samuels et al. 2011; Soliman et al. 2018; Suarez 
et al. 2004; Varelas et al. 2008), reinforcing the 
idea that the best monitoring is having a special-
ized team at the bedside.

 Intracranial Pressure

 Anatomy and Physiology

The intracranial components are surrounded by a 
relatively rigid container, the skull. Recent 
research has shown that the skull diameter can 
vary during heart beats, but this volumetric dif-
ference is minimal (Mascarenhas et  al. 2012). 
The intracranial components are comprised 
roughly of 1100–1300 cm3 of brain tissue (83%), 
130–150 cm3 of cerebrospinal fluid (CSF) (11%), 
and 60–80 cm3 of blood (6%) inside the intracra-
nial vessels (mostly within venous sinuses) 
(Zhang et al. 2017). CSF is produced and reab-
sorbed at approximately 15–20  cc/h. In theory 
the entire reservoir is renewed three times a day. 
CSF is mostly produced by the choroid plexuses 
(through filtering of blood by arterial pulsations) 
situated in the lateral ventricles. It flows through 
the third and fourth ventricles and accesses the 
cervical subarachnoid space though the foramina 
of Luschka and Magendie. From there, CSF 
flows down the spinal canal to the lumbar thecal 
sac and flows back to the cranium, where it is 
reabsorbed by the arachnoid granulations (con-
nected to the venous system). Therefore, there is 
an intricate correlation of CSF production, flow, 
and reabsorption with the arterial and venous sys-
tems. It is important to emphasize that there is a 
natural downward pressure gradient from the 
brain to the spine that facilitates CSF flow, but 
this can become problematic when mass effect 
develops; it guides the pressure vectors toward 

downward herniation. The intracranial compart-
ment is further subdivided by meningeal leaflets, 
such as the tentorium and falx, and these divi-
sions often compartmentalize distribution of 
pressure vectors and create pressure gradients. 
The doctrine attributed to Alexander Monro 
(1783) and George Kellie (1824) stated that the 
brain and its contained blood were incompress-
ible, enclosed in a rigid and inextensible skull, of 
which the total volume remained constant (Monro 
1823; Kellie 1824). Originally, the doctrine did 
not consider the CSF volume; this concept was 
introduced in 1846 by George Burrows (Burrows 
1848). Also, the doctrine only referred to vol-
umes, with the intracranial pressure component 
later being described by Francois Magendie and 
further established by Harvey Cushing (Cushing 
1926). As a result, the pressure inside of the intra-
cranial compartment is dictated by the volume of 
its three most important components (blood vol-
ume, CSF, and brain tissue); an increase in one of 
them should cause a decrease in one or both of 
the remaining two volumes. The doctrine itself 
suffers some criticism, as the volumes are 
dynamic (CSF is produced at every heart beat and 
flows toward the cervical spine, and intracranial 
vessels change the diameter during systole/dias-
tole); the brain itself moves caudally during heart 
beats; the dural sac in the lumbar channel expands 
slightly against the surrounding venous plexuses. 
The skull also is not as rigid as previously thought 
(Mascarenhas et  al. 2012; Greitz et  al. 1992; 
Kasprowicz et al. 2016; Wilson 2016). But gener-
ically, it can be said that in cases were the brain 
parenchyma volume is increased due to hemor-
rhage, edema, or a tumoral lesion, first CSF is 
displaced to the spinal subarachnoid space to fur-
ther compensate the intracranial compliance, fol-
lowed by compression of the venous sinuses. 
After the buffering mechanism is exhausted, the 
intracranial pressure (ICP) starts to rise steeply, 
as the intracranial reserve is compromised, and 
not long after brain herniation ensues. Compliance 
has been the term used to describe the changes in 
intracranial pressure due to changes in the vol-
ume of intracranial components, but in a stricter 
way, the term elastance would be more correct or 
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the more neutral pressure-volume index described 
by Marmarou (Shapiro et al. 1980). Even though 
ICP monitoring is probably the hallmark of mod-
ern neurocritical care, it can be very misleading, 
as we try to indirectly infer intracranial volumes 
and elastance through a pressure monitor and use 
it as an indicator of resistance to blood flow to the 
brain (using estimated cerebral perfusion 
pressure).

 History

Early references on CSF date as far back as the 
Edwin Smith Papyrus, which described “spillage 
of clear fluid from the interior of the brain” 
(approximately 1500  BCE) (Wilkins 1964). 
Hippocrates conducted the first postmortem ven-
tricle access by needle in a case of hydrocephalus 
in the sixth century BC (Livramento and Machado 
2013). Thomas Willis described in 1664 the pro-
duction of CSF by the choroid plexuses, and later 
in 1705, Antonio Pacchioni reported for the first 
time the arachnoid granulations (Srinivasan et al. 
2014). The first documented external ventricular 
drainage of CSF was performed by Claude- 
Nicolas Le Cat in October 1744 using a cannula 
with a stopple in an infant suffering from hydro-
cephalus (Korbakis and Bleck 2014). As the pro-
cedure in other attempts resulted in a number of 
complications and facing significant resistance 
from the medical community (Whytt 1768), it 
suffered a decline in its use until the 1880s, when 
Carl Wernicke and William Keen described tech-
niques to mitigate infectious complications 
(Srinivasan et al. 2014). Even though consecrated 
in medical history as a pioneer of thyroid surgery 
(winning a Nobel Prize), Theodor Kocher 
described in 1894  in his Textbook of Operative 
Surgery the ventricular puncture through an ana-
tomical landmark in the midpupillary line 10 cm 
posterior to the nasion, the most commonly used 
approach nowadays (Kocher’s point) (Schultke 
2009). Those initial attempts used catheters made 
of horsehair, metal, rubber, and catgut wick, but 
the field advanced substantially after the plastics 
revolution in the 1950s (Srinivasan et al. 2014). 
In the late nineteenth century, interest in physio-

logical exploration of CSF surged, including the 
measurement of ICP by lumbar punctures (LP). 
Heinrich Quincke in Germany was the first to 
describe the needle cannulation technique for 
lumbar puncture (although he himself credited 
his London colleague Walter Essex Wynter for 
the initial concept), publishing on standardized 
techniques to measure CSF pressure (Andrews 
and Citerio 2004).

The use of LP to monitor increased pressure 
later fell into disuse due to the theoretical risk of 
inducing brain herniation and also with the work 
of Langfitt, who demonstrated that it would not 
accurately reflect ICP if the systems did not com-
municate (Langfitt et  al. 1964) (i.e., CSF flow 
obstruction). Harvey Cushing published in 1901 
what is considered his landmark study describing 
the clinical signs of raised ICP, also known as the 
Cushing triad: bradycardia, hypertension, and 
irregular respirations (Cushing 1901). Finally, in 
1960 Nils Lundberg from Sweden published 
landmark studies using modern EVD cannulation 
and described in detail the ICP waveform, its 
components, temporal trends, variations with 
cardiac and respiratory cycles, as well as possible 
interventions (Lundberg 1960). His work was so 
comprehensive (almost 200 pages long) that his 
manuscripts received an issue of the journal dedi-
cated only to his experiments. He established the 
feasibility and safety of prolonged drainage, as 
well as the association between elevated ICP and 
neurological decline.

 Waveform Analysis and Trends

Monitoring of the ICP waveform is of essence, as 
it not only provides a pressure value but also 
information on intracranial elastance/reserve, 
cerebrovascular reactivity, and reliability of the 
measurement, among others. The “mean” ICP is 
a time average of the ICP waveform, consisting 
of mostly three components; the respiratory 
waveforms, which are a reflection of the respira-
tory cycle on cerebral venous blood flow at 0.1–
0.3 Hz and consistent with the respiratory cycle; 
the pulse pressure waveform which is at the fre-
quency of the heart rate; and slow vasogenic 

23 Cerebral Hemodynamic Monitoring Techniques



340

waves, which reflect autoregulation-derived 
cyclic fluctuations of arterial blood volume 
(Lundberg waves) (Harary et al. 2018; Hall and 
O’Kane 2016). The ICP pulse pressure waveform 
occurs milliseconds after the electrocardiogram 
and arterial pressure waves, as it is in intimate 
relation with the cardiac cycle. The waveform 
can be grossly divided into three peaks: P1, P2, 
and P3 (Cardoso et al. 1983). P1 is also called the 
percussion wave and is believed to be produced 
by the arterial impulse in the choroid plexus dur-
ing systole. In support of this, removal of the cho-
roid plexuses in animals substantially decreases 
the P1 component (Bering Jr. 1955). P2 is named 
the tidal wave and reflects the degree of brain 
elastic properties. Finally, P3, named the dicrotic 
wave, is deemed to reflect the closure of the aor-
tic valve. P2 is believed to be produced during the 
peak of cerebral blood volume flowing from 
proximal conductive large arterial vessels to dis-
tal high-resistance arterioles. An increase in its 
peak amplitude correlates with a high sensitivity 
to increased brain elastance (decreased compli-
ance) but with a low specificity (Czosnyka et al. 
2017; Chesnut 2013). Under normal conditions 
with preserved elastance, P1 is the tallest compo-
nent of the pulse waveform, but if the intracranial 
elastance is further exhausted, P2 can become 
taller. Also, with increased elastance, the ICP 
waveform tends to become more apiculate, with a 
greater amplitude and a narrow base, due to 
increased resistance to cerebral blood flow during 
systole and compromise of effective cerebral 
blood volume during diastole (Hall and O’Kane 
2016; Calviello et al. 2017). If the ICP rises even 
further, the amplitude progressively decreases 
due to disturbed CBF and the collapse of the 
cerebral microvasculature (Harary et  al. 2018). 
Patients with abnormal waveforms have worse 
outcomes (Chesnut 2013), and more recently 
researchers have been trying to develop analyti-
cal tools to assess intracranial elastance/reserve 
and cerebrovascular autoregulation by using the 
ICP pulse waveform. Examples are the RAP and 
AMP indices (Czosnyka et al. 1994). These ana-
lyze the amplitude of the ICP pulse versus the 
mean ICP and are used as a measurement of 
intracranial reserve. The PRx (Czosnyka et  al. 

1997) plots mean ICP values temporally against 
mean systemic arterial pressure, to derive mea-
surements of the cerebral autoregulation. Of 
great importance clinically is that the ICP pulse 
waveform be checked frequently because pro-
gressive dampening of the waveform with loss of 
its characteristic peaks puts limits to the validity 
and accuracy of the mean ICP value recorded and 
should alert the team for the need of trouble-
shooting the ICP measurement system.

Among the slow-frequency ICP waves/oscil-
lations described by Lundberg in prolonged con-
tinuous ICP recordings (Lundberg 1960), the 
most clinically relevant are the A waves or pla-
teau waves. These represent ICP surges with 
amplitudes of 50–100 mmHg, lasting 5–20 min-
utes, rarely hours, and are always associated with 
intracranial pathology. Rosner and Becker have 
proposed the most accepted mechanism; they 
supposedly are initiated as a vasodilatory cascade 
in response to a drop in CBF in the setting of a 
significant compromise of intracranial elastance 
and decreasing systemic arterial blood pressure 
(ABP) (Rosner and Becker 1984). The initial 
vasodilation leads to increased cerebral blood 
volume, which increases ICP, and subsequently 
decreases cerebral perfusion pressure (CPP). The 
fall of CPP triggers further vasodilation and a 
positive feedback loop ensues. Eventually, a 
vasoconstriction cascade occurs, possibly due to 
correction of CBF or exhaustion of the mecha-
nism, and the ICP drifts back to baseline. Some 
researchers postulate that these phenomena are 
not necessarily associated with worse outcomes, 
because they occur in roughly 40% of patients 
with traumatic brain injuries and they might even 
signify fairly well-preserved cerebrovascular 
autoregulation (Chesnut et  al. 2014). Others 
argue that when they are frequent and longer 
duration; they likely represent loss of autoregula-
tion, and this potentially could lead to further 
ischemia and an unfavorable outcome (Castellani 
et al. 2009). A recent study in which multimodal 
monitoring was utilized suggested that autoregu-
lation is temporarily lost during the peak of the A 
waves, followed by decrease of the partial pres-
sure of cerebral oxygen, with subsequent normal-
ization of both during the resolution phase (Lang 
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et al. 2015); “A” waves can be terminated at the 
bedside with correction of ABP, boluses of hyper-
tonic saline, or transient hyperventilation 
(Czosnyka et al. 2017).

The B waves are slow oscillations usually 
with an amplitude up to 50 mmHg, lasting sec-
onds to minutes and with a frequency of 0.5–2/
min. They are considered to be the result of cere-
bral vasocycling, caused by fluctuations in the 
baroreceptor and chemoreceptor control mecha-
nisms (Czosnyka et al. 2017). B waves have been 
correlated with the presence of chronic hydro-
cephalus (Stephensen et al. 2005). Finally, the C 
waves can oscillate up to 20 mm Hg of ICP and 
have a frequency of 4–8/min, last seconds, and 
have been previously documented in healthy vol-
unteers as fluctuations due to interaction between 
the respiratory and cardiac cycles (Andrews and 
Citerio 2004). These two waves are of minimal 
clinical significance in general.

 Modes of Measurement

Invasive intracranial monitoring methods can be 
classified based on the technology used and the 
place of insertion. Three major technologies for 
pressure reading are currently most commonly 
used: (a) an intraventricular catheter connected to 
a fluid-coupled external strain gauge pressure 
transducer (EVD), (b) miniaturized strain gauge 
device in a catheter tip (pressure microsensors), 
and (c) fiber-optic pressure sensor in a catheter 
tip. Air-coupled sensors were used in the past but 
seldom currently. Intraventricular monitoring 
with the capability of CSF drainage is considered 
the gold standard for monitoring, as it allows a 
more central pressure measurement (close to the 
foramina of Monro) and optional drainage of 
CSF for ICP management. It is most commonly 
used with a fluid-coupled external pressure trans-
ducer which is similar to the ones used for inva-
sive arterial pressure monitoring, connected to a 
collection system.

One of the advantages of a fluid-coupled sys-
tem is the possibility of measuring the ICP with a 
water column as is performed with a lumbar 

puncture. This allows measurements even in 
cases of transducer failure, power outage, or in 
low-resource settings. Some modern catheters 
combine the capability of CSF drainage and pres-
sure microsensor/fiber-optic sensor in its tip, 
which allows for ICP measurements even in situ-
ations where continuous CSF drainage is neces-
sary (not possible with an external transducer) or 
in cases of obstruction of the fluid-filled system. 
ICP monitoring also can be performed with a 
catheter placed in the brain parenchyma with use 
of microsensor and fiber-optic technologies. In 
those situations, the tip of a much thinner cathe-
ter normally sits roughly 2  cm below the inner 
table of the skull and allows for a more peripheral 
pressure measurement, but no CSF drainage. Due 
to separation of the intracranial space into com-
partments by meningeal leaflets, it has been 
shown that intraparenchymal catheters might not 
fully detect pressure gradients (Sahuquillo et al. 
1999; Piek and Bock 1990), but the clinical sig-
nificance is still uncertain. Despite those disad-
vantages, they are much easier to place, they do 
not require specific anatomical landmarks, they 
are safer even when placed by non-neurosurgeons 
(Sadaka et al. 2013; Ehtisham et al. 2009), and 
they do not require frequent zeroing/recalibra-
tion. Overall, some previous studies reported that 
intraparenchymal probes are just as accurate at 
measuring pressure as the intraventricular ones 
(Bratton et  al. 2007; Lang et  al. 2003; Raboel 
et al. 2012), and a recent meta-analysis showed 
that in TBI patients, even though EVDs were 
associated with a slightly higher chance of intra-
cranial infection, mortality and functional out-
comes did not differ (Volovici et  al. 2018). 
Table  23.1 compares the pros and cons of the 
intraventricular versus intraparenchymal tech-
niques. Sensors placed in the epidural and subdu-
ral spaces are considerably less accurate and only 
are used in very special situations. Subdural sen-
sors are sometimes used for ICP monitoring in 
patients with acute liver failure because of the 
bleeding risk, and epidural sensors are used occa-
sionally in combat zones or in regions with no 
assess to a neurosurgeon (easiest technique, not 
requiring dural puncture).
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 Clinical Application

ICP can be understood as the relationship 
between changes in intracranial volume and the 
ability of the craniospinal compartment to com-
pensate for such changes. It also can be inter-
preted as the difference between CSF pressure 
and atmospheric pressure. It is important to 
emphasize the role of atmospheric pressure, 
because it can influence the drainage of CSF in 
patients with low-pressure hydrocephalus, the 
development of pneumocephalus in patients with 
resolving cerebral edema, and the “negative” ICP 
readings. In patients with resolving mass effect, 

when positioned sitting up to 45 degrees, occa-
sionally intraparenchymal pressure probes can 
read negative values (Czosnyka and Pickard 
2004). This occurs as the pressure vector is more 
vertical than perpendicular to the microsensor/
fiber-optic sensor vector of detection. When 
atmospheric pressure communicates through the 
craniotomy site in the presence of a downward 
movement of the brain in this position, the read-
ing can be negative (in relation to the leveling, 
done at the atmospheric pressure).

It is hard to define what is considered the “nor-
mal” range of ICP values, as it would depend on 
body position during measurement, age, and clin-
ical condition, among other factors (Czosnyka 
et al. 2017). Also, ICP can present slight and tran-
sient increments with Valsalva and Queckenstedt 
maneuvers such as coughing and sneezing. In 
healthy individuals, in the horizontal position, the 
normal values are within the range of 7–15 mm 
Hg (Albeck et al. 1991), and in the vertical posi-
tion, it is negative with a mean of around −10 mm 
Hg, but not exceeding −15  mm Hg (Chapman 
et al. 1990). In a study with 1500 patients with 
neurological diseases, but without presumed 
lesions with a mass effect, the mean value of CSF 
pressure with the puncture of the cisterna magna 
was 11.9 cm of water, and the limits for the phys-
iological variations were 4.1 and 19.7  cm of 
water (Spina-Franca 1963). The question is what 
is considered elevated enough in patients with 
intracranial pathology to merit further interven-
tions. For a long time, it has been taught and writ-
ten in textbooks that an elevated pressure greater 
than 20 mmHg for at least 5 minutes should be 
treated. However, this presents some problems: is 
the goal of management solely ICP control or is 
it maintenance of adequate cerebral perfusion? 
Are all patients the same regarding perfusion, 
elastance, and severity of injury? Should one 
number fit all? More importantly, what is the 
rationale for using 20 mmHg as the threshold?

It is not very clear when and how the threshold 
of 20 mmHg was consecrated as the holy grail of 
neurocritical care. Merritt and Fremont-Smith 
described in 1937 in their book The Cerebrospinal 
Fluid that after assessing the opening pressure 
during LPs of 1033 patients, they considered that 

Table 23.1 Comparison of ICP monitoring techniques

Intraventricular catheters 
(fluid-coupled) Intraparenchymal catheters
More central pressure 
measurements

More peripheral 
measurements (less 
accurate for pressure 
gradients?)

Allow CSF drainage and 
sampling

Do not allow CSF 
drainage

Requires several 
anatomical landmarks for 
placement

Easier placement 
(literature disclosing 
safety of placement by 
non-neurosurgeons)

Higher chance of 
infection

Lower chance of infection

Higher chance of 
procedural bleeding

Lower chance of bleeding

Less expensive More expensive
Easier to troubleshoot 
pressure waveform 
dampening

Usually require exchange 
in case of pressure 
misreading

Less prone to ICP values 
drift

Drift of ICP values after a 
few days

Transducer can be zeroed 
at any time

Zeroing only allowed 
during placement

Preferred in cases 
involving hydrocephalus 
and/or intraventricular 
hemorrhage

Preferred in cases with 
severe ventricular 
anatomy distortion (TBI)

Requires higher nursing 
expertise and frequent 
maintenance of drainage 
system

Low expertise required, 
almost no maintenance.

Transducer normally 
compatible with most 
bedside monitors

Usually requires its own 
monitoring device

Administration of 
intrathecal medications

N/A
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20 cmH2O was an accurate threshold for high 
CSF pressure (Merritt and Fremont-Smith 1937). 
Of note, they reported the units in cm of water, 
but mercury is 13.6 times heavier than water. 
Millimeters of mercury generally have been used 
for ICP measurements to facilitate the calculation 
of the cerebral perfusion pressure, which takes 
into consideration the mean arterial pressure. 
W. Sharpe stated in 1920 in his book Diagnosis 
and Treatment of Brain Injuries with and Without 
a Fracture of the Skull that his principal indica-
tion for the operation of subtemporal decompres-
sion was a spinal fluid pressure above 15 mmHg 
(Sharpe 1920). In the 1960s Lundberg noticed 
that patients who sustained ICP values between 
20 and 40  mmHg had worse outcomes when 
compared to those with ICP lower than 20 mmHg 
(Lundberg 1960). Douglas Miller and Donald 
Becker in the 1970s studied standardized treat-
ments for ICP in traumatic brain injury (TBI) to 
keep ICP <30  mmHg and had significant 
improvement of outcomes. They observed a high 
mortality in patients who reached an ICP greater 
than 20 mmHg despite maximal therapy (Becker 
et  al. 1977). Of note, the therapy included ste-
roids and hyperventilation, methods shown later 
to worsen outcomes. Soon after, Lawrence 
Marshall used the threshold of 20  mmHg for 
therapy in a case series of TBI patients treated 
with pentobarbital (Marshall et  al. 1979a), a 
study that many believe helped solidify this ICP 
threshold, as its initial findings were promising.

Finally, a landmark analysis of the Traumatic 
Coma Data Bank conducted by Anthony 
Marmarou identified 428 monitored patients and 
concluded that the proportion of total monitoring 
time that the pressure was higher than 20 mm Hg 
was an independent predictor of 6-month out-
come (Marmarou et  al. 1991). It is worth men-
tioning that the collected data reflect the care at 
that time and include therapies that are no longer 
used proscribed such as frequent mannitol doses, 
hyperventilation and steroids, as well as different 
approaches to cerebral perfusion pressure, such 
as using either induced hypotension to control 
ICP (Lund protocol (Asgeirsson et al. 1994)) or 
induced hypertension for supranormal CPP val-
ues (Rosner protocol (Rosner et al. 1995)), both 
of which are no longer used.

Not only is the fixed threshold of 20 mmHg 
based on scarce evidence, it also is not based on a 
strong physiological ground. As previously said, 
intracranial pressure measurement is used to 
indirectly infer intracranial volumes and elas-
tance and is used as a surrogate indicator of resis-
tance to blood flow into the brain by estimating 
CPP. In the end, what is essential for outcome is 
the maintenance of an appropriate CBF to help 
prevent further brain injury. In previous studies in 
which cerebral metabolism and oxygenation 
were measured, they demonstrated that brain 
metabolism can become deranged even when 
ICP and CPP are within the “normal” range (Le 
Roux et al. 1997; Purins et al. 2014; Stiefel et al. 
2006). Since the 1980s, some authors have 
defended the concept of permissive intracranial 
hypertension and allow slight elevations of ICP 
as long as cerebral metabolism/oxygenation 
measured with the aid of additional monitoring 
is preserved (Chesnut et al. 2014; Miller 1985). 
This concept derives from the idea that treatment 
of excess of ICP can also be detrimental. Other 
important factors are the speed at which ICP 
increases and the compartmentalization of pres-
sure, which both depend upon the disease pro-
cess. Patients with brain tumors might 
progressively develop significant amount of 
mass effect but slowly, which allows for the 
compensatory mechanism to act and avoid major 
disturbances of CBF. Also, diffuse, non-compart-
mentalized high ICP such as in patients with idio-
pathic intracranial hypertension usually is well 
tolerated.

The landmark BEST TRIP trial was designed 
to further question reactive ICP therapy in severe 
TBI patients based on a fixed threshold. It com-
pared two management protocols, one that 
involved ICP monitoring and the other that 
involved serial computed tomography (CT) brain 
imaging and neurologic examination. 
Neurological and mortality outcomes were simi-
lar (Chesnut et  al. 2012). This trial should not 
discourage the use of ICP monitoring but rather 
question how we interpret it and how we react to 
it. ICP should be treated, but whether it should be 
performed in a proactive fashion, based on con-
cerning findings on imaging and neuro exam, or 
if it should be used in reaction to a prespecified 
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threshold of pressure is still a matter of debate. It 
has been known for a long time that high ICP is a 
predictor for worse outcomes and higher mortal-
ity (Lundberg 1960; Becker et  al. 1977; 
Marmarou et al. 1991; Marshall et al. 1979b), but 
the sensitivity of ICP values is low. The potential 
for worse outcomes increases at an ICP of 
10  mmHg but only reaches 61% by 30  mmHg 
and with a cutoff value of around 35  mmHg 
which varied with the imaging classification in a 
study utilizing receiver-operating characteristic 
curves (Chambers et  al. 2001). However, when 
death is excluded, intracranial hypertension is not 
independently predictive of morbidity (Chesnut 
et al. 2014). It also still is debated whether out-
comes are affected by the way ICP is treated 
because of conflicting retrospective studies 
(Akopian et al. 2007; Shafi et al. 2008; Farahvar 
et al. 2012; Shen et al. 2016). Trials that focused 
on ICP control using hypothermia (Andrews 
et  al. 2015), decompressive craniectomy 
(Hutchinson et al. 2016; Cooper et al. 2011), and 
barbiturates (Roberts and Sydenham 2012), 
among others, have been very successful in 
improving the pressure value but not outcome. A 
problem is that in several of these trials therapy 
only was initiated after a few minutes of 
ICP > 20 mmHg, in which case it is expected that 
the predictive value is low. Some researches 
defend the use of time-averaged ICP, or ICP 
“dose,” as being a better guide than single iso-
lated measurements (Colton et al. 2016). It also 
has been argued that the therapies themselves are 
hurting patients or even that early brain injury 
plays a decisive role and after that further therapy 
is not helpful.

As the goal of therapy is to preserve CBF and 
prevent further brain insults, use of adjunct moni-
toring to assess brain metabolism (cerebral oxy-
genation, cerebral microdialysis) and tailor ICP 
is more physiologically sound. Based on this 
rational, the recent BOOST II trial compared two 
treatment protocols in patients with severe TBI, 
one based on maintaining ICP lower than 
20 mmHg and the other arm based on maintain-
ing adequate brain oxygenation in conjunction 
with ICP control (Okonkwo et  al. 2017). Even 
though this was a phase II trial, it showed a 

remarkable benefit in the group that focused on 
cerebral oxygenation. Moreover, this group 
received less ICP therapy than the conventional 
arm, meaning that either further brain injury was 
prevented and less cerebral edema was generated 
or clinicians felt comfortable with lower levels of 
ICP elevations when cerebral oxygenation was 
preserved. Other studies have also suggested that 
individualized ICP therapy based on other vari-
ables such as cerebrovascular autoregulation 
(Lazaridis et al. 2014), ICP waveform (Balestreri 
et al. 2004; Kirkness et al. 2000), and intracranial 
compliance (Maset et al. 1987; Piper et al. 1993) 
might also be feasible. Nonetheless, the current 
evidence indicates that most likely one value 
does not fit all needs for every patient.

Current guidelines have challenged this 
notion. The 2014 Neurocritical Care Society 
(NCS) International Multidisciplinary Consensus 
Conference on Multimodality Monitoring pro-
posed that “ICP and CPP monitoring be used to 
guide medical and surgical interventions and to 
detect life-threatening imminent herniation; how-
ever, the threshold value of ICP is uncertain 
based on the literature” (strong recommendation, 
high quality of evidence) (Chesnut et al. 2014). 
They also recommend tailoring the indications to 
the underlying brain pathology, avoiding use of 
ICP in isolation as a prognostic marker and, most 
importantly, to consider raising the treatment 
threshold for ICP in TBI patients when clinical 
evidence supports such a decision (i.e., ancillary 
oxygenation and metabolic monitoring of the 
brain, clinical exam, and neuroimaging). These 
recommendations were very innovative, as this 
was the first guideline not to reinforce strict 
adherence to a fixed threshold of ICP. Recently, 
the 2016 Brain Trauma Foundation Guidelines 
for the Management of Severe Traumatic Brain 
Injury 4th Edition brought more controversy to 
the management of ICP in TBI patients (Carney 
et  al. 2017). Based on level IIB evidence that 
management of severe TBI patients with infor-
mation from ICP monitoring reduces in-hospital 
and 2-week post-injury mortality, they 
 recommended its use. More importantly, also 
based on level II B evidence, they suggested that 
“treating ICP above 22 mm Hg is recommended 
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because values above this level are associated 
with increased mortality.” This statement pro-
duced significant criticism as it was based solely 
on one level II study with 459 patients which 
used pressure reactivity index (PRx, which mea-
sures cerebrovascular autoregulation by plotting 
ICP versus mean arterial pressure in real time) 
and ICP to identify thresholds for unfavorable 
outcomes (Sorrentino et al. 2012). The guideline 
recognized the limitation and stated that “this 
study provides an overall low quality of the body 
of evidence about the target values for ICP when 
treating patients with severe TBI.” Finally, in line 
with the BEST TRIP trial results, it is also stated 
that there is level III evidence that a combination 
of ICP values and clinical and brain CT findings 
may be used to make management decisions.

 Indications

ICP is an important variable in patients with an 
acute neurological disease. Monitoring ICP 
should not be discouraged, but rather needs to be 
interpreted appropriately. A device does not harm 
or save a patient and is highly dependent on the 
person interpreting the information and making 
decisions. Previous study analyses of the use of 
pulmonary artery catheters have taught us this 
lesson as well (Marik 2013). ICP is an epiphe-
nomenon, likely reflecting several nonexclusive 
underlying pathophysiological processes 
(Chesnut 2015). ICP monitoring aids early detec-
tion of patients at risk of herniation due to ongo-
ing worsening of a mass effect due to worsening 
edema or hemorrhage expansion, allows for CPP 
calculation, and offers adjunctive information for 
prognostication and decision-making for surgical 
interventions (Chesnut 2013). The 2014 NCS 
guidelines on multimodal monitoring suggest 
that ICP monitoring should be considered in 
patients “at risk for intracranial hypertension, 
i.e., patients in coma with CT imaging evidence 
of mass lesion(s), midline shift, dilatation of the 
contralateral ventricle, loss of the third ventricle, 
and obliteration of the perimesencephalic cis-
terns” (Chesnut et  al. 2014). Also, an initial 
admission head CT may be normal in up to 50% 

of patients who later develop raised ICP 
(Eisenberg et  al. 1990). Narayan identified that 
among patients who had a normal CT scan on 
admission and who developed elevated ICP, the 
presence of age greater than 40 years, admission 
systolic blood pressure lower than 90 mmHg, or 
early uni- or bilateral motor posturing were pre-
dictive variables (Narayan et al. 1982). The inci-
dence of elevated ICP was 60% when two or 
three of these variables were present, in compari-
son to 4% when none were present, which led to 
the suggestion in the NCS guidelines (but not 
anymore in the 2016 4th edition of the BTF 
guidelines) to consider this predictive model 
when deciding for ICP monitoring in TBI 
patients. Finally, while there is evidence that ICP 
above a threshold that is refractory to treatment is 
associated with poor outcome, some recent stud-
ies have reported that among young patients, 
40% may survive and experience a favorable out-
come, despite persistently elevated ICP (Resnick 
et al. 1997; Young et al. 2003).

 Cerebral Perfusion Pressure

Perfusion pressure is defined, for most organs, as 
the difference between the inlet (arterial) and out-
let (venous) pressures (Czosnyka et  al. 2017). 
Because the brain sits inside the rigid skull, there 
is an intimate relation between ICP and venous 
pressure (VP). Normally, VP is higher than ICP 
in healthy individuals, but when ICP rises above 
venous pressure, compression occurs near the 
junction between the cortical veins and the drain-
ing sinuses. Blood flowing proximally will tem-
porarily dilate the veins slightly above ICP to 
allow for drainage which leads to a fluttering 
diameter and critical closing pressure, with mini-
mal difference between VP and ICP (Miller et al. 
1972) as the collapse point. As a consequence, 
Douglas Miller in 1972 described that 
CPP = MAP – ICP (Miller et al. 1972). He also 
showed in an animal model that CPP and CBF 
have a close relationship, depending upon 
whether cerebral autoregulation is preserved. In 
animals with intact regulation, CBF remained 
constant between CPP values of 50–150 mmHg, 
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a concept initially suggested by Lassen in 1959 
(Lassen 1959). Conversely, in animals with com-
promised regulation (in a TBI model), CBF and 
CPP assumed a linear correlation (Miller et  al. 
1972).

The theory behind maintaining a target CPP is 
to try to minimize brain ischemia in cases of high 
ICP.  There are some limitations to its use. We 
assume that the cerebral venous pressure is negli-
gible to calculate the perfusion pressure, which is 
not always true depending on head positioning 
and elevation, cerebral venous sinus or jugular 
thrombosis, intrathoracic and intra-abdominal 
pressure,s and neck compression (i.e., cervical 
collar). It also is presumed that the mean arterial 
pressure in the limbs (where it usually is mea-
sured) is the same that which reaches the circle of 
Willis. In his seminal work, Douglas Miller 
emphasized the need to use the MAP that likely 
reached the circle of Willis for an accurate calcu-
lation (Miller et al. 1972). The arterial pressure 
transducer should be leveled at the same height of 
the ICP transducer (both aiming for the tragus, an 
external anatomical landmark at the height of the 
foramina of Monro), in patients with an 
EVD. When utilizing an intraparenchymal probe, 
the arterial transducer should be leveled at the 
tragus. There can occur a difference as great as 
10 mmHg of CPP depending if the arterial trans-
ducer is leveled at the level of the heart versus the 
brain (Depreitere et al. 2018; Livesay et al. 2017). 
In reality, there is no consistency when measur-
ing CPP.  A systematic review analyzed the 11 
studies used in the BTF guidelines to determine 
thresholds for CPP (Depreitere et al. 2018). Head 
of bed elevation at 30° was part of the protocol in 
only five studies, patients were kept flat in one 
study, and in five studies, the head elevation was 
not even described. The arterial pressure trans-
ducer was leveled at the heart in merely five stud-
ies, at brain level in three studies, and was 
unknown in three studies. In another study, 
among 58 neurosurgical centers, there was high 
variability in how to measure MAP and the target 
CPP (Rao et al. 2013).

The BTF and NCS guidelines recommend 
aiming for a CPP value between 60 and 70 mmHg 
(Chesnut et al. 2014; Carney et al. 2017) although 

this value could be affected by the relative posi-
tions of the ICP and arterial transducers. Previous 
studies have shown that values bellow 50 mmHg 
are associated with brain ischemia and above 
70  mmHg with respiratory complications and 
worse outcomes (Rosner et al. 1995; Carney et al. 
2017; Robertson et al. 1999). It is noteworthy that 
the approach to CPP in some of the studies was 
heterogeneous, as some centers utilize a protocol 
of decreasing vascular volume and adjusting sys-
temic arterial pressure to control ICP (Asgeirsson 
et  al. 1994), but other centers induce hyperten-
sion and hypervolemia to achieve supraphysio-
logic values of CPP (Rosner et al. 1995). Previous 
studies comparing an ICP-based approach versus 
a CPP-based approach in TBI patients did not 
show any significant difference in outcomes 
(Robertson et al. 1999).

More recently, researchers have been aiming 
to find the best method to identify the optimal 
CPP for each patient and at each time point. The 
physiologic background is solid, as CPP/CBF 
relationship is highly variable, depending on the 
state of autoregulation, intracranial elastance, 
and vessel resistance/elastic properties (highly 
age dependent), among other factors. In a recent 
study that compared PRx (correlation between 
ICP and MAP), PAx (correlation between pulse 
amplitude of ICP and MAP), and RAC (correla-
tion between MAP and CPP), PRx was the most 
accurate for detecting optimal CPP and had the 
best association with outcomes in TBI patients 
(Zeiler et al. 2018). Previous literature supports 
this finding by showing that when a U-shaped 
curve is drawn with PRx values plotted against 
CPP at different values of MAP, the CPP values 
at which autoregulation is best preserved indicate 
the optimal CPP goal (Czosnyka et  al. 2017). 
PRx has been validated by utilizing transcranial 
Doppler and positron emission tomography scans 
(Czosnyka et al. 2017); negative values suggest 
preserved autoregulation, and positive values are 
associated with compromised regulation. Finally, 
another physiologic approach is to utilize the 
CPP range where cerebral oxygenation (Filippi 
et al. 2000) and metabolism (Zeiler et al. 2017) is 
preserved by utilizing methods such as described 
later in this chapter.
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 Cerebral Oxygenation

Even though the brain only represents 2–3% of 
body weight, it can consume up to 15–20% of the 
cardiac output (Arshad and Suarez 2013). 
Cerebral tissue predominantly uses glucose for 
energy and functions with a very high rate of 
oxygen consumption (CMRO2), which means 
that even a subtle disruption of blood flow, oxy-
gen delivery, and/or energetic crises can quickly 
lead to cell injury. Maintenance of adequate cere-
bral oxygenation is of the essence, and to monitor 
it requires information about oxygen supply and 
utilization in the CNS. Brain deoxygenation can 
be caused by many mechanisms, which include 
ischemic, cytopathic, anemic, diffusion, and 
hypoxic hypoxia. In many disease processes, 
brain hypoxia is one of the major drivers for sec-
ondary brain injury. For example, hypoxemia in 
TBI patients can almost double mortality (Carney 
et  al. 2017). Moreover, ICP and CPP values 
within the “normal” range do not exclude the 
occurrence of brain hypoxia (Stiefel et al. 2006; 
Eriksson et al. 2012a; Gracias et al. 2004).

There are four major methods for measuring 
brain oxygenation: invasive probe placed in brain 
tissue to measure oxygen tension, near-infrared 
spectroscopy (NIRS), oxygen-15 positron emis-
sion tomography (PET), and jugular venous bulb 
oximetry.

Brain tissue O2 can be defined as the partial 
pressure of O2 in the interstitial space of the 
brain. There is some controversy in the literature 
as to whether the technique measures tissue oxy-
gen pressure, which is the independent pressure 
exerted by a gaseous component of a multi- 
gaseous mixture, or tension (Le Roux and Oddo 
2013) which is specific to O2 dissolved in blood 
plasma. Furthermore, it is not known whether the 
Licox device measure reflects O2 that diffused in 
brain parenchyma or if it reflects nearby vessels. 
Several abbreviations have been used in publica-
tions in the past to refer to the brain tissue oxy-
genation, including PtiO2, PbrO2, PbtO2, PbO2, 
and BTO2, but a consensus conference in 2007 
proposed that PbtO2 should be used as the stan-
dard abbreviation (Le Roux and Oddo 2013). 
Previous studies have shown that the concentra-

tion of O2 in brain tissue is <2%, with the vast 
majority of O2 flowing intravascularly (Rosenthal 
et al. 2008). It is not completely understood how 
the balance between O2 delivery and consump-
tion affects PbtO2, but Rosenthal studied TBI 
patients with probes for PbtO2 and cerebral blood 
flow and demonstrated a multivariable analysis 
that PbtO2 is primarily dependent on the cerebral 
blood flow times the difference in arterial and 
venous oxygen tension (PbtO2 = CBF × AVTO2) 
(Rosenthal et al. 2008). Therefore, PbtO2 some-
what reflects the dissolved O2 within the plasma 
that readily diffuses across the blood-brain bar-
rier rather than the entire O2 content or cerebral 
metabolism (Rosenthal et  al. 2008). With this, 
PbtO2 is not an ischemia monitor per se, but low 
values imply that CBF and systemic PaO2 are not 
appropriate for the patient in that specific time. In 
a lesser way, increased O2 consumption by the 
brain in certain situations like fever, seizures, and 
shivering can also affect PbtO2, as well as factors 
that influence the amount of dissolved plasma O2 
(temperature, PaCO2, altitude, pH), cerebral 
autoregulation, and CO2 reactivity.

There are two invasive methods that can be 
used to measure brain PbtO2, the polarographic 
technique (using a Clark electrode) and optical 
luminescence. The first is the most commonly 
used. The PbtO2 probe is inserted into the brain 
parenchyma in a similarly way as the insertion of 
an intraparenchymal ICP monitor; it generally is 
3.0–3.5 cm below the dura mater. It continuously 
monitors an area of 13  mm2 of white matter, 
while also providing information on brain tem-
perature which is used to correct the PbtO2 mea-
surements. The probe normally is placed in a 
tissue at risk for injury, such as a specific vascular 
territory in a subarachnoid hemorrhage patient or 
the most injured hemisphere in a TBI patient, but 
catheters placed too close to a perilesional area 
may not work properly, as shown in some animal 
studies (Hawryluk et al. 2016).

Clinically, low PbtO2 values (refer to Table 23.2 
for threshold values in the literature) have been 
associated with worse neurological outcomes and 
increased mortality in TBI (Nangunoori et  al. 
2012; Oddo et  al. 2011; Eriksson et  al. 2012b; 
Meixensberger et al. 2004), intracerebral hemor-
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rhage (ICH) (Ko et  al. 2011), and SAH 
(Ramakrishna et al. 2008) cohorts. As previously 
cited, a protocol of ICP-PbtO2 compared to iso-
lated ICP management has been shown to improve 
neurological outcomes in a phase II trial 
(Okonkwo et al. 2017), and in retrospective stud-
ies, PbtO2-guided therapy seemed to help improve 
long-term functional outcomes in poor-grade 
SAH patients (Bohman et al. 2013). Also, PbtO2 
can be used to help investigate cerebral autoregu-
lation (Hecht et al. 2011; Jaeger et al. 2006; Jaeger 
et al. 2007), with significant success in small clin-
ical studies, including its use to identify optimal 
CPP targets (Ko et  al. 2011; Radolovich et  al. 
2010). Table  23.3 describes clinical situations 
associated to PbtO2 value changes.

Jugular venous bulb oximetry (JVBO) and 
NIRS are other ways of assessing intracranial 
oxygenation continuously in the neurocritical 
care patient, but they are much less used than 
the PbtO2. JVBO was the first used bedside 
monitor of cerebral oxygenation, but its use suf-
fered a fast decline in the past years due to sev-
eral technical difficulties and the fact that it 
monitors a global measure of cerebral oxygen-
ation and only provides a rough estimate of the 
adequacy of cerebral perfusion. Its physiologi-
cal basis is that unmatched cerebral O2 demand 
in relation to inadequate supply leads to increase 
O2 extraction and a lower saturation of the jugu-
lar blood. No studies have confirmed a signifi-
cant benefit of Sjv O2-based protocols on 
outcomes. NIRS is a noninvasive technique that 
is based on the transmission and absorption of 
near-infrared light as it travels through the tis-
sues. Most commercially available devices mea-
sure regional cerebral oxygen saturation (rSc 
O2) with high temporal and spatial resolution, 
which allows for continuous and simultaneous 
monitoring of several areas of interest. Some of 
the disadvantages are the fact that threshold val-
ues for hypoxia/ischemia are largely unknown 
and that the technique calculates the rSc O2 
based on arterial, venous, and capillary blood 
within the field of view and algorithms that 
compensate for signal contamination from 
extra-cerebral blood (e.g., subcutaneous and 
skull tissues). There is no evidence that NIRS 
has impacted outcomes of neurological patients. 
Table  23.4 compares the three bedside tech-
niques of cerebral oxygenation monitoring. The 
utilization of PET scans for cerebral oxygen-
ation monitoring is beyond the scope of this 
chapter, as it provides a static measurement and 
it mostly is utilized for research purposes.

A brain O2 monitor is not intended to be used 
alone, and it should be used as a complement to 
other techniques, such as ICP monitoring. It can 
help determine if the therapies offered to a 
patient, including ICP control, hemodynamic 
goals such as targeted cardiac output, MAP, 
PaO2/SpO2, hemoglobin concentration, tempera-
ture control, and shivering, among others, are 
adequate for a fine balance of brain oxygenation.

Table 23.2 Threshold values for PbtO2 from the pub-
lished literature

Condition PtiO2 values
Normal 25–50 mmHg
Hypoxic thresholds
Mild/moderate 15–25 mmHg
Critical <15 mmHg
Severe <10 mmHg
Elevated >50 mmHg

Table 23.3 Clinical situations associated to PbtO2 value 
changes

Low PtiO2 
(<20 mmHg) High PtiO2 (>50 mmHg)
Increased 
consumption:
Fever
Seizures
Cortical spreading 
depolarization
Pain, shivering, 
agitation

Decreased consumption:
Sedation
Anesthesia
Hypothermia

Decreased 
delivery:
High intracranial 
pressure
Decreased cardiac 
output
Severe anemia
Systemic 
deoxygenation
Hypovolemia
Hypotension
Vasospasm, vessel 
obstruction

Increased delivery:
Hyperperfusion (vasodilation, 
immediate reperfusion, or 
hyperdynamic state)
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 Cerebral Microdialysis

Cerebral microdialysis (CMD) is an invasive 
method for the assessment of brain metabolism. 
It is used clinically to measure extracellular inter-
stitial concentrations of small molecules (around 
20  kDa in a regular CMD probe). It uses an 
extremely thin catheter (0.9  mm in diameter), 
with a semipermeable membrane at its tip. A 
pump infuses a dialysate through the catheter 
which is later drained back and analyzed in a 
point-of-care device. The substrates present 
within the extracellular fluid in a volume of 
1 mm3 of subcortical white matter (roughly 2 cm 
from the inner table of the skull) reach concentra-
tion equilibrium with the dialysate, which allows 
detection of molecules highly dependent on their 
size and the speed utilized in the CMD pump 
(usually 0.3microL/min). The microvial with 
dialysate is analyzed normally every hour and 
requires substantial bedside work. Technically, 

any molecule that can cross the semipermeable 
membrane can be measured. Usually glucose, 
lactate, and pyruvate are the ones of highest inter-
est, but many institutions also measure glutamate 
and glycerol in their protocols. Physiologically, 
CMD measures the response of brain tissue to 
insults (ischemia, hypoxia, ICP elevations, 
changes in temperature, seizures, etc.). In a very 
simplified manner, the PbtO2 catheter monitors 
what is offered to the mitochondria, and the CMD 
probe analyzes how its metabolism is affected. 
As with the PbtO2 monitor, CMD only monitors a 
small area of white matter, being a regional mon-
itor of cerebral metabolism. As example of meta-
bolic derangements, ischemia can lead to 
increases in lactate and decrease in pyruvate con-
centrations through disruption of the Krebs cycle 
and induction of anerobic metabolism from an 
energetic crisis. This leads to an increase in the 
lactate-to-pyruvate ratio (LPR), which is the 
most sensitive measurement of ischemia  detection 

Table 23.4 Comparison of different techniques of cerebral oxygenation monitoring

Advantages Limitations
PbtO2:
Continuous measurements
Provides brain temperature
Local tissue information
Can be placed in the same bolt with ICP and 
microdialysis
Method with most evidence support (including 
intervention-based therapies)
Help assess cerebral autoregulation
High correlation with CBF and AVTO2

Invasive
Complications: bleeding and infection (rare)
Focal monitoring (highly dependent on area of interest)
Prone to dislocation of the catheter
Drift of values after a few days
Less influenced by CMRO2

SjvO2 (jugular venous bulb oximetry):
Continuous measurements (if using oximetry 
catheter)
Global cerebral oximetry monitor

Invasive
Complications: jugular thrombosis, hematoma, carotid 
puncture, infection
Global cerebral monitor (insensitive to focal ischemia)
Results might be confounded by venous blood from facial veins
Jugular veins normally drain different areas of the brain (one 
side the superficial veins and the contralateral side the deep 
venous system)
Frequent blood draws (if oximetry catheter not available)
Assumes stable CMRO2 to infer CBF changes

NIRS:
Noninvasive
Continuous measurements
Able to monitor several areas simultaneously
Mostly utilized in the OR in carotid and cardiac 
surgeries

Frequent loss of signal
Threshold levels for ischemia/hypoxia unknown
Signal can be contaminated by vessels superficial to the brain
Signal can be contaminated by venous vessels
Only monitor relative changes in oxygenation
rScO2 algorithms utilized by commercial devices vary 
substantially and are largely unpublished
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with CMD.  Table  23.5 shows cutoff values for 
some CMD measurements, and Table  23.6 fur-
ther depicts common metabolic derangements 
encountered and the most probable causes. The 
concentrations of glutamate (an excitotoxic neu-
rotransmitter) and glycerol (a component of the 
cell wall) can be elevated after some insults, but 
they are less sensitive to acute metabolic changes 
and not as clearly associated with neurological 
outcomes as the other substrates. In patients with 
SAH, LPR has been shown to detect delayed 
cerebral ischemia (DCI) with a very high sensi-
tivity (Sarrafzadeh et  al. 2002), with values 
increasing as early as 11–13  hours prior to the 
clinical onset (Skjoth-Rasmussen et  al. 2004). 
CMD can aid in the detection of CPP thresholds 
in neurologically critically ill patients (Ko et al. 
2011; Schmidt et al. 2011) and detect energetic 
crisis that can occur when ICP and CPP are 
within “normal” values and thus provide a more 

patient-based approach (Chen et  al. 2011). In a 
recent systematic review involving TBI patients, 
the occurrence of metabolic derangements was 
associated with a worse functional outcome 
(Zeiler et  al. 2017). CMD monitoring also has 
allowed interesting insights into brain metabo-
lism, such as occurrence of cerebral hypoglyce-
mia with systemic euglycemia (Helbok et  al. 
2010), that strict glucose control can lead to cere-
bral energetic crisis (Schmidt et  al. 2012), that 
red blood cell transfusions lead to better cerebral 
oxygenation but do not improve ischemia mark-
ers (Kurtz et  al. 2016), that cortical spreading 
depressions trigger metabolic derangements 
(Pinczolits et  al. 2017), and that elevations of 
pyruvate and lactate in TBI patients are a mecha-
nism of neuroprotection (Sala et al. 2013). CMD 
probe can be technically placed almost anywhere 
in the skull, either through a bolt or by 
tunneling.

A Consensus Meeting on Microdialysis in 
Neurointensive Care which involved several 
European centers was published in 2004 and sug-
gested that CMD should be placed in the tissue at 
risk (most likely the parent vessel territory) in 
SAH patients and for TBI, “in patients with dif-
fuse injury one catheter may be placed in the 
right frontal region. In patients with focal mass 
lesions one catheter should be placed in pericon-
tusional tissue. A second catheter may be placed 
in normal tissue. The catheter should not be 
placed in contusional tissue” (Bellander et  al. 
2004). Several institutions have adopted the 
placement of a three-port bolt, simultaneous 
placement of an ICP monitor, CMD, and Pb O2 
catheters. The advantage of this approach is 

Table 23.5 Threshold values for CMD from the pub-
lished literature

Microdialysis Value
Glucose <0.8 mmol/L = warning

<0.2 mmol/L = critical
Lactate >4 mmol/L
Pyruvate <70 μmol/L indicates ischemia (also 

hypoglycemia)
Normal-to-elevated (>120 μmol/L) 
indicates hyperglycolysis and/or 
mitochondrial dysfunction

LPR >25 warning
>40 = critical

Others: 
glycerol, AA, 
glutamate

Table 23.6 Interpretation of some metabolic derangements in CMD

Measurement Cause Comment
Low glucose Serum hypoglycemia

Ischemia/hypoxia
Consumption: fever, seizures

Check peripheral glucose

Increased LPR Ischemia/hypoxia
Consumption: fever, seizures

Best marker for ischemia/
hypoxia
Most studied outcomes and 
detection

High lactate and pyruvate Adaptive mechanism Neuroprotection (TBI)
Normal glucose, raised lactate, normal/
low pyruvate

Mitochondrial dysfunction (?), 
inflammation (?)

Drug related (?) TBI (?)
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 ability to monitor the delivery of CBF/O2 and the 
response of brain cells to the applied treatment 
which helps further clarify the clinical situations 
were a single measure might miss conditions 
such as:

 – Low CMD glucose: systemic hypoglycemia 
vs ischemia

 – High CMD LPR: mitochondrial dysfunction 
vs ischemia

 – Low PbtO2: ischemia vs diffusion hypoxia
 – Low PbtO2 and normal ICP: hypoxia/isch-

emia vs increased consumption

 Electrophysiology

In 1924, the German psychiatrist Hans Berger 
made the first recording of the electric field of the 
human brain in patients with skull defects; he 
called the measurement the electroencephalo-
gram (EEG) (Stone and Hughes 2013). The EEG 
represents the spontaneous electrical activity of 
the brain, and the evoked potentials represent the 
components of the EEG that arise in response to 
specific stimuli, such as auditory, visual, or 
tactile.

EEG can be performed intermittently (iEEG), 
in periods of 20–120  minutes, or continuously 
(cEEG), often for several days. cEEG has become 
more popular in the late 1990s with the popular-
ization of digital platforms to replace the previ-
ous analog systems and databases that allow 
storing of the enormous amounts of digital infor-
mation (Horn et al. 2013).

The most common indication for cEEG in the 
ICU is the suspicion of seizure activity. Clinical 
seizures are for the most part easy to identify and 
do not require EEG to initiate therapy, but in 
patients who do not fully recover consciousness 
after a clinical seizure or in critically ill patients 
with impaired consciousness in whom clinical 
diagnosis of a seizure may be difficult, EEG is of 
essence to further evaluate the presence of non-
convulsive seizures (NCS) or subclinical sei-
zures. NCS can occur in 11–55% of patients 
admitted in an ICU primarily due to a brain 
injury (Claassen et al. 2004, 2013; Jordan 1995; 

Kramer et  al. 2012; Lowenstein and Aminoff 
1992). The actual prevalence is not clear because 
older studies used different definitions for elec-
trographic epileptic activity and some studies 
included sedated patients, but NCS is an entity 
that cannot be disregarded in modern critical 
care. NCS is most commonly observed among 
patients with SAH, ICH, TBI, ischemic stroke, 
encephalitis, and after therapeutic hypothermia 
post-cardiac arrest (Claassen et al. 2013), but it 
has been also reported in patients with sepsis 
(Hosokawa et al. 2014) and hepatic encephalop-
athy (Prabhakar and Bhatia 2003), among other 
disease processes. Also, NCS has been reported 
in roughly 8–10% of patients with unexplained 
coma or impaired consciousness and with no 
prior history of clinical seizures (Herman et al. 
2015). Finally, NCS has been associated in small 
observational and retrospective studies with 
increased ICP (Vespa et  al. 2007), increased 
cerebral edema and midline shift (Vespa et  al. 
2003), occurrences of cortical spreading depres-
sion (Dreier et al. 2012), metabolic disturbances 
in CMD (Vespa et al. 2002, 1998), and decreases 
in cerebral oxygenation (Witsch et  al. 2017), 
suggesting that it might be involved in secondary 
brain injury.

In comatose patients, cEEG should be moni-
tored for at least 24–48  h to exclude NCS, as 
roughly 50% of the seizures occur within the first 
hour of monitoring (Horn et al. 2013); in 88% of 
patients, seizures are recorded within the first 
24  hours, and the reaming 5% occur within the 
first 48  h with 7% beyond that (Claassen et  al. 
2004). The progress in software and digital trans-
formation of EEG data has allowed great pro-
gresses in electrophysiology monitoring and 
creation of the quantitative analysis of cEEG. This 
has been a groundbreaking achievement in the 
area of electroencephalography and has permitted 
a rapid and sensitive analysis of massive amounts 
of EEG data, which would have required hours or 
days to process if only an analogical analysis was 
performed. One of the most commonly used ana-
lytical methods is color density spectral array, a 
technique that applies fast- Fourier transformation 
to convert raw EEG data into a time-compressed 
and color-coded display (Horn et al. 2013). This 
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allows rapid visual detection of possible seizure 
activity, even by healthcare personnel without ded-
icated training in electrophysiology. Quantitative 
analysis also more recently has permitted the use 
of monitoring to tailor levels of sedation and per-
form real- time ischemia monitoring. 
Electroencephalography is also of great aid in the 
diagnosis of brain death and of neurological prog-
nostication in post-cardiac arrest survivors. More 
recently, EEG has become a tool for identifying 
patients in minimally conscious state (Engemann 
et al. 2018). Finally, a recent study has suggested 
that patients monitored with cEEG leads to lower 
mortality, primarily among patients with SAH and 
ICH, but it is not clear if the monitoring itself 
changed outcomes or whether it was because 
cEEG is performed in critical care units that are 
more dedicated to the care of neurologically ill 
patients (Hill et al. 2019).

 Take-Home Points

Multimodal monitoring is a reality in modern 
neurocritical care. In the near future, it might aid 
further development of precision medicine 
(Shrestha et  al. 2018). However, the excess of 
information could also lead to increased confu-
sion for the non-experienced clinician, poten-
tially resulting in further injuries, as shown with 
the demise of invasive pulmonary artery pressure 
monitoring. Devices do not change outcomes, but 
they can provide vital information for decision- 
making in complicated patients. Finally, the pil-
lar of neurocritical care, and the gold standard 
technique for monitoring neurologically ill 
patients, is a trained and dedicated team who has 
skills in the neurological exam.
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for Monitoring Cardiopulmonary 
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Michel Slama

 Introduction

Echocardiography is one of the primary non- 
invasive tool for the assessment of hemodynam-
ics in ICU patients (Expert Round Table on 
Echocardiography in ICU 2014; Expert Round 
Table on Ultrasound in ICU 2011). Both trans-
thoracic (TTE) and transesophageal echocar-
diography (TEE) can be used depending upon 
the skills and preferences of the team, although 
they each have some specific uses (de Backer 
et al. 2011). TTE is a technique that not only pro-
vides accurate cardiac imaging but also allows 
estimates of hemodynamic parameters such as 
cardiac output, pulmonary artery pressure and 
left ventricular filling pressure (Mercado et  al. 
2019; Mercado et al. 2017; Vignon et al. 2008; 
Vieillard- Baron 2009). We have developed the 
concept of critical care echocardiography (CCE), 
which is defined as echocardiography performed 
by an intensivist at the bedside of critical ill 
patients (Mayo et al. 2009). France and Europe 
were the first to use this technique in ICU 
patients, but now this tool is used in ICUs all 
over the world. In collaboration with many criti-
cal care societies around the world, we have 
defined recommendations for a proper utilization 

and training of TTE and TEE (Expert Round 
Table on Echocardiography in ICU 2014; Expert 
Round Table on Ultrasound in ICU 2011). A 
comprehensive list of the competencies required 
by intensive care physicians using ultrasonogra-
phy has been formulated and published in a com-
petency statement emanating from two critical 
care societies (Mayo et  al. 2009). We defined 
three levels of expertise on CCE: basic, advanced 
and expert. One of the difficulties is that the 
teaching of these techniques has not yet been 
incorporated into formal training curriculums; 
Formal training is needed to avoid pitfalls and a 
misutilization of this technique.

 TTE Imaging

TTE is the only non-invasive technique that can 
image the heart and provide access to measures 
of the cardiac function. TEE permits assessment 
of left and right heart function.

 Left Heart Function

One of the main uses of TTE is the assessment of 
left ventricle by measuring the size, thickness of 
the walls, and diastolic and systolic function. All 
echo windows and all the possible views should 
be used including subcostal view, which is some-
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time the only window that can accessed to ana-
lyze the heart (Maizel et al. 2013).

The left ventricular (LV) dimension should be 
assessed either by measuring the diastolic diam-
eter, which normally is less than 50 mm, or dia-
stolic volume (Lang et al. 2015) (Fig. 24.1). Left 
ventricular dilation is usually associated with 
chronic cardiac disease (dilated cardiomyopathy, 
ischemic heart disease or severe valvular dis-
ease). In contrast, in the presence of acute cardiac 
dysfunction (myocardial infarction, severe valvu-
lar regurgitation, septic cardiomyopathy) left 
ventricle size usually is normal. Left ventricular 
wall thickness normally is <1.2 cm and should be 
assessed from parasternal long axis view 
(Fig.  24.1a. To complete the left heart assess-
ment, left atrial (LA) volume or area could be 
measured from an apical 4-chamber view 
(Fig.  24.1c and is normally ≤34/m2). LA is 
dilated in patients with atrial fibrillation, chronic 
heart failure, diastolic dysfunction and in patients 
with chronic or sometimes even acute pressure or 

volume overload such as mitral valve disease or 
volume overload due to acute renal failure.

A global assessment of LV Systolic function 
usually is evaluated by measuring the ejection 
fraction (EF) from an apical view (Fig. 24.1c or 
by measuring a surrogate such as the area short-
ening fraction from a short axis view (Fig. 24.1b. 
This is done by visual assessment or formal mea-
surement. Systolic longitudinal strain obtained 
with the use speckle tracking has been evaluated 
in ICU patients (Velagapudi et  al. 2019; Chang 
et  al. 2015; Chan et  al. 2017; Menting et  al. 
2016). In chronic cardiac failure longitudinal 
strain is the first measurement to be impaired and 
is evident despite a normal left ventricular ejec-
tion fraction (Fig. 24.2). Huang et al. provided a 
simplified way to assess longitudinal strain with 
the use of M-mode which closely correlated with 
longitudinal strain (Fig.  24.3) (Huang et  al. 
2017).

Diastolic function is harder to assess than sys-
tolic function in ICU patients (Clancy et  al. 

a b

c d

Fig. 24.1 Transthoracic echocardiographic views. (a) 
Parasternal long axis view; (b) parasternal short axis view 
at the papillary muscles level; (c) apical 4-chamber view; 

(d) subcostal view of the inferior vena cava. LV left ven-
tricle, RV right ventricle, LA left atrium, RA right atrium, 
Ao aorta, IVC inferior vena cava
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2017), and the criteria used in cardiological eval-
uations (Nagueh et al. 2016) are not applicable in 
critically ill patients. This is because diastolic 
function and left ventricular filling pressure are 
not related to each other. One of the best and sim-
plest parameter for evaluation of LV relaxation is 

early mitral annulus velocity (E’) recorded from 
an apical 4-chamber view (Slama et  al. 2005), 
and this has been used in many clinical studies in 
ICU patients (Fig.  24.4) (Brown et  al. 2012; 
Landesberg et  al. 2012; Okada et  al. 2011; 
Sturgess et al. 2010; Sanfilippo et al. 2017).

 Right Heart Function

Right ventricular (RV) size is hard to analyze due 
its complex geometry. The RV wraps around the 
LV, and because of this multiple incidences and 
views are needed to do properly assess its function. 
Cardiologists have proposed assessing the RV from 
many windows and with many parameters (Lang 
et al. 2015). Intensivists have proposed a simpler 
evaluation from an apical 4-camber view and mea-
surement of the area of the RV and of the LV. RV/
LV ratio has been demonstrated to be a good 

Fig. 24.2 Left ventricular longitudinal strain analyzed using speckle tracking

Fig. 24.3 MAPSE.  Mitral Annular Plane Systolic 
Excursion
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parameter in critically ill patients; the normal value 
is <0.6 (Vieillard-Baron 2009) (Fig.  24.1c. The 
septum should be analyzed from a short axis view 
to determine if there is paradoxical septal motion 
(Fig. 24.1b. Right ventricular wall thickness should 
be measured (normal <4  mm) when there is RV 
dilation due to cor pulmonale in-order to discrimi-
nate chronic from acute pulmonary hypertension 
(the normal is <4 mm). The RV is very sensitive to 
load changes and dilates when either afterload or 
preload increases. Thus, a normal RV size usually 
rules out any acute RV dysfunction.

The size of the right atrium (RA) and inferior 
vena cava sizes should be measured; dilation 
indicates that right heart pressure is increased 
(Fig. 24.1d.

Longitudinal contraction is the most signifi-
cant contributor to the RV stroke volume. Thus 

the best assessment of RV systolic function is the 
measurement of the apex to the base contraction. 
In daily practice many authors propose the use of 
tricuspid annular plane systolic excursion 
(TAPSE), or the lateral tricuspid annulus systolic 
velocity (S′) measured by tissue Doppler imag-
ing (TDI), to evaluate right ventricular function 
(Fig. 24.5). Longitudinal contraction also can be 
accurately assessed with the use of speckle track-
ing (Fig. 24.6) (Vieillard-Baron 2009; Tadic et al. 
2017; Orde et al. 2015).

 Pericardium

The pericardium should be analyzed from all 
views to rule out a localized haematoma or a peri-
cardial effusion and tamponade (Fig. 24.7).

Fig. 24.4 Mitral annulus velocities using Doppler Tissue Imaging (DTI). E’ early diastolic velocity of mitral annulus, 
A’ late diastolic velocity of mitral annulus

Fig. 24.5 Right ventricular systolic function. Left: tricuspid annulus systolic velocity S′ using Tissue Doppler imaging 
(TDI); Right: tricuspid annular plane systolic excursion (TAPSE)
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 Valves

All valves should be explored as well to rule out 
severe valvular stenosis or regurgitation, and to 
check for the presence of abnormal structures 
such as an abscess or vegetation.

 Classical Hemodynamical 
Parameters

By using Doppler measurements, cardiac output, 
pulmonary pressures and pulmonary artery 
occlusive pressure (PAOP a surrogate of wedge 
left ventricular filling pressures) can be evaluated 
with TTE.

 Cardiac Output and Stroke Volume

Cardiac output is most often assessed at the level 
of the left ventricular outflow tract. The diameter 
of aortic annulus (D) is first measured at the base 
of the aortic valves from parasternal long axis 
view, and aortic flow velocity is recorded from an 
apical 5-chamber view with the use of pulsed 
Doppler, by placing the sample volume just 

behind the aortic valves at the level of the aortic 
annulus and aortic velocity time integral is mea-
sured (VTI) (Fig. 24.8). Then, the cardiac output 
(Qc) could be calculated as follows: Qc = (πD2/4) 
× VTI × HR where HR is heart rate. Despite some 
criticisms (Wetterslev et  al. 2016), this method 
has been demonstrated to be very accurate when 
compared to simultaneous measurements with 
gold standard method (Mercado et  al. 2017; 
McLean et al. 2011).

Fig. 24.6 Right ventricular longitudinal strain using speckle tracking

Fig. 24.7 Pericardial effusion. LV left ventricle, LA left 
atrium, Ao aorta
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 Pulmonary Artery Pressures

It was established many years ago that Doppler 
recorded velocities are closely correlated with 
pressure differences measured by fidelity cathe-
ters. Maximal velocity of tricuspid regurgitation 
represents the maximal pressure difference 
between the right ventricle and right atrium in 
systole. Adding to this maximal pressure gradient 
the right atrial pressure permits to have a good 
estimation of the pulmonary artery systolic pres-
sure. When recorded by experienced operators, 
this measurement was been demonstrated to be 
very accurate, especially when compared with a 
simultaneous invasive method (Mercado et  al. 
2019). The best correlations were obtained when 
CVP was measured from a central venous line; 
this value is easily obtained in ICU patients 

because they frequently have central venous cath-
eters (Fig. 24.9a, c). If tricuspid regurgitation is 
present, pulmonary artery flow velocity still can 
be recorded and the indexed or even non-indexed 
acceleration time be used to rule out pulmonary 
hypertension (Yared et al. 2011). Pulmonary dia-
stolic, mean and systolic pressures might be 
assessed by measuring the maximal and the mini-
mal velocities on pulmonary regurgitation flow 
recorded using continuous wave Doppler 
(Fig. 24.9b, d) (Ge et al. 1992; Lei et al. 1995).

 Pulmonary Artery Occlusive Pressure 
(PAOP)

Ratio of early to late velocity of mitral flow 
recorded using pulsed Doppler (E/A), and ratio of 

a b

c d

Fig. 24.8 Cardiac output measurement. (a, d) measure-
ment of aortic annulus diameter. (b) Apical 5-chamber 
view. (c) Aortic annulus measurement from parasternal 
long axis view focused on the left ventricular outflow trac. 

(d) Aortic blood flow recorded using pulsed Doppler. LV 
left ventricle, RV right ventricle, LA left atrium, RA right 
atrium, Ao aorta, IVC inferior vena cava
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early velocity of mitral flow (E) to early velocity 
of mitral annulus recorded using Tissue Doppler 
Imaging E’ (E/E’) together with pulmonary 
venous flow have been used to estimate 
PAOP. Recommendations published in 2016 have 
an algorithm that includes the use of many param-
eters to assess PAOP (Nagueh et  al. 2016). 
Although some studies have reported a good 
accuracy of Doppler echocardiographic measure-
ments, recent studies have generally found that 
there is a large grey zone PAOP could be accu-
rately assessed only for a small number of patients 
(Vignon et al. 2008; Bouhemad et al. 2003).

 Clinical Conditions

 General Assessment of Patients 
with Shock

Echocardiography is an important tool for the ini-
tial assessment of the pathophysiology of the 

shock and together with the clinical situation may 
help the intensivist to manage patients with shock. 
but the and to assess needs assessment needs to be 
interpreted in the context of the clinical situation 
because as is the case with all tests predictability is 
very dependent upon the pretest probability. The 
clinical context also allows the operator to more 
carefully identify the most likely abnormalities. 
However, the investigation still should be per-
formed with a systematic approach.

The first step is to rule out pericardial tampon-
ade because this condition can be treated with a 
life-saving pericardiocentesis. This diagnosis 
usually is obvious, but it can be more difficult to 
demonstrate after cardiac surgery, because it can 
be due to a haematoma behind the right or the left 
atrium, and this is better detected with a trans-
esophageal examination (Fig. 24.10).

The second step is the assessment of fluid- 
responsiveness of the patient and the determina-
tion of whether the problem is hypovolemic shock 
or septic shock with hypovolemia. Small cardiac 

a b

c d

Fig. 24.9 Pulmonary artery pressures. (a) Tricuspid 
regurgitation imaging (TR) with colour Doppler. (b) 
Pulmonary regurgitation (PR) imaging with colour 

Doppler. (c) Tricuspid regurgitation recorded using con-
tinuous wave Doppler. (d) Pulmonary regurgitation 
recorded using continuous wave Doppler
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cavities with left ventricular hyperkinesia (with 
kissing walls), left ventricular pseudo-hypertro-
phy (increased wall thickness which disappears 
after volume expansion and an restaured left ven-
tricular size), and/or a small or collapsed inferior 
vena cava can be sufficient to diagnose severe 
hypovolemia and likely fluid-responsiveness. It 
also is important to determine if left ventricular 
outflow tract obstruction is associated with a 
response of fluid expansion. However, in many 
cases, these static parameters fail to assess fluid-
responsiveness and dynamic parameters should 
be useful. A good method is the passive leg rais-
ing manoeuvre while simultaneously recording 
aortic blood flow velocity and observing a change 
in stroke volume change). This can be used in 
either spontaneously breathing patients or 
mechanically ventilated patients. In mechanically 

ventilated patients respiratory variations in the 
inferior vena cava, superior vena cava, aortic flow 
velocities and their surrogates such as jugular 
venous, carotid and femoral flow velocities can be 
used to assess the potential for fluid expansion to 
increase cardiac output which remains a clinical 
decision (Fig. 24.11).

Left and right cardiac function are analyzed in 
the third step. Both LV diastolic and systolic 
function should be analyzed. Cardiac output, 
ejection fraction should be recorded as well as E’ 
(evaluation of left ventricular relaxation) and 
E/E’ ratio (PAOP evaluation). It is also important 
to determine if there are any segmental wall 
abnormalities that indicate the presence of isch-
emic heart disease.

 Findings in Specific Shocks

 Septic Shock
Patients with septic shock often have a relative 
hypovolemia, vasoplegia, and systolic and dia-
stolic dysfunction of both the left and right ven-
tricles. Acute cor pulmonale is frequently 
associated with acute respiratory distress syn-
drom (ARDS) is often present. Left ventricular 
obstruction needs to be ruled out with the use of 
continuous wave Doppler aligned through the LV 
from the apex to the left ventricular outflow tract. 
In the very early phase of septic shock, the left 
ventricle could be hyperkinetic and small. in up 
to 20% of cases an obstruction of left ventricular 

Fig. 24.10 Pericardial tamponade. LV left ventricle, RV 
right ventricle, RA right atrium

Fig. 24.11 Respiratory variations of aortic blood flow
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outflow tract due to a systolic anterior motion of 
the mitral valve, which induces a dynamic left 
ventricular obstruction could be observed and 
recorded using continuous wave Doppler LV 
Diastolic dysfunction is frequent and associated 
with a worse prognosis. LV systolic dysfunction 
may occur in 20–40% of cases as indicated by a 
low ejection fraction and low cardiac output. LV 
filling pressure assessed by E/E’ ratio is usually 
normal. The LV systolic dysfunction in sepsis 
usually regresses in less than 7 days with a com-
plete recovery (Cecconi et al. 2014; Slama et al. 
1996; McLean 2016; Boissier et al. 2017).

 Cardiogenic Shock
Myocardial infarction is the primary cause of 
cardiogenic shock and is due to extensive infarc-
tion of the ventricular wall or to a mechanical 

complication such as cardiac rupture, severe 
acute mitral regurgitation, an interventricular 
defect, or extension into the right ventricle. 
Non-ischemic cardiomyopathies causing car-
diogenic shock present with global systolic dys-
function and a globally dilated heart or with 
apical ballooning which is called Tako-Tsubo 
(McLean et  al. 2018). Severe acute aortic or 
mitral regurgitation should be ruled out by using 
colour Doppler. Acute pulmonary embolism 
should be suspected in the presence of dilation 
of the right cavities, a large non-compliant IVC, 
paradoxical septal motion and a small and 
restricted left ventricle (Fig. 24.13). Observation 
of the presence of a thrombus in the right atrium, 
ventricle or pulmonary artery is rare but permits 
starting treatment without performing CT-scan. 
A normal echocardiogram does not exclude pul-

a b

c d

Fig. 24.12 Hypertrophic myocardiopathy with left ven-
tricular (LV) obstruction. (a) Parasternal long axis view 
with septum hypertrophy; (b) left ventricular obstructive 
flow recorded using continuous wave Doppler; (c) Mitral 
flow; (d) mitral annulus velocities recorded using tissue 

Doppler imaging. E’ early diastolic velocity of mitral 
annulus, E early diastolic velocity of mitral flow, A late 
diastolic velocity of mitral flow, LV left ventricle, LA left 
atrium, Ao aorta, S inter ventricular septum
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monary embolism, but in the presence of shock, 
absence of RV dilation makes the diagnosis of 
pulmonary embolism a very unlikely cause of 
the shock except in very rare cases of associated 
severe hypovolemia.

 Respiratory Failure

Respiratory failure is a frequent clinical situation 
in ICU. In case of suspision of pulmonary oedema 
E/E’ ratio is useful to estimate left ventricular 
filling pressure and echocardiography helps to 
find the cause of this respiratory failure. Left ven-
tricular systolic dysfunction could be due to 
myocardial infarction, dilated cardiomyopathy, 
myocarditis or Tako-Tsubo. When systolic func-
tion is normal, severe valvulopathy, especially 
mitral regurgitation, must be ruled out. This is 
mainly done with colour Doppler and continuous 
wave Doppler. In the absence of valvular disease, 
diastolic dysfunction can be a cause of pulmo-

nary oedema when there is a fluid overload or 
atrial fibrillation. When LV filing pressure is low 
(low E/E’ ratio) ARDS or already treated cardio-
genic oedema should be suspected (de Backer 
et al. 2011).

In the absence of pulmonary oedema, hypox-
emia could be due to pneumonia, COPD/asthma 
or pulmonary embolism. Cardiac function can be 
either normal or impaired with acute and/or 
chronic cor pulmonale, with RV dilation, pulmo-
nary hypertension, paradoxical septal motion and 
LV diastolic impairment (Fig. 24.13).

Addition of contrast examination to the TTE 
(or TEE) examination should be done to rule out 
intra-cardiac or intra-pulmonary shunt as a cause 
of explaining the hypoxemia.

 Other Clinical Situations

TTE can be useful in many different clinical situ-
ations such as endocarditis, chest pain and 

a
b

c

d

Fig. 24.13 Acute cor pulmonale. (a) Apical 4-chamber 
view with right ventricular dilation; (b) M-mode with 
dilation of right ventricle (RV); (c) D-shape of left ven-

tricle (LV) due to right ventricular systolic overload; (d) 
dilated inferior vena cava (IVC)

M. Slama



369

peripheral embolism and should be performed if 
needed with help of echocardiographic experi-
enced intensivist.

 Pitfalls and Limitations 
of Echocardiography

The many pitfalls and limitations of TTE need to 
be known by the intensivist performing critical 
care echocardiography.

The main limitation of TTE is bad echo-
genicity. Tapes and tubes can limit access win-
dows to view the heart when using TTE.  The 
subcostal window may be the only useful win-
dow in many patients, especially in those with 
COPD, high PEEP or even after thoracic surgery 
(Maizel et  al. 2013). When the response to the 
clinical question cannot be obtained by TTE, a 
TEE needs to be performed and is especially use-
ful in mechanically ventilated patients. In some 
circumstances TEE is mandated. These include 
suspicion of endocarditis, peripheral non- 
explained embolism and suspicion of aortic dis-
section or rupture.

Fluid-responsiveness parameters were 
recently re-evaluated in a large multi-centred 
study. All of these had much lower performance 
for the assessment of fluid-responsiveness in 
patients with shock than in earlier publications. 
Aortic flow variation seems to be the more sensi-
tive based on ROC curve analysis and SVC varia-
tions the most specific. IVC variations had a very 
low predictive value for fluid-responsiveness and 
are not recommended (Vieillard-Baron et  al. 
2018; Vignon et al. 2017). As well although IVC 
size has been used for years for the assessment of 
central venous pressure, it too poorly correlated 
with measured invasive central venous pressure 
(Vieillard-Baron et  al. 2018). Further, these 
parameters can be used only in mechanically 
ventilated patients and are inaccurate in sponta-
neously breathing patients. A good interpretation 
also requires that the patient is well sedated, 
should have tidal volume > 6 ml/kg (which is no 
longer frequently used) and should not have right 
cardiac dysfunction (Mahjoub et al. 2009). When 
usingpassive leg raising, which is considered as 

the best method to assess fluid-responsiveness, to 
be accurate it needs to be done as in the original 
study by mobilizing the bed from semi- recumbent 
position to flat position with raising legs (Jabot 
et al. 2009). The presence of high intra- abdominal 
pressure or elastic compressive stocking invali-
dates the passive leg raising manoeuvre (Mahjoub 
et al. 2010; Zogheib et al. 2018). There also can 
be false negatives in severely hypovolemic 
patients who do not have volume to recruit from 
the lower limbs.

The ejection fraction usually is evaluated by 
the Simpson method, which integrates the sum of 
disc volume inside the left ventricle in diastole 
and in systole. However, this method is hard to 
use in ICU patients because the endocardial edge 
is hard to define. For this reason, eye-balling the 
EF estimation is most commonly used in ICU 
patients. Because EF estimation can have an 
important impact on patient management, ven-
tricular loops should be recorded and reviewed 
by expert in case of low echogenicity. The mitral 
annular plane systolic excursion (MAPSE) and 
Huang index, which both assess contraction of 
the left ventricle from the base to the apex (mitral 
annulus displacement toward the apex in systole), 
may replace EF in this case (Huang et al. 2017). 
As well, the EF is dependent not only on contrac-
tility but also on the end-diastolic volume and 
afterload. Presence of systolic dysfunction as 
assessed by EF can be masked by low LV after-
load. EF increases when end-diastolic volume is 
increased simply by the mathematics of the cal-
culation. This can result in an increase in EF 
when the heart rate is lowered and diastolic vol-
ume increases without any true change in con-
tractile function. Thus a change in EF needs to be 
interpreted in the context of other hemodynamic 
parameters. For example, in the early phase of a 
septic shock, EF can be normal despite a severe 
systolic dysfunction (Robotham et al. 1991).

Assessment of right ventricular systolic func-
tion is another difficult area. The right ventricle is 
wrapped around the left ventricle and is thus 
affected by the systolic function of the LV. Teboul 
et  al. demonstrated a correlation between the 
TAPSE and the LVEF (Lamia et  al. 2007). 
Assessment of the right ventricular systolic func-
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tion independently from the LV function seems 
almost impossible. Another problem occurs 
because the crescent shape of the RV makes esti-
mations of RV size difficult, and the size can be 
easily overestimated.

All hemodynamic variations have their own 
limitations and pitfalls. Cardiac output can be dra-
matically over- or under-estimated. The measure-
ment of aortic annulus diameter is squared in the 
calculation and thus an error in this measurement 
is squared which explains the lack of precision in 
this measurement. Aortic blood flow measure-
ments can be faulty in the presence of left ventric-
ular obstruction (Chauvet et al. 2015; Orde et al. 
2017) or aortic regurgitation (Chauvet et al. 2015; 
Orde et al. 2017). Accurate measurement of pul-
monary artery pressures require carefully recorded 
tricuspid regurgitation velocity with a good defini-
tion of the external envelope. Otherwise, there will 
be an over- or under- estimation of the pressure 
(Fig. 24.9). It has been shown that that the higher 
the skill and competence of the operator, the better 
the correlation between invasive and non-invasive 
evaluations of the pulmonary arterial systolic 
artery pressure based on the tricuspid regurgitant 
flow. As well, accurate assessment of the pulmo-
nary artery pressures requires a proper measure-
ment of the right atrial pressure. A false right atrial 
pressure estimation produces under- or over-esti-
mation of the pulmonary pressures (Mercado et al. 
2019). In case of massive laminar tricuspid regur-
gitation, pulmonary pressures cannot be assessed 
using Doppler.

 Practical Problems (Monitoring, 
Number of Echo Machines, Price, 
Quality of the Machines, Time 
Constraints)

Many practical problems arise when a team 
decides to start using echocardiography at the 
bedside to manage critically ill patients. Apart 
from the problem with trying to convince the 
administration to buy the echocardiographic 
machines, it also is challenging trying to con-
vince all team members to participate in an edu-
cational program. Time consumption is another 

problem for the use of CCE in ICU patients. It 
takes 15–30  minutes to perform a good 
CCE. When this is multiplied by the number of 
patients who need to have at least one hemody-
namic evaluation, and considering the follow-up 
of any interventions, the time required for this 
activity can be an important practical limitation 
of its use for the critical management in the ICU 
(Orde et  al. 2017). Protocols based on pre-test 
probabilities will need to be established to priori-
tize the use of this potentially very helpful tool.

 Education

Education is an important challenge in the com-
ing years and should take place in countries all 
over the word. The ACCP, SRLF (Société de 
Réanimation de Langue Française) was started 
10 years ago to put together a program of basic 
critical care echocardiography (Mayo et  al. 
2009). Since this first publication in the critical 
field, other recommendations have come out and 
used to propose educational program for 
CCE.  We defined three levels of competency: 
basic, which should be included in the curricu-
lum of all intensivists and anaesthetists over the 
world; advanced, which is optional, but should be 
done by a large majority of medical doctors in 
charge of critically ill patients; and expert level, 
which should be reached by at least one physi-
cian in each ICU. To avoid misinterpretation of 
echocardiography examinations which can lead 
to the wrong patient management, this education 
is mandated, and limitations and pitfalls should 
be well known by all doctors practicing CCE 
(Expert Round Table on Echocardiography in 
ICU 2014; Expert Round Table on Ultrasound in 
ICU 2011; Orde et al. 2017).

 Echocardiography a Continuous 
Monitoring Technique?

Because the transthoracic technique is non- 
invasive tool and can be repeated as many times 
as needed, it should be considered as a semi- 
continuous monitoring technique. For this 
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 purpose, after an initial comprehensive evalua-
tion, focused echocardiographic should be done 
to follow up the effect of any therapeutic change. 
As well, TTE should be performed as soon as any 
clinical change occurs. For instance, in the case 
of volume expansion, aortic VTI could be 
assessed to measure stroke volume-induced 
changes and to control the tolerance of the fluid 
infusion. On the other hand, left ventricular sys-
tolic function should be assessed after starting 
Dobutamine infusion in patient with cardiac dys-
function in septic shock and in cardiogenic shock. 
Another example is PEEP titration in ARDS 
patient. Monitoring of right ventricular function 
is needed to avoid acute cor-pulmonale induced 
by a too high an airway pressure. These few 
examples demonstrate that echocardiography 
should be used as a semi-continuous monitoring 
tool in the patients with hemodynamic compro-
mise in ICU patients.

 Conclusion

Echocardiography is a cornerstone of the hemo-
dynamic evaluation of critically ill patients and 
should be practiced by all intensivists and anaes-
thetists with enough competencies to reach use-
ful conclusions to manage and follow ICU 
patients.
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PEEP positive end-expiratory pressure
PPV pulse pressure respiratory variation
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 Introduction

Monitoring cardiopulmonary interactions in the 
critical care setting fulfills two needs. It allows 
the treating team to evaluate how the patient’s 
cardiovascular system is tolerating the stresses 
imposed by a disordered ventilation system. The 
impact of ventilation is greatest on the pulmonary 
circulation (Versprille 1990), especially when 
patients are submitted to positive pressure venti-

lation for respiratory failure and also are hemo-
dynamically compromised. As a consequence, a 
second role for monitoring cardiopulmonary 
interactions is to guide management and treat-
ment by optimizing central blood volume and 
respiratory settings in accordance with right (RV) 
and left (LV) ventricular function. Management 
of acute respiratory distress syndrome (ARDS) is 
one of the more difficult tasks facing physicians, 
and improved understanding of how changes in 
ventilator setting and the respiratory system 
properties affect hemodynamics can be espe-
cially useful (Writing Group for the Alveolar 
Recruitment for Acute Respiratory Distress Trial 
(ART) 2017). The diagnosis and management of 
many other common clinical situations, too, are 
directly or indirectly driven by cardiopulmonary 
interactions, i.e., ventilator weaning failure, 
hypovolemia, and cardiac failure.

Cardiopulmonary interactions initially were 
mainly evaluated at the bedside by measuring 
vascular and cardiac pressures as well as cardiac 
output with the pulmonary artery catheter (Jardin 
et al. 1983). However, a limitation of only using 
pressure measurement is that cardiac pressures 
are submitted to changes in intrathoracic pres-
sure, whereas the pressures are made relative to 
atmospheric pressure and the two can be very dif-
ferent during strong inspiratory and expiratory 
efforts and with the application of large inspira-
tory pressures. Two “types” of cardiac pressures 
are key to understanding and analyzing cardio-
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pulmonary interactions: the intravascular and 
transmural pressures. Intravascular pressure dif-
ferences generate flow between two cavities 
based on their difference in pressure. The trans-
mural pressure is the difference between the pres-
sure inside the vessel and outside the vessel and 
reflects blood volume in the cavity. A good exam-
ple of the potential dissociation between these 
two types of pressure is the spontaneously breath-
ing patient with acute asthma. There is a large 
negative inspiratory swing in intrathoracic pres-
sure which is most often associated with a fall in 
right atrial pressure (RAP) measured relative to 
atmospheric pressure, but the actual transmural 
pressure and RV preload increase (Jardin et  al. 
1982) (Fig.  25.1). Monitoring esophageal pres-
sure, as a surrogate of intrathoracic pressure, can 
help physicians calculate the transmural (distend-
ing) pressure, as intravascular pressure minus 
esophageal pressure, but this is far from perfect 
in supine ventilated patients and has many limita-
tions and pitfalls in clinical practice (Repessé 
et al. 2018). Echocardiography provides another 
possibility for separating intravascular pressure 
effects from transmural pressure. Visualizing and 

measuring the size of the cardiac cavities and 
great vessels with the 2-D mode can give a sur-
rogate of their respective likely transmural pres-
sures. A small cavity usually indicates that 
transmural pressure is low, while a large cavity 
indicates that the transmural pressure is high. 
However, there needs to be a point of caution, 
especially for the right heart. In diastole, the right 
ventricle normally is very compliant and works 
close to its stressed volume in which case even 
when filled the diastolic pressures are low. 
However, even in a normal right ventricle, there 
is a steep part to the passive filling curve, and 
when reached, the filling pressure rises rapidly 
with little change in volume. This occurs with a 
smaller volume in the failing right ventricle 
(Patterson and Starling 1914). By combining an 
evaluation of flow with the pulsed wave Doppler 
(PWD) mode, echocardiography can provide a 
surrogate of the pressure difference between two 
cavities by using the Bernoulli equation (White 
1986) (Fig. 25.2), while this mode is much less 
used by critical care physicians than 2-D mode. 
By combining both approaches, a physician ade-
quately trained in physiology and critical care 

a b

Fig. 25.1 Spontaneously breathing patients with acute 
asthma monitored by PAC (panel a) and transthoracic 
echocardiography (panel b). Note in panel a the huge 
decrease in intravascular right atrial pressure (RAP), sug-
gesting a decrease in RV preload, while the right ventricle 

actually dilates (panel b). This decrease in RAP is due to 
the transmission of the very negative intrathoracic pres-
sure (Peso) during deep inspiration. Insp inspiration, exp 
expiration, RV right ventricle, LV left ventricle
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echocardiography would be fully able to accu-
rately monitor and understand cardiopulmonary 
interactions: 2-D echo will give information on 
changes in distending pressures (preload) during 
ventilation, while PWD will give information on 
changes in flow (pressure gradient).

Transesophageal echocardiography (TEE) has 
the advantage over transthoracic echocardiogra-
phy (TTE) in intubated and ventilated patients 
because factors that limit the quality and repro-
ducibility of the transthoracic views, and conse-
quently the reproducibility of Doppler flows and 
cavity sizes in the critically ill patients under posi-
tive pressure ventilation, are frequent. These 
include tissue edema, obesity, high PEEP, and 
thoracic drains (Cook et al. 2002). Another factor 
that has not been fully evaluated is that adequate 
and reproducible TTE images require more skill 
and training than TEE, in which optimal views are 
quite easy to obtain in most patients. TTE also is 
much more operator-dependent than TEE. Finally, 
TEE allows visualization of essential structures 
for cardiopulmonary interactions, as the superior 
vena cava (SVC) and the left and upper pulmo-
nary vein, which are not possible or very chal-
lenging by TTE.

A limitation of echocardiography is that it 
does not provide continuous hemodynamic mon-

itoring and therefore should not be used to con-
tinuously detect an “abnormal” cardiopulmonary 
interaction, but rather to diagnose the main 
mechanism supporting this interaction, when 
clinically suspected, with the objective of cor-
recting it in order to improve the patient’s condi-
tion. In other words, TEE should be performed 
when a warning signal suggests to the clinician 
that there is compromising interaction between 
the heart, lung, and ventilator. Thus, TEE cannot 
substitute for continuous invasive blood pressure 
monitoring which remains mandatory in severely 
ill patients. Significant respiratory variations of 
systolic arterial pressure or pulse pressure can 
indicate that there is a negative cardiopulmonary 
interaction and that the hemodynamic effects are 
much more than a simple preload-responsiveness 
status that can be corrected by fluid administra-
tion (Vieillard-Baron et  al. 2016), as described 
more extensively below. Addition of an airway 
pressure tracing to the screen of the echocardiog-
raphy machine when evaluating flow and cardiac 
beat-to-beat variation in cavity size can greatly 
improve the TEE evaluation of cardiopulmonary 
interactions.

Because this chapter is not dedicated to how to 
practically perform a TEE study, readers of this 
book may read a recent paper on 10 reasons for 
performing hemodynamic monitoring using TEE 
(Vignon et al. 2017a). Three main views are rec-
ommended: the mid-esophageal view at 0°, the 
short-axis view (at 0° and at 110° to visualize the 
LV outflow tract), and the upper esophageal view 
at 0° and 90°. These are briefly described below.

 Monitoring Cardiac Flows by 
Doppler

Bernoulli’s law can be applied to the recording of 
the maximal velocity (Vmax) of a flow between 
two chambers using PWD, to evaluate the pres-
sure difference between these two cavities using 
the formula:

 
Pressure difference Vmax� �� �4 2 .

 

When there is sufficient tricuspid regurgita-
tion, Vmax from the regurgitant flow gives the 

Fig. 25.2 Transthoracic echocardiography by a subcostal 
approach in a ventilated patient. The pulsed wave Doppler 
sample is placed at the entry of the superior vena cava 
(SVC) in the right atrium (RA). It shows a decrease in 
maximal velocity of the flow into the SVC during tidal 
ventilation (full white line) compared to expiration (dot-
ted white line). The airway pressure trace is in green on 
the screen. RV right ventricle, LA left atrium
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pressure difference between the RV end-systolic 
pressure and RAP. Accordingly, this value is ele-
vated when there is pulmonary hypertension.

A measurement of Vmax through the aortic 
outflow tract gives the pressure difference 
between the left ventricle and the aorta, which 
when elevated not only represents aortic valve 
stenosis but also subvalvular stenosis which can 
occur in critically ill patients with hypertrophic 
cardiomyopathy and a profound underfilled left 
ventricle due to volume loss, right ventricular 
limitation, and even in sepsis. This process is 
usually a dynamic obstruction in the left ventricle 
due to systolic anterior motion of the mitral valve 
as visualized by 2-D mode. This problem is usu-
ally corrected by fluid expansion as long as there 
is not a concurrent limitation to RV volume mak-
ing it unresponsive to a volume bolus (Chauvet 
et al. 2015).

On the right side, the transverse (0°) upper 
esophageal view is used to visualize the great 
vessels. From this view, ejection RV flow from 
the right ventricle to the pulmonary artery is 
recorded with the PWD sample placed in the 
main pulmonary artery just above the pulmonary 
valve (Fig.  25.3). Tidal ventilation induces a 
decrease in Vmax across the pulmonary valve, 
which reaches a minimal value at the plateau of 
inspiration. The magnitude of the decrease varies 
according to the hemodynamic status of the RV 
(Fig.  25.3, panel a). This is supported by a 
decrease in the pressure difference during the 
ejection between the right ventricle and the pul-
monary artery, which is especially due to eleva-
tion of the pulmonary artery pressure (Scharf and 
Ingram Jr. 1977; Scharf et al. 1980) or a decrease 
in RV pressure. At the same time, this is usually 
associated with a decrease in the velocity-time 
integral (VTI) of the flow, which reflects the 
decrease in RV stroke volume.

On the left side, LV ejection flow can be 
recorded when the PWD sampled in the LV out-
flow tract. In a mechanically ventilated patient, 
the LV ejection flow is 180° out of phase with the 
RV ejection flow, and LV outflow maximal veloc-
ity and VTI increase at end-inspiration (Fig. 25.4, 
panel a). This increase is due to an increase in the 
pressure difference between the left ventricle and 

the aorta because of the transmission of the posi-
tive intrathoracic pressure to the left ventricle 
(McGregor 1979; Buda et  al. 1979) and also 
because of an increase in the pulmonary venous 
return and consequent increase in the LV preload 
(Vieillard-Baron et al. 2003), as further described 
below. This increase in LV preload can be visual-
ized by also placing the PWD sample in the left 
and upper pulmonary vein and is related to an 
increase in the pressure difference between the 
pulmonary venous circulation and the left atrium 
induced by the tidal ventilation (Fig. 25.4, panel 
b). This is due to the compression of intra- 
alveolar vessels in the lungs during lung inflation 
whether with positive or with negative pressure 
ventilation (Howell et al. 1961).

 Monitoring Transmural Cardiac 
Pressures by 2-D TEE

Although there is not a good relationship between 
diastolic volumes and the diastolic filling pres-
sures, especially on the right side, the cavity size 
can give an indication that there is at least ade-
quate filling for the Starling effect but is not very 
good at indicating that there is an excessive fill-
ing pressure because the diastolic filling curve 
becomes very steep at the limit of RV filling. 
However, a small volume in association with a 
small stroke volume or a low blood pressure 
likely indicates that filling is inadequate. 
Furthermore, small cardiac volumes with high 
filling pressures indicate that the transmural pres-
sure is likely low because of tamponade (Bodson 
et al. 2011) or compression by the pleural pres-
sure or lungs. Performing this evaluation of the 
respiratory changes in cardiac size using 2-D 
TEE sheds light on different mechanisms explain-
ing the respiratory variations in right and left ven-
tricular flows described above.

Respiratory variations in RV ejection flow 
can be related to an obstruction of the pulmo-
nary circulation during tidal ventilation due to 
compression of pulmonary capillaries by the 
distending alveoli (West et al. 1964). This pro-
duces an “afterload effect” from mechanical 
ventilation. Under this condition, the right ven-
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tricle cyclically dilates (Fig.  25.3, panel b). 
Conversely, when the variation in RV ejection 
flow is primarily due to a decrease in systemic 
venous return during tidal ventilation, which is 
called the “preload effect” of mechanical venti-
lation, the right ventricle does not dilate, but the 
SVC partially or completely cyclically collapses 
(Fig. 25.3, panel c).

One of the causes of respiratory variation of 
LV ejection flow is the augmentation of the pul-
monary venous return, the tidal ventilation push-
ing blood from the pulmonary capillaries to the 
left atrium (Vieillard-Baron et al. 2003; Howell 
et al. 1961). In this situation, TEE visualizes an 
increase in the left atrium size (Fig. 25.4, panel c) 
(Vieillard-Baron et al. 1999). This effect is much 
more related to tidal volume than to airway pres-
sure, since the higher the tidal volume, the more 

this effect is observed for the same plateau pres-
sure (Vieillard-Baron et  al. 1999). Another and 
perhaps more important factor is a decrease in 
left ventricular afterload with the onset of inspi-
ration because the pressure in the left ventricle is 
raised by the mechanical breath relative to the 
abdominal aorta.

 Clinical Applications

As reiterated above, continuous invasive blood 
pressure monitoring is required in most severely 
ill patients. In the absence of any pulse pressure 
respiratory variation (PPV), physicians may 
think that there are no significant cardiopulmo-
nary interactions requiring a specific interven-
tion, but this may not always be the case. For 

a

b c

Fig. 25.3 TEE in a ventilated patient with pulse pressure 
respiratory variations. Panel a: pulsed wave Doppler in 
the main pulmonary artery demonstrating significant 
decrease in RV ejection (Vmax and VTI) during tidal ven-
tilation (asterisk). Panel b: Time-motion study in a short- 
axis transgastric view in a patient ventilated for ARDS 

and presenting an “afterload” effect. Note that the right 
ventricle (RV) dilates during each insufflation. Panel c: 
Upper esophageal view of the superior vena cava (SVC) 
in a patient with a “preload” effect. Note the collapse of 
the vessel during each insufflation (white arrow). LV left 
ventricle, RPA right pulmonary artery
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example, overloading the right ventricle by the 
application of high PEEP might still decrease the 
steady-state RV stroke volume even without there 
being a PPV because the RV filling is already 
limited. However, this means that the steady-state 
cardiac output must be decreased unless the heart 
rate changed. A TEE could reveal a dilated RV 
which may be improved by lowering the PEEP or 
at least confirming that total pulmonary compli-
ance is optimal. When there is significant PPV, 
there is no “magic” cutoff for what is “signifi-
cant” PPV; it rather depends on the clinical situa-
tion, and physicians should appreciate that there 
are significant cardiopulmonary interactions, and 
a TEE should be considered to evaluate the 
mechanism of this interactions, specifically, how 
much is “preload” and how much “afterload” 
effect, so that management can be optimized.

There are numerous clinical situations in 
which monitoring of cardiopulmonary interac-
tions by TEE in a ventilated patient is relevant. 
As we cannot be exhaustive in this chapter, we 
will discuss two classical situations: first is a sep-
tic patient whom the physician considers giving 
more fluid (Fig.  25.5), and second is a patient 
with severe ARDS in which adaptation of the 
respiratory strategy is required to improve hemo-
dynamics (Fig. 25.6).

As briefly discussed in the first part of this 
chapter, PWD allows visualization of respiratory 
changes in Vmax and VTI of the RV ejection 
flow in subjects with PPV (Fig. 25.3, panel a). 
There are three differences between the “pre-
load” effect (which may require the administra-
tion of more fluid to the patient) and the 
“afterload” effect (which may not require the 

a b

c

Fig. 25.4 TEE in a ventilated patient. Note that the air-
way pressure trace appears in green on the screen. Panel a: 
pulsed wave Doppler in the left ventricular outflow tract in 
(transgastric view) demonstrated an increase in LV ejec-
tion flow during tidal ventilation (asterisk). Panel b: the 
pulsed wave Doppler in the left and upper pulmonary vein 

showed an increase in the pulmonary venous return during 
tidal ventilation (asterisk). Panel c: Time motion study 
across the interatrial septum showed an increase in left 
atrial size during tidal ventilation. LV left ventricle, LA 
left atrium, RA right atrium, PV pulmonary vein, Ao 
ascending aorta
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administration of more fluid, but rather a change 
in respiratory strategy). The first difference is 
that the magnitude of PPV and the magnitude of 
respiratory variations of RV ejection flow are 

probably higher in the case of the “preload” 
effect, although they have been never carefully 
compared. In the case of the “afterload” effect, 
the magnitude of potential PPV depends on how 

a

b

c

d

e

f

Fig. 25.5 Pulse pressure variations (panels a, d) and TEE 
evaluation in a septic patient. Panels a–c at baseline; pan-
els d–f after fluid expansion. At baseline, the patient had a 
significant decrease in RV ejection flow during tidal ven-
tilation using the pulsed wave Doppler in the main pulmo-
nary artery (panel b asterisk, upper esophageal view), 

which disappeared after fluid expansion (panel e). This 
was associated with a cyclic collapse of the superior vena 
cava (SVC) (panel c, upper esophageal view at 90° using 
the time motion study), which also disappeared after fluid 
expansion (panel f)
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low the stroke volume is decreased. If no signifi-
cant PPV is observed, one could argue that 
obstruction of the RV ejection by tidal ventila-
tion has no clinical impact. While no data may 
support this assertion, it might indicate the first 
step in the process leading to RV failure. The 

second difference is that in the case of the “pre-
load” effect, there should be evident respiratory 
variations of SVC (∆SVC) on the TEE, but not 
in the case of the “afterload” effect. To evaluate 
this, the TEE needs to visualize the SVC in its 
long axis at the upper esophageal view after 

a

b

c

d

e

f

Fig. 25.6 TEE in a patient ventilated for severe ARDS 
with a plateau pressure of 30 cmH2O (panels a–c) and 
after a significant decrease in plateau pressure (panels d–
f). Initially, TEE showed a significant decrease in RV ejec-
tion flow during tidal ventilation (panel a), without 
collapse of the superior vena cava (SVC, panel b) and a 

moderate dilatation of the right ventricle (RV). After the 
decrease in tidal volume and plateau pressure, no further 
significant decrease in RV ejection flow and RV dilatation 
(panels d, f) was present. SVC did not change (panel e). 
LV left ventricle
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rotating the ultrasound beam by 90° (Vieillard-
Baron et  al. 2004) (Figs.  25.3, panel c, 25.5, 
panel c, f, 25.6, panel c, e). Accuracy and cutoff 
values of the change in SVC diameter were 
recently reported to predict fluid responsiveness 
in a large population of ventilated patients in 
shock (Vignon et al. 2017b). The third difference 
is that the right ventricle is usually not signifi-
cantly dilated in the “preload” effect, but it is 
with the “afterload” effect (Figs. 25.3, panel b, 
25.6, panel c, f). These three TEE differences 
can be used to accurately analyze the mecha-
nisms of PPV, thereby avoiding inappropriate 
use of fluids which have been shown to impair 
RV function (Patterson and Starling 1914). 
Support for this was recently reported in an 
experimental study of RV failure related to acute 
obstruction of the pulmonary circulation. In that 
study, fluids impaired RV function, whereas 
hemodynamics support with norepinephrine 
improved RV function (Ghignone et  al. 1984). 
The presence of a slightly dilated right ventricle, 
in association with significant tricuspid regurgi-
tation, no SVC respiratory variations, and a 
bulging of the interatrial septum toward the left 
atrium (reflect of high pressure) are good warn-
ing signs that more fluids should not be given. 

The effect of lung inflation on tricuspid regurgita-
tion is easy to report with the potent observation 
of a backflow into the inferior vena cava and sub-
hepatic veins when injecting agitated saline for 
contrast. This can be nicely observed using TTE 
by a subcostal approach (Fig. 25.7). It is likely too 
late to hold fluids when the interventricular sep-
tum is bulging toward the left ventricle. For all 
these reasons, critical care echocardiography and 
especially TEE should be part of the initial assess-
ment in all severely ill and ventilated patients as it 
may get numerous information.

 Conclusion

Echocardiography, as well as especially TEE in a 
ventilated patient, is a fantastic device to evaluate 
mechanisms of cardiopulmonary interactions 
(“preload” or “afterload” effect), if not contrain-
dicated. Indeed, the association of size and flows, 
using 2-D and PWD, allows TEE to evaluate 
transmural pressures and pressure gradients, 
respectively. TEE has to be combined with con-
tinuous invasive monitoring of blood pressure, 
which may allow physicians to detect such inter-
actions in the case of PPV.

Fig. 25.7 Subcostal 
view in a ventilated 
patient with RV failure 
in whom agitated saline 
(contrast) was injected. 
During tidal ventilation 
(see the airway pressure 
trace in white), the 2D 
and time motion mode 
visualized a back flow 
into the inferior vena 
cava and sub hepatic 
veins (asterix). IVC 
inferior vena cava
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RPA right pulmonary artery
RV right ventricle
S systolic
SaO2 oxygen saturation
SAP systolic arterial pressure
SVC superior vena cava
V velocity
Vd diastolic velocity
Vm mean velocity
Vmax  maximal velocity during the cardiac 

cycle
Vmin  minimal velocity during the cardiac 

cycle
Vs systolic velocity
VTI velocity-time integral

 Introduction

Ultrasound imaging technology has become 
ubiquitous in intensive care unit (ICU) and is 
now being rapidly integrated in primary care 
due to improvement and miniaturization of the 
technology (Narula et al. 2018). Currently, Point-
of- Care UltraSound (POCUS) is used to rapidly 
exclude life threatening conditions and to guide 
procedures at the bedside to a decrease the risk 
of complications. While most of the ultrasound 
devices possess Doppler technology, this mode 
is largely underutilized in the clinical setting. 
Doppler ultrasound enables clinicians to assess 
blood velocity in various blood vessels, offering 
a unique window into the hemodynamic status of 
the patient. In this chapter, we review the basic 
principles required for the interpretation of the 
Doppler assessment and offer examples on how 
Doppler assessment can provide important infor-
mation in common clinical settings that are fre-
quently encountered in the ICU.

 Principles of Doppler Ultrasound

Pulse wave Doppler produces a time-velocity 
waveform during the cardiac cycle at the site of 

assessment. Blood flow (Q) in a vessel is deter-
mined by the pressure difference between the 
ends of the vascular network (∆P) and by the 
resistance (R) between the ends of the bed:

 
Q

P
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Blood velocity depends on the blood flow and 
the vessel cross-sectional area (A) at the point of 
assessment:
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Therefore, blood flow velocity depends on 
three specific variables: the pressure difference 
across the vessel, the resistance and the area of 
the vessel. The vascular system is a complex 
structure which includes five broad sections 
that can be assessed using Doppler ultrasound. 
Each of these sections have different propri-
eties. These characteristics will determine the 
normal appearance of the pulse wave Doppler 
waveform as shown in Fig. 26.1. As will be dis-
cussed, some variations in flow patterns can be 
seen depending upon the organ that is assessed. 
The main parameters used in routine ICU care 
and the indices derived from the arterial and 
venous waveform are summarized in Fig. 26.2 
and include: pulsatility index (PI), resistive 
index (RI), systolic to diastolic index, systolic 
filling fraction, and pulsatility fraction (PF). 
Some parameters are qualitative in nature (e.g., 
continuous vs. discontinuous) while some rely 
on precise measurements. In order to accurately 
measure absolute blood velocity inside a vessel, 
the optimal Doppler assessment must be aligned 
parallel to the blood flow. In large vessels, angle 
correction can be performed when the angle of 
interrogation is <60°. However, this is challeng-
ing to do in small vessels. Consequently, abso-
lute blood velocity measurements in peripheral 
arteries and veins often are unreliable. The use 
of indices such as RI and PI are not subject to 
this problem. By using a ratio of absolute veloc-
ities, these measurements are less dependent on 
the angle of assessment.
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Fig. 26.1 Doppler assessment of the circulatory system. The type waveform observed on pulse-wave Doppler ultra-
sound will correspond to the sub-sections examined
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 The Arterial Doppler Waveform

The indices derived from the arterial waveform 
are affected by multiple factors. For PI, these can 
be summarized using this equation (Adamson 
1999):

 
PI PI

Resistance

ImpedanceDoppler Pressure� �
 

The pulsatility index of arterial pressure 
(PIPressure) is dependent upon upstream factors 
(cardiac, aortic, main arteries). Figure  26.3a, 
b shows modification of the arterial wave-
form by severe aortic stenosis and intra-aortic 

balloon pump counter-pulsation. Resistance 
represents the opposition of the downstream vas-
cular bed to steady (continuous) blood flow. This 
 understanding explains why the Doppler wave-
form of the external carotid artery is different 
from that of the internal carotid artery (Fig. 26.3c, 
d). The external carotid artery supplies the facial 
muscles which are a high resistance circula-
tion. This results in reduced or absent diastolic 
velocities. In contrast, the internal carotid artery 
supplies the cerebral circulation which is a low 
resistance circulation. As is case with other low 
resistance vascular beds such as renal and hepatic 
vascular beds, diastolic velocities are higher. 
Impedance is a complex concept that can be sim-

a

b

c

Fig. 26.2 Analysis of the (a) arterial, (b) venous, and (c) 
portal venous waveform. Indices for each type of wave-
forms can be calculated from measured absolute velocity 
values. AR atrial reversal, S systole, D diastole, TVI time 

velocity integral, Vs systolic velocity, Vd diastolic velocity, 
Vm mean velocity, Vmax maximal velocity during the car-
diac cycle, Vmin minimal velocity during the cardiac cycle
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plified as the opposition to pulsatile blood flow 
or the resistance of a pulsatile system (Adamson 
1999; Vlachopoulos et  al. 2011). It depends 
upon the attributes of the vessel being assessed 
including its compliance, vessel dimension, and 
pulse wave reflections from downstream vascu-
lar beds. Therefore, impedance is also partially 
related to the resistance in this equation, although 
the relationship is complex and varies depending 
upon the location within the circulatory system 
at which it is measured. Hence, reflected waves 
from a high resistance circulation produce a 
lower diastolic velocity on Doppler assessment. 
This concept commonly is to diagnose intra-
cranial hypertension with transcranial Doppler 
(Hassler et al. 1989).

The clinical factors that can commonly affect 
the PIPressure, resistance and impedance are pre-

sented in Table  26.1. Contrary to what is often 
believed, the PI and the RI are not direct mea-
sures of blood flow or resistance of the down-
stream vascular bed and there can be important 
variations within these parameters without 
any significant changes in the Doppler indices 
(Adamson 1999). Experiments in animals have 
shown that when vascular resistance is increased 
by infusion of vasoactive agents and organ blood 
flow modified, changes in RI and PI were not cor-
related with organ blood flow (Wan et al. 2008) 
and were only correlated with vascular resistance 
when impedance was integrated into the model 
(Adamson 1999). Notwithstanding that the inter-
pretation of these indices is complex, the arterial 
pulse wave Doppler still can be informative for 
the following reasons: (1) assessment at multiple 
sites may potentially identify specific organs with 

a b

c d

Fig. 26.3 Examples of factors affecting the arterial pres-
sure waveform. (a) Delayed systolic upstroke observed on 
transcranial Doppler in a patient with severe aortic steno-
sis. (b) Modification of the transcranial Doppler wave-
form in a patient with an intra-aortic counterpulsation 
balloon pump (IABP). (c) Doppler waveform of the exter-
nal carotid artery (ECA) compared with the (d) internal 

carotid artery (ICA). The diastolic velocities are lower in 
the ECA due to the high resistance of the downstream cir-
culation. (Adapted from Basic Transesophageal and 
Critical Care Ultrasound©, Denault et al. (Denault et al. 
2017), reproduced with permission of Taylor and Francis 
Group, a division of Informa plc)
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ongoing pathological processes; (2) repeated 
assessment can identify important hemodynamic 
changes and provide insights about the effect of 
interventions.

 The Venous Doppler Waveform

The venous waveform is determined by a differ-
ent set of factors. Blood flow exiting the systemic 
capillary network is non-pulsatile. However, 
pressure variations in the right atrium during the 
cardiac cycle produces a “venous pulse” that is 
biphasic, with systolic and diastolic components 
corresponding to periods of right atrial filling and 
emptying. Consequently, there is a variable pres-
sure difference to venous return during the cardiac 
cycle. These phases can be observed during pulse 
wave Doppler examination of large veins includ-
ing the inferior and superior vena cava and large 
proximal veins such as the hepatic, femoral and 
jugular veins (Chavhan et al. 2008). However, the 
variations of blood flow velocities in these regions 
are dampened or completely absent when Doppler 

signals are obtained in peripheral veins. This is 
explained by the high compliance of these venous 
compartments as presented in Fig. 26.4a, b.

The analysis venous waveform thus can be 
informative for the following reasons. (1) The 
appearance of pulsatile venous flow in the periph-
eral venous system is consistent with a non- 
physiologic decrease in venous compliance and can 
be used to indicate significantly increased venous 
pressure (Tang and Kitai 2016). This assessment 
complements the interpretation of the central 
venous pressure (CVP) waveform (Fig. 26.4c, d). 
(2) The absence of variations in proximal venous 
vessels indicates that there likely is an obstruction 
between the segment being assessed and the right 
atrium (Ko et  al. 2003). (3) The relative propor-
tion of the components (systolic and diastolic) 
of the venous waveform offer insights about car-
diac function (Rudski et  al. 2010) which can be 
assessed by using the ratio of the maximal venous 
velocity in systole and diastole (Vs/Vd) (Nagueh 
et al. 1996).

 The Portal Doppler Waveform

The portal system is isolated from the systemic 
circulation by the splanchnic capillary bed and 
by the liver sinusoids. Physiologic blood flow 
in portal veins and its tributaries should there-
fore neither be pulsatile nor greatly affected by 
the pressure variations in the right atrium dur-
ing the cardiac cycle (McNaughton and Abu-
Yousef 2011). The main determinants of portal 
flow velocity include arterial blood flow to the 
splanchnic and splenic capillary networks, the 
vessel diameter at the site of assessment, and the 
trans-hepatic pressure difference which is due to 
intrahepatic resistance. Under normal conditions, 
the Doppler waveform of the portal vein is ante-
grade with minimal variations of velocity during 
the cardiac cycle. The maximal velocity occurs at 
the end of diastole and the nadir occurring in sys-
tole. These components correspond to the slightly 
delayed effect of the atrial or “a” wave and the 
diastolic or “D” wave of the systemic venous 
waveform presented earlier. Doppler assessment 
of the portal circulation can be informative for 

Table 26.1 Common clinical factors influencing the 
arterial Doppler waveform in critically ill patients

Parameters
Pulse pressure
(upstream 
factors)

Vascular rigidity: age, 
atherosclerosis
Aortic valve disease
Stroke volume
Heart rate
Stenosis of main arteries
Mechanical circulatory support

Resistance
(downstream 
factors)

Physiologic characteristic of the 
downstream capillary bed
Vasoconstriction
Occlusion: e.g., emboli, thrombotic 
microangiopathy
External compression: e.g., 
compartment syndrome
Venous hypertension
Atherosclerosis of the downstream 
circulation

Impedance
(local factors)

Characteristics of the vessel
  Compliance
  Cross-sectional area
  Vasoconstriction\dilatation
Reflected secondary pressure wavea

aAffected by downstream and local characteristics
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the following reasons: (1) Increased pulsatility 
is observed when abnormal pressure is transmit-
ted to the portal circulation. This is most often 
observed when CVP is increased and the venous 
pressure from the systemic circulation is trans-
mitted to the liver and produces a cardiogenic- 
induced portal hypertension (Ikeda et  al. 2018; 
Styczynski et al. 2016). (2) Very slow (<10 cm/s) 
or absent portal flow can be seen for multiple rea-
sons including mesenteric hypoperfusion in the 
context of cardiogenic or hypovolemic shock, 
portal vein thrombosis, and cirrhosis with por-
tal hypertension (McNaughton and Abu-Yousef 
2011). However, elevated velocities can be seen 
in distributive shock and in patients with trans- 
intrahepatic portal shunts (Ricci et al. 2007).

 Clinical Application of Doppler 
Ultrasound in Critically Ill Patients

The goal of POCUS is to acquire information in 
a timely manner that will lead to a better under-
standing of the patient’s current physiology to 
personalize management. This information must 
be integrated into the clinical context including 
history, physical examination, and laboratory 
information. Most of this area is still in devel-
opment and clinicians must be cautious on how 
these findings will affect their decisions. In the 
following section, we explore how Doppler 
ultrasound assessment can inform decision at 
the bedside by presenting selected examples and 
references.

a b

c d

Fig. 26.4 Peripheral venous pulse pressure, venous com-
pliance, and central venous pressure (CVP) waveform. (a) 
Relationship between inferior vena cava (IVC) compli-
ance with increasing diameter. At low pressure, change in 
IVC diameter will have minimal effect on IVC stiffness 
(Abu-Yousef et al. 1990). However, at higher pressure, a 
small increase in IVC diameter will have an important 
increase in stiffness (Adamson 1999). (b) Peripheral 
venous pressure waveform illustrating the effect of a sud-
den decrease of downstream venous compliance with an 
increase in peripheral venous pulse pressure. (Adamson 
1999) compared to minimal transmission of pressure vari-

ations when venous compliance is normal (Abu-Yousef et 
al. 1990). (Adapted from (Wardhan and Shelley 2009) 
with permission of Wolters Kluwer Health, Inc.) (c) 
Normal CVP waveform tracing before heart positioning 
during off-pump coronary revascularization. (d) Abnormal 
CVP with prominent “v” waves after heart positioning in 
the same patient. A concomitant decrease in cerebral 
regional oxygen saturation (rSO2) oximetry was also 
observed. ETCO2 end-tidal carbon dioxide, HR heart 
rate, Pfa femoral arterial blood pressure, Pra radial arterial 
pressure, Ppa pulmonary artery pressure, SaO2 oxygen 
saturation
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 Differential Diagnosis 
of Undifferentiated Shock

In the setting of hemodynamic instability, the 
rapid identification of the offending mechanism 
is of critical importance. Shock can be catego-
rized based on the concept of venous return to 
the heart (Guyton et al. 1957) integrating the use 
of POCUS (Guyton et  al. 1957; Denault et  al. 
2014a; Vegas et al. 2014; Denault et al. 2014b). A 
decrease in effective vascular volume as occurs in 
hemorrhagic and distributive shock states results 
in a decrease in CVP. In septic shock, however, if 
associated with myocardial depression, elevated 
CVP can be present (Kimchi et al. 1984; Parker 
et  al. 1990; Pulido et  al. 2012; Vallabhajosyula 
et  al. 2017). In cardiogenic shock, CVP are 
elevated.

Finally, in obstructive shock, there will be 
resistance to venous return or raised downstream 
pressure depending on the offending mechanism. 
Shock mechanism and then etiology can be rap-
idly identified at the bedside using POCUS as 
previously reported (Vegas et  al. 2014; Denault 
et al. 2014b).

Ultrasound of the inferior vena cava (IVC) and 
hepatic vein act as a surrogate of CVP. This can 

be performed easily at the bedside of an unstable 
patient by using several views, the most common 
of which is a coronal view of the liver in the mid-
axillary position (Vegas et al. 2014). The size of 
the IVC is assessed in its intra-hepatic portion, 
usually at the junction of the hepatic veins, and 
is evaluated both in its longitudinal axis and in its 
transverse axis (Huguet et al. 2018). Combining 
information from the 2D ultrasound of the IVC 
and hepatic vein Doppler can provide insights 
into the mechanism involved as presented in 
Fig.  26.5. A large, non-compliant IVC can be 
caused by a cardiac dysfunction or obstruction 
to venous return. Assessment of the hepatic veins 
by Doppler can differentiate between these two 
possibilities; a monophasic Doppler or absent 
hepatic venous flow is suggestive of obstruc-
tion while a predominance of diastolic flow 
(Vs/Vd < 1) is suggestive of elevated right ventric-
ular filling pressure (Rudski et al. 2010; Nagueh 
et al. 1996). Collapse of the IVC can be observed 
in hemorrhagic/distributive shock, but it can also 
be present when an extrinsic compression of the 
IVC impairs venous return. However, in the latter 
case, hepatic veins flow will be monophasic and 
greatly reduced on Doppler examination whereas 
it still will be pulsatile in the former. In such a 

Fig. 26.5 Algorithm integrating inferior vena cava (IVC) 
and hepatic vein (HV) ultrasound to investigate hemody-
namic instability. S systolic, D diastolic, AR atrial rever-
sal, Pms mean systemic venous pressure, Pra right atrial 

pressure, Rvr resistance to venous return, RA right atrium. 
(Adapted from Vegas et al. (Vegas et al. 2014) with per-
mission of Springer Nature)
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context, these findings should prompt the mea-
surement of intra-abdominal pressure to exclude 
an abdominal compartment syndrome (Hulin 
et al. 2016).

 Assessment of Fluid Responsiveness, 
Fluid Status, and Hemodynamic 
Management

Optimizing organ perfusion at the bedside is a 
complex task, and extra-cardiac Doppler can 
complement the assessment. As presented ear-
lier, a compliant IVC with a normal hepatic vein 
waveform suggestive of hemorrhagic or distribu-
tive shock can indicate that the patient’s status 

is likely to improve with fluid administration. 
Nevertheless, fluid administration in this set-
ting should be guided by the clinical context and 
dynamic markers of fluid responsiveness (Marik 
and Lemson 2014; Toupin et al. 2013). This often 
requires invasive monitoring, which is sometimes 
not available, especially during the early man-
agement of hemodynamic instability. Pulse-wave 
Doppler ultrasound of the left ventricular outflow 
tract can be used to measure cardiac output and 
the change in response to interventions and pro-
vide a method to assess fluid responsiveness non- 
invasively (Godfrey et  al. 2014). The technique 
is presented in Fig. 26.6. An increase of 10–15% 
with the passive leg raise manoeuvre can identify 
patients who are fluid responsive. By the same 

a b

c

d

Fig. 26.6 Cardiac output (CO). Calculation of CO 
involves (a) measurements of the annulus diameter (d) in 
a zoom of the left ventricular outflow tract (LVOT) from 
the parasternal long axis view. (b) Formula to calculate 
CO is shown (c, d) the velocity of the LVOT is obtained 
from the apical five-chamber view. (d) Tracing the outline 

of the velocity trace gives the time integral of the 
LVOT. HR heart rate, VTI velocity-time integral. (From 
Basic Transesophageal and Critical Care Ultrasound©, 
Denault et al (Denault et al. 2017), reproduced with per-
mission of Taylor and Francis Group, a division of 
Informa plc)
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principle, measuring change in carotid flow time- 
velocity integral (TVI) may be used as a surro-
gate for change in cardiac output if an adequate 
cardiac assessment is not possible (Sidor et  al. 
2018; Jalil et  al. 2018). However, significant 
variability in VTI measurements can occur due 
to the angle of insonation. Alternatively, measur-
ing the change in the duration of systolic flow 
from the beginning of the upstroke to the trough 
of the incisural notch on a pulse waveform with 
correction for heart rate (carotid corrected flow 
time) might be a more reproducible method to 
assess fluid responsiveness. In a recent study, a 
7  ms increase in carotid corrected flow time in 
response to passive leg raising was associated 
with a 97% positive predictive value in detecting 
fluid responsiveness (Barjaktarevic et al. 2018). 
Another simple method in patients who are 
mechanically ventilated is to evaluate the diam-
eter changes of the superior vena cava using TEE 
that occur during positive-pressure ventilation 
(Vieillard-Baron et al. 2001). Those changes will 
be associated with venous Doppler variations 
which can be diagnosed easily with a linear probe 
positioned at the confluence of the internal jugu-
lar vein and the superior vena cava (Fig. 26.7).

As discussed earlier, peripheral arterial 
Doppler velocity waveform indices such as RI 
do not correlate well with blood flow in animal 
models (Wan et  al. 2008). However, monitor-
ing changes in RI in response to interventions 
might be useful to guide the optimization organ 
perfusion is still largely unknown. In an explor-
atory study, Deruddre et  al. observed a reduc-
tion of the renal RI in response to an increase 
of mean arterial pressure from 65  mmHg to 
75  mmHg achieved by titrating norepinephrine 
infusion in critically ill patients (Deruddre et al. 
2007). Similarly, we observed a reduction of RI 
in response to the passive leg raise manoeuvre 
in cardiac surgery patients who also had a con-
comitant increase in cardiac output measured by 
the thermodilution method (Beaubien-Souligny 
et  al. 2018a). (Fig.  26.8) A decrease in RI in 
response to fluid administration also has been 
demonstrated in healthy volunteers (Bude et  al. 
1994; Boddi et al. 1996), but a decrease was not 
observed in two of three studies that included 

critically ill patients (Schnell et al. 2013; Lahmer 
et al. 2016; Moussa et al. 2015). However, most 
of the included patients in that study already had 
established severe acute kidney injury or were 
septic, which are known to be associated with 
alterations in renal blood flow autoregulation 
(Langenberg et al. 2006; Langenberg et al. 2005). 
Consequently, further research is needed to deter-
mine what arterial Doppler indices can be used to 
optimize organ perfusion is warranted.

Excess fluid administration can lead to adverse 
consequences in critically ill patients, particu-
larly in patients with impaired cardiac function 
(Prowle et  al. 2010). High venous pressure can 
directly impair organ perfusion and increases 
interstitial edema in patients who have increased 
vascular permeability (Woodcock and Woodcock 
2012). Bedside ultrasound, especially portal and 
peripheral venous Doppler, can provide a non-
invasive Echo-Doppler way to monitor CVP 
changes.

Pulsatile blood flow in the portal vein, as 
presented in Fig. 26.9, is a sign of post-hepatic 
portal hypertension and has been demonstrated 
to be a measure of severity of disease in patients 
with congestive heart failure (Rengo et al. 1998; 
Catalano et  al. 1998). In decompensated heart 
failure, a portal pulsatility of more than 50% was 
the best predictor of increased serum bilirubin 
compared with hemodynamic parameters such 
as CVP and echocardiographic measurements of 
right ventricular function such as tricuspid annu-
lar plane systolic excursion (TAPSE) (Styczynski 
et al. 2016), and portal congestion was indepen-
dently associated with adverse outcomes (Ikeda 
et  al. 2018). In two recent prospective cohort 
studies in cardiac surgery patients, detection of 
portal flow pulsatility after cardiac surgery was 
associated with an increase in the risk of major 
complications including severe acute kidney 
injury, delirium and prolonged duration of stay 
in the ICU and hospital (Beaubien-Souligny 
et al. 2018b; Eljaiek et al. 2019; Benkreira et al. 
2019). Furthermore, the addition of this param-
eter improved risk prediction compared with 
intra- operative assessment of systolic right ven-
tricular function and/or pre-operative risk assess-
ment (Beaubien-Souligny et al. 2018b; Benkreira 
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a b

c

d

Fig. 26.7 Respiratory variations of the superior vena 
cava (SVC). A 76-year-old male in the intensive care unit 
is dialyzed with planned fluid removal of 1.8 L. (a, b) The 
transesophageal mid-esophageal ascending aorta (Ao) 
short-axis view with (c) M-mode of the SVC shows sig-
nificant respiratory variation of the SVC diameter. (d) 
With a linear probe positioned in the right cervical region 

over the distal internal jugular the phasic respiratory 
changes in Doppler signals can be appreciated. MPA main 
pulmonary artery, RPA right pulmonary artery. (From 
Basic Transesophageal and Critical Care Ultrasound©, 
Denault et al (Denault et al. 2017), reproduced with per-
mission of Taylor and Francis Group, a division of 
Informa plc)
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et al. 2019). However, some caution is advised. 
A PF of more than 50% has also been reported 
in some individuals with low body mass index 
and normal cardiac function (Gallix et al. 1997). 
Consequently, this finding should be supported 
by other signs of elevated CVP such an abnormal 
hepatic vein flow waveform. Furthermore, severe 
symptomatic tricuspid regurgitation is almost 
invariably associated with portal pulsatility 
(Abu-Yousef et al. 1990). Whether the prognostic 
implications of portal flow pulsatility are differ-
ent in this sub-group of patients is unknown.

The pattern of Doppler velocity observed 
in the interlobar veins of the kidney, too, are 

affected by central venous compliance and by 
the function of the right ventricle as shown in 
Fig.  26.10a–c (Beaubien-Souligny and Denault 
2018). Abnormal patterns of intra-renal venous 
flow are associated with a higher risk of death 
and hospitalization in congestive heart fail-
ure patients (Iida et  al. 2016). Furthermore, the 
administration of intra-venous fluids in conges-
tive heart failure patients can lead to the transi-
tion from normal to abnormal intra-renal venous 
flow and a reduced diuretic response (Nijst et al. 
2017). Abnormal patterns of intra-renal venous 
flow have been documented in cardiac surgery 
(Beaubien- Souligny and Denault 2018). In a 

a

b

c

Fig. 26.8 Proposed relationship between rapid changes 
in renal blood flow and the renal resistive index (RI). In 
response to a change in cardiac output resulting in an 
increase in renal blood flow, the change in both the sys-
tolic (V Systole) and diastolic (V Diastole) velocities 
should be modified assuming that both the intra-renal 

resistance and the central arterial compliance remain con-
stant. (a) A decrease in cardiac output should result in an 
increase of the RI compared to (b) the baseline before the 
intervention while (c) an increase in cardiac output should 
result in a decrease of the RI
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prospective cohort study in 145 cardiac surgery 
patients, the detection of a severe alteration in 
intra-renal venous flow was associated with an 
increased risk of acute kidney injury as shown in 
Fig. 26.10d.

 Evaluation of Organ Injury

Different mechanisms of injury occur in critically 
ill patients including ischemia-reperfusion, cyto-
kine-mediated, and inflammatory/auto- immune 
processes. Although these differ in a number of 
ways, they have a common pathway which leads 
to microvascular dysfunction. Endothelial injury 
upstream from the microcirculation leads to inap-
propriate vasoconstriction (Conger et  al. 1991; 
Sutton et al. 2002; De Backer et al. 2002), a reduc-
tion in the capillary surface area of the vascular 

bed by thrombosis (De Backer et al. 2014), and 
an alteration in vascular permeability due to the 
damage of endothelial glycocalyx on the surface 
of the vascular endothelium (Lelubre and Vincent 
2018). Increased permeability leads to interstitial 
edema which is especially deleterious in organs 
for which volume expansion is limited by rigid or 
semi-rigid structures such as the brain, liver, and 
the kidney. All those elements of vascular injury 
contribute to increased vascular resistance in the 
injured organ which can be detected by arterial 
Doppler assessment as shown in Fig. 26.11. An 
elevated renal RI is predictive of acute kidney 
injury after cardiac surgery (Bossard et al. 2011) 
and can discriminate between temporary and per-
sistent alteration in renal function (Guinot et al. 
2013; Platt et al. 1991; Darmon et al. 2011; Ninet 
et al. 2015). As previously discussed, an increase 
in the PI or the RI may be produced by systemic 

a b

c d

Fig. 26.9 Abnormal portal vein velocity in a 23-year-old 
female with right ventricular failure and fluid overload 
after a Ross procedure. Right posterior-axillary coronal 
view with color Doppler of the right portal vein in (a) sys-
tole and (b) diastole and the corresponding (c) color 
M-mode and (d) pulsed-wave Doppler are shown. The 
patient had renal dysfunction and increased liver enzymes 

which resolved with important diuresis. HR heart rate. 
(From Basic Transesophageal and Critical Care 
Ultrasound©, Denault et al. (Denault et al. 2017), repro-
duced with permission of Taylor and Francis Group, a 
division of Informa plc.)
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hemodynamic parameters and are not necessarily 
specific to the characteristic to the downstream 
vascular bed. However, assessing these param-
eters in multiple locations help identify specific 
organ injuries as shown in Figs. 26.12 and 26.13. 
This approach has been used in outpatients to 
improve the accuracy of renal Doppler for identi-
fication of structural kidney damage (Grun et al. 
2012). The presence of an “asymmetric” pattern 
should prompt the search for a reversible cause, 
such as venous thrombosis or extrinsic compres-
sion from abdominal compartment syndrome or 
hemorrhage. If this pattern is present after an 
initial period of hemodynamic instability, it sug-

gests ischemic acute tubular necrosis and the 
dysfunction will persist despite hemodynamic 
optimization.

Analysis of Doppler arterial waveforms also 
can inform about the severity of organ injury. In 
the brain, trans-cranial Doppler has been used 
to non-invasively assess intra-cranial hyperten-
sion and to identify cerebral circulatory arrest 
(Ducrocq et al. 1998a, b). The latter was defined as 
the appearance of diastolic reversal on the arterial 
Doppler waveform (oscillating flow). Likewise, 
diastolic reversal is a sign of severe pathology 
following renal transplantation including acute 
rejection, ischemia-reperfusion injury, renal vein 

a b

c d

Fig. 26.10 Patterns of intra-renal venous flow (a) 
Continuous monophasic venous flow suggestive of a com-
pliant venous system resulting in an absence of transmis-
sion of right atrial pressure. (b) Discontinuous pattern 
with flow both in systole and diastole suggestive of 
decreased central venous compliance. (c) Discontinuous 
pattern with flow detectable only in diastole suggestive of 
diastolic right ventricular dysfunction. (d) Acute kidney 

injury after cardiac surgery according to venous Doppler 
patterns after surgery. CI confidence interval, HR hazard 
ratio, IVC inferior vena cava, ICU intensive care unit, LA 
left atrium, LV left ventricle, RA right atrium, RV right 
ventricle. (Adapted from Beaubien-Souligny et  al. 
(Beaubien-Souligny and Denault 2018) with permission 
of Wolters Kluwer Health, Inc.)
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Fig. 26.11 Interpretation of an acute increase in the arte-
rial resistive index (RI) illustrating the relationship 
between renal intra-renal pressure and the arterial RI. SAP 
systolic arterial pressure, DAP diastolic arterial pressure, 

PIC intra-capsular pressure. (Adapted from Basic 
Transesophageal and Critical Care Ultrasound©, Denault 
et al (Denault et al. 2017), reproduced with permission of 
Taylor and Francis Group, a division of Informa plc)

Fig. 26.12 A concurrent increase in the resistive index 
(RI) in all organs (symmetric) is the hallmark of a sys-
temic process such as heart failure, while an isolated 

change in the RI is suggestive of an increase in process 
specific to the organ assessed
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a

b

c

Fig. 26.13 Arterial Doppler obtained using surface ultra-
sound in a 67-year-old man following prolonged and com-
plicated surgery for mitral valve replacement and tricuspid 
repair showing (a) normal resistance index (RI) in the 

middle cerebral artery but (b) elevated RI on renal Doppler 
and (c) normal portal vein waveform. PF portal pulsatility 
fraction, Vs systolic velocity, Vd diastolic velocity, Vmax 
maximal velocity, Vmin, minimal velocity

W. Beaubien-Souligny and A. Denault



401

thrombosis, or sub-capsular hemorrhage com-
pressing the renal parenchyma (Lockhart et  al. 
2008; Araújo and Suassuna 2016). Finally, arte-
rial Doppler can be used to identify signals com-
patible with emboli as presented in Fig. 26.14.

 Conclusions

As presented in this chapter, extra-cardiac arte-
rial and venous Doppler ultrasound offers win-
dows into the hemodynamic characteristics of 

the patient. Use of this modality at the bedside is 
still in its infancy, and many uncertainties with 
its use still persist, especially the specificity 
and predictability of the findings. Assessment 
of Doppler waveform is likely to be of limited 
use when observed in isolation, and the infor-
mation should always be interpreted in the light 
of the clinical context. The rapid adoption of 
POCUS offers the opportunity to develop this 
modality, both by stimulating research and by 
permitting the clinicians to develop their own 
experience.

a b

c d

Fig. 26.14 Arterial renal Doppler signal before (a) and 
after (b) cardiopulmonary bypass (CPB). Signals compat-
ible with air embolism were seen on transesophageal 
echocardiography monitoring (c) and transcranial Doppler 
(d) during CPB. The renal resistive index increases from 

0.73 before CPB to 0.83 after CPB separation. EDV end 
diastolic velocity, HITS high intensity transient signals, 
HR heart rate, MV mean velocity, PSV peak systolic 
velocity, PI pulsatility index, RI resistance index
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Measurements of Fluid 
Requirements with Cardiovascular 
Challenges

Xavier Monnet and Jean-Louis Teboul

 Introduction

Since it has become clear that patients with cir-
culatory failure inconstantly respond to volume 
expansion by increasing cardiac output (Bentzer 
et  al. 2016), a whole vein of intensive care 
research has been dug to develop tests that pre-
dict “fluid responsiveness” (Monnet et  al. 
2016a). In fact, these test use various challenges 
of the cardiovascular system to predict the 
effects of a fluid infusion on cardiac output. 
This gold rush has been greatly enhanced by the 
growing evidence that fluid overload is deleteri-
ous in critically ill patients, especially with 
acute respiratory distress syndrome (ARDS) 
and septic shock (Sakr et  al. 2017). The most 
recent recommendations in septic shock suggest 
managing the fluid strategy by using these 
“dynamic” tests of fluid responsiveness (Rhodes 
et al. 2017).

In this chapter, we review these indices, 
explain the pathophysiological principles that are 
behind them, state their advantages and limita-
tions, and explain how they might be used in 
clinical practice.

 Static Indices of Cardiac Preload

It has been shown over and over again that the 
observation of “static” markers of cardiac pre-
load, i.e. absolutes values of preload measure-
ments, fail to reliably detect preload 
dependence (Bentzer et  al. 2016; Marik and 
Cavallazzi 2013). The essential reason is phys-
iology. By observing the Frank-Starling curve 
(Fig. 27.1), it is obvious that the variability of 
the slope of the curve explains why a given car-
diac preload value may correspond to a state of 
preload dependence as to a state of preload 
independence.

In this respect, no static cardiac preload mea-
surement is superior to another for detecting pre-
load dependence. Central venous pressure, 
diameter of the inferior vena cava, pulmonary 
artery occlusion pressure, echocardiographic 
indices used to estimate it (E/A or E/e ‘waves 
ratio), end-diastolic dimensions of the left ventri-
cle, corrected flow time at oesophageal Doppler, 
etc., are, except for extreme values, incapable of 
predicting the response of cardiac output to vol-
ume expansion (Monnet et al. 2016a).
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 Fluid Challenge

 Standard Fluid Challenge

The most obvious way to detect preload depen-
dence dynamically is to administer fluid and 
measure the response of cardiac output. De facto, 
the method of injecting 300–500 mL of fluid to 
guide fluid strategy has been used for many years 
(Vincent and Weil 2006). Nevertheless, the fluid 
“challenge” is not a therapeutic test, but the treat-
ment itself. It is not certain that a patient who has 
just responded to a fluid challenge by a signifi-
cant increase in cardiac output will still do so 
during the next one since the 300 or 500 mL of 
the first challenge may have made the patient 
already preload independent.

Another disadvantage of the fluid challenge is 
that it requires a direct measurement of the cardiac 
output. Indeed, if its effects are assessed by simply 
measuring the blood pressure, the estimation of its 
effects on cardiac output is poorly reliable (Monnet 
et al. 2011) or even not reliable at all (Pierrakos 
et al. 2012). From this point of view, the fluid chal-
lenge is not different from the passive leg raising 
(PLR) test that we will see later.

Finally, the major disadvantage of the fluid 
challenge is that it is not reversible. Repeated use 
in a patient with multiple hypotensive episodes 
can only contribute to fluid overload. From this 
point of view, it is probably necessary to bear in 
mind the particular risk of fluid challenge in 
patients for whom fluid overload is particularly 
deleterious.

Stroke
volume

Normal

ventricular systolic function

ventricular systolic function

Poor

Cardiac preload

Significant response

No response

Preload challenge

Mechanical ventilation
EEO test
PLR test

“Mini’’ fluid challenge

•
•
•

•

Fig. 27.1 Frank-Starling relationship. The slope of the 
Frank-Starling curve depends on the ventricular systolic 
function. Then, one given level of cardiac preload does 
not help in predicting fluid responsiveness. By contrast, 
dynamic tests include a preload challenge (either sponta-
neous, induced by mechanical ventilation or provoked, by 

passive leg raising, end-expiratory occlusion or fluid infu-
sion). Observing the resulting effects on stroke volume 
allows for the detection of preload responsiveness. EEO 
end-expiratory occlusion, PLR passive leg raising. 
(Adapted from (Monnet et  al. 2016a) (Open Access 
Journal))
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 Mini Fluid Challenge

To circumvent this latter problem, some authors 
have developed a “mini” fluid challenge with 
100  mL of starch only. They showed that the 
response to a subsequent volume expansion 
(500  mL) was predicted by the increase in 
velocity- time integral (VTI) of the left ventricu-
lar outflow tract, a reflection of stroke volume 
measured by echocardiography, induced by the 
infusion of this small amount of fluid (Muller 
et al. 2011).

In our opinion, the main limitation of the 
“mini” fluid challenge is that it induces only 
small changes in cardiac output so that the tech-
nique used to measure these changes must be 
very precise. In this regard, echocardiography is 
probably not the most suitable tool. Pulse contour 
analysis, which provides a very accurate mea-
surement of cardiac output (Jozwiak et al. 2018), 
is likely more appropriate (Biais et  al. 2017a; 
Smorenberg et al. 2018).

It has been suggested that the prediction of 
the response to volume expansion was less good 
when not 100 mL but 50 mL was used to prac-
tice fluid flush (Biais et  al. 2017a). This sug-
gests that the volume is too small to generate 
sufficient preload changes to test preload 
responsiveness. The minimum volume of fluid 
to cause a significant haemodynamic effect has 
been demonstrated to be 4  mL/kg (Aya et  al. 
2017). Finally, not only the volume of fluid but 
also the timing of administration is important 
to consider. It has been shown that the longer 
the duration of the fluid challenge, the lower the 
proportion of fluid responders (Toscani et  al. 
2017).

 Pulse Pressure Variation, Stroke 
Volume Variation

 Principle

The method that has historically been the first to 
be described for detecting preload dependence 
without administering fluid is the arterial pulse 

pressure variation (PPV). This index is based on 
the principle that mechanical ventilation induces 
changes in the loading conditions of the two ven-
tricles which ultimately lead to increased changes 
in stroke volume and, consequently, to increased 
arterial pulse pressure changes in case of preload 
dependence (Teboul et al. 2019).

In more detail, positive pressure insufflation 
induces an increase in intrathoracic pressure 
(Fig. 27.2). This is transmitted to the right atrium, 
and the resulting increase in right atrial pressure 
decreases the pressure gradient of venous return 
and reduces the right cardiac preload (Teboul 
et  al. 2019). If the right ventricle is preload- 
dependent, this preload decrease is transmitted to 
the left ventricle. If the left ventricle is also 
preload- dependent, its stroke volume decreases 
in turn. Due to the time that is required by the 
“preload bolus” to cross the pulmonary circula-
tion, this decrease in stroke volume occurs during 
expiration. In addition to decreasing the right car-
diac preload, positive pressure insufflation 
increases the transpulmonary pressure. This 
stretches the pulmonary vessels, increases their 
resistance, and finally increases the right ventric-
ular afterload. This contributes to the decrease in 
right ventricular stroke volume but may not indi-
cate volume responsiveness (Teboul et al. 2019) 
(Fig. 27.2).

In addition, the increase in intrathoracic pres-
sure at inspiration leads to a decrease in the trans-
mural pressure of the left ventricle, which 
decreases its afterload. This afterload increase 
causes an increase in left ventricular stroke vol-
ume that occurs during inspiration. Also, the 
inspiratory increase of the transpulmonary pres-
sure, by compressing the pulmonary vessels, pro-
pels their contents towards the left ventricle, 
contributing to increasing stroke volume at inspi-
ration (Teboul et al. 2019).

In total, all of these phenomena contribute to 
the appearance, in case of preload dependence, of 
an increase in stroke volume at inspiration and a 
decrease of it at the expiration. This stroke vol-
ume variation (SVV) is reflected by the variation 
of pulse pressure, the amplitude of which reflects 
stroke volume (Teboul et al. 2019) (Fig. 27.2).
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 Demonstration

A large number of studies and some meta- 
analyses conducted in adults have shown that 
PPV can predict the response to volume expan-
sion with good reliability (Bentzer et  al. 2016; 
Yang and Du 2014; Marik et al. 2009). This has 
also been demonstrated with all estimates of 
stroke volume that can be used clinically: the 
respiratory variability of the stroke volume mea-
sured by pulse contour analysis, the maximum 
velocity in the left ventricular outflow tract mea-
sured in echocardiography, the amplitude of the 
plethysmography signal, and of the carotid flow 
also. The amplitude of respiratory changes of all 
these indices showed a diagnostic reliability 
roughly comparable to that of PPV (Monnet et al. 
2016a).

 Limitations

These indices of preload responsiveness are those 
with the most restrictive conditions of validity. 
The circumstances generating false positives and 
false negatives of PPV and SVV are numerous, 
especially in critically ill patients (Fig. 27.3).

Among these circumstances, mechanical ven-
tilation with a low tidal volume is one of the most 
common. To circumvent this limit, a “tidal vol-
ume challenge” has been developed (Myatra 
et  al. 2017), which consists in increasing tidal 
volume from 6 to 8 mL/kg for a few minutes. If 
PPV increases ≥3.5% (in absolute value) during 
the test, preload responsiveness is likely (Myatra 
et  al. 2017). The test has the advantage of not 
requiring a direct measurement of cardiac output 
(Myatra et  al. 2017). Sometimes, even during 

RV preload

LV preload

LV preload
RV stroke

volume

LV stroke
volume

LV stroke
volume

RV afterload

LV afterload

pleural
pressure

transpulmonary
pressure

Blood pulmonary
transittime

PPmax
at inspiration

PPmin
at expiration

→

→

→
→

→

→

→

→

→ →

Fig. 27.2 Mechanisms of heart–lung interactions explain-
ing pulse pressure variation. Top: airway pressure tracing; 
bottom: arterial pressure tracing. LV left ventricle, PP 

pulse pressure, RV right ventricle. (Adapted from (Teboul 
et  al. 2019) with permission of the American Thoracic 
Society. Copyright © 2019 American Thoracic Society)
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Is there acute circulatory failure?

Is hypovolemia obvious ?

Is there preload responsiveness?

Are the following conditions present?

Low blood pressure or cardiac output?
Signs of tissue hypoperfusion?

•

•

•
•

•

•

•

NO

NO

NO

NO

YES

YES

YES

YES

Obvious fluid loss?
Initial phase of septic shock?

Perform volume expansion
(no need to test preload responsiveness)

Spontaneous breathing?
Cardiac arrhythmias?
ARDS with low tidal volume / lung compliance?

Passive leg raising test

End-expiratory occlusion test

“Mini” fluid challenge “Mini” fluid challenge

Pulse pressure or stroke volume variation

Respiratory variaion of IVC/SVC*

Passive leg raising test

End-expiratory occlusion test

Consider volume expansion
(depending on the risk of fluid overload)

Do not
consider volume expansion

Fig. 27.3 Fluid strategy. *The variation in inferior/supe-
rior vena cava diameters can be used in case of cardiac 
arrhythmias. ARDS: acute respiratory distress syndrome, 
IVC: inferior vena cava, PCO2 gap: veno-arterial differ-

ence in carbon dioxide tension, SVC: superior vena cava. 
(Adapted from (Monnet et  al. 2016a) (Open Access 
Journal))
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normal tidal volume ventilation, it can be difficult 
to interpret PPV, when its value lies in a zone of 
uncertainty (between 9% and 13%) described by 
Cannesson et  al. as a “gray zone” (Cannesson 
et al. 2011). A study showed that in such a situa-
tion, the increase in PPV predicted fluid respon-
siveness when tidal volume was increased from 8 
to 12 mL/kg (Min et al. 2017).

It should be kept in mind that during ARDS, 
the false negatives encountered for PPV and SVV 
are explained not only by the low tidal volume 
but also by the decreased lung compliance 
(Monnet et  al. 2012; Liu et  al. 2016). Another 
way to circumvent the limitation of PPV in case 
of low tidal volume that has been investigated 
consisted in indexing it with the changes in pleu-
ral pressure, assessed by an oesophageal catheter 
(Liu et al. 2016). The method performs much bet-
ter than indexation by tidal volume. Nevertheless, 
this method requires an oesophageal pressure 
catheter in place, which is still uncommon at the 
bedside.

Another way to use PPV in circumstances 
generating false positives and false negatives 
would be to use it instead of cardiac output to 
judge the effects of a preload challenge. One 
study showed that the decrease in PPV during a 
PLR test predicted the response to volume expan-
sion as well as concurrent changes in cardiac out-
put. Nevertheless, these results are questioned by 
a recent study that showed that PPV did not track 
the changes in cardiac output during a fluid chal-
lenge in patients with septic shock (De la Puente- 
Diaz de Leon et al. 2017).

 Variability of the Diameter 
of Vena Cava

 Principle

The use of variability in the vena cava diameter 
to predict fluid responsiveness is based on a 
principle a little different than that of PPV/SVV 
(Vieillard-Baron et  al. 2004). This variability, 
which appears in case of preload dependence, is 
probably explained on the one hand by a respi-

ratory variability of the central venous pressure 
as a reflection of a change in the surrounding 
pleural pressure (Magder et  al. 1992) and, on 
the other hand, a more distensible vena cava in 
hypovolemic patients, which makes the diame-
ter more sensitive to changes in external pres-
sure (intra- abdominal for inferior vena cava, 
intrathoracic for superior vena cava). The con-
tribution of these two components in the vari-
ability of the vena cava is not well 
characterized.

 Measurement Method

The variability of the inferior vena cava diameter 
is easily measured by transthoracic echocardiog-
raphy but the superior vena cava can be per-
formed only transoesophageally. Variability is 
calculated as the difference between maximum 
and minimum vein diameter over a respiratory 
cycle divided by either the average of the two or 
the minimum diameter value. Both methods the-
oretically lead to different thresholds.

It has been reported that the respiratory vari-
ability of the right internal jugular vein predicts 
the response to volume expansion, even though 
the diagnostic threshold was lower than that of 
the inferior vena cava (Ma et al. 2018).

 Limitations

The variability of cave vein diameter shares many 
of the limitations of PPV/SVV. During spontane-
ous ventilation, the irregularity of the intratho-
racic pressure variations prevents the definition 
of any diagnostic threshold (Bentzer et al. 2016; 
Corl et al. 2012). A study showed that in case of 
spontaneous breathing, only the very high values 
of the inferior vena cava diameter variation were 
of diagnostic value (Airapetian et  al. 2015). In 
case of low tidal volume and, probably also, in 
case of low lung compliance, false negatives are 
likely to appear. In other words, apart from the 
cardiac arrhythmias, the conditions in which the 
variability of the vena cava diameter cannot be 
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used are the same as for PPV/SVV (Fig. 27.3). 
For the superior vena cava, it must be added that 
it can only be measured by transoesophageal 
echography.

Overall, the reliability of vena cava diameter 
variability for predicting fluid responsiveness is 
probably lower than that of PPV.  In a meta- 
analysis that included eight studies, sensitivity 
was only 76% and specificity was 86% (Zhang 
et al. 2014). In a study in 540 patients, the area 
under the Receiver Operating Characteristic 
Curve was only 0.755 for the variability of the 
superior vena cava and 0.635 for that of the infe-
rior vena cava, whereas a diagnostic method is 
considered reliable when the area under this 
curve is greater than 0.75 (Vignon et al. 2017). 
This was also the case in a multi-centre clinical 
study, although it is true that reliability of PPV in 
this study was also poor, which casts doubt on 
the quality with which these different indices 
were collected in this “pragmatic” study (Vignon 
et al. 2017).

 Passive Leg Raising Test

 Principle

The transition from the semi-recumbent posi-
tion to a position in which the lower limbs are 
raised to 30–45 ° and the trunk is horizontal 
induces the transfer of venous blood from the 
lower limbs, and also from the splanchnic terri-
tory, toward the heart chambers. This results in 
a significant increase in mean systemic filling 
pressure, the upstream systemic venous return 
pressure (Guerin et al. 2015), and right and left 
cardiac preload (Boulain et al. 2002). Therefore, 
PLR can be used as a preload dependence chal-
lenge. If cardiac output increases in response to 
the preload increase, both ventricles are likely 
preload- dependent and fluid responsiveness is 
likely. It has been shown that a PLR test was 
equivalent to about 300  mL of fluid challenge 
(Jabot et al. 2009), but this is an average value 
as this volume might highly vary depending on 
the patient.

 Reliability

Many studies have shown that the PLR test can 
reliably detect preload dependence. The diagnos-
tic threshold is a PLR-induced increase in cardiac 
output higher than 10% (Monnet et al. 2016b). A 
great advantage of the test is that it remains valid 
even in clinical circumstances where PPV/SVV 
cannot be used. In particular, the PLR test retains 
all its diagnostic value in case of spontaneous 
breathing, cardiac arrhythmia (Monnet et  al. 
2012), and ventilation at low tidal volume or low 
lung compliance (Monnet et al. 2012).

Two meta-analyses confirmed the diagnostic 
value of the PLR test (Monnet et  al. 2016b; 
Cherpwsqanath et al. 2016). It has been included 
in the most recent version of the Surviving Sepsis 
Campaign’s guidelines (Rhodes et al. 2017) and 
in a consensus conference of the European 
Society of Intensive Care Medicine (Cecconi 
et al. 2014).

 Cardiac Output Measurement 
Technique

The effects of the PLR test should be measured 
directly on cardiac output (Monnet and Teboul 
2015) (Fig.  27.4). Indeed, if these effects are 
assessed on arterial pressure, even pulse pressure, 
the sensitivity of the test is lower, and the number 
of false negatives is greater (Monnet et al. 2016b; 
Cherpanath et al. 2016). From this point of view, 
the PLR test is similar to the fluid challenge, the 
effects of which can only be reliably assessed by 
directly measuring cardiac output (Monnet et al. 
2011; Pierrakos et al. 2012).

Several cardiac output measurement tech-
niques can be used for this purpose. They must 
meet the requirement to measure flow continu-
ously and in real time, in order to capture the 
maximum effect of the test. In fact, when the 
PLR test is positive, the increase in cardiac out-
put occurs during the first minute (Monnet et al. 
2006). Nevertheless, it may occur that cardiac 
output decreases after reaching this maximum. 
This effect is particularly observed in patients 
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with severe septic shock, whose vasodilatation is 
marked. This is, for example, not possible with 
thermodilution, neither classic pulmonary nor 
transpulmonary.

Oesophageal Doppler, calibrated or non- 
calibrated pulse wave contour analysis can be 
used (Monnet et al. 2006). With echocardiogra-
phy, one must look for the increase in the 
velocity- time integral in the left ventricular 
outflow tract. The changes in the amplitude of 
the plethysmographic signal, assessed by the 
perfusion index, reflects stroke volume changes, 
provided that the vascular tone remains con-
stant. It has been shown that a PLR-induced 
increase in this perfusion index could reflect the 
simultaneous changes in cardiac output 
(Beurton et  al. 2019a). This needs to be con-
firmed, but this opens the possibility of an easy 
and non-invasive assessment of the test. Another 
interesting technique is capnography (Young 
et al. 2013; Monnet et al. 2013; Monge Garcia 
et al. 2012). In fact, if the ventilation conditions 
are perfectly stable, changes in end-tidal carbon 
dioxide are proportional to changes in cardiac 
output. It was shown that if this end-tidal car-
bon dioxide value increased by more than 5% 

during the PLR test, fluid responsiveness could 
be reliably predicted (Monnet et  al. 2013; 
Monge Garcia et al. 2012).

 Other Practical Aspects

The position from which the PLR test is started 
is of great importance (Fig. 27.4). Indeed, if the 
test is started from the semi-recumbent position, 
in which the trunk is elevated by 45°, the test 
mobilizes not only the volume of the venous 
blood contained in the lower limbs but also the 
volume of blood contained in the vast splanch-
nic reservoir. The test is more sensitive (Jabot 
et al. 2009).

The PLR test should ideally be performed 
using the automatic movements of the bed. 
Indeed, the “manual” embodiment, which 
involves holding the patient’s heels, can cause 
discomfort, or even pain, which could distort the 
analysis of changes in cardiac output (Monnet 
and Teboul 2015).

Finally, it is important to measure cardiac out-
put after performing the test, when the patient has 
been returned to the semi-recumbent position, in 

Assess PLR effects by directly
measuring CO

(not with blood pressure only)

Re-assess CO in the semi-
recumbent position

(should return to baseline)

Use the bed adjustment
and avoid touching the patient

(pain, awakening)

Check that the
trunk is at 45°

Use a real-time
measurement of CO

co
co

co co

1 4

2

3
5

Volume
expansion

45º

Fig. 27.4 Five rules to respect when performing the passive leg raising test. CO cardiac output. (Adapted from (Monnet 
and Teboul 2015) (Open Access Journal))
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order to verify that it has returned to its baseline 
value, and that the changes observed during PLR 
were only attributable to the test (Monnet and 
Teboul 2015) (Fig. 27.4).

 Limitations

As stated above, the essential limitation of the 
PLR test is that it requires a direct measurement 
of cardiac output. Also, the test is difficult or 
impossible to use during a surgical procedure and 
is reasonably contra-indicated in case of intracra-
nial hypertension. In case of intra-abdominal 
hypertension, it has been demonstrated that some 
false negatives to the PLR test may appear 
(Beurton et al. 2019b). This might be due to the 
compression of the splanchnic compartment in 
this condition. Finally, the PLR test is probably 
less sensitive in patients with venous compres-
sion stocking.

 Respiratory Occlusion Tests

 Principle

As stated above, during mechanical ventilation, 
each insufflation increases the intrathoracic 
pressure and, consequently, the right atrial pres-
sure, which opposes the systemic venous return. 
When mechanical ventilation is interrupted by 
end- expiration for a few seconds, the cyclical 
decrease in cardiac preload is interrupted. 
Cardiac preload increases transiently. If, in 
response, cardiac output increases, it means that 
both ventricles are preload-dependent. 
Conversely, an end- inspiratory pause should 
decrease cardiac output in case of preload-
dependence. Importantly, the duration of the 
ventilator occlusion should be long enough for 
the “preload bolus” to pass through the pulmo-
nary circulation. Five seconds is insufficient 
(Monnet et al. 2009), and the studies reported a 
reliable test when occlusions of 12 to 30  sec 
were performed (Monnet et  al. 2009; Georges 
et al. 2018; Biais et al. 2017b).

 End-Expiratory Occlusion Test

It has been shown that if cardiac output increases 
by more than 5% in the last few seconds of an 
expiratory pause of at least 12  seconds, the 
response to volume expansion could be predicted 
with good reliability (Biais et al. 2017a; Monnet 
et al. 2012; Monnet et al. 2009; Silva and Teboul 
2011). The test has the advantage of being simple 
to perform.

An important practical point is that the tech-
nique used to measure cardiac output must be a 
real-time measurement, and also that it must be 
precise enough to measure small amplitude 
changes. From this point of view, the analysis of 
the contour of the pulse wave is well suited 
(Jozwiak et al. 2017a).

 Association of End-Inspiratory 
and End-Expiratory Occlusions

The increase in the velocity-time integral of the 
sub-aortic flow measured by echocardiography 
during an end-expiratory occlusion allows one to 
predict the response to volume expansion 
(Georges et  al. 2018; Jozwiak et  al. 2017b). 
Nevertheless, the diagnostic threshold might be 
low compared to the accuracy of echocardiogra-
phy. This is why, in a clinical study, we associ-
ated a 15-second end-inspiratory pause with a 
15-second end-expiratory pause, a few seconds 
before the first one (Jozwiak et  al. 2017b). We 
have shown that end-inspiratory occlusion 
decreased the sub-aortic velocity-time integral 
more in preload dependent patients than in those 
who are not. Interestingly, if we considered the 
sum of the effects on the velocity-time integral of 
the end-expiratory and the end-inspiratory occlu-
sions, the prediction of fluid responsiveness was 
made with sensitivity and a specificity identical 
to those obtained with end- expiratory occlusion 
alone, but with a diagnostic threshold of 15%, 
which is more compatible with the precision of 
the echocardiography (Jozwiak et al. 2017b).

The method is somewhat restrictive, since it 
imposes a careful measurement of the velocity- 
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time integral during two successive respiratory 
breaks, but it could be an alternative when no 
other technique than echocardiography is avail-
able to estimate the cardiac output. Nevertheless, 
when cardiac output is measured by a technique 
that cannot reliably detect changes in cardiac 
output less than 5%, it seems interesting to asso-
ciate the end-expiratory and end-inspiratory 
occlusions.

 Limitations

Respiratory occlusion tests can only be per-
formed, of course, in patients under mechanical 
ventilation. In addition, patients must be able to 
support relatively long breathing occlusions. This 
is not a problem in the operating room for anaes-
thetized patients but may be a significant limita-
tion in some critically ill patients.

It has been shown that the diagnostic value of 
the end-expiratory occlusion test does not depend 
on the level of positive expiratory pressure at 
which it was performed, at least between 5 and 
15 cmH2O (Silva and Teboul 2011). Finally, 
some studies have suggested that the test is less 
reliable if tidal volume is at 6 mL/kg rather than 
at 8  mL/kg (Myatra et  al. 2017; Messina et  al. 
2019a).

 Other Tests Using Heart–Lung 
Interactions

An increase in the level of positive expiratory 
pressure from 5 to 10 cmH2O induces a decrease 
in cardiac preload that can be used to detect 
preload- dependence. This was shown in a study 
where the effects of the manoeuvre were mea-
sured on expired carbon dioxide, used as an esti-
mate of cardiac output, in patients who were 
stably ventilated (Tusman et al. 2015).

In the patients with ARDS in whom it is 
indicated, recruitment manoeuvres induce an 
increase in intrathoracic pressure with similar 
haemodynamic effects. Concomitant cardiac 
output changes can predict the response to vol-
ume expansion (Biais et  al. 2017c). Sigh 

manoeuvres might even be useful in selected 
patients under pressure support ventilation 
(Messina et al. 2019b). The Respiratory Systolic 
Variation Test consists of measuring the effects 
on the systolic blood pressure of a series of 
three respiratory cycles performed with increas-
ing airway pressure. The essential advantage of 
the test is that it does not depend on the tidal 
volume (Preisman et al. 2005). It can be done 
automatically by some ventilators during 
anaesthesia.

 Nobody Is Perfect!

None of the indices of preload responsiveness 
has shown to predict fluid responsiveness with 
absolute sensitivity and specificity. Moreover, 
the interpretation of these tests has an intrinsic 
limit. For the purpose of statistical analysis, the 
status of fluid responsiveness has been dichoto-
mously described: present or absent. In fact, the 
response to fluid administration is convention-
ally defined by an increase in cardiac output of 
more than 15%, while it is a continuous vari-
able. Is a patient with a 14% increase so differ-
ent from another in whom fluid increases cardiac 
output by 16%? In practice, this limit must be 
taken into account at the bedside. The predictive 
certainty is all the more established as the 
observed changes are remote from the diagnos-
tic threshold.

It is to our advantage today that we have at our 
disposal many of these tests (Monnet et al. 2016a) 
(Fig. 27.2). In patients in whom it is considered 
critically necessary to detect preload responsive-
ness or unresponsiveness, for example in patients 
with circulatory failure and ARDS, one should 
use several tests when the response of cardiac 
output is close to thresholds described by the 
literature.

Finally, a reasoned fluid strategy should not be 
based only on fluid responsiveness indices. The 
decision to administer fluid should also take into 
account the risk of fluid administration. It should 
be evaluated for instance on the degree of lung 
impairment, the level of extravascular lung water 
(Monnet and Teboul 2017) or of the left ventricu-
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lar filling pressure. The relative weight of this 
risk must be compared with the advantage of 
increasing cardiac output.

 Conclusion

The literature devoted to the tests and indices of 
preload responsiveness has been abundant and a 
review like this one can obviously not report it 
entirely. These markers are now available at the 
bedside to make sure that the volume expansion 
that one is about to perform will be effective. 
They are even more useful for detecting preload 
unresponsiveness, avoiding unnecessary and 
dangerous fluid administration. Although limited 
for the moment, there are today some studies tell-
ing us that using these tests reduces fluid admin-
istration in critically ill patients (Rameau et  al. 
2017; Latham et al. 2017). A recent meta- analysis 
even suggested that it may decrease mortality 
(Bednarczyk et  al. 2017). They are helpful for 
guiding fluid administration, and also for guiding 
fluid removal, which can be safely performed 
when tests have verified that there is no preload 
responsiveness (Monnet et al. 2016a; Honore and 
Spapen 2017).
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CO2-Derived Indices to Guide 
Resuscitation in Critically Ill 
Patients
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 Introduction

In acute circulatory failure, the first-line treat-
ment is aimed at increasing cardiac output. By 
improving oxygen delivery, this intervention is 
expected to correct the mismatch between oxy-
gen demand and supply, which is the hallmark of 
shock (Vincent and De Backer 2004). However, 
no absolute value of cardiac output or oxygen 
delivery is recommended to be reached during 
resuscitation. As a matter of fact, the “good 
value” of cardiac output is the one that ensures a 
flow of oxygen that meets the metabolic demands 
(Gattinoni et al. 1995; Monnet and Teboul 2018). 
Thus, any treatment aimed at changing cardiac 

output, such as fluids or inotrope administration, 
should be given according to the assessment of 
the adequacy between oxygen demand and 
supply.

This adequacy cannot be reliably detected by 
clinical examination, as signs of skin hypoperfu-
sion do not precisely correlate with the degree of 
tissue hypoxia (Londoño et al. 2018). Urine out-
put, although reflecting, to some extent, kidney 
perfusion, is altered by many factors during 
shock and cannot be used as an indicator of kid-
ney perfusion in the case of acute tubular necro-
sis (Legrand and Payen 2011). Blood lactate 
concentration, which depends on the balance 
between lactate production and clearance, cannot 
be used as a real-time marker of tissue metabo-
lism, due to the delay required for its metabolism 
(Vincent et  al. 2016). Moreover, its levels may 
augment for processes unrelated to tissue 
hypoxia, giving false positives (Hernandez et al. 
2019). Finally, the alteration of tissue oxygen 
extraction and/or utilisation in septic shock 
makes the evaluation of the central (ScvO2) or 
mixed S Ov 2( )  venous oxygen saturation unable 
to detect anaerobic metabolism, these values 
being often in the normal range in such a condi-
tion (Monnet et al. 2013).

Many of these limitations for detecting the 
adequacy between oxygen demand and supply 
may be overcome by indices derived from the 
partial tension in carbon dioxide (CO2) in the 
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arterial and the central or mixed venous blood 
(Zhang and Vincent 1993).

 The Meaning of PCO2 Gap

 What Is the PCO2 Gap?

The difference between the mixed venous blood 
content (CvCO2) and the arterial content (CaCO2) 
of CO2 reflects the balance between its produc-
tion by the tissues and its elimination through the 
lungs. This venoarterial difference in CO2 con-
tent (CCO2) can be estimated at the bedside by 
the venoarterial difference in PCO2 (PvCO2  – 
PaCO2), named PCO2 gap or ∆PCO2.

However, it is not possible to understand its 
clinical value without understanding how CO2 is 
produced, transported, and eliminated, in aerobic 
and anaerobic conditions.

 CO2 Production

Under conditions of normoxia, CO2 is produced 
in the cells during oxidative metabolism. The 
CO2 production (VCO2) is directly related to the 
global O2 consumption (VO2) by the relation:

 VCO VO2 2= ´R  

where R is the respiratory quotient. R may vary 
from 0.7 to 1 depending on the predominant ener-
getic substrate (0.7 for lipids, 1 for carbohy-
drates). Therefore, under aerobic conditions, CO2 
production should increase either because the 
aerobic metabolism increases or, for a given VO2, 
because more carbohydrates are used as energetic 
substrates.

Under conditions of hypoxia, CO2 is produced 
in the cells through buffering of excessively pro-
duced protons by local bicarbonate ions (HCO3

−). 
Protons are generated by two mechanisms 
(Randall and Cohen 1966). First, CO2 increases 
because of the hydrolysis of adenosine triphos-
phate and of adenosine diphosphate, which 
occurs in anaerobic conditions. Second, another 
potential but minor source of CO2 production 
under anaerobic conditions is the decarboxyl-

ation of some substrates produced by intermedi-
ate metabolism (α-ketoglutarate or oxaloacetate) 
(Randall and Cohen 1966).

 How Is CO2 Transported?

CO2 is transported in the blood in three forms: 
dissolved (10%), carried in bicarbonate ions 
(60%), and associated with proteins as carbamino 
compounds (30%). Compared to what happens 
for O2, the dissolved form of CO2 plays a more 
significant role in its transport because CO2 is 
approximately 20–30 times more soluble than 
O2. However, the main proportion of CO2 is car-
ried in bicarbonates, which result from the reac-
tion of CO2 and water molecules:

 CO H O H CO HCO H2 2 2 3 3+ « « +- +

 
From the tissues, CO2 diffuses into the red 

blood cells, where erythrocytic carbonic anhy-
drase catalyzes CO2 hydration, converting most 
CO2 and H2O to HCO3

− and H+ (Jensen 2004). In 
red blood cells, dissolved CO2 can also be fixed 
by haemoglobin, according to its oxidation state, 
since CO2 has a greater affinity for reduced than 
for oxygenated haemoglobin (Geers and Gros 
2000). This is called the “Haldane effect” (Teboul 
and Scheeren 2017). In the peripheral capillaries, 
this phenomenon facilitates the loading of CO2 
by the blood, while O2 is delivered to the tissues. 
By contrast, in the lungs, the Haldane effect pro-
motes the unloading of CO2 while O2 is trans-
ferred to haemoglobin.

Finally, the carbamino compounds are formed 
by combining the CO2 with the terminal NH2 
groups of proteins, especially with the globin of 
haemoglobin. This reaction is also favoured by 
haemoglobin deoxygenation.

 How Is CO2 Eliminated?

The three forms of CO2 are carried by the blood 
flow to the pulmonary circulation and eliminated 
by ventilation. Passive diffusion from the capillar-
ies to the alveoli eliminates CO2, depending on the 
difference in the gas tension between both spaces.

F. Gavelli et al.
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 What Is the Relationship Between 
CCO2 and PCO2?

Whilst the formula for calculating the content of 
oxygen is quite straightforward

 1 34 0 0342 2. .´ ´ + ´SO Hb PO  

and can be obtained at the bedside, CCO2 is 
determined by the combination of the three forms 
by which CO2 is transported. As a consequence, 
the formula to calculate CCO2 is complex and not 
practical for clinical purposes (Douglas et  al. 
1988):

 
CCO PCO pH pK

2 22 226 1 10= ´ ´ +( )-. ’s
 

where s is the solubility coefficient of plasma 
CO2, pK’ the apparent pK of the CO2-bicarbonate 
system, and 2.226 the conversion factor from 
mM to mL/100 mL (Douglas et al. 1988).

In this regard, the possibility to derive CCO2 
from one single component, notably the PCO2, is 
useful:

 PCO CCO2 2= ´k  

The k value, which encompasses the inverse 
of all the coefficients of the previous equation, is 
influenced by the degree of blood pH, haemato-

crit, and arterial oxygen saturation (Jensen 2001; 
McHardy 1967) (Fig.  28.1). From a practical 
point of view, the relationship between CCO2 
and PCO2 is almost linear over the physiological 
range (Fig. 28.1). Thus, in clinical practice, the 
PCO2 gap can give an estimate of the difference 
between venous and arterial CO2 content 
(Cv-aCO2).

 What Are the Determinants 
of the PCO2 Gap?

According to the Fick equation applied to CO2, 
the CO2 excretion (which equals CO2 produc-
tion – VCO2 – in a steady state) equals the prod-
uct of cardiac output by the difference between 
mixed venous CCO2 (CvCO2) and arterial CCO2 
(CaCO2):

 
VCO Cardiac output C CO C COv a2 2 2= ´( )– .

 
As mentioned above, under physiological 

conditions, CCO2 can be substituted by PCO2 
(PCO2 = k × CCO2), so that:

 
DPCO C CO C COv a2 2 2= ´( )k –
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and

 VCO Cardiac output PCO2 2= ´D / .k  

Thus, ∆PCO2 can be calculated from a modi-
fied Fick equation:

 
DPCO VCO Cardiac output2 2= ´( )k /

 

where k is the factor cited above in the relation-
ship between PCO2 and CCO2.

The relationship between ΔPCO2 and the car-
diac output shows that if the cardiac output is 
low, the CO2 clearance decreases, CO2 stagnates 
at the venous side, and PvCO2 increases relatively 
to PaCO2 at the venous level; this leads to an 
increase in the PCO2 gap.

In other words, for a given VCO2, a decrease 
in cardiac output results in an increased PCO2 
gap and vice versa. This was found by experi-
mental studies in which, when cardiac output was 
gradually reduced under conditions of stable 
VO2, the PCO2 gap was observed to concomi-
tantly increase (Zhang and Vincent 1993; 
Groeneveld et al. 1991). Conversely, in a clinical 
study performed in normolactatemic patients 
with cardiac failure, the increase in cardiac index 
induced by dobutamine was associated with a 
decrease in the PCO2 gap, while VO2 was 
unchanged (Teboul et al. 1998).

 What Is the Place of the PCO2 Gap 
in Clinical Practice?

It is a common belief that ∆PCO2 acts as a marker 
of tissue hypoxia. This might have been sug-
gested by some old studies performed during car-
diac arrest, in which a large increase in ∆PCO2 
has been observed (Grundler et  al. 1986; Weil 
et al. 1986). However, the pathophysiologic ele-
ments explained above help in understanding 
why it is in fact not the case. Indeed, in the case 
of tissue hypoxia, ∆PCO2 can increase, decrease, 
or remain unchanged, as the determinant of CO2 
production can vary in all directions.

First, since during hypoxia, tissues have a 
lesser quantity of oxygen for their metabolic 
needs and the principal source of CO2 production 
comes from the oxidative metabolism, VCO2 

decreases. This situation leads to a decrease in 
the PCO2 gap.

Second, it should be always kept in mind that 
PCO2 is only an estimation of CCO2, and this 
approximation is mainly determined by the k 
factor. So, all the conditions that influence the k 
factor have a repercussion on the estimation of 
Cv-aCO2 through the PCO2 gap. As a matter of 
fact, the relationship is linear only in the case of 
physiological values of PCO2 and becomes cur-
vilinear for the extreme CO2 values. Moreover, 
it also may be subjected to lower displacement 
in case of anaemia, metabolic acidosis, and 
hypoxia (Fig.  28.1). As a result, for the same 
content, in these situations, PCO2 overestimates 
CCO2, leading to an artefactual increase in the 
PCO2 gap.

So, since during tissue hypoxia, VCO2 must 
decrease (↘∆PCO2) and k must increase 
(↗∆PCO2), the resultant effect on ∆PCO2 will 
mainly depend on cardiac output (∆PCO2 = (k × 
VCO2)/cardiac output) (Dres et al. 2012).

Therefore, two situations should be distin-
guished: tissue hypoxia with reduced cardiac out-
put and tissue hypoxia with preserved or high 
cardiac output (Fig. 28.2).

In cases of tissue hypoxia with reduced car-
diac output, PvCO2 increases relatively to PaCO2 
due to the venous stagnation phenomenon, which 
increases ∆PCO2. In this regard, in experimental 
studies where tissue hypoxia was induced by 
reducing blood flow, high values of ∆PCO2 were 
found (Groeneveld et  al. 1991; Van der Linden 
et al. 1995).

On the other hand, in the case of tissue hypoxia 
with maintained or high cardiac output, ΔPCO2 
should be normal or even reduced. The high 
efferent venous blood flow should be sufficient to 
wash out the CO2 produced by the tissues, pre-
venting CO2 stagnation and ∆PCO2 increase.

All the experimental (Nevière et al. 2002; Dubin 
et al. 2002; Vallet et al. 2000) and clinical (Bakker 
et al. 1992; Mecher et al. 1990; Wendon et al. 1991) 
studies conducted on this subject have confirmed 
that, during tissue hypoxia, ΔPCO2 can be either 
high or normal depending on cardiac output. For 
example, Bakker et al. (Bakker et al. 1992) found 
that most patients with septic shock had a 
ΔPCO2 ≤ 6 mmHg. The cardiac index obtained in 
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this subgroup of patients was significantly higher 
than the one obtained in the subgroup of patients 
with ΔPCO2 >6 mmHg. Interestingly, the two sub-
groups did not differ in terms of blood lactate. 
Although VCO2 and VO2 were not directly mea-
sured, these data suggest that differences in CO2 
production did not account for differences in 
ΔPCO2. In other words, many patients had a nor-
mal ΔPCO2 despite tissue hypoxia, probably 
because their high blood flow had easily removed 
the PCO2 produced by the tissues.

Thus, a normal ΔPCO2 cannot exclude the 
absence of tissue hypoxia in high blood flow 
states. On the other hand, ΔPCO2 can be elevated 
in cases of low cardiac output, even in the absence 
of tissue hypoxia.

 How to Interpret the PCO2 Gap 
in Practice?

Once the patient has been confirmed to have 
acute circulatory failure, in the case of increased 

SvO2 and increased lactate levels, the evaluation 
of the PCO2 gap might be helpful to assess the 
efficacy of the cardiac output in regard to the 
metabolic conditions (Figure 28.3).

An increased PCO2 gap (> 6 mmHg) suggests 
that cardiac output is not high enough with 
respect to the global metabolic conditions:

• In cases of shock (e.g. increased blood lac-
tate), a high PCO2 gap could prompt clinicians 
to increase cardiac output with the aim of 
reducing tissue hypoxia.

• In the absence of shock, a high PCO2 gap can 
be associated with an increased oxygen 
demand.

On the other hand, a normal PCO2 gap 
(≤6 mmHg) suggests that cardiac output is high 
enough to wash out the amount of CO2 produced 
from the peripheral tissues (Fig.  28.2). Thus, 
increasing cardiac output has little chance to 
improve global oxygenation, and such a strategy 
cannot be a priority (Fig. 28.3).

Fig. 28.2 Illustration of the influence of cardiac output 
on the amplitude of the venoarterial difference of carbon 
dioxide partial pressure. PaCO2 arterial partial pressure in 

carbon dioxide PvCO2 venous partial pressure in carbon 
dioxide Qc cardiac output ∆PCO2 veno-arterial difference 
of carbon dioxide partial pressure

28 CO2-Derived Indices to Guide Resuscitation in Critically Ill Patients
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 Combination of ΔPCO2 and Oxygen- 
Derived Variables

Even though ΔPCO2 cannot directly identify the 
presence of anaerobic metabolism, its combina-
tion with oxygen-derived variables has been sug-
gested to overcome this issue. The rationale 
comes from physiology. As mentioned above, 
during aerobic metabolism, CO2 production is 
related to the O2 consumption through the respi-
ratory quotient (VCO2 = R × VO2). Depending on 
the metabolic substrate, the respiratory quotient 
can vary among values below the unit, which 
means that the ratio between CO2 produced and 
O2 consumed does not exceed 1. In other words, 
in aerobic conditions, the amount of CO2 pro-
duced cannot be larger than the amount of O2 
consumed. During tissue hypoxia, VO2 and VCO2 

decrease, but VCO2 decreases to a lesser extent 
due to the generation of CO2 through anaerobic 
pathways. At the same time, k decreases. Then, 
indexing VCO2 by VO2 should help detect the 
excess CO2 produced due to the occurrence of 
anaerobic metabolism. In other words, dividing 
VCO2 by VO2 may help detect the production of 
CO2 which is not due to VO2, as a surrogate of the 
respiratory quotient. The issue is then to estimate 
the VCO2/VO2 ratio at the bedside. As shown in 
Fig. 28.4, using the Fick equation and substitut-
ing CCO2 by PCO2, as suggested above, this ratio 
can be estimated by the ΔPCO2/Ca-vO2 ratio, 
where Ca-vO2 stands for the arteriovenous differ-
ence in O2 content. In studies in which it has been 
evaluated, both the mixed venous (Mekontso- 
Dessap et al. 2002) and the central venous blood 
(Monnet et al. 2013) could be used to calculate 

Shock (including hyperlactatemia)

< 70% ≥ 70%

Yes No

SvO2

SaO2?
∆PCO2 ∆PCO2/Ca-vO2

Hb or

< 6
mmHg

< 1,4
mmHg/mL

≥ 6
mmHg

≥ 1,4
mmHg/mL

Consider RBC
transfusion or improving

arterial oxygenation

Consider finding
another cause of
hyperlactaemia

Consider increasing
cardiac output

No benefits expected
from increase in
cardiac output

Assess fluide
responsiveness

Assess cardiac
contractility

↓

Fig. 28.3 Interpretation of indices of tissue oxygenation. 
Hb haemoglobin, SvO2 venous oxygen saturation, SaO2 
arterial oxygen saturation, Ca-vO2 arteriovenous difference 

in oxygen content, ∆PCO2 venoarterial difference in car-
bon dioxide partial pressure

F. Gavelli et al.



425

this ratio, providing a significant correlation with 
blood lactate levels.

Thus, an increase in the ΔPCO2/Ca-vO2 ratio 
above 1.4  mmHg/mL (Mekontso-Dessap et  al. 
2002; Mesquida et  al. 2015) should be consid-
ered as a marker of global anaerobic metabolism 
(Fig. 28.3). Its normalisation during resuscitation 
has been suggested as a therapeutic target 
(Ospina-Tascón et al. 2015). Interestingly, in the 
latter study, among a series of haemodynamic 
variables in septic shock, only lactate and the 
ΔPCO2/Ca-vO2 ratio were independently associ-
ated with mortality at multivariate analysis. 
Moreover, mortality was significantly higher 
among patients with an increase in both lactate 
and ΔPCO2/Ca-vO2 ratio compared to patients 
with elevated lactate levels but normal ΔPCO2/
Ca-vO2 ratio.

 S v 2O  vs. PCO2-Derived Indices

An advantage of the PCO2 gap over S Ov 2  is that 
it remains a valid marker of the adequacy of car-
diac output to the metabolic conditions even if 
the microcirculation is injured and the oxygen 
extraction is impaired. This may be due to the 
fact that CO2 is about 20 times more soluble than 
O2 (Vallet et  al. 2013) The microcirculatory 
impairment, with large venoarterial shunts, 
impedes the diffusion of O2 between cells and red 
blood cells, while the diffusion of CO2 remains 
unaltered (Vallet et al. 2013). Confirmations have 
been provided by some studies, in which ΔPCO2 
alone or in combination with ScvO2 was better 
both in identifying patients who still remained 

inadequately resuscitated and in predicting out-
come, compared to ScvO2 alone (Vallée et  al. 
2008; Du et al. 2013). In addition, in a series of 
septic patients in which volume expansion 
induced an increase in cardiac output, ΔPCO2 
was shown to be able to follow the changes in 
cardiac output. However, in patients in which 
VO2 was increased after fluid expansion, this VO2 
increase was detected by changes in the ΔPCO2/
Ca-vO2 ratio but not by the changes in ΔPCO2 or 
ScvO2 (Monnet et al. 2013). Lactate was also able 
to detect the changes in VO2 but with a delay of 
some hours (Monnet et al. 2013).

Thus, in the case of septic shock with O2 
extraction impairment, in contrast with S Ov 2  or 
ScvO2, the ΔPCO2 remains a reliable marker of 
the adequacy of cardiac output with the meta-
bolic condition, and the ΔPCO2/Ca-vO2 ratio is a 
valid indicator of the adequacy between O2 deliv-
ery and VO2. Moreover, compared to lactate, the 
CO2-derived variables have the advantage to 
change without delay and to follow the metabolic 
condition in real time.

 Errors and Pitfalls of the PCO2 Gap

Despite the pathophysiological basis on which 
both ΔPCO2 and its combination with oxygen- 
derived parameters stand, some technical aspects 
should be kept in mind when these indices are 
used in clinical practice. First, some errors in the 
PCO2 gap measurements may occur when sam-
pling the venous blood: incorrect sample con-
tainer, contaminated sample by air or venous 
blood, or catheter fluid (d’Ortho et  al. 2001). 

Respiratory quotient = = = =
CO2 produced Cardiac output – COv-aCO2 Cardiac output – Pv-aCO2 PCO2 gap 

Cardiac output – Ca-vO2 Cardiac output – Ca-vO2 

VCO2 – k

VO2O2 consumed Ca-vO2

≈

Fig. 28.4 Estimation of the respiratory quotient from the 
ratio between venoarterial difference in carbon dioxide 
partial pressure and arteriovenous difference in oxygen 
content. Ca-vO2 arteriovenous difference in oxygen con-
tent, CO2 carbon dioxide, Cv-aCO2 venoarterial difference 
in carbon dioxide content, Pv-aCO2 venoarterial difference 

in carbon dioxide partial pressure. (All figures are original 
drawings of the authors that were published in a previous 
article that appeared in the Journal of Thoracic Disease 
(http://jtd.amegroups.com/about), an Open-Access 
Journal. From Gavelli et al. (2019))

28 CO2-Derived Indices to Guide Resuscitation in Critically Ill Patients

http://jtd.amegroups.com/about


426

Second, a too long delay of transport of blood 
sampling may significantly change the blood gas 
content at the venous and the arterial site (Wan 
et al. 2018).

Third, it is important to remind that variations 
in both ΔPCO2 and the ΔPCO2/Ca-vO2 ratio are 
submitted to a certain degree of variability. In this 
regard, on a series of 192 patients, Mallat et al. 
showed that the smallest detectable difference of 
ΔPCO2 was ±1.8 mmHg, corresponding to a least 
significant change of 32%. For the ΔPCO2/Ca-vO2 
ratio, the smallest detectable difference was 
±0.57  mmHg/mL, corresponding to a least sig-
nificant change of 38% (Mallat et al. 2015).

 Conclusion

A proper analysis of the physiology of CO2 
metabolism reveals that the PCO2 gap indicates 
the adequacy of cardiac output with the meta-
bolic condition, while the adequacy between O2 
delivery and O2 consumption is better indicated 
by the ΔPCO2/Ca-vO2 ratio in critically ill patients. 
The CO2-derived indices seem to be quite reliable 
when measured in the central venous blood. In 
contrast to S Ov 2  or ScvO2, they remain useful in 
septic shock patients with an impaired O2 
extraction.
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Abbreviations

AU Arbitrary unit
CCD Charge-coupled device
HVM Handheld vital microscope
IDF Incident dark field
LDF Laser Doppler flowmetry
LDPI Laser Doppler perfusion imaging
LSCI Laser speckle contrast imaging
NIRS Near-infrared spectroscopy
OPS Orthogonal polarization spectral
RBC Red blood cell
SDF Sidestream dark field

 Introduction

Since the first discovery of microvessels by 
Marcello Malpighi in 1661 and the subsequent 
first visualization of microcirculatory blood by 
John Marshall in the eighteenth century, there 
has been a continuing quest for further insight 
into the microcirculation as an organ (Hwa and 
Aird 2007). Various microcirculatory monitor-
ing techniques have come into preclinical and 

clinical use for further assessment of micro-
circulatory function in different disease states. 
Over the last two decades, new discoveries and 
bedside clinical use of handheld vital micro-
scopes (HVM) have advanced the field (Ince 
et  al. 2018). Furthermore, the realization that 
microcirculatory dysfunction is associated with 
adverse outcome and can occur in the presence 
of normalized systemic hemodynamics, a condi-
tion referred to as loss of coherence between the 
micro- and macrocirculation, has underscored 
the importance of the assessment of the microcir-
culation in critically ill and perioperative patients 
(Ince 2015). The repeated failure of large ran-
domized controlled clinical trials to demonstrate 
the benefit of conventional treatment modalities 
has encouraged clinicians toward a more person-
alized and physiological approach. The current 
availability of devices aimed at monitoring the 
microcirculation has increased the interest in 
this physiological compartment as an alternative 
treatment target for the critically ill and periop-
erative patient (Ince 2017).

This chapter aims to provide a comprehensive 
summary of the most commonly used microcir-
culatory monitoring techniques describing their 
fundamental principles, strengths, and weak-
nesses. Prior to a description of the operating 
principles of the various devices, a brief discus-
sion of the physiology of the microcirculation 
and tissue oxygenation will be given.
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 Microcirculation and Tissue 
Oxygenation

Oxygen is the terminal acceptor molecule of the 
electron transport chain responsible for energy 
production within the mitochondrial inner mem-
brane. The circulatory system consists of the 
macro- and microcirculation and is designed to 
ensure the survival of living tissues by deliver-
ing oxygen by red blood cell (RBC) transport 
to the parenchymal cells. Providing the cells 
with an optimal amount of oxygen is essential 
and involves a multifaceted and coordinated 
microcirculatory perfusion by ensuring opti-
mal convection of RBCs through the capillaries 
in combination with ensuring an optimal diffu-
sion distance between the RBCs and the oxygen 
requiring parenchymal cells (den Uil et al. 2008).

The heart, lungs, and large vessels form the 
macrocirculation and are responsible for the con-
vective transport of oxygen. The destination of 
the blood flowing through the macrocirculation 
is the microcirculation which consists of ves-
sels less than 100 μm in diameter. This includes 
arterioles which are resistance vessels lined with 
smooth muscle cells that control vasotone), capil-
laries which are where oxygen leaves the circu-
lation and diffuses passively to the parenchymal 
cells, and the collecting venules, which eventu-
ally enter the veins and returns blood to the heart. 
The microcirculation plays a crucial role in both 
convective and diffusive transport of oxygen 
(Ince et al. 2018).

The convection of oxygen through the cap-
illaries and its diffusion into the mitochondria 
involve complex microhemodynamics due to 
the heterogeneous flow of RBCs through the 
capillary system. Furthermore, heterogeneity 
in the functional morphology of the microcir-
culation and the metabolic requirements of the 
cells influence the amount of oxygen transport 
to the tissues. The convective flow of oxygen 
in each capillary is described by the equation 
QO2

C  =  Q[O2]  =  πR2vSO2[Hb]CHb, where the 
R is inner radius, v is the average blood veloc-
ity, SO2 is the oxygen saturation, and CHb is the 
oxygen- carrying capacity of hemoglobin. Fick’s 
law of diffusion can be used to describe the dif-

fusion of oxygen from the capillary to mito-
chondria where the flux of oxygen depends on 
the diffusion constant (D), capillary surface area 
(A), capillary and mitochondrial partial oxygen 
pressure difference (pO2cap − pO2mit), and the dis-
tance between the capillary and mitochondria (x) 
(Flux = D*A*(pO2cap − pO2mit)/x) (Pittman 2005) 
(Fig. 29.1).

 Microcirculatory Monitoring 
Techniques

An ideal microcirculatory monitoring device 
requires several technical features. It should pro-
vide real-time, quantitative, reproducible, and 
precise physiological data regarding the func-
tional properties of the microcirculation. In addi-
tion, it should be cost effective and noninvasive 
and not require the administration of indicator 
dyes (e.g., fluorescent dyes) (Goedhart et  al. 

Fig. 29.1 Diffusion and convection of the oxygen in the 
microcirculation
O2 flow rate in each capillary is estimated by the equation 
“QO2C = Q[O2] = πR2vSO2[Hb]CHb”. Diffusion of the 
oxygen from the capillary to the mitochondria is esti-
mated by the equation “Flux=D*A*(pO2cap 
− pO2mit)/x”
QO2

c, oxygen flow in the capillary; R, inner radius; v, 
average blood velocity; SO2, oxygen saturation; CHb, 
oxygen- carrying capacity of hemoglobin; D, constant; A, 
capillary surface area; pO2cap, pO2mit capillary and 
mitochondrial partial oxygen pressure difference; x, the 
distance between the capillary and mitochondria
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2007). Currently, several types of microcircula-
tory monitoring devices have been proposed to 
assess the blood flow and oxygenation of the 
microcirculation.

The preferred monitoring device should 
be able to distinguish between the different 
 determinants of microcirculatory oxygen trans-
port such as convection, diffusion, or oxygen 
utilization. The most used technologies currently 
include handheld vital microscopes (HVMs), 
laser-based techniques, and near-infrared spec-
troscopy (NIRS) (Table 29.1). Over the last years 
however, HVMs have developed as the gold stan-
dard for monitoring the microcirculation since 
they enable quantification and direct observation 
of both the convective and the diffusive compo-
nents of the microcirculation as well as functional 
capillary density, RBC and leukocyte veloc-

ity, and flow heterogeneity (Ince et  al. 2018). 
However, HVMs can by definition only visualize 
a small tissue area (e.g., 0–0.4 mm depth with a 
maximum 1.55 × 1.16 mm field of view). Laser-
based techniques can evaluate tissue perfusion by 
estimating the blood flux of large tissue surfaces 
but do not provide functional microcirculatory 
parameters and do not provide quantitative infor-
mation. NIRS is also a promising technique due 
to its noninvasive nature but provides no infor-
mation regarding the nature of microcirculatory 
alterations and is not quantitative. NIRS and the 
laser- based techniques can be used to assess the 
dynamic response of the microcirculation to a 
provocation (Allen and Howell 2014).

Considering the physiologic basis of provid-
ing the tissues with adequate amounts of oxygen, 
each step of oxygen transport and utilization must 

Table 29.1 Overview of microcirculatory monitoring tools

OPS/SDF/IDF LDPI LSCI NIRS
Wavelength 530–548 633 nm 785 nm 700–900
Measured 
parameter

RBC velocity
Leukocyte kinetics 
Blood flow index
FCD
Capillary 
hematocrit
Heterogeneity index

Blood flux Blood flux
Vascular reactivity

Hb/HbO2

Cytochrome aa3

Info for 
diffusion

+ − − +

Info for 
convection

+ + + +

Measurement 
depth

0–0.4 mm ~1–1.5 mm ~0.3 mm ~4 cm

Advantage Direct visualization
Quantitative output

Noncontact
High SR
Good 
reproducibility

Noncontact
High SR
High TR
Excellent 
reproducibility
Available for a 
provocation test

Good reproducibility
A measure of oxidative 
metabolism (O2 delivery/
utilization)
Available for a provocation test

Limitation Pressure artifact
Movement artifact
Need contact

Movement 
artifact
Use AU
Brownian 
motion
Low TR
Takes longer 
time

Movement artifact
Use AU
Brownian motion

Unknown contribution of skin 
pigmentation, bone, myoglobin, 
adipose tissue, etc.
Blood pressure fluctuations can 
affect the output
Need contact

OPS orthogonal polarization spectral imaging, SDF sidestream dark-field imaging, IDF incident dark-field imaging, 
NIRS near-infrared spectroscopy, FCD functional capillary density, TR temporal resolution, SR spatial resolution, AU 
arbitrary units, Hb hemoglobin, mm millimeter
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be monitored by a target for a microcirculatory 
monitoring device. In this chapter, the microcir-
culatory monitoring devices will be reviewed in 
relation to microcirculatory perfusion, oxygen 
metabolism, and microvascular function.

 Assessment of Microcirculatory 
Perfusion

 Videomicroscopic Techniques

 Capillaroscopy
Capillaroscopy is a noninvasive imaging tech-
nique used to visualize microvessels at tissue sur-
faces. It is composed of a digital camera system, a 
microscope with a magnification lens, and a light 
source that can use both green and white light. 
From a technical point of view, the construction 
of a capillaroscopy looks simple; however, it pro-
vides valuable information in the setting of clini-
cal practice. The nail fold is the most frequently 
examined area with this technique, but the 
mouth, lips, and tongue also can be visualized. 
The microvessels within a few millimeters depth 
can be investigated by capillaroscopy revealing 
the capillary density, RBC velocity, capillary 
pressure (if used with micro pressure devices and 
micropipettes), and transcapillary diffusion (with 
intravenous sodium fluorescein). Capillaroscopy 
is a popular clinical measurement tool in rheu-
matology and vascular medicine for the diagno-
sis and follow-up of patients with scleroderma, 
mixed connective tissue disease, and Raynaud’s 
phenomenon (De Angelis et al. 2009).

 Handheld Vital Microscopes (HVM)
HVM devices also are used to visualize the 
microcirculation of tissue surfaces. Although 
the sublingual area is the most commonly pre-
ferred region due to its easy approachability, 
many other organ surfaces have been monitored 
using HVM. Over the years, three generations of 
HVMs have been developed including orthogonal 
polarization spectral imaging (OPS), sidestream 
dark-field imaging (SDF), and incident dark-
field imaging (IDF). These devices are based 
on optical techniques allowing epi- illumination 

described by Goedhart et  al., Slaaf et  al., and 
Cook et  al., respectively (Goedhart et  al. 2007; 
Slaaf et al. 1987; Sherman et al. 1971). Although 
there are some minor differences between these 
techniques, they share common physical prin-
ciples. All HVMs use green light for absorption 
by hemoglobin in the RBCs, thereby allow-
ing visualization RBC as dark globules on a 
white background. A wavelength with an isos-
bestic wavelength for hemoglobin is used such 
that there is equal absorption by both oxy and 
deoxy forms of hemoglobin. Therefore, all RBCs 
absorb the light irrespective of the oxygenation 
status of their hemoglobin and become visible as 
black/gray dots. The leukocytes and plasma gaps 
appear as white. The microvessels that include 
RBC appear visible (Ince et al. 2018).

Analysis of the temporal and spatial altera-
tions in moving cells and microvessel density 
provides a unique perspective for quantifying 
the functional activity of the microcirculation. 
These include quantitative measurement of RBC 
velocity, functional capillary density, and a het-
erogeneity of flow index described in the recent 
international consensus on the use of HVM (Ince 
et  al. 2018). In addition to the identification of 
RBCs, the HVM technique have also been devel-
oped by us to visualize and quantify leukocyte 
kinetics (Uz et al. 2018). Figure 29.2 shows how 
to calculate these parameters (Dobbe et al. 2008; 
Boerma et al. 2005; De Backer et al. 2002).

Since the first clinical use of an HVM during a 
brain operation by our group using OPS imaging 
(Mathura et al. 2001a), there has been an increas-
ing interest in the clinical application of HVMs. 
The growing clinical evidence on the clinical use 
of HVMs incorporated the experts of the cardio-
vascular dynamic section of ESICM to create 
a consensus paper for the standardization and 
interpretation of microcirculatory monitoring 
(Ince et al. 2018). In parallel, significant technical 
progress has been achieved in the development of 
novel devices. The HVMs are classified based on 
their illumination basics as shown in Table 29.2.

The OPS device is known as the first- 
generation HVM and uses an incident green 
light with a wavelength of 548 nm. A polarizer 
linearly polarizes the light and projects the light 
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through a beam splitter onto the tissue of interest. 
A certain amount of the penetrated light scatters 
several times inside the tissue and becomes depo-
larized. An orthogonally constructed polarized 
analyzer reflects the light that keeps its polariza-
tion and allows only the depolarized light to pass 
through to the camera system to form the image 
of the microcirculatory field (Fig.  29.3a). OPS 
device was validated with conventional capillary 
microscopy and intravital fluorescence micros-
copy (Mathura et al. 2001b; Groner et al. 1999). 
Although easy accessibility to the sublingual 

Fig. 29.2 Calculation of the microcirculatory parameters
Right upper: A healthy sublingual microcirculation image 
obtained by IDF imaging
Left upper: Microcirculation image after manual drawing the 
microvessels with the software AVA 3.2 (Dobbe et al. 2008)
Right down: Microcirculatory image with Boerma grids 
(Boerma et al. 2005). In order to calculate the microvascu-
lar flow index, each capillary flow is scored with a number 
(0: no flow, 1: intermittent flow, 2: sluggish flow, 3: con-
tinuous flow). The predominant flow in each quadrant 
defines the MFI score of that quadrant. Total MFI score is 
equal to [(MFIq1 + MFIq2 + MFIq3 + MFIq4)/4]. An alter-

native MFI scoring system is based on the average MFI of 
all the each microvessels. Heterogeneity index is calcu-
lated as the difference between the highest and lowest 
MFI divided by mean MFI (Ince et al. 2018).
Left down: Microcirculatory image with de Backer grids 
(De Backer et al. 2002)
Total vessel density = (length of the microvessels)/(total 
surface area of the field of view) mm/mm2

Perfused vessel density = percentage of perfused vessels * 
total vessel density
Proportion of perfused vessels: (perfused vessels cross-
ings/total number of vessel crossings) * 100

Table 29.2 Classification of handheld vital microscopes

First-generation 
OPS

Cytoscan (Cytometrics, 
Philadelphia, PA, USA)

Second- 
generation SDF

Microscan (MicroVision Medical 
B.V., Amsterdam, the Netherlands)
CapiScope HVCS (KK Technology, 
Honiton, United Kingdom)
CapiScope HVCS-HR (KK 
Technology, Honiton, United 
Kingdom)

Third- 
generation IDF

CytoCam (Braedius Medical B.V., 
Huizen, the Netherlands)

OPS orthogonal polarization spectral imaging, SDF side-
stream dark-field imaging, IDF incident dark-field imaging
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Fig. 29.3 Handheld vital microscopes. (a) OPS imaging. (b) SDF imaging. (c) IDF imaging
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area, ability to assess the inner organ surfaces, 
not requiring fluorescence dyes, and transillumi-
nation are the main advantages over OPS device, 
this device is no longer commercially available 
since the technique has limited image quality and 
low power light sources required for bedside use. 
OPS imaging has been replaced by SDF imaging 
(Goedhart et al. 2007).

The SDF device was launched as the second- 
generation HVM to overcome the limitations 
of OPS device. In this technique, a central 
light guide is concentrically surrounded by the 
light- emitting diodes (LEDs) with a green light 
(530  nm wavelength) to provide a sidestream 
dark-field illumination. A magnification lens 
resides in the core of the light guide and becomes 
optically isolated from the illuminating outer ring 
so that the lens is protected from tissue surface 
reflections (Fig. 29.3b). In contrast to OPS imag-
ing, the use of pulsed LEDs helped overcome 
the motion-induced blurring of moving RBCs. 
Overall, the SDF device provided a higher image 
quality and capillary contrast compared with the 
OPS device (Goedhart et al. 2007). Importantly, 
the incorporation of a battery made the device 
more mobile than its predecessor and paved the 
way for bedside clinical use especially in criti-
cally ill patients.

IDF imaging is the latest generation HVM. It 
uses incident dark-field illumination. In this tech-
nique, the green light (530  nm wavelength) is 
synchronized with high-brightness LEDs, which 
includes a rapid pulse time of 2 milliseconds. In 
this way, the blurring problem seen in previous 
HVMs was mostly solved by these short-pulsed 
LEDs. A further improvement was that the IDF 
device contains a high-resolution optic lens and 
a 3.5-megapixel high-resolution sensor with an 
optical magnification factor (×4) (Fig.  29.3c). 
Differently, the OPS and SDF devices have reso-
lution between 0.36 and 1.3 megapixel resolu-
tion (Lindert et al. 2002; Ince et al. 2018). These 
features provide a significant improvement on 
image quality with a view of 1.55 × 1.16 mm that 
corresponds to three times larger field of view 

compared with previous HVMs (Aykut et  al. 
2015). The IDF device also contains a quanti-
tative focusing mechanism realized by a piezo 
linear motor with an integrated depth measur-
ing system. This system enables precise focus-
ing microvessel by adjusting the focus depth by 
2 micrometers and recently has been validated 
(Kastelein et al. 2019).

The OPS and the SDF devices use an ana-
log video camera system that needs an external 
analog- to-digital converting apparatus for ana-
lyzing the output. This conversion from analog to 
a digital decreases the image quality. Conversely, 
the IDF imaging has a fully digital camera system 
in which the images are recorded and analyzed 
digitally. The low weight and easy-to-handle 
feature of the IDF device (120 gr) minimizes the 
pressure artifact problem distinctively from OPS 
(500 gr) and SDF (320 gr) devices. Improvement 
in the optics of the IDF device has resulted in the 
visualization of 30% more capillaries with higher 
image quality compared with the SDF device 
(Aykut et al. 2015; Gilbert-Kawai et al. 2016).

Directly monitoring the microcirculation with 
HVM offers real-time quantitative information 
and has been used in a wide range of clinical and 
experimental scenarios (Ince et al. 2018). HVM 
devices have been mostly used in critically ill 
patients suffering from shock or hemodynamic 
compromise. The growing clinical evidence 
obtained from these patient groups have shown 
that persistent microcirculatory deterioration is 
associated with adverse outcome and organ dys-
function independently from the status of micro-
circulation (De Backer et al. 2010). From this and 
several other studies, it is now recognized that 
normalization of the macrocirculation does not 
always result in a normalization of the microcir-
culation. The term loss of hemodynamic coher-
ence was coined for this phenomenon and raised 
interest in the use of HVMs for identifying the 
presence of microcirculatory alterations in indi-
vidual patients (Ince 2015).

Although bedside use of HVMs provides valu-
able information regarding the functional state of 
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the microcirculation, the main obstacle for the 
routine use of HVMs at the bedside has been 
the need for offline analysis of the HVM images 
with time-consuming software to obtain quanti-
tative data. Recently, a novel software package 
has been developed and validated by our group 
called Micro Tools, which enables automated 
quantification of capillary density and RBC 
velocity obtained by HVM (Hilty et al. 2019). It 
is expected that this innovative development in 
the field of microcirculatory monitoring will start 
a new era on the bedside microcirculatory- based 
diagnosis and treatment modalities in the future.

 Laser-based Techniques

 Laser Doppler Techniques

Laser Doppler Flowmetry (LDF)
LDF is a noninvasive technique that is used to 
estimate the blood flux of the tissue surfaces. This 
technique involves use of a single probe placed on 
the skin surface. It consists of two optical fibers 
for transmitting and receiving the coherent laser 
light. In theory, the transmitted laser light is scat-
tered after hitting the static and dynamic particles 
inside the tissue. Once the laser light hits the 
dynamic particles (e.g., RBCs), a certain amount 
of the laser light backscatters, and a Doppler shift 
in frequency occurs. The amount of this shift is 
correlated with the laser wavelength, velocity, 
and concentration of the particles (Rajan et  al. 
2009). The backscattered light is received by an 
optic fiber and collected by a photodetector in 
which the signal is converted, expressed as flux in 
arbitrary units (AU) and displayed on a monitor.

The range of the penetration depth of laser 
light depends on the distance between the trans-
mitting and the receiving fibers and the wave-
length of the laser. For this reason, measurement 
depth is limited to 1–1.5 mm which allows micro-
circulatory blood flux to be monitored in superfi-
cial structures. LDF records blood flux at a single 
point only, which is approximately between 0.5 
and 1  mm3. Since the estimated blood volume 
and concentration are not quantitative, the LDF 
technique, as well as other laser-based tech-

niques, gives a mean value of blood flux rather 
than blood flow in real units. Conductance (blood 
flux AU/arterial blood pressure mmHg) is some-
times also used instead of AU to express the data 
to consider differences and variations in blood 
pressure (Basak et al. 2012).

The LDF technique has several limitations 
when compared with the HVMs. This technique 
estimates blood flux in a range of blood volumes, 
and it is not possible to assess blood flux in each 
blood vessel and discriminate blood flux based 
on the vessel type such as arteriole, venules, and 
capillaries. Besides this limitation, LDF does 
not provide information regarding tissue micro-
vascular blood flow heterogeneity. The other 
main limitation of this technique is its limited 
reproducibility. The use of integrating probes, 
however, including several collecting fibers can 
overcome this limitation by averaging the outputs 
from different regions. Nevertheless, LDF is a 
useful technique to detect and quantify the rapid 
changes in blood flux, which allows the use of 
physiological tests to assess vessel functionality.

Laser Doppler Perfusion Imaging (LDPI)
LDPI is a noncontact laser-based technique that 
is used to assess perfusion of larger surfaces that 
are up to 50*50  cm. The main difference from 
LDF imaging is the noncontact nature of LDPI. 
This removes the likelihood of pressure artifacts. 
In addition, measurement of a larger area results 
in a good spatial resolution and good reproduc-
ibility. Unlike the LDF technique, LDPI consists 
of a computer-driven mirror system which helps 
scan the coherent laser beam to illuminate the 
field of interest. The laser light interacts with the 
mobile RBCs and induces a Doppler shift. The 
depth measured with LDPI ranges between 1 and 
1.5 mm depending on the laser wavelength and 
the structure of the tissue. Similar to the LDF 
technique, LDPI does not have an absolute unit 
and uses AU to define the output. The main limi-
tation of the LDPI technique is the relatively slow 
scanning procedure; it can take a relatively long 
time to acquire images, which causes low tempo-
ral resolution and makes it difficult to use with 
functional provocation tests (Daly and Leahy 
2013).
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LDPI has been extensively studied in clini-
cal and experimental studies. Currently, LDPI 
has a proven clinical utility for the estimation of 
burn depth and has an essential role in deciding 
the appropriate treatment modality to be applied 
to burn patients (Park et al. 2013). Besides this 
application, LSPI is also used in the field of 
dermatology, plastic surgery, rheumatology, 
and endocrinology to assess skin flap viability, 
wound healing, microvascular flow alterations in 
patients with psoriasis, Raynaud’s phenomenon, 
connective tissue disease, and diabetic ulcers and 
to evaluate the effect of treatment modalities such 
as hyperbaric oxygen (Allen and Howell 2014; 
Anderson et al. 2004).

 Laser Speckle Contrast Imaging (LSCI)
LSCI is a noninvasive and noncontact technique 
that can be used to assess the blood flux at tis-
sue surfaces. When the coherent laser light illu-
minates an optically rough object, a fraction of 
the light backscatters and generates an interfer-
ence pattern, which consists of bright and dark 

spots, so-called speckles. If the particles are 
moving, the speckle contrast changes over time 
due to the phase difference in the backscattered 
light. The change in speckle pattern is recorded 
by a charge- coupled device (CCD) camera which 
has an integration time and speckle decorrela-
tion time. Since the decorrelation time of the 
speckle is shorter than the integration time of 
the CCD camera, the speckle is recorded as a 
blurred screen. The speckle contrast represents 
the mean velocity and the concentration of the 
particles and quantifies the level of the blurring. 
High blood flow increases the image blurring by 
decreasing the contrast. Based on the speckle 
contrast, the blood flux received is given a value 
in AUs (Fig. 29.4).

LSCI technique combines the advantages of 
LDF and LDPI imaging by having a high spa-
tial and temporal resolution and excellent repro-
ducibility. Because of the fact that the LSCI 
technique does not use scanning as in the LDPI 
technique, the imaging process takes a very short 
time. The investigated depth varies depending 

0 200

Fig. 29.4 Monitoring of hand with laser speckle contrast 
imaging
The color code indicates that the blood flux decreases 
from red to dark blue. This technique also allows the mea-

surement of a specific region of interest, for example, 1 
and 2
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on the type of laser-based technique. LSCI mea-
sures the depth around 300 μm; however, LDF 
and LDPI measure around 1–1.5 mm. So, while 
the LSCI estimates blood flux in nutritional cap-
illaries, the LDF and LDPI techniques estimate 
blood flux of thermoregulatory capillaries of the 
skin. LSCI technique has been compared with 
microcirculatory monitoring techniques and has 
a good correlation with LDPI technique (Mahe 
et  al. 2012) and SDF imaging (Bezemer et  al. 
2010); however, inconsistent results have been 
found with the LDF technique (Tew et al. 2011; 
Binzoni et al. 2013).

Main advantages of the LSCI technique are its 
noncontact nature, having both high temporal and 
spatial resolution, measuring the large tissue sur-
faces, and having good reproducibility (Roustit 
et  al. 2010). Conversely, its main weakness is 
that the technique is sensitive to movement arti-
fact and that the skin should remain stable during 
recordings. Besides, similar to other laser-based 
techniques, LSCI does not have an absolute per-
fusion unit, has a biologic zero due to Brownian 
motion, and is not able to generate information 
about the heterogeneity of microvascular perfu-
sion and quantitative findings such as total/per-
fused vessel density, perfusion of each capillary, 
and velocity of blood components.

 Assessment of Microcirculatory 
Function

 Oxygen Electrodes and Optode 
Sensors

This technique measures the tissue PO2 by using 
Clark-type electrodes. These electrodes can be 
very small with tips in the range of 15 μm. They 
conventionally are made from gold, silver, or 
platinum. The gold cathode and silver anode 
electrodes are located in a reaction chamber 
and surrounded by an electrolyte. An oxygen- 
permeable membrane separates the reaction 
chamber (Fig.  29.5). Oxygen crosses the mem-
brane and is exposed to a chemical reaction at 
the cathode, which causes a potential difference 
(current difference) between the electrodes. The 
recorded current is directly proportional to the 
PO2 at a single point (Hopf and Hunt 1994). The 
electrodes can also be used to penetrate the tissue 
although such measurements cause a tissue dam-
age and can give artifactual values.

This technique has limitations. The discor-
dance of oxygen content between tissue and 
vessels in high FiO2 patient group leads to mis-
interpretation of tissue oxygen level (Sinaasappel 
and van Iterson 1999). Besides, the small size of 
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Fig. 29.5 Oxygen 
electrodes
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the electrodes means the oxygen content is mea-
sured only in a small portion of tissue. The tech-
nique measures only average PO2. Heterogeneity 
of PO2 in the tissue sample cannot be evaluated, 
which is a limitation in, for example, septic 
patients although multi-arrayed oxygen sensors 
have been used for this purpose (Hopf and Hunt 
1994).

Optode sensors are used to estimate oxygen 
concentrations by using the principle of oxygen- 
dependent fluorescence quenching. The optode 
consists of light-emitting or laser dioxides, a 
photodiode covered by an oxygen-permeable 
layer. Inside the layer, there are oxygen-depen-
dent fluorescent dyes which take a role as an 
indicator (e.g., ruthenium). Changes in the oxy-
gen concentration cause an altered fluorescence 
or absorbance of these indicators. The alteration 
over time creates a decay time, which quantita-
tively estimates the amount of oxygen by using 
the Stern-Volmer relationship (Sinaasappel and 
van Iterson 1999). This time-resolved technique 
thus allows oxygen concentration to be measured 
quantitatively. This technique is a more straight-
forward, stable, and reliable technique when 
compared with Clark electrodes (Hopf and Hunt 
1994; Opitz and Lubbers 1987). Both the oxy-
gen electrodes and the optode sensors are mainly 
used in experimental studies, and so far there is 
limited clinical use.

 Near-infrared Spectroscopy (NIRS)

NRS is a continuous noninvasive microcircula-
tory imaging technique used for the assessment 
of tissue oxygenation. It takes advantage of the 
relatively penetrability of near infrared to the tis-
sue and the differential absorption of this light by 
oxy- and deoxyhemoglobin. NIRS can yield real- 
time information about regional perfusion and 
oxygen utilization by measuring the oxygenated 
and deoxygenated hemoglobin or cytochrome 
aa3 (Jobsis 1977). In this technique, a modified 
Beer-Lambert law is used to estimate the relative 
concentration of oxygenated hemoglobin. Fick’s 
law then can be used for assessing the blood flow 

of the microvessels; however, a detectable tracer 
is required such as indocyanine green (Scheeren 
et  al. 2012; Simonson and Piantadosi 1996). 
The NIRS technique has been around for many 
decades but has not gained a routine use in clini-
cal medicine other than in pediatric medicine.

Hemoglobin largely exists in two forms as 
oxyhemoglobin and deoxyhemoglobin, where 
both have a distinctive absorption spectrum and 
can be distinguished from each other based on 
analysis. Light of wavelength between 700 and 
1100 nm can penetrate tissue, the amount of which 
is dependent on the oxygen status of the hemo-
globin in the (micro)vasculature. By measuring 
the absorption of a number of oxygen- dependent 
wavelengths of near-infrared light, oxyhemoglo-
bin and deoxyhemoglobin levels can be deter-
mined. Moreover, the presence of copper in the 
central part of the cytochrome aa3 shows different 
absorption bands from other cytochromes (800–
900 nm). Monitoring of the cytochrome aa3 can 
be helpful to assess the cellular oxidative metabo-
lism and tissue dysoxia although its accuracy is 
contentious (Scheeren et al. 2012).

Most commonly, NIRS has been used for the 
monitoring of cerebral and muscle oxygenation 
during cardiothoracic surgery (Nagdyman et  al. 
2005; Nagdyman et al. 2008; Creteur et al. 2007). 
NIRS monitoring also has been applied in criti-
cally ill patients, peripheral vascular disease, can-
cer, and urologic disease, as well as in trauma and 
prehospital emergency settings (De Backer et al. 
2012). NIRS has also been extensively used to 
test the microvascular reactivity when combined 
with a provocation test (Creteur et  al. 2007). 
Although the NIRS technique has been continu-
ously modified over the years, a number of limi-
tations still persist. Firstly, the extent to which 
other factors (myoglobin, skin pigmentation, 
scatter of light) have an impact on the NIRS sig-
nal is not yet clear. Secondly, much of the signal 
returns from the deeper tissues such as muscle, 
bone, and fat, the effect of which is not known. 
For example, tissue oxygenation can be overesti-
mated if there is a large muscle in the chosen area 
since the oxygen affinity of myoglobin is mark-
edly higher than that of hemoglobin.

29 Microcirculatory Monitoring to Assess Cardiopulmonary Status



440

 Conclusion

In this brief review we have discussed the promi-
nent clinical techniques currently being used to 
functionally monitor the microcirculation dur-
ing surgery and the intensive care unit. Although 
each technique has its pros and cons, it is evident 
that the introduction of HVM to direct observa-
tion of red and white cell flow in the microcircu-
lation can provide deep insight into underlying 
mechanisms and importance of microcirculatory 
alterations as prime determinants of cardiovascu-
lar dysfunction at the bedside. The recent intro-
duction and validation of automatic quantitative 
software for extracting quantitative functional 
data from HVM-generated image sequences (De 
Backer et al. 2010) have made microcirculatory 
monitoring at the bedside as point-of-care tech-
nique for microcirculation goal-directed target 
therapy a reality.
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and Monitoring of Peripheral 
Circulation During Shock 
and Resuscitation

Bernardo Lattanzio and Vanina Kanoore Edul

 Introduction

Shock is a life-threatening disorder, best defined 
as the inability of the cardiovascular system to 
sustain tissue oxygen demand. As a consequence, 
cellular dysfunction and anaerobic metabolism 
ensue (Cecconi et al. 2014). Interestingly, resus-
citation targeted to normalize systemic hemo-
dynamic variables such as cardiac output (CO) 
and blood pressure (BP) often fails to correct 
tissue hypoxia and hypoperfusion. Over the last 
decades, a large body of scientific evidence has 
linked microcirculatory alterations to the patho-
genesis of shock states and multiple organ failure 
(Ellis et  al. 2002; Ince and Sinaasappel 1999). 
Although septic shock is the most emblematic 
example of microcirculatory failure, every type 
of shock can eventually evolve to distributive 
shock as a result of a persistent inflammatory 
response and endothelial dysfunction (Vallet 

2002). Recently, we defined microcirculatory 
shock as a condition in which microcirculation 
fails to support tissue oxygenation despite nor-
malized systemic hemodynamics (Kanoore Edul 
et  al. 2015). Therefore, microcirculatory altera-
tions and tissue hypoperfusion can persist even 
though global variables of oxygenation have been 
corrected. Hence, it is important to have bedside 
tools for the detection of tissue dysoxia.

Although there are a number of new technolo-
gies that have evolved to analyze tissue perfusion, 
much information can be obtained by examining 
the patient. Examination of the skin, in particular, 
can give useful information to guide therapy with 
minimal need for technologies. In this chapter 
we will discuss the relevance of peripheral perfu-
sion evaluation in shock states both before and 
after resuscitation, its impact on outcome of criti-
cally ill patients, and how to use them in clinical 
practice.

 Skin Blood Flow Regulation

Although the skin of humans has an average area 
of 1.8 m2, it only accounts for 5% of total body 
weight. Its main function is to protect the surface 
of the body, and, thanks to its ability to produce 
sweat, it has a major role in thermoregulation. 
Changes in skin blood flow, especially during 
exposure to cold or heat stress, are sensed by its 
special innervation and microcirculation (Roddie 
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2011). Blood vessels in the skin and subcutane-
ous tissues have multiple arteriovenous anasto-
moses, particularly in the hands, feet, and ears. 
Skin vessels can function as heat exchangers. For 
instance, when blood flow is low, temperature of 
the blood flowing through capillaries equilibrates 
with temperature of the skin.

Physiologically, skin has a low metabolic rate 
which is easily supplied by the low fraction of CO 
directed to this region. Except for special inflam-
matory states, changes in skin blood flow are not 
a consequence of changes in skin metabolism 
(Borici-Mazi et al. 1999). Under normal circum-
stances, skin vessels are constricted. When core 
temperature rises, skin’s blood flow increases 
due to loss of vasoconstrictor tone and activa-
tion of vasodilator fibers. Conversely, cooling a 
subject leads to a decrease in blood flow due to 
activation of vasoconstrictor fibers. Nevertheless, 
changes in skin temperature are not linear. Skin 
temperature is influenced by both environmental 
temperature and cutaneous blood flow. Exposure 
to ambient temperatures below 10  °C causes 
intermittent cold vasodilation of cutaneous ves-
sels due to impaired smooth muscle constriction 
(Roddie 2011). The physiological behavior of 
cutaneous circulation, and its determinants, is 
especially relevant for the assessment of periph-
eral perfusion variables as we will discuss in fol-
lowing sections.

 Rationale for Monitoring Peripheral 
Perfusion During Shock

The evaluation of cutaneous circulation during 
physical examination should be a first step for 
clinicians in the assessment of peripheral perfu-
sion (Lima and Bakker 2015). This simple obser-
vation allows simultaneous evaluation of the 
relationship between systemic hemodynamics, 
regional blood flow distribution, and microcircu-
latory perfusion.

During shock, organ perfusion becomes het-
erogeneous, and blood flow to some systems 
is jeopardized at the onset of sepsis. For exam-
ple, splanchnic hypoperfusion and subsequent 
mucosa ischemic injury occur early in shock 

states (Marshall et al. 1993). This was the ratio-
nale for the introduction of gastric tonometry into 
the clinical practice, a tool that can detect occult 
shock in patients who look well-resuscitated 
(Gutierrez et al. 1992).

Skin perfusion can vary broadly during shock. 
Due to its limited autoregulatory capacity, early 
vasoconstriction of cutaneous vessels mediated 
by sympathetic neuro-activation redistributes 
blood flow away from cutaneous tissue to vital 
organs. This drop in perfusion results in a drop 
in skin temperature. Accordingly, skin has been 
proposed as one of the windows that can be used 
to assess severity of shock (Vincent et al. 2012) 
and could become one of the first approaches for 
assessment of overall tissue perfusion (Fig. 30.1).

Two types of responses have been described 
during resuscitation of circulatory shock. One 
is characterized by a new physiological concept 
called hemodynamic coherence, which is used 
to explain the condition in which resuscitation 
maneuvers targeted to correct systemic hemo-
dynamics also correct tissue oxygenation. The 
second is the opposite and is characterized by a 
loss of coherence. The point is that normalization 
of global variables does not necessarily result 
in parallel improvements of perfusion and oxy-
genation (Ince 2015). It is during loss of coher-
ence that evaluation of peripheral perfusion and 
microcirculation may help clinical management. 

Altered
mentation

Arterial
hypotension

Hyperlactatemia
> 2 mEq/L

Oliguria

Mottled,
clammy skin

Fig. 30.1 The three windows of shock (Vincent et  al. 
2012). Skin is one of the three “windows” to assess shock. 
(Reproduced with permission of Springer Nature)
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In the following sections we will discuss the sci-
entific evidence supporting assessment of periph-
eral perfusion:

• To detect the subgroup of higher risk for a 
worse outcome

• To monitor the response to therapy
• To redefine a target of resuscitation
• To unmask persistent shock in apparently 

well-resuscitated patients
• To guide therapy as a target of resuscitation

In addition, we will discuss the shortcomings 
of studies and the methods of evaluation.

 Assessment of Peripheral Perfusion

There are a number of methods for evaluat-
ing peripheral perfusion (Table  30.1). Clinical 
assessment is the least invasive and should be 
the first approach. Simple subjective evalua-
tion of skin temperature (feeling warm or cold 
to hand touch), inspection of skin color, and 
measurement of capillary refill time (CRT) are 
the most commonly used methods. In addition, 
temperature of extremities (finger, great toe) or 
temperature gradients between two sites of the 
body (central-to- toe temperature) were proposed 

almost 50 years ago and recently have regained 
interest. More sophisticated methods use opti-
cal properties of hemoglobin for evaluation of 
oxygenation and perfusion. Peripheral perfu-
sion index (PPI) derived from the pulse oxim-
etry and near- infrared spectroscopy (NIRS) are 
currently available in different clinical scenarios 
(van Genderen et al. 2012a). Finally, videomicro-
scopes bring microvascular imaging to the bed-
side (Ince et al. 2018).

 Clinical Assessment of Peripheral 
Perfusion

 Subjective Assessment and Skin 
Temperature Gradients
Blood flow in the cutaneous circulation is the 
main determinant of skin temperature. Hence, it 
is advocated that skin is a flow-sensitive organ 
(Dubin et  al. 2018). Based on this close rela-
tionship, skin temperature is often considered 
a surrogate of cutaneous perfusion in patients 
with shock. However, a strong limitation of this 
association is that a drop in skin perfusion and 
temperature is also the physiologic response in 
states of central hypothermia which is the body’s 
physiological attempt to prevent heat loss and to 
defend central temperature (Brock et  al. 1975). 
Therefore, skin temperature needs to be inter-
preted in the context of systemic hemodynamic 
status and environment temperature.

However, a fall in CO has the opposite effect 
on body temperature. Peripheral temperature 
decreases, whereas central temperature is main-
tained, or even is increased, due to less blood 
flowing through peripheral capillaries and thus 
decreased exposure to the environment. This is 
the rationale behind the use of body temperature 
gradients as an objective assessment of periph-
eral perfusion (Rubinstein and Sessler 1990). 
The most widespread body gradients, measured 
between two different sites, are (1) central-to-toe, 
which is the difference between rectal or pulmo-
nary artery temperature and great toe; (2) central- 
to- index finger; and (3) forearm-to-fingertip 
(Tskin-diff) (Ait-Oufella and Bakker 2016). A 
difference of up to 7  °C is accepted as normal 

Table 30.1 Methods for assessment of peripheral perfu-
sion available in clinical practice

Clinical evaluation
Subjective assessment of skin temperature (warm/cold)
Capillary refill time (s)
Mottling score (0–5)
Temperature evaluation
Toe temperature (°C)
Central (rectal/pulmonary artery) to toe T° gradient 
(°C)
Skin difference temperature (forearm-to-fingertip) 
(°C)
Optical methods
Peripheral perfusion index (PPI) (%)
Near-infrared spectroscopy (NIRS)
Laser Doppler flow (LDF)
Videomicroscopy (SDF, IDF)

SDF sidestream dark field imaging, IDF incident dark 
field illumination imaging

30 Clinical Assessment and Monitoring of Peripheral Circulation During Shock and Resuscitation
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for central-to-toe gradient, and values above this 
 represent a major decrease in cutaneous blood 
flow. Because skin is influenced by the environ-
mental temperature, whereas core temperature is 
less affected, Tskin-diff seems to be a more reli-
able indicator for patients in the operating room 
or in the critical care unit where ambient tem-
perature is often low. Tskin-diff normally should 
be 0  °C, because both forearm and finger are 
exposed to the same ambient temperature. Any 
value above this is considered pathologic, and a 
difference >4 °C is a marker of severe vasocon-
striction (Table 30.2).

In 1969, Joly and Weil were the first to inves-
tigate whether quantitative changes in skin tem-
perature would provide an objective proof of the 
severity of shock. In a mix cohort of critically ill 
patients (n  =  100), skin temperature was mea-
sured at various sites of the body. Measurements 
obtained at early (within 3 hours of admission) 
and late stages (3 hours before discharge or death) 
were compared with simultaneous changes in 
several hemodynamic variables and metabolic 
parameters. There was a predictable relation-
ship between change in toe temperature and car-
diac index (CI) (r = 0.71). When CI was below 
2 L min−1∙m2, temperature of the toe was below 
27 °C in 95% of cases. Conversely, increases in 
toe temperature were related to improvement in 
CI and patients’ outcome. Measurements taken 
at a late stage had a better prognostic ability than 
measurement taken immediately after admission. 
Interestingly, there was no correlation with arte-
rial pressure (r = 0.28, p = NS), suggesting once 
again that in some tissues, pressure and flow are 
poorly related. Due to the availability, the non-
invasive nature, and low cost in instrumentation, 
measurement of great toe temperature was pro-
posed as a useful tool for the assessment of shock 
severity and prediction of outcome. It is worth 
mentioning, however, that the patient sample 
included many subjects with cardiovascular dis-
ease and with very low CI (<2 L min−1∙m2) and 
few had a hyperdynamic pattern (CI >4 L min−1 
m2) (Joly and Weil 1969).

More recently, a retrospective study assessed 
the usefulness of the subjective evaluation of 
skin temperature for the identification of patients 

in a surgical ICU who have occult hypoperfu-
sion. Patients’ extremities were categorized as 
“warm” or “cold” on a subjective manner, and 
comparisons were made between the two groups 
and more objective variables. Patients with cool 
extremities were more likely to be hypoperfused 
(Kaplan et al. 2001). Interestingly, there were no 
differences in blood pressure, hemoglobin con-
centration, heart rate, or arterial oxygen satura-
tion between cohorts, but patients with warm 
extremities had higher CI, central venous oxy-
gen saturation (ScvO2), lower lactate levels, and 
higher pH values. This study highlighted the role 
of subjective assessment of skin temperature 
for discriminating the subgroup of patients who 
would benefit from further invasive monitor-
ing. Nevertheless, several limitations should be 
mentioned, including the retrospective nature, 
the lack of room temperature control, patient’s 
temperature, use of vasopressor therapy, and lack 
of interobserver and intraobserver variability in 
subjective assessment.

Other researchers also have found that physi-
cal examination performed at an early stage is 
an independent predictor of 30-day mortality in 
patients with cardiogenic shock (Hasdai et  al. 
1999) and in pediatric patients with meningococ-
cal disease (Brent et al. 2011). In a prospective 
study in general ICU patients, Alexander Lima 
and Jan Bakker assessed the role of physical exam 
and its impact on outcome when performed after 
initial resuscitation. Simple subjective assess-
ment of peripheral perfusion could predict organ 
dysfunction as expressed by high Sequential 
Organ Failure Assessment (SOFA) score and 
lactate levels (Lima et al. 2009). Peripheral per-
fusion was defined as abnormal if there was an 
increase in CRT (≥4.5 s) or if the extremities felt 
cool to the examiner’s hands. In addition, this 
subjective assessment was compared with more 
objective variables of perfusion such as skin 
temperature differences, including Tskin-diff, 
Tc-toe, and peripheral perfusion index (PPI). The 
latter is an index derived from the oximeter pulse 
wave (see below). Almost 50% of the cohort had 
abnormal peripheral perfusion despite systemic 
hemodynamic stabilization and finalization of 
initial resuscitation. Individual SOFA score and 
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the proportion of patients with unfavorable out-
come were higher in the subgroup of patients 
with abnormal peripheral perfusion. This study 
demonstrated that after initial resuscitation, daily 
physical examination, focused on evaluation of 
peripheral perfusion, could help to identify the 
subgroup at high risk of dying.

There are, however, some controversies 
related to the relationship of temperature gradi-
ents and hemodynamic variables. The relation-
ship between central-to-peripheral temperature 
gradient and CI was not predictive of outcome 
in the first 24  hours after cardiac surgery. This 
possibly could have been because patients started 
hypothermic and thermoregulatory responses 
in that context is cutaneous hypoperfusion. 
Interestingly, once central temperature recov-
ered normal values, the correlation between 
temperature gradients and CI became signifi-
cant (Bailey et  al. 1990). On the other side, in 
pediatric patients after cardiac surgery, correla-
tion between CI and temperature gradients was 
poor (r = 0.28) (Ryan and Soder 1989). Woods 
et al. found the same lack of correlation between 
temperature gradients and macrohemodynamic 
variables in a cohort of adult patients with shock 
(Woods et al. 1987). Children with sepsis, unlike 
adults, have a low CI before receiving resuscita-
tion with fluids.

Whether body temperature gradients corre-
late with other microcirculatory territories is still 
a matter of debate. In patients with sepsis and 
septic shock, Boerma explored the relationship 
between sublingual microcirculation, assessed 
with videomicroscopy, and central-to-peripheral 
temperature gradients. There was neither a corre-
lation between these microcirculatory territories 
nor with global hemodynamic variables (Boerma 
et al. 2008).

In a cohort of septic patients, toe-to-room 
temperature gradient correlated with other tissue 
perfusion variables and illness severity. The study 
collected hemodynamic data, CRT, mottling 
score, and several temperature gradients during 
the first 24  hours. Tissue perfusion parameters 
were significantly different between patients with 
sepsis and septic shock. There was no correlation 
with macrohemodynamic variables (Bourcier 

et  al. 2016). In postoperative patients undergo-
ing abdominal surgery, temperature gradients 
increased on the second and third days after sur-
gery and showed good sensitivity and specificity 
for the prediction of severe complications (van 
Genderen et al. 2014).

Several external factors might distort assess-
ment of temperature gradients (John et al. 2018). 
Altered perfusion indexes may reflect peripheral 
vasoconstriction due to low skin temperature and 
have no relationship to hemodynamic changes. 
A study performed in 8 volunteers showed that 
surface cooling without changing central tem-
perature resulted in skin vasoconstriction and 
significant changes in CRT, PI, Tskin-diff, and 
NIRS-derived parameters (John et  al. 2018). 
Therefore, under resting conditions, the impact 
of peripheral perfusion alterations can be magni-
fied as the skin temperature decreases (Gorelick 
et al. 1993).

In summary, body temperature gradients seem 
to be a valuable complementary tool to the clini-
cal assessment in critically ill patients. When 
confounding factors such as core or ambient 
temperature are controlled, temperature gradient 
augments the odds of detecting the subgroup of 
patients who will evolve with worse outcome.

 Skin Mottling
Skin mottling is a common clinical sign in criti-
cally ill patients. It consists of an irregular, patchy, 
red-bluish discoloration of the skin, frequently 
located at the knee, elbows, and more distal 
extremities areas. Ait-Oufella et al. developed a 
six-degree semiquantitative score to quantify the 
extension of skin discoloration around the knee 
(Ait-Oufella et  al. 2011). This “mottling score” 
ranges from 0 to 5, with 0 indicating no mottling 
and 5 corresponding to severe discoloration area 
that goes beyond the fold of the groin (Fig. 30.2).

The prognostic value of the mottling score 
has been assessed in several studies. In 60 septic 
shock patients, 14-day mortality increased in par-
allel with increases in mottling score at 6 hours 
(13% for a score of 0–1 to 70% for a score of 
2–3 and 92% for a score of 4–5, Χ2 p < 0.001). 
Moreover, the higher the degree of mottling, the 
shorter the survival (Ait-Oufella et  al. 2011). 
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In addition, an increase in the mottling score, 
from admission to 6 hours, was associated with 
increasing lactate levels (p < 0.0001), decreasing 
urinary output (p < 0.0001), and increasing SOFA 
score (p = 0.0002). Conversely, an improvement 
in skin perfusion denoted better outcome. These 
findings were confirmed in a larger study; in 791 
critically ill patients, almost 29% had at least one 
episode of mottling during ICU stay (Coudroy 
et  al. 2015). This percentage increased among 
patients with shock (43%) and especially those 
with septic shock (49%). In addition to increased 
mortality, skin mottling was associated with 
more organ dysfunctions, ICU length of stay, 
mechanical ventilation, vasopressor dose, and 
renal replacement therapy.

The pathophysiological alteration behind 
mottling is not known. Recently, the evaluation 
of the knee area with laser Doppler flowmetry 
(LDF), a technique that measures blood flow in 
regional microvessels, showed an inverse cor-
relation between skin perfusion and extension 
of mottling (Ait-Oufella et al. 2013). In another 
study, mottling also was associated with low tis-
sue oxygen saturation levels (Ait-Oufella et  al. 

2012). In summary, this easy-to-learn, simple 
score can add prognostic value to assessment of 
ICU patients. Its presence is a strong predictor of 
increased risk of morbidity and mortality.

 Capillary Refill Time (CRT)
Capillary refill time is defined as the time required 
for a distal capillary bed to recover its color once 
the pressure applied to cause blanching has been 
released (King et al. 2014). It was first described 
during World War II as a parameter for grading 
shock; the categories were normal, definitive 
slowing, and very sluggish (Beecher et al. 1947). 
In 1981, Champion proposed adding it into the 
five elements of the trauma score (Champion 
et  al. 1981). Since then, it has been introduced 
rapidly into the clinical practice as a tool during 
physical exam for prompt assessment of the status 
of the circulation, particularly in children (King 
et al. 2014). Furthermore, it is taught worldwide 
in medical schools.

Ait-Oufella et al. conducted the first study to 
demonstrate the prognostic value of CRT in septic 
shock patients. Persistent alterations in CRT con-
comitantly measured at the knee and a finger had 

Mottling

5

4

3

2

1

Score 2 Score 4

Fig. 30.2 The mottling 
score (Ait-Oufella et al. 
2011). On the left, 
grading of the score. For 
details, see text. On the 
right, two pictures 
illustrating two different 
grades of score. 
(Reproduced with 
permission of Springer 
Nature)
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high accuracy for predicting 14-day mortality. 
Measurement of CRT at the knee area had better 
accuracy and reproducibility than the finger area 
(knee AUC: 90, index AUC: 84). Assessment of 
CRT after resuscitation was proposed as an inte-
grative variable to evaluate improvement of tis-
sue perfusion (Ait-Oufella et al. 2014).

The value of CRT for the prediction of postop-
erative complications was studied in a population 
of patients undergoing major abdominal sur-
gery (van Genderen et al. 2014). In 111 patients, 
hemodynamic, metabolic, and peripheral perfu-
sion parameters were recorded one day before 
(baseline), immediately after surgery (D0) and 
then over the first three postoperative days (D1–
D3). Prolonged CRT (>4.5  s) at D0 predicted 
severe complications. This predictive value con-
tinued until the third day and increased from 
the first to the second day. Peripheral perfusion 
assessment after surgery improved the discrimi-
natory power to stratify patients at high risk for 
developing severe complications.

Peripheral perfusion parameters and sublin-
gual microcirculation were evaluated at ICU 
admission, during therapeutic hypothermia, after 
passive rewarming and 24  hours after hospital 
admission in patients who had suffered an out-of- 
hospital cardiac arrest. CRT was more prolonged 
at ICU admission in nonsurvivors than in survi-
vors (11.5 s (SD 1.0) vs. 5.4 s (0.6) respectively, 
p  <  0.05). Sublingual microcirculation had a 
similar behavior, with nonsurvivors having worse 
parameters than survivors at baseline (p < 0.05). 
There were no differences between nonsurvivors 
and survivors during hypothermia. However, 
after rewarming, these parameters again showed 
the divergent behavior detected at baseline. 
Survivors had a rapid improvement toward nor-
malization, whereas the abnormalities persisted 
in nonsurvivors (van Genderen et  al. 2012b). 
Key messages from this study are that abnor-
mal sublingual microcirculation and peripheral 
perfusion indexes are predictors of unfavorable 
outcome both at baseline and after rewarming. 
Thus, monitoring peripheral perfusion after car-
diac arrest could underscore patients with persis-
tent hypoperfusion. Nevertheless, whether these 

alterations are an epiphenomenon or a cause/con-
sequence relationship is not clear.

The association between CRT and very short- 
term mortality (day 1 and day 7) was prospec-
tively assessed in 1931 patients in the emergency 
department. An increasing CRT was an indepen-
dent predictor of 1-day and 7-day mortality, OR 
1.69 (95% CI 1.20–2.39, p  =  0.003) and 1.38 
(95% CI 1.12–1.69, p  =  0.002), respectively. 
Notwithstanding the value of this parameter, 
it is worth noting that heart rate, age, and body 
temperature were better predictors of mortality 
than CRT (Mrgan et al. 2014). On the other hand, 
during conditions of low intravascular volume, 
CRT performed worse as an identifier of mild 
hypovolemia than classic orthostatic vital signs 
(Schriger and Baraff 1991).

CRT is measured by applying an external pres-
sure to a distal capillary bed, usually the nail or 
finger pulp, until blanching of the area develops. 
After a variable amount of seconds, the pressure 
is released, and the time required for skin recol-
oring is recorded with a wristwatch or chronom-
eter. Unfortunately, there are great disparities in 
the way this test is performed which accounts for 
the contradictory results related to its usefulness. 
Normal CRT has been traditionally considered as 
less than 2 s, (Champion et al. 1981) but unfortu-
nately, without appropriate validation. One study 
that was performed in volunteers reported that 
CRT is affected by age, sex, and temperature. 
The value of 2 s was maintained for children and 
young men, while in women it was defined as 
3 s and in elderly people it was extended to 4.5 s 
(Jubran 1998). In addition, CRT is prolonged 
with a decrease in temperature. A more recent 
study confirmed the upper limit of normality to 
be 3.5 s (Chan et al. 2013) (Table 30.2).

There is no agreement on the definition of an 
abnormal CRT in critically ill patients. Cutoff 
values of 2.4, 3.0, 4.5, and 5.0 s have been used 
to discriminate normal from abnormal states and 
when tested as predictors of poor outcome. After 
initial resuscitation, a CRT  >5.0  s is definitely 
a marker of poor outcome and increased risk 
of multiple organ failure. In addition, multiple 
evaluations might improve its prognostic power 
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(Lima et al. 2009; van Genderen et al. 2014). The 
environmental temperature should be between 
22 and 24 °C, while the skin’s temperature needs 
careful evaluation.

 Optical Methods

Optical methods use physical principles related 
to illumination of a tissue with light of different 
wavelengths. Methods available in clinical prac-
tice are:

 1. Videomicroscopy (discussed in other sections 
of this book) (C Ince)

 2. Pulse oximetry waveform analysis with its 
derived indexes

 3. Near infrared spectroscopy with tissue oxy-
gen derived parameters

 Peripheral Perfusion Index
Oximetry measures hemoglobin oxygen satura-
tion based on spectrophotometric principles. The 
physics behind this method relies on the Beer- 
Lambert law which states that the concentration 
of a solute is directly proportional to the inten-
sity of the light transmitted through a solution 
(Jubran 1998).

The oximeter probe has two LEDs with 
two known wavelengths: 660  nm (red) and 
940  nm (infrared). Hemoglobin species have 
different absorption spectra, and therefore, it 
is possible to quantify the proportion of hemo-
globin bound to oxygen (Chan et  al. 2013). 
In addition, this method can discriminate 
light absorption due to pulsatile arterial blood 
from absorption of nonpulsatile blood, that is, 
venous and capillary blood. A ratio between 
the pulsatile and all nonpulsatile components 
allows calculation of arterial oxygen satura-
tion and the peripheral perfusion index (PPI), 
expressed as percentages. During peripheral 
hypoperfusion, the pulsatile component (i.e., 
arterial component) decreases, while the non-
pulsatile component stays stable. Accordingly, 
the ratio decreases.

Lima and colleagues proposed use of this 
index as a noninvasive marker of perfusion in 

critically ill patients (Lima et al. 2002). In healthy 
persons, PPI’s distribution was skewed with a 
median value of 1.4 (IQR 0.7–3.0), and the range 
was wide (0.3–10.0). There were neither intrasu-
bject (before/after meal) nor differences between 
smokers, subjects with cardiovascular disease, 
and completely healthy volunteers. In critically 
ill patients, mean and median PPI values were 2.2 
(SD 0.22) and 1.8 (IQR 0.5–3.3), respectively. 
Surprisingly, it was higher in the ill population 
than in healthy volunteers. Nevertheless, when 
PPI was evaluated during conditions of abnor-
mal peripheral perfusion, defined as a CRT>2 
s and T°c-toe >7 °C, mean values were signifi-
cantly lower in the critically ill group. ROC curve 
identified a cutoff value of 1.4 for prediction 
of abnormal peripheral perfusion (AUC 0.91) 
(Table 30.2).

A prospective observational study in critically 
ill patients evaluated the combination of PPI and 
central venous oxygen saturation (ScvO2) for 
predicting outcome before and after resuscitation 
(He et al. 2015). In multivariate logistic regres-
sion analysis, PPI measured 8 hours after initial 
resuscitation was an independent predictor of 
mortality, but basal values did not correlate with 
outcome. In addition, only critical values, that 
is, <0.6, were related to 30-day mortality. These 
values, however, were poorly correlated with 
lactate, venous-to-arterial CO2 difference, and 
ScvO2. Interestingly, PPI had a better discrimina-
tive value than lactate.

In healthy volunteers, PPI was more sensi-
tive for the detection of hypovolemia induced by 
lower body negative pressure than stroke volume 
and heart rate. The negative pressure was applied 
in a stepwise manner. PPI decreased in the first 
step of the protocol, demonstrating that it is an 
early indicator of peripheral vasoconstriction due 
to sympathetic activation. Heart rate and stroke 
volume were altered in the second step, but car-
diac output and blood pressure did not change 
(van Genderen et al. 2013).

 Pleth Variability Index
Variability of the perfusion index (PVI) is a 
dynamic parameter that can be automatically 
derived by analysis of changes in the plethys-
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mographic curve during a respiratory cycle. 
It is computed as the difference between the 
 maximum and minimum PI over the maximum 
value, multiplied by 100 and expressed as a 
percentage: [PI max−PI min/PI max]  ×  100. 
This is the same way that pulse pressure varia-
tion (PPV) is calculated from arterial pressure 
(Michard et al. 2000). This index was proposed 
more than 10 years ago as a new parameter for 
the prediction of fluid responsiveness, and it 
rapidly raised interest because pulse oximetry 
is broadly available and because of its non-
invasive nature. Although plethysmographic 
waveform measures volume and not pressure, 
there was good agreement between plethys-
mographic and PPV derived from the arterial 
pressure waveform (Cannesson et al. 2005). In 
mechanically ventilated hemodynamic unstable 
patients, both PPV and PVI showed moderate 
accuracy at predicting a lack of fluid responsive-
ness (ROC curve area between 0.64 and 0.74) 
when measured by an increase in CI after a fluid 
challenge (Natalini et  al. 2006). Correct clas-
sification of patients as responders was good 
with both indexes, but they were inaccurate for 
discrimination between responders and nonre-
sponders at low values. This result is in contrast 
with previous observational studies that found 
a better performance for PVI as predictor of 
fluid responsiveness (94% sensitivity and 80% 
specificity) (Feissel et al. 2007). Differences in 
tidal volume and hemodynamic profiles likely 
explain the discrepancies between these two 
studies. A systematic review and meta-analysis 
(Sandroni et  al. 2012) found that the PVI was 
a reliable predictor of fluid responsiveness in 
mechanically ventilated patients who received 
large bolus of fluids (>500  ml) and who were 
ventilated with a tidal volume of at least 8 ml/
kg. Importantly, the quality of the plethysmo-
graphic signal is critically dependent on periph-
eral perfusion.

 NearInfrared Spectroscopy (NIRS) 
of the Thenar Eminence
Near-infrared spectroscopy provides noninva-
sive monitoring of oxy- and deoxyhemoglobin 
through the emission of wavelength of approxi-

mately 700–850 nm at the measured area. NIRS 
can be applied to different organs such as brain, 
kidneys, and extremities. The thenar eminence 
is the most commonly used area in the intensive 
care because it has a thin fat layer and allows 
light to penetrate into the subcutaneous tissue. 
Tissue oxygen saturation (StO2) is calculated by 
the ratio of oxy- and deoxyhemoglobin (Lipcsey 
et al. 2012).

The most interesting application of NIRS in 
critically ill patients is related to the measure-
ment of dynamic changes that arise after a vas-
cular occlusion test (VOT). Usually, a pneumatic 
cuff placed in the arm is inflated to a pressure 
above systolic arterial pressure to stop flow 
(ischemia). A sensor placed at the thenar emi-
nence detects the decrease in StO2 from the 
basal level. This allows measurement of the low-
est StO2 and the rate of desaturation (Rdes;%× 
sec). After cuff deflation, there is reperfusion 
and reactive hyperemia which are accompanied 
by an increase in StO2 and the rate of resatura-
tion (StO2 upslope, Rres:%× sec) (Fig. 30.3). The 
velocity of the increase in StO2 increase gives a 
quantitative measurement of reactive hyperemia 
and represents microcirculatory recruitment. It 
was proposed as a test to assess microcirculatory 
response and a potential predictor of outcome in 
septic patients (Creteur et al. 2007). In an initial 
study, StO2 recovery slope was lower in septic 
than in control patients and volunteers and was 
a better predictor of outcome than basal StO2 
which had a large overlap between septic patients 
and healthy volunteers. These findings have been 
reproduced in similar studies (Leone et al. 2009; 
Doerschug et al. 2007).

Dynamic NIRS-derived parameters can 
be used to assess the response to therapy dur-
ing resuscitation of shock. In non-resuscitated 
patients-who had MAP below the threshold for 
autoregulation-increasing BP caused an improve-
ment in StO2. Noteworthy, in this study, StO2 
recovery slope remained low in 50% of the popu-
lation, despite normalization of MAP and other 
global hemodyamic variables (Georger et  al. 
2010).

Alterations in  local vasomotor tone can pro-
foundly alter NIRS-derived parameter at the thenar 
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eminence. Lima and colleagues correlated NIRS 
measurements with CRT and temperature gradient 
(Tskin-diff) as well as subjective physical examina-
tion, from admission to the ICU until the third day. 
Almost 50% of this population had an abnormal 
peripheral circulation, defined by CRT >4.5  s or 
by Tskin-diff >4 °C. Basal StO2 and StO2 recovery 
slope were significantly different between patients 
with normal versus those with abnormal peripheral 
circulation. However, StO2, StO2 desaturation, and 
recovery slopes were similar between patients with 
and without shock, including septic patients, and 
thus only in those with decreased peripheral indica-
tors. In addition, values did not correlate with vaso-
pressor dose and mortality. Of importance, a worse 
outcome was better predicted by abnormal CRT or 
skin temperature gradients than by StO2- derived 
parameters. Consequently, the status of peripheral 
circulation should be taken into account to cor-
rectly interpret NIRS-derived variables (Lima et al. 
2011), and its usefulness is dubious.

 Peripheral Perfusion Indexes 
During Shock and Resuscitation

 Correlation of Peripheral Perfusion 
Indexes with Perfusion of Internal 
Organs

A key relevant question is, does cutaneous per-
fusion indicate a parallel alteration in internal 

organs? Patients with septic shock usually exhibit 
dissociation between macro- and microhemody-
namic variables. After correction of relative or 
absolute hypovolemia by fluid resuscitation, a 
significant proportion of patients have a hyper-
dynamic pattern. Despite the increase in sys-
temic blood flow, sublingual microcirculation 
frequently is hypoperfused (Edul et  al. 2016), 
and these derangements are more severe in 
nonsurvivors.

In experimental studies the relationship 
between changes in the sublingual microcircula-
tion compared to other microvascular beds is con-
tradictory. In early sepsis and septic shock, there 
was no correlation in simultaneous measurements 
of perfusion in the sublingual microcirculation 
and Tc-toe difference (Boerma et  al. 2008). In 
postoperative patients with abdominal sepsis, we 
found that the sublingual response was dependent 
on both the magnitude of the increase in cardiac 
output and the basal state of the  microcirculation. 
The sublingual microvascular bed responded in 
patients who started with a profound disturbance 
in the microcirculation at baseline and who had a 
positive response to fluids. Villous microcircula-
tion behaved as an isolated territory; it was not 
influenced by changes in cardiac output, and its 
status did not correlate with sublingual or cutane-
ous perfusion. Sublingual microcirculation sta-
tus and central- to- finger temperature differences 
were not correlated at baseline or on the second 
day, but changes in these parameters in response 
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to fluid loading were correlated. This means 
that while it is not possible to predict the state 
of the sublingual microcirculation from evalua-
tion of the skin, both territories behaved similarly 
when preload is optimized. Dissociation of these 
two microvascular beds is a dynamic process 
(Fig. 30.4) (Edul et al. 2014).

The relationship between skin and visceral 
organ perfusion was recently studied in patients 
with septic shock. Perfusion in the hepato-
splanchnic region was assessed by the pulsa-
tility index, a Doppler sonographic measure 
of the variability of blood velocity in regional 
arterioles. Normalization of CRT correlated 
with improvement in the pulsatility index of the 
mesenteric artery (Spearman correlation coef-
ficient  =  0.325, P  =  0.007), whereas improve-
ments in the mottling score correlated with 
improvement in the vascular tone of the renal 
artery (Spearman correlation coefficient = 0.396, 
P = 0.006). As a conclusion, in early septic shock 
patients, a prolonged CRT or mottling of the skin 
points toward visceral organ vasoconstriction 
(Brunauer et al. 2016).

 Peripheral Perfusion Indexed During 
Resuscitation

Because skin is a flow sensitive variable, it would 
seem to be reasonable to presume that monitoring 
changes in skin perfusion during fluid resuscita-

tion should give an indication of the status of organ 
perfusion during resuscitation. Based on this rea-
soning, Hernandez and colleagues evaluated tem-
poral changes in peripheral perfusion parameters 
during resuscitation of patients with sepsis and 
septic shock. Peripheral perfusion was assessed 
by CRT (normal <4  s), Tc-toe (normal  <  7°), 
Tskin-diff (normal  =  0), and subjective assess-
ment of skin temperature and livedo reticularis. 
These were followed at different time points dur-
ing the first 24 hours. They also were compared 
to metabolic parameters such as ScvO2, central 
venous-to-arterial CO2 difference (Pcv- aCO2), 
and lactate. Changes in metabolic and peripheral 
perfusion parameters over time were different. 
CRT normalized as early as 2 hours after start of 
resuscitation. By 6 hours, lactate and CRT were 
significantly decreased, whereas ScvO2 and the 
Pcv-aCO2 difference improved only at 24 hours. 
Normal values of CRT and Tc-toe at 6 hours were 
independently associated with a successful resus-
citation. Nonetheless, persistent hyperlactatemia 
was the only parameter associated with 28-day 
mortality (Hernandez et al. 2012).

In patients with sepsis-induced- hyperlactatemia 
(lactate >2 mg/dL), only 30% of the population 
had abnormal CRT (>3 s). In this highly selected 
population, basal CRT did not predict outcome, 
but persistence of abnormal CRT after fluid 
resuscitation did discriminate patients with an 
augmented risk of an adverse outcome (88% vs. 
20% p < 0.001; RR 4.4 [2.7 ± 7.4]) and increased 
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Fig. 30.4 Effects of a fluid challenge on sublingual 
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hospital mortality (63% vs. 9% p  <  0.001; RR 
6.7 [2.9 ± 16]). This study showed the dynamic 
behavior of CRT and the feasibility of using it to 
evaluate the success of resuscitation (Lara et al. 
2017). It seems to have high specificity but low 
sensitivity.

Recently, the kinetics of recovery of macro-
hemodynamic, metabolic, and peripheral per-
fusion variables were evaluated in septic shock 
(Hernandez et  al. 2014). Normalization rates 
markedly differed during the first 24  hours of 
resuscitation for all variables. Changes in lactate, 
P(cv-a)CO2 difference, and CRT were bipha-
sic with a prompt improvement during the first 
6 hours, followed by a slower normalization. The 
majority of patients had normal ScvO2 at ICU 
admission, as has previously been shown (van 
Beest et al. 2008). If the endpoints of resuscitation 
had been based solely in this parameter, resusci-
tation would only have been continued in 10% 
of patients. Nearly 70% of patients had normal 
CRT 3  hours after fluid resuscitation, whereas 
only 15% had normal lactate. Traditionally, per-
sistent hyperlactatemia has been interpreted as 
a result of anaerobic metabolism secondary to 
tissue hypoperfusion. However, there are other 
non- hypoxic sources of lactate, such as stress-
related or decreased hepatic clearance, that also 
can contribute to delayed lactate clearance (Levy 
et al. 2008). If all hyperlactatemia is not related 
to hypoperfusion, guiding therapy based on this 
parameter could be misleading. These observa-
tions thus pose an interesting debate about when 
to stop resuscitation of patients with septic shock. 
If the ultimate goal of resuscitation is to correct 
tissue dysoxia, sublingual microcirculation and 
peripheral perfusion indexes perhaps are better 
reflections of tissue perfusion than global param-
eters, and these parameters may more accurately 
assess reperfusion than ScvO2 or lactate. Since 
they are earlier, their use could help prevent fluid 
overload (Hernandez et al. 2014).

 Peripheral Perfusion Indexes 
as a Target of Resuscitation

Some clinical data suggest that targeting periph-
eral perfusion during resuscitation of septic 
shock might improve outcome. In a small RCT, 
patients who were resuscitated according to a 
protocol aimed at improving peripheral circula-
tion received less fluids and had shorter hospital 
stays than the traditional treatment (van Genderen 
et al. 2015).

Recently, a larger study, the ANDROMEDA- 
SHOCK TRIAL, randomized 424 patients with 
early septic shock to two alternative 8-hour 
strategies: one based on resuscitation guided by 
peripheral perfusion (PPTR), assessed by serial 
measurements of CRT, and the other based on 
serum lactate levels (LTR). Resuscitation pro-
tocol was stratified in assessing fluid respon-
siveness, vasopressor, and inodilator needs. 
The clinical improvement with both lactate and 
CRT from baseline to 72  hours was biphasic. 
Improvement was faster at the beginning and 
then more slowly. There was a 9% difference in 
mortality that favored PPTR, but it was not sta-
tistically significant (HR 0.75 95CI 0.55–1.02, 
p = 0.07). Patients in the PPTR group received 
less fluid during the first 8 hours of resuscitation 
than LTR group (2359 ± 1344 vs. 2767 ± 1748, 
p  =  0.01). A predefined subgroup analysis 
showed that patients with a lower SOFA score 
(<10) had an almost 20% decrease in mortality 
if they were assigned to PPTR branch (20.4 vs. 
39.3, p  = 0.03). Although the primary outcome 
was not reached, there is an important message 
from these results. Resuscitation guided by 
peripheral perfusion indexes is feasible and non-
inferior to a lactate clearance strategy. This is 
especially important for places with low incomes 
and resource  limitations (Hernández et al. 2019). 
Currently ongoing trials should bring more 
insight into this approach (Pettilä et al. 2016).
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 Limitations

Measurement of peripheral perfusion is an attrac-
tive tool because it is noninvasive, relative simple, 
available in low resource settings and responds 
rapidly to therapy. However, before these indexes 
turn into new targets of resuscitation, we should 
carefully consider several factors and technical 
difficulties inherent in the measurements. These 
include factors related to the subjects, environ-
ment, unclear reference values, and reproducibil-
ity of standard procedures (Schriger and Baraff 
1988; Anderson et al. 2008).

Mottling score and CRT have limited value in 
burns, in amputations, and in subjects with dark 
skin or vascular peripheral disease. Body tem-
perature gradients are affected by hypothermia 
and room temperature. Optical methods require 
expensive equipment and probes.

Another major issue is the operator dependency 
of the procedures. Interobserver reproducibility 
is an unresolved problem. It has been evaluated 
in studies with small sample size and produced 
conflicting results. Several studies in pediat-
ric population have found that marked interob-
server variability is very common (Gorelick et al. 
1993; Lobos et al. 2012). Conversely, both Ait-
Oufella et al. and van Genderen et al. reported a 
good overall agreement between observers (van 
Genderen et  al. 2014; Ait-Oufella et  al. 2014). 
Nevertheless, proper evaluation of CRT with a 
chronometer and agreement between different 
methods and observers was performed in only 
one study (Espinoza et  al. 2014). In this study, 
CRT was recorded with a chronometer under 
direct visualization and video-recorded. The pro-
cedures were as analyzed by two observers. The 
Bland and Altman analysis showed poor agree-
ment both between observers and different meth-
ods. It is expected that training, education, and 
standardization of the methods with a focus on 
reducing the impact of subject and environmental 
factors might improve reproducibility and imple-

mentation of the indexes into the clinical practice 
(Hernández et al. 2019; Shavit et al. 2006).

 Summary and Conclusions

Resuscitation of patients with circulatory shock 
has been traditionally centered on invasive 
parameters and targeted to correction of sys-
temic hemodynamic variables. During the last 
years, however, the role of clinical assessment of 
peripheral perfusion during shock and resuscita-
tion has regained interest. One obvious question 
is related to what is the usefulness of evaluating 
a nonvital organ such as the skin. The answer is 
that cutaneous perfusion is affected early dur-
ing shock and undergoes large changes in flow 
because of its limited autoregulation. Observing 
these changes gives an estimation of shock sever-
ity and recovery. It also is possible to quantify 
the response.

Clinical assessment of peripheral perfu-
sion should be incorporated into the algorithms 
of therapeutic strategies. It can be performed 
by simple methods such as examination of the 
skin, measurement of temperature, or CRT or 
by using more sophisticated optical techniques. 
Before resuscitation, evaluation of peripheral 
perfusion indexes, especially CRT and mottling 
score, can help the assessment of the severity of 
shock. After initial resuscitation, persistence of 
alterations is associated with increased morbid-
ity and mortality. Probably the most interesting 
information from these variables comes from 
the evaluation of kinetics of recovery. Since skin 
is a flow-sensitive organ, it is possible to assess 
response to treatments by the cutaneous win-
dows. In addition, the absence of cost of CRT and 
mottling score, and the noninvasiveness nature 
of these indexes, makes them into attractive 
tools, especially in resource-limiting settings. 
Reliability and reproducibility are challenged by 
factors related to the subject, environment, and 
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technical aspects of measurement, but the signifi-
cance of these can be reduced by integrating the 
test results into the whole clinical picture. Some 
studies have reported wide limits of agreement 
between different observers, but this variabil-
ity potentially could be overcome with training 
and education and by choosing the correct cut-
off value. In addition, development of devices 
that allow automatic evaluation may be possible 
in the future. Finally, in a medical specialty that 
is so much based on invasive technology, these 
approaches demonstrate that the value of physi-
cal exam performed by intensivist is still funda-
mental for daily clinical practice in the ICU.
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Abbreviations

[Hb] Hemoglobin concentration in blood
CaO2 Arterial oxygen content
DO2 Oxygen delivery
FiO2 Fractional concentration of inspired 

oxygen
HR  Heart rate
OEF Oxygen extraction fraction
PaO2 Partial pressure of oxygen in arterial 

blood
PCO2 Partial pressure of CO2

PEEP Positive end-expiratory pressure
pRBC Packed red blood cells
Q Cardiac output
SaO2 Arterial oxygen saturation
SV Stroke volume
VO2 Oxygen consumption

 Introduction

The main function of the cardiovascular system 
is to deliver oxygen and other nutrients to tissues 
and remove products of metabolism, including 

carbon dioxide. Oxygen delivery is the product of 
the amount of blood flow from the lungs to vari-
ous organs (i.e., cardiac output) and the blood’s 
capacity to carry oxygen (arterial oxygen con-
tent) (McLellan and Walsh 2004). While this 
describes global oxygen delivery, the organ- 
specific oxygen delivery varies both between 
(van der Laan et  al. 2016) and within organs 
(Pittman 2013). During the early stage of resusci-
tating patients in shock, restoration of appropri-
ate global oxygen delivery for tissue needs is the 
primary goal (Vincent and De Backer 2013; 
Gidwani and Gómez 2017). Once global oxygen 
delivery is restored, focus can shift to optimizing 
organ-specific oxygen delivery (Dünser et  al. 
2013). In this chapter, we consider practical 
aspects of optimizing oxygen delivery with 
emphasis on the relative effect of manipulating 
individual factors that affect oxygen delivery.

 Oxygen Delivery Equation

Global oxygen delivery (DO2) is a product of car-
diac output (Q) and arterial oxygen content 
(CaO2, Eq. 31.1).

 DO CaO2 2� �Q   (31.1)

Cardiac output is the product of heart rate and 
stroke volume (Vincent 2008), which in turn is a 
function of preload, contractility, and afterload 
(Eq. 31.2). Similarly, the arterial oxygen content 
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is a function of hemoglobin concentration ([Hb]), 
arterial oxygen saturation (SaO2), and partial 
pressure of oxygen in arterial blood (PaO2, 
Eq.  31.3). Each gram of hemoglobin can carry 
1.39  ml of oxygen, but given the presence of 
other forms of hemoglobin in human blood (e.g., 
methemoglobin), this constant (known as 
Hufner’s constant) in the first part of Eq.  31.4 
may be closer to 1.31  ml O2 /g (McLellan and 
Walsh 2004). We have chosen 1.34  ml O2/g in 
this chapter although the value is arbitrary. The 

second part of Eq.  31.4 accounts for oxygen 
directly dissolved in plasma, but this component 
is small because of the poor solubility of oxygen 
in plasma (McLellan and Walsh 2004).

 Q � �SV HR  (31.2)

 

where SV
preload, contractility, afterload

�
� � �  

(31.3)

CaO Hb

SaO PaO
2

2 2

1 34

0 003

� �� �
� � �

.

.  
(31.4)

  
DO SV HR Hb SaO PaO2 2 21 34 0 003� �� �� �� �� � �� �. .

 
(31.5)

Equations 31.2 and 31.4 can be substituted 
into Eq. 31.1 to illustrate primary determinants of 
global oxygen delivery (Eq. 31.5). These include 
stroke volume, heart rate, hemoglobin concentra-
tion, oxygen saturation, and, to a small extent, 
partial pressure of O2. It is useful to examine the 
effect of clinical interventions on each of these 
parameters.

 Optimizing Cardiac Output

Commonly used therapeutic interventions that 
can affect cardiac output in critically ill patients 
include fluid administration, administration of 
vasoactive agents, and positive pressure 
ventilation.

 Fluid Administration

The main goal of fluid administration is to 
increase cardiac output by optimizing preload 
(Magder 2016). Cardiac output only increases 
with increasing preload if the heart remains on 
the steep part of the Frank-Starling curve. 
Furthermore, too much fluid can decrease cardiac 
output by overdistending the right ventricle and 
bulging of the interventricular septum into the 
left ventricle (Cecconi et al. 2006), impairing its 
filling and preload. As a result, fluids are best 
administered as small volume predefined boluses 
with concurrent objective monitoring of cardiac 
output (or its proxy) to ensure that each bolus 

leads to increase in cardiac output (Magder 
2016), thereby preventing fluid overload and its 
associated morbidity (Finfer et al. 2018).

The choice of fluid for increasing cardiac out-
put remains controversial. In theory, colloids 
should have a greater impact on preload than crys-
talloids per volume of fluid infused (László et al. 
2017), since only a third of crystalloid remains in 
intravascular space 30  minutes after infusion 
(Ueyama and Yoshiya 1999). However, in the 
SAFE trial which compared albumin to saline for 
resuscitation of ICU patients, the ratio of the vol-
umes of albumin to the volumes of saline admin-
istered to achieve hemodynamic resuscitation 
endpoints was 1:1.4 (Finfer et  al. 2004). 
Furthermore, the excess use of synthetic colloids 
is associated with increased mortality (Perner 
et al. 2012) and renal replacement therapy use in 
septic patients (Perner et al. 2012; Myburgh et al. 
2012), with no apparent improvement in short-
term hemodynamic resuscitation endpoints or 
colloid-crystalloid volume ratio (1:1.3 in these tri-
als). Regardless of the choice of fluid, the effect of 
bolus infusion on cardiac output should be 
assessed, ideally using dynamic, rather than static, 
measures (Cherpanath et al. 2013).

 Vasoactive Medications

Inotropic and chronotropic agents can be used to 
increase contractility and thus stroke volume and 
heart rate, respectively (Hollenberg 2011; 
Overgaard and Dzavík 2008; Bangash et al. 2012), 
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but these should be carefully titrated to prevent 
tachyarrhythmias that can increase myocardial 
oxygen demand, shorten diastolic filling time, and 
impair preload. Furthermore, vasoactive agents 
with peripheral pressor activity can increase left 
ventricular afterload, reducing overall stroke vol-
ume and cardiac output. Ideally, titration of vaso-
active drugs should occur with continuous 
monitoring of their effect on cardiac output 
(McGuinness and Parke 2015). Since cardiac 
function can vary during the course of  critical ill-
ness (Parker et al. 1984), decision to initiate ino-
tropic support should be guided by a point-of- care 
echocardiographic assessment of ventricular 
function (Arntfield and Millington 2012).

 Mechanical Ventilation

Positive pressure ventilation can have opposing 
effects on stroke volume. Increase in intrathoracic 
pressure reduces venous return, right ventricular 
preload, and stroke volume. Depending on the 
respiratory system compliance, the use of high lev-
els of positive end-expiratory pressure (PEEP) to 
increase oxygenation and optimize lung compli-
ance may worsen the O2 delivery and result in 
decreased by decreasing cardiac output. As a 
result, clinicians should be cautious when initiat-
ing positive pressure ventilation in hypovolemic 
patients and employ the lowest PEEP level for 
optimizing the pulmonary status and ensuring ade-
quate preload using fluid resuscitation prior to 
intubation. On the other hand, positive pressure 
ventilation can reduce left ventricular afterload, 
although the effect is small, and reduce wasted 
preload in patients with heart failure (Jiang et al. 
2016) (see Chap. 50 on “cardiogenic shock”). The 
relative effects of positive pressure on stroke vol-
ume therefore depend on the patient’s preload con-
ditions, which can be assessed using a range of 
noninvasive methods (Monnet and Teboul 2018).

 Optimizing Arterial Oxygen 
Content

From Eq. 31.4, we can see that hemoglobin con-
centration and arterial oxygen saturation are the 

primary determinants of arterial oxygen content. 
Although PaO2 determines the amount of dis-
solved oxygen, at normal barometric pressure, 
this volume is negligible due to the low solubility 
of oxygen in plasma. Clinically, hemoglobin con-
centration is increased by the administration of 
packed red blood cells (pRBCs) or whole blood, 
while arterial oxygen saturation is optimized 
using supplemental oxygen delivered noninva-
sively or using mechanical ventilation.

Transfusion of one unit of pRBCs will on 
average increase hemoglobin concentration by 
10 g/L, but this number will vary depending on 
the patient’s total blood volume, ongoing bleed-
ing, and co-administration of RBC-free fluids. 
Since hemoglobin concentration is affected by 
hemoglobin mass and the volume of plasma that 
it is dissolved in, the infusion of crystalloids or 
colloids other than blood as part of a large- 
volume resuscitation in shock patients will 
increase the volume of plasma with no effect on 
the hemoglobin mass and cause hemodilution 
(Perel 2017) and thus reduce arterial oxygen con-
tent. However, since afterload is dependent on 
hematocrit, hemodilution can increase cardiac 
output (Shah et al. 1980). The net effect of these 
interventions on oxygen delivery therefore 
requires repeated measurement of these parame-
ters. While using RBC transfusion to increase 
oxygen carrying capacity appears to be an appeal-
ing and efficient treatment, clinical trials failed to 
demonstrate the benefit of liberal transfusion 
strategies (Ripollés Melchor et  al. 2016), and 
transfusion may even be associated with harm 
(Gong et al. 2005). The reason for this may lie in 
the microcirculation and oxygen delivery at the 
tissue level.

Increasing the fraction of inspired oxygen 
(FiO2) is the primary mechanism of increasing 
arterial oxygen saturation. This can be achieved 
by using a nasal cannula or face masks or via 
noninvasive or invasive positive pressure ventila-
tion. The net FiO2 delivered via nasal cannula or 
face mask depends on the patient’s ventilatory 
drive, as higher-peak inspiratory flows will result 
in proportional dilution of inspired oxygen and 
lowering of effective FIO2 (Slessarev and Fisher 
2006). Positive pressure ventilation can improve 
lung aeration by recruiting an atelectatic lung. 
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Increasing PEEP reduces lung cyclic recruitment- 
derecruitment and improves oxygenation 
(Caironi et al. 2010), but higher PEEP levels can 
adversely affect cardiac output in hypovolemic 
patients by reducing venous return and ventricu-
lar preload. Therefore, PEEP levels need to be 
carefully titrated to ensure optimal oxygen 
 saturation without compromising cardiac output. 
In certain conditions, such as carbon monoxide 
poisoning, achieving 100% oxygen saturation 
does not guarantee adequate DO2, as the mass of 
hemoglobin available to carry oxygen is reduced 
with resultant decrease in arterial oxygen con-
tent. In this situation, increasing FIO2, alveolar 
ventilation (Fisher et  al. 1999), or barometric 
pressure (using hyperbaric chamber) can signifi-
cantly shorten the half-life of carbon monoxide 
elimination and restore normal DO2 (Takeuchi 
et al. 2000).

 Oxygen Delivery to Tissues

At the tissue level, DO2 is affected by additional 
factors that can be manipulated clinically. At a 
given global cardiac output, the flow through 
individual organ capillary beds is tightly regu-
lated by a multitude of factors, including meta-
bolic milieu. Local changes in tissue partial 
pressure of CO2 (PCO2) or pH can significantly 
impact blood flow, especially in the brain 
(Battisti-Charbonney et al. 2011). These changes 
can be a direct result of increase in tissues meta-
bolic activity, for example, due to an increase in 
neuronal firing as used in functional MRI (Gore 
2003) or due to a global increase in arterial CO2, 
as is used in studies of cerebrovascular reactivity 
(Fisher et al. 2018). In healthy people, an increase 
in metabolism is usually met with increase in 
organ-specific blood flow and DO2. In shock 
states, however, these compensatory mechanisms 
may be exhausted, and this may lead to an imbal-
ance between oxygen demand and delivery and 
lead to ischemia and tissue injury. To counteract 
this, clinicians may consider reducing tissue- 
specific metabolic demand, for example, by 
hypothermia (Luscombe and Andrzejowski 

2006) or by supporting ventilation mechanically 
(Hussain et al. 1986; Magder 2009).

Increases in PCO2, acidity (lower pH), and 
temperature can affect the affinity of hemoglobin 
for oxygen by shifting the oxygen dissociation 
curve to the right, resulting in a lower hemoglo-
bin saturation at a given PaO2 (Collins et  al. 
2015). This mechanism (known as the Bohr 
effect) improves oxygen off-loading from hemo-
globin in tissues. Systemic reduction in PCO2 or 
temperature can therefore lead to reduced oxygen 
off-loading at the same PaO2 level, leading to tis-
sue hypoxia.

Compartment pressure is another factor that 
may influence tissue DO2 (Cheatham 2009). 
Increase in compartment pressure above capil-
lary perfusion pressure can obstruct capillary 
blood flow (Lawendy et al. 2011). Clinically, this 
can occur as a result of intracranial pathology, 
limb trauma, or intra-abdominal catastrophe that 
leads to increased pressure in intracranial, limb, 
or abdominal compartments, respectively. 
Decrease or complete cessation of capillary 
blood flow through these compartments would 
result in tissue ischemia despite preserved global 
hemodynamic parameters including cardiac out-
put and arterial blood pressure. Clinicians should 
therefore be cognizant of compartment pressures 
during resuscitation efforts to restore global DO2, 
since certain interventions (e.g., massive transfu-
sion or fluid resuscitation) can compromise capil-
lary blood flow via increased compartment 
pressure, contributing to tissue injury.

In summary, clinicians should always con-
sider the impact of their interventions on tissue 
DO2. For example, hyperventilation is sometimes 
employed to treat refractory intracranial pressure 
in traumatic brain injury (Marion et  al. 1995). 
However, the associated reduction in PCO2 can 
lead to significant decrease in brain DO2 via 
reduction in cerebral blood flow, as well as reduc-
tion in oxygen off-loading at the tissue level via a 
leftward shift of the oxygen dissociation curve. 
Similarly, increasing PEEP may improve arterial 
oxygenation while also lowering cardiac output 
by the same proportion, which will result in no 
change in DO2 despite improvement in oxygen-
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ation saturation seen on the monitor. It is there-
fore always necessary to consider the secondary 
effects of seemingly beneficial interventions, 
especially as they relate to tissue DO2.

 Relative Effects of DO2 Variables 
on Oxygen Delivery

Transfusion of pRBCs, optimization of cardiac 
output via fluids and vasoactive agents, and opti-
mization of SaO2 via titration of FIO2 and PEEP 
are commonly used at the bedside to improve 
global oxygen delivery. Figure 31.1 illustrates the 
relative effect of changes in these variables on 
oxygen delivery.

Initially, tissues counteract a decrease in DO2 
by increasing oxygen extraction fraction (OEF) 
in order to maintain constant oxygen consump-
tion (VO2). However, once OEF reaches approxi-
mately 70% (critical OEF), VO2 becomes 
dependent on DO2 and decreases proportionally 
with the fall in DO2. This is known as flow- 
dependent oxygen consumption, and it is associ-

ated with tissue ischemia and lactate production. 
Note that once arterial oxygen saturation is 
restored, the OEF threshold corresponds approxi-
mately to a hemoglobin concentration of 60 g/L 
or cardiac output of 2  L/min. Optimizing these 
parameters in a shock patient is therefore a prior-
ity during the initial stages of resuscitation.

Fluid resuscitation is the cornerstone of shock 
management and is usually the first intervention 
that is considered by a bedside clinician. The 
choice of fluid is often dictated by the type of 
shock (e.g., hemorrhagic vs. septic), local stock 
(e.g., saline vs. Ringer’s), and clinician’s prior 
experience. However, the relative effect of differ-
ent fluid types on global DO2 should be consid-
ered. Although a given volume of colloid solution 
should have a greater impact on intravascular vol-
ume and preload than a comparable volume of 
crystalloid solution, results of multiple trials 
(Finfer et  al. 2004; Perner et  al. 2012; Myburgh 
et al. 2012) suggest that these assumptions may be 
exaggerated, and the real colloid-crystalloid vol-
ume ratio is close to 1:1.3. Taking this into account, 
as well as the higher cost and risk of renal injury 
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with synthetic colloids, most clinical guidelines 
favor crystalloid resuscitation (Dellinger et  al. 
2013; Cecconi et al. 2014). Whether a colloid or 
crystalloid is used to try and restore cardiac output, 
there will always be a component of hemodilution, 
which will attenuate relative increase in global 
DO2. If the hemodilution is greater than the 
increase in cardiac output, the DO2 will actually 
decrease. For this reason, resuscitation with 
pRBCs has the potential for a greater impact on 
DO2 than resuscitation with saline, despite saline 
having a great impact on cardiac output, although 
this too can be modified by changes in viscosity 
and the quality of the red cells (Fig. 31.2).

This effect becomes even more apparent when 
we consider the effect of adding positive pressure 
ventilation to resuscitation of a patient with hem-
orrhagic shock. Figure 31.3 illustrates changes in 
DO2 and cardiac output as a function of increasing 
PEEP in a shock patient resuscitated with saline or 
pRBCs. In all instances, progressive increase in 
PEEP causes reduction in preload and a propor-
tional fall in cardiac output and DO2. Administration 
of 2 L of saline almost doubles cardiac output but 
has little impact on DO2. In contrast, administra-
tion of 3 units of pRBCs almost doubles baseline 
DO2, although its effect on cardiac output is half 
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Clinicians, therefore, should carefully consider their 
choice of resuscitation fluid and delay positive pressure 
ventilation or at least use lower PEEP levels until the 
patient is fully resuscitated
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that of 2 L of saline bolus. However, this increase 
in baseline DO2 restores its value above critical 
DO2 threshold, even if PEEP is raised to 5 cm of 
H2O, avoiding flow-dependent oxygen consump-
tion and ischemia. This example illustrates why 
clinicians should carefully consider their choice 
of resuscitation fluid, especially in the context of 
anemia from any source, and assess potential 
impact of intervention that may impact preload 
and ultimately DO2 (such as positive pressure 
ventilation).

 Maximizing Oxygen Delivery 
in the Critically Ill

Several studies have attempted to improve clini-
cal outcomes by achieving supraphysiologic 
hemodynamic and oxygen transport targets. In 
1988, Shoemaker et al. (Shoemaker et al. 1988) 
showed that targeting higher cardiac output, DO2, 
and VO2 resulted in shorter duration of mechani-
cal ventilation and ICU stay in high-risk general 
surgical patients. His results were supported by 
two other studies that demonstrated reduced mor-
tality in septic (Tuchschmidt et  al. 1992) and 
high-risk surgical patients (Boyd et  al. 1993). 
However, other studies in more heterogeneous 
groups of critically ill patients (Gattinoni et  al. 
1995; Yu et al. 1993; Hayes et al. 1994) failed to 
show any clinical benefit, instead demonstrating 
that aiming for supraphysiologic DO2 may lead 
to higher dose of vasoactive medications and 
increase in mortality (Hayes et al. 1994). Overall, 
although early studies suggested that there is a 
benefit to supranormal DO2 and there was trend 
towards lower mortality (Heyland et  al. 1996), 
methodological limitations of these trials includ-
ing lack of blinding, selection bias, control for 
interventions, high rate of crossover between 
control and treatment groups, and variability in 
timing of the intervention prevent drawing defini-
tive conclusions with respect to DO2-targeted 
resuscitation. Given that a large proportion of 
patients in these studies achieved supranormal 
cardiac output, DO2, and VO2 on their own, it is 

possible that the ability of patients to meet supra-
normal cardiac output and DO2 goals is predic-
tive of prognosis, but does not affect it (i.e., 
patients who are able to increase their DO2 to 
supranormal levels have the adequate reserve to 
survive, while those that do not die). Since pul-
monary artery catheter has fallen out of favor 
(Vincent 2012), clinicians are less likely to target 
resuscitation to supraphysiologic DO2 goals. 
However, understanding the principles behind 
optimizing DO2 remains important for anyone 
who takes care of patients with shock states. 
While the restoration of systemic hemodynamics 
is of paramount importance in shock resuscita-
tion, once global DO2 is restored, microcircula-
tory failure may persist and contribute to ongoing 
tissue injury (Dubin et al. 2009; De Backer et al. 
2010). In this situation, further optimization of 
global DO2 via ongoing fluid administration or 
transfusions may be deleterious by further 
impairing microcirculatory function and tissue 
oxygen delivery.

 Summary and Conclusions

In summary, oxygen delivery is an important 
concept that should be considered when resusci-
tating patients with shock. In the early stages of 
shock, the focus should be on restoring global 
oxygen delivery. Later, and in specific situations 
such as traumatic brain injury, factors that affect 
organ-specific oxygen delivery should be taken 
into account. For the clinician at the bedside, the 
interventions that can be used to optimize oxygen 
delivery include the optimization of (1) preload 
by means of fluid or blood product administra-
tion; (2) cardiac contractility, afterload, heart 
rate, and vascular resistance by means of vasoac-
tive agents and manipulation of PCO2 and pH; (3) 
preload and afterload by PEEP; and (4) oxygen 
carrying capacity by means of transfusions, PO2, 
and PCO2. Careful consideration of the compet-
ing effects of these variables on the overall and 
organ-specific oxygen delivery is the cornerstone 
of effective resuscitation.
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Measuring Volume, Flow, 
and Pressure in the Clinical Setting

Jason H. T. Bates

List of symbols and acronyms

A, B, K  Parameters of the exponential PV 
relationship

EL Lung elastance
Ers Respiratory system elastance
Ew Chest wall elastance
f Frequency in Hertz (Hz)
FEV1  Volume of air expired in the first second 

of a maximal forced expiration
FRC Functional residual capacity
FVC Forced vital capacity
g Acceleration due to gravity
i Square root of −1
Iaw Inertance due to airways gas
P Pressure
P0  Baseline pressure pertaining when both 

volume and flow are zero
ΔP Change in pressure
PA Alveolar pressure
Pao Airway opening pressure
Patm Atmospheric pressure
ΔPB Bernoulli effect pressure
Pchamb  Gas pressure inside a body 

plethysmograph
Pes Esophageal pressure
Ppl Pleural pressure

Ptp Transpulmonary pressure
r Radius
Raw Airway resistance
RL Lung resistance
Rrs Respiratory system resistance
RV Residual volume
V Volume
ΔV Change in volume
V  Flow

V
¨

 Volume acceleration
Vmax  Maximum expiratory flow

Vtg Thoracic gas volume
Zrs Respiratory system impedance
β  Flow velocity profile factor in Bernoulli 

equation
ρ Gas density

 Introduction

The volumes, flows, and pressures of gas imping-
ing upon or emanating from the lung reflect its 
mechanical properties. These properties are criti-
cal determinants of the lung’s ability to function 
normally and are often compromised in disease. 
For example, a lung with narrowed airways 
requires a larger than normal inflation pressure to 
maintain a given inspiratory flow. Conversely, a 
lung suffering from the tissue destruction charac-
teristic of advanced emphysema requires a lower 
than normal pressure to maintain a given level of 

J. H. T. Bates (*) 
Department of Medicine, Larner College of 
Medicine, University of Vermont,  
Burlington, VT, USA
e-mail: Jason.h.bates@uvm.edu

32

http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-030-73387-2_32&domain=pdf
https://doi.org/10.1007/978-3-030-73387-2_32#DOI
mailto:Jason.h.bates@uvm.edu


474

inflation. Measurements of lung mechanics can 
thus provide important diagnostic information 
about the nature of lung disease and the progress 
of therapy. Sudden alterations in lung mechan-
ics can even signal acute life-threatening events 
that may arise in the intensive care unit or operat-
ing theater, such as a kinked or blocked airway, 
sudden bronchospasm, or the onset of pulmo-
nary edema. Indeed, lung compliance is rou-
tinely measured in patients receiving mechanical 
ventilation, while periodic assessment of lung 
 function via spirometry continues to be the prin-
cipal diagnostic platform for managing patients 
with asthma.

The lung comprises a very large number of 
components interacting in a highly complex 
way. We can never hope to understand this 
behavior in all its details because the scale of 
the task is simply too great. It is possible, how-
ever, to understand the important global fea-
tures of lung mechanics, at least to the extent 
that they characterize health versus disease. We 
gain this understanding by probing the lung in 
various mechanical ways and observing what 
mechanical consequences result (Bates 2009). 
In engineering terms, this amounts to applying 
controlled inputs to the lung and measuring the 
resultant outputs. Such an exercise can be purely 
empirical in the sense that observed relation-
ships between input and output are viewed solely 
in terms of what they portend for treatment and 
prognosis. Indeed, since treatment and progno-
sis represent the bottom line in patient care, the 
empiricism of this kind characterizes much of 
clinical medicine. The scientific study of lung 
mechanics, however, rests on using input-output 
relationships to infer how observed function is 
linked to the internal structure. This linkage is 
formalized in terms of mathematical models 
that are necessarily vastly more simple than the 
real organ but nevertheless capture its important 
global attributes (Bates 2009).

Using measurements of lung mechanics to 
diagnose and monitor lung disease in the clinical 
setting is appealing because the measurements 
are typically sensitive to abnormalities in lung 
physiology, and they can be obtained continu-
ously in real time. Furthermore, the equipment 

required to make the measurements is convenient 
and cheap compared to, say, advanced imaging 
modalities such as x-ray computed tomography. 
The instrumentation and data acquisition tech-
nology required to measure and record respira-
tory volumes, flows, and pressures are also well 
established and available in a variety of off-the- 
shelf forms. The principal challenge therefore 
lies in knowing how to interpret measurements of 
lung mechanics in a way that aids diagnosis and, 
if possible, to interpret them in a way that links 
anatomic structure and physiologic function.

 Spirometry

Most lung function assessment in the clinic is per-
formed by spirometry (Irvin 2005), which rests 
on the phenomenon of expiratory flow limitation. 
This causes the rate of exhalation to be limited to 
a maximum value that is a function of lung vol-
ume but is independent of expiratory effort above 
a level easily achieved by most people greater 
than about 5 years of age. The general physical 
principles behind expiratory flow limitation are 
well known (Bates 2009; Wilson et al. 1986) and 
are of two types that can each be understood by 
viewing the lung as a single alveolar compart-
ment connected to the airway opening by a single 
airway conduit, with both structures encased in 
a pressurized chamber representing the pleural 
space surrounded by the thorax (Fig. 32.1).

One mechanism of flow limitation arises from 
the viscous pressure loss along the airway that 
begins at the pressure in the alveolus (PA) and 
ends at the pressure at the airway opening (Pao) 
which is zero (gas pressures being expressed 
relative to atmospheric pressure). The pressure 
in the pleural space (Ppl) differs from PA by the 
elastic pressure drop across the parenchymal tis-
sue, which itself is expressed as the product of 
lung volume (V, expressed relative to functional 
residual capacity, FRC) and lung elastance (EL). 
The airway itself is embedded in parenchymal 
tissue, and so, the parenchymal attachments to 
the outside of the airway wall serve to transmit 
transpulmonary pressure across the wall in this 
simple model (Fig. 32.1).

J. H. T. Bates



475

Expiratory effort increases Ppl, which cause 
commensurate increases in PA according to

 
P P E Vpl A L� �

 
(32.1)

During normal breathing, Ppl at FRC is nega-
tive, and it becomes even more negative during 
inspiration. During forced expiration, however, 
Ppl becomes positive and therefore greater than 
Pao. Nevertheless, as Eq.  32.1 shows, Ppl still 
remains less than PA. This means that there is a 
point somewhere along the airway where pres-
sure falls to a value equal to Ppl. This is known 
as the equal pressure point (Mead et  al. 1967). 
If the walls of the airways were completely rigid 
then the equal pressure point would have no par-
ticular functional significance, but the airways 
of the lung are not rigid. Even the trachea and 
central airways with their supporting cartilage 
will collapse at physiological pressures, and the 
small distal airways are highly collapsible. The 
result is that somewhere downstream of the equal 
pressure point, where intra-airway pressure has 
fallen sufficiently, the airway wall will start to 
narrow and thus restrict flow. This narrowing 
will increase with effort-dependent increases in 
Ppl such that one reaches a point of diminishing 
returns; further increases in effort are met with 
further airway narrowing, so the net flow that 
passes along the airway remains unchanged. The 

position of the equal pressure point depends on 
the resistive pressure drop along the airways, 
and thus on airway resistance (Raw). Raw depends 
on gas viscosity when the flow is low enough to 
be purely laminar flow, but gains a dependency 
on gas density as flow increases and becomes 
turbulent.

The other potential mechanism for flow limi-
tation depends solely on gas density and can 
be understood in terms of the Bernoulli effect 
whereby the pressure exerted laterally by a flow-
ing stream of gas decreases as flow increases. 
This is a manifestation of the principle of conser-
vation of energy; when a freely flowing body of 
gas gains velocity and thus kinetic energy due to 
geometric constraints, it compensates by losing 
potential energy due to pressure. The Bernoulli 
effect is a widely important phenomenon and 
is involved, for example, in the lift of airplane 
wings and the Venturi effect used in vacuum 
pumps. In terms of the airways, the magnitude 
of the Bernoulli effect can be expressed as the 
reduction in lateral pressure, ΔPB, produced by a 
gas of density ρ moving along an airway of diam-
eter r at a flow of V  thus (Bates et al. 1992):
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where g is the acceleration due to gravity and β is 
a factor that depends on the way in which the lin-
ear velocity of the gas varies across the diameter 
of the airway (e.g., β = 1 when the radial velocities 
are all equal, and β = 2 when the flow velocity is 
parabolic as in fully developed Poiseuille flow). 
ΔPB represents the amount by which the air in the 
airway lumen reduces the pressure it exerts on the 
airway wall. Since the pressure on the outside of 
the airway wall is unaffected, and the wall itself 
is compliant, the difference between outside and 
inside pressures may become great enough to 
push the wall inward.

Equation 32.2 shows that the reduction in 
lumen pressure increases with the square of V
, so once flow becomes large enough for the pres-
sure difference across the wall to begin to over-
whelm its ability to resist compression, further 
increases will rapidly bring about the dramatic 
narrowing of lumen area. Eq.  32.2 also shows 

Fig. 32.1 Model of the respiratory system showing the 
lung as a single alveolar compartment connected to the 
atmosphere by a single airway, both encased in the chest 
wall. The airway opening pressure (Pao) is atmospheric. 
Pleural pressure (Ppl) is generated by the expiratory mus-
cles, which then increases alveolar pressure (PA) to drive 
gas out of the lungs. At some point along the airways, the 
pressure falls to equal Ppl at the so-called equal pressure 
point beyond which the airways will narrow if they do not 
have stiff enough walls to resist collapse

32 Measuring Volume, Flow, and Pressure in the Clinical Setting
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that ΔPB depends inversely on the fourth power 
of r, which means that airway collapse due to the 
Bernoulli effect can very rapidly become a major 
problem, for a given V , when airways become 
pathologically narrowed as occurs in asthma. 
However, once narrowing occurs to the point 
that V  is significantly reduced, the magnitude of 
ΔPB will fall to the point that airway compres-
sion is relieved allowing flow to build up again. 
The Bernoulli effect thus leads to rapid cycles of 
airway collapse and reopening that can manifest 
as a clinically detectable flutter characteristic of 
obstructive lung disease. A simplified analysis of 
a single airway (Bates 2009) gives the maximum 
expiratory flow as

 

V r
r

Ewmax � �
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where Ew is the elastance of the airway wall given 
by the change in transmural pressure for a unit 
change in A. This equation shows that expiratory 
flow is more severely limited when the ability 
of the airway wall to resist collapse is reduced, 
such as occurs in emphysema due to the reduc-
tion in outward tethering afforded by damaged 
parenchymal attachments. Equation 32.3 also 
shows that flow limitation is more severe when 
A is reduced, an obvious consequence of a reduc-
tion in r.

The limitation of expiratory flow is also often 
attributed to what is known as wave speed, which 
refers to the speed at which elastic waves in the 
wall of an airway move axially in much the same 
way that water waves move toward the beach 
in the ocean. This phenomenon is straightfor-
ward to understand intuitively; because airways 
are not completely rigid, when an aliquot of air 
enters an airway at its upstream end due to an 
increase in upstream pressure, the aliquot is ini-
tially accommodated by an outward bulging of 
the proximal section of the airway wall that then 
moves distally as a traveling wave. The velocity 
of this wave depends on the stiffness of the air-
way wall, which provides the elastic force driv-
ing the wave forward, as well as on the mass of 
the aliquot of gas that is being transported. In 
fact, analysis of the situation based on Newton’s 
laws of motion for a single idealized airway leads 

to exactly the same expression for Vmax  as found 
for the Bernoulli effect, namely, Eq. 32.3 above 
(Bates 2009). The Bernoulli effect and wave 
speed explanations of expiratory flow limitation 
can thus be thought of as alternate but identical 
ways of accounting for the same phenomenon.

Flow limitation in a real lung may involve 
any or all of the theoretical considerations given 
above, which likely manifest during a forced 
expiration in a distributed and time-varying 
manner throughout the airway tree. The overall 
limiting expiratory flow that results would thus 
be extremely difficult to calculate exactly even 
if all the necessary information, such as indi-
vidual airway dimensions and compliance val-
ues, was at hand. Consequently, while we have 
a good understanding of the fundamental physi-
cal principles behind expiratory flow limitation, 
usefully linking abnormalities in 

Vmax  to patho-
logical alterations in lung structure is generally 
not possible. Accordingly, the clinical applica-
tions afforded by the phenomenon of expiratory 
flow limitation remain empirical and are largely 
limited to two parameters known as FEV1 and 
FVC (Fig. 32.2). Both FEV1 (the volume of air 

Fig. 32.2 The flow-volume loop during a maximal 
forced expiration. Following an inspiration to total lung 
capacity (TLC), the expiratory flow ( V ) rapidly reaches a 
peak value that is determined by the physical properties of 
the airways and lung parenchyma. Maximal expiratory 
flow then decreases progressively with decreasing volume 
as expiration proceeds to residual volume (RV). The vol-
ume of gas expired in the first second of the expiration 
(FEV1) and the total volume expired (FVC) are the two 
key parameters used to evaluate lung function clinically
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expelled from the lung during the first second of 
a maximal forced expiration starting at total lung 
capacity) and FVC (forced vital capacity, the 
total volume of air expelled over the entire course 
of expiration) depend strongly on demographic 
characteristics such as age, height and sex, and 
to some extent ethnicity (Bates et al. 2011). As 
a result of numerous studies in large populations 
that have determined normal values for these two 
parameters, measurements of FEV1 and FVC in 
patients are invariably expressed in terms of per-
cent predicted value.

Generally speaking, an abnormally low value 
of FEV1 is a reflection of reduced Vmax , which 
itself indicates the presence of narrowed air-
ways for the reasons outlined above and is thus 
indicative of obstructive pulmonary disease. 
Conversely, an abnormally low-value FVC may 
reflect a reduction in the ability of the lungs to 
expand and thus indicate restrictive pulmonary 
disease. The situation in any given patient, how-
ever, is invariably not this straightforward. For 
example, FVC will also be reduced if the airways 
become completely occluded by mucus plugs 
during the course of expiration, trapping air that 
cannot be exhaled. This occurs in the classic 
obstructive disease of asthma. A disease such as 
emphysema that has its primary manifestation in 
the alveolar parenchyma typically presents with 
a decreased FEV1 because reduced mechani-
cal support of the airway wall reduces Vmax

. Nevertheless, this ideal picture of the relative 
diagnostic roles of FEV1 and FVC is almost never 
cleanly realized in practice, making these two 
parameters sensitive but nonspecific biomarkers 
of lung disease (Mead 1979). Their inestimable 
clinical utility arises from their sensitivity to the 
presence of lung disease of some kind as well as 
their practical utility in terms of ease and conve-
nience of use.

 Body Plethysmography

The other widely used clinical approach to the 
assessment of lung mechanical function in the 
outpatient setting is body plethysmography, 
which involves having a subject perform vari-
ous breathing maneuvers while sealed inside 

a chamber with rigid walls. The utility of body 
plethysmography arises from Boyle’s law, which 
tells us how the volume of an isolated aliquot of 
gas will change when its pressure is altered by a 
given amount. This principle can be used to esti-
mate the total volume of gas in the thorax, Vtg. 
This makes body plethysmography an important 
adjunct to spirometry since the latter can only 
measure a change in lung volume by observing 
the volume of gas entering or leaving the mouth. 
The method of measuring Vtg in a body plethys-
mograph is as follows.

If the subject is apneic with an open glottis, 
the pressure of the gas in their lungs is that of the 
atmosphere, Patm. If the subject then the subject 
tries to breathe through an occluded mouthpiece, 
the volume of gas distal to the occlusion (i.e., 
Vtg) will change its pressure everywhere by the 
same amount ΔP because there will be no flow of 
gas and hence no pressure difference anywhere 
throughout the system. Boyle’s law states that the 
resulting change in the total volume of the gas, 
ΔV, satisfies the relation

 
P V P P V Vtg tgatm atm� �� � �� �� �

 
(32.4)

provide that the gas remains at the same tempera-
ture. Note that ΔV will be negative if ΔP is posi-
tive, and vice versa.

Patm is obviously a known quantity, and ΔP can 
be readily determined by connecting a pressure 
transducer to the mouthpiece distal to the occlusion. 
This leaves Vtg and ΔV as the only unknown quanti-
ties in Eq. 32.4. Recall, however, that the subject 
is inside a sealed chamber while this maneuver is 
being performed. Consequently, as the gas in the 
thorax is cyclically compressed and decompressed 
during the attempts at breathing, the volume of the 
subject’s entire body undergoes the same changes. 
This causes the gas that is inside the chamber, but 
outside the subject, to experience equal and oppo-
site changes in volume that are reflected in cor-
responding changes in chamber pressure, Pchamb 
(Fig.  32.3). A separate calibration maneuver pro-
vides the relationship that links a change in Pchamb 
to a change in its gas volume, which then leaves Vtg 
as the only unknown in Eq. 32.4, thus allowing it to 
be evaluated from the remaining known quantities. 
(Note that the above analysis assumes that the only 
gas in the body is in the thorax, which may not be 
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the case since the bowels can also contain signifi-
cant volumes of gas.)

Once Vtg has been determined, body pleth-
ysmography permits the flow resistance of the 
airway tree, Raw, to be measured. Here, the sub-
ject breathes freely from the air in the chamber 
while V  is measured at the mouth. During this 
maneuver PA differs from Pchamb by an amount ΔP 
due to a compressive or expansive change, ΔV, 
in the volume of the thoracic gas. As before, ΔV 
is determined from the corresponding change in 
Pchamb, and Eq. 32.4 is invoked once again. This 
time, however, the only unknown is ΔP, which 
can thus be evaluated. Finally, Raw is calculated 
as the ratio of ΔP to V .

The use of body plethysmography to assess 
lung function is based on a particularly simple 

model of the respiratory system in which all 
alveoli are represented as a single-compartment 
and all airways are represented as a single con-
duit. This model is obviously a gross oversimpli-
fication of the real system, but within the limits 
imposed by its sweeping assumptions, it allows 
the structure to be linked to function. For exam-
ple, a change in a measured value of Vtg can be 
reasonably taken to reflect an actual change in the 
volume of gas in the lungs, which might then be 
linked to a pathological process such as gas trap-
ping in asthma or parenchymal restriction in pul-
monary fibrosis. Similarly, Raw can be reasonably 
related to the caliber of the airways in a general 
overall sense, so an elevation in Raw can be a use-
ful indicator of the degree of bronchoconstriction 
occurring in asthma or following a methacholine 
challenge.

 Resistance and Elastance

The single-compartment model of the respiratory 
system (Fig. 32.4) also provides the conceptual 
basis for a general approach to the assessment 
of lung mechanics in which the pressure drop 
across the system is related to the flow entering 

Fig. 32.3 When a subject sits inside a sealed chamber 
and attempts to expire against a closed airway, mouth 
pressure (Pao) increases and so compresses the gas in the 
lungs. This causes an equal and opposite expansion of the 
gas in the chamber around the subject. Measuring the 
change in chamber pressure (Pchamb) that results provides 
the compressive change in the volume of the gas in the 
lungs via knowledge of the compressibility of the gas in 
the chamber

Fig. 32.4 The single-compartment model of the respira-
tory system. A pair of telescoping canisters accommodate 
changes in the volume of gas that flows in through a single 
airway conduit. A spring with elastance E becomes 
stretched according to this volume change and thus gener-
ates a proportional elastic recoil pressure inside the alveo-
lar compartment
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it. This approach has a number of instantiations 
depending on exactly which pressures are being 
measured and under what circumstances. If the 
mechanical properties of the lung alone are of 
interest, independent of the influence of the chest 
wall, then it is necessary to measure pleural pres-
sure (Ppl) because this allows the pressure drop 
across the lung (transpulmonary pressure, Ptp) to 
be calculated as

 
P P Ptp ao pl� �

 
(32.5)

where Pao is the pressure at the airway opening. 
Ptp is responsible for inflating the lung tissue and 
driving flow along the airways. Ppl is not easily 
measured in human subjects, but fortunately, 
the pressure in the esophagus (Pes) provides a 
useful surrogate that can be measured with the 
use of an esophageal balloon catheter (Baydur 
et al. 1982). The equation of motion describing 
how the single- compartment model of the lung 
behaves is then

  
P t P t P t E V t R V t Ptp ao es L L� � � � � � � � � � � � � � �

0  
(32.6)

where V  is flow entering the airway opening, 
and the variables Ptp, Pao, Pes, V, and V  vary with 
time (t). The three parameters of the equation are 
lung elastance (EL), lung resistance (RL), and the 
baseline pressure (P0) that accounts for the fact 
that Ptp is typically negative when V and V  are 
both zero.

Equation 32.6 is the only useful formula-
tion of the single-compartment model that can 
be applied to spontaneously breathing subjects 
because Pes is the only variable that carries use-
ful pressure information (Pao is always zero rela-
tive to atmospheric pressure), but it requires that 
subjects have an esophageal balloon catheter in 
place. However, Eq.  32.6 is equally applicable 
in mechanically ventilated subjects where Pao 
reflects the driving pressure supplied by the ven-
tilator. If subjects are completely passive during 
mechanical ventilation, meaning that they make 
no spontaneous breathing efforts at all, then Pao 
equals the pressure drop across the respiratory 
system and Eq. 32.6 becomes

 
P t E V t R V t Pao rs rs� � � � � � � � �

0  
(32.7)

where the parameters are now respiratory system 
elastance (Ers), respiratory system resistance (Rrs), 
and P0 represents any positive end- expiratory 
pressure that has been applied. A corresponding 
equation can be written for the chest wall alone 
by replacing Ptp with Pes.

The advantages of using the above equations 
of motion might appear to center around the 
apparently straightforward physiological inter-
pretations of the model parameters, but here some 

caution is required. In particular, it is tempting 
to equate the parameter RL in Eq. 32.6 with the 
flow resistance of the pulmonary airways, if for 
no other reason than the single-compartment 
model (Fig. 32.4) would seem to compel such an 
interpretation. In fact, RL varies inversely with the 
frequency at which flow is oscillated into and out 
of the lungs (Sato et al. 1991). Over the range of 
normal breathing frequencies, the viscous nature 
of these properties is substantial, with the result 
that RL carries a significant component due to tis-
sue resistance (Fig. 32.5) (Ludwig et al. 1987).

Both the airway and tissue components of 
RL also depend to a certain extent on the magni-
tude of V , although during regular quiet breath-
ing or mechanical ventilation the assumption 
of flow independence is usually reasonable. A 
much more important nonlinear effect is seen in 
the parameter EL, which increases dramatically 
at high lung volumes. Indeed, the increase in 
lung tissue stiffness with lung volume is readily 
apparent in the pressure-volume (PV) relation-
ship of the lung which can be determined by 
either cycling lung volume very slowly over the 
vital capacity range or by inflating and deflating 
the lungs in steps and recording pressure at the 
end of each volume plateau. A popular empiri-
cal description of the nonlinear PV curve of the 
lung for volumes above normal function residual 
capacity is the exponential expression (32.11)

 V A Be KP� � �
 (32.8)

where A, B, and K are constants (Salazar and 
Knowles, 1964). These constants are not directly 
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interpretable in anatomic or physiologic terms, 
although the parameter K has received some 
attention as an empirical marker of overall PV 
curve shape that changes characteristically with 
age and in certain lung diseases (Colebatch et al. 
1979). This equation also makes explicit the fact 
that lung elastance is not a single invariant quan-
tity in any particular lung, but rather increases 
progressively as the lung tissues stiffen with pro-
gressive stretch.

 Oscillometry and Impedance

The way that resistance and elastance change 
with oscillation frequency has received a great 
deal of attention because these changes are typi-
cally accentuated in obstructive lung disease and 
thus have diagnostic value (Bates et al. 2011). In 

a healthy lung, these dependencies on frequen-
cies below about 2 Hz are due largely to the vis-
coelastic properties of the lung and chest wall 
tissues. In disease, however, these dependencies 
are increased and extended to higher frequencies 
by regional heterogeneities in lung mechani-
cal properties that cause different regions of the 
lung to have different time-constants of emptying 
(Bates 2009). Obviously, regional heterogene-
ity in an organ as complex as the lung can have 
innumerable manifestations, but much of it can 
be usefully captured by considering the lung to 
become segregated into a small number of com-
municating compartments. At the simplest level, 
there can be two such compartments, although 
whether they are most appropriately arranged 
in series of parallel cannot be determined solely 
from measurements of pressure flow made at the 
airway opening (Similowski and Bates 1991), so 
which should be invoked depends on the circum-
stances and on what appears to make the most 
sense physiologically.

In any case, the way that resistance and elas-
tance vary with frequency is encapsulated in 
a function of frequency, f, known as the input 
impedance of the respiratory system, Zrs(f). 
Clinically, Zrs(f) is measured by oscillometry, 
also known as the forced oscillation technique, in 
which an oscillating V t� �  signal containing mul-
tiple frequencies is applied to the airway opening 
while the Pao(t) generated by these oscillations is 
measured. Zrs(f) is calculated and expressed using 
the algebra of complex numbers, so it is a com-
plex function of frequency that has both a real part 
and an imaginary part. These two parts reflect the 
components of V t� �  that are in-phase and out-
of-phase, respectively, with Pao(t), and are known 
as resistance and reactance, respectively.

The impedance of the single-compartment 
model (Fig.  32.4) is illustrated in Fig.  32.6. It 
is calculated by taking the Fourier transform of 
Eq. 32.7 to yield (Bates 2009).

 
Zrs rs

rsf R i
E

f
� � � �

2�  
(32.9)

where i � �1 . This illustrates why the real part, 
Rrs, is called resistance; in the single- compartment 
model, it is equal simply to the resistance of the 

Fig. 32.5 The viscoelastic model of the respiratory sys-
tem. This model is an extension of that shown in Fig. 32.4 
by the inclusion of a spring and a resistor connected in 
series between the two telescoping canisters. A sudden 
increase in lung volume initially stretches both springs, 
but only the spring that spans the two horizontal connec-
tors remains stretched. The other spring relaxes by mov-
ing the resistive element. This model accounts in a simple 
way for the frequency dependence of resistance and elas-
tance; when flow is oscillated into the airway at low fre-
quency, the second spring does not have a chance to 
stretch much before this is compensated for by sliding of 
the resistive element, so total tissue elastance is low and 
resistance is high. Conversely, at high oscillation frequen-
cies, the resistive element has little chance to move before 
the force exerted by the second spring changes direction, 
so total tissue elastance is high and resistance tends 
toward zero
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model. The reactance is a negative hyperbolic 
function of f scaled by Ers.

There are a number of models that have been 
used to model the inverse relationship between 
Rrs and f that is observed experimentally (Bates 
2009). In the low-frequency range, typically 
below 2–4 Hz, these models incorporate descrip-
tions of tissue viscoelasticity, while at higher 
frequencies, the frequency dependence of Rrs is 
attributed to regional heterogeneities of venti-
lation throughout the lung. At these higher fre-
quencies, it is also necessary to account for the 
acceleration of components in the system that 
have mass. The principle such component rele-
vant to frequencies up to 30 Hz or so is the gas in 

the central airways. In this case, Eq. 32.7 must be 
modified to include an extra term accounting for 
this airway inertance, Iaw, and so becomes (Bates 
2009; Bates et al. 2011).

P t E V t R V t I V t Pao rs rs aw� � � � � � � � � � � �

¨

0  
(32.10)

where V
¨

 is volume acceleration (the time- 
derivative of V ) . The Fourier transform of this 
equation leads to
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(32.11)

Zrs(f) from Eq. 32.11 is illustrated in Fig. 32.7 
and shows that the reactance changes sign at 
the resonant frequency which, in a normal adult 
human, is around 8 Hz.

Zrs(f) can be measured in human subjects over 
a wide range of frequencies from that of normal 
breathing (Lutchen et  al. 1993a, 1994) to the 
acoustic range of hundreds of Hertz (Dorkin et al. 
1988). Measuring Zrs(f) below about 5 Hz, which 
covers the range of breathing frequencies and their 
first few harmonics, requires that the subject be 
apneic or else an unknown portion of the oscil-
lations in V t� �  are generated by the subject’s 
respiratory musculature. Above 5  Hz subjects 
may breathe freely. The information gained from 
oscillometry about the respiratory system (or lung 
alone, if Ptp is measured) depends very much on 
the range of frequencies employed. Zrs(f) below 
about 2 Hz is strongly reflective of the viscoelas-
tic properties of the tissues (Lutchen et al. 1993a, 
1994) and, depending on disease state, regional 
heterogeneities of lung function (Bates 2009; 
Bates et al. 2011). Variations in Zrs(f) with f above 
this range are more reflective of the extent to which 
the imposed oscillations in flow reach the distal 
regions of the lung as opposed to being confined 
to more proximal upper airways. This confinement 
is greatly accentuated when the peripheral airway 
constricts (Kaczka et al. 1997). Similarly, the most 
appropriate model of Zrs(f) will depend on the fre-
quency range over which Zrs(f) is measured and on 
the particular lung pathology involved.

These complications can be avoided by tak-
ing a purely empirical approach to the analysis 

Fig. 32.6 Impedance (Zrs) of the single-compartment 
model shown in Fig. 32.4. The real part (Rrs), known as 
resistance, is constant with frequency (f). The imaginary 
part (Xrs), known as reactance, is a negative hyperbolic 
function of f

Fig. 32.7 Impedance (Zrs) of the single-compartment 
model shown in Fig. 32.4 with the addition of airway iner-
tance, Iaw. Rrs remains unchanged, but Xrs now crosses zero 
at the resonant frequency
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of Zrs(f). A particularly common such approach is 
to focus on the values of Rrs at specific frequen-
cies such as 5, 15, or 20 Hz and their difference 
(Goldman et al. 2002; Lipworth and Jabbal 2018), 
the idea being that elevations in these quantities 
indicate a general constriction of the airways while 
an elevation in their difference indicates narrowing 
predominately in the lung periphery. Similarly, the 
magnitude of the area under the reactance curve 
from its lowest value to the resonant frequency has 
proven to be a robust metric of lung derecruitment 
which often accompanies obstructive lung dis-
ease, particularly after the methacholine challenge 
(Goldman et al. 2002; Lipworth and Jabbal 2018).

Measuring lung mechanics can also provide 
clinically useful information in mechanical ven-
tilation patients in whom direct access to the 
airway provides ideal conditions for applying 
controlled flows into the lungs while measuring 
the driving pressures generated at the mouth. 
Indeed, mechanical ventilation can be consid-
ered a form of oscillometry device for which 
the fundamental frequency of flow oscillation is 
the number of breaths applied per minute. The 
higher harmonics of the ventilator waveform 
may be used for determining Zrs(f) over a range 
of frequencies, although the spectral content of 
conventional ventilator waveforms is not gener-
ally ideal for this. However, it is possible to use 
specially designed waveforms that have spectra 
designed for determining Zrs(f) over specified 
frequency ranges while still applying effective 
ventilation to the patient (Lutchen et al. 1993b).

 Clinical Applications

Lung mechanics can be measured in any situation 
in which respiratory volumes, flow, and pressures 
can be measured (in practice, it is only ever nec-
essary to measure either V or V  because one can 
be calculated from the other by differentiation or 
integration, respectively). All the approaches to 
lung function assessment discussed above can be 
applied in an outpatient setting by merely hav-
ing the subject perform the appropriate maneuver 
with the appropriate equipment. In the case of spi-
rometry, this means exhaling forcefully through a 
flow meter. With plethysmography, it means sit-

ting inside a closed chamber while breathing (or 
attempting to breathe) through a mouthpiece. With 
oscillometry, it means either breathing through 
a mouthpiece or remaining apneic for a few sec-
onds, while small-amplitude flow oscillations are 
directed into the mouth. A nose clip is invariably 
employed with each technique to ensure that the 
mouth provides the only access to the lungs. In 
the case of oscillometry, it is also usual to have the 
subject support their cheeks with their hands so 
that as much of the imposed flow oscillations as 
possible travel into the lungs rather than oscillat-
ing structures proximal to the larynx (Bates et al. 
2011). If the mechanics of the lungs are required 
independent of the chest wall then an esophageal 
balloon must be installed, but even that is relatively 
innocuous as medical procedures go, so measuring 
lung mechanics is not particularly arduous for the 
patient. Importantly, lung mechanics can be mea-
sured repeatedly with minimal risk.

Lung mechanics assessment has also found 
applications during sleep, although obviously, 
measurements cannot rely on subject coopera-
tion. Oscillometry (Farre et al. 2001) and pleth-
ysmography (Bates et al. 2011) have both been 
successfully used in this application.

 Summary

In summary, respiratory volumes, flows, and 
pressures comprise the fundamental signals from 
which parameters reflecting respiratory mechani-
cal function are derived. The mainstay of lung 
function measurement continues to be spirom-
etry which provides the empirical parameters 
FEV1 and FVC.  These parameters are sensitive 
to the presence of lung disease but are rather non-
specific about the disease itself. Body plethys-
mography exploits the physics of gases inherent 
in Boyle’s law to provide estimates of the total 
volume of gas in the lungs and the flow resis-
tance of the airways. These parameters are both 
directly relatable to physical structures within 
the lungs and thus begin to link structure to func-
tion based on the notion of the lungs behaving 
like a single alveolar compartment served by a 
single airway. The single-compartment model 
also provides the conceptual basis for tissue elas-
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tance and resistance that can be determined by 
fitting a simple equation of motion (Eqs. 32.6 and 
32.7) to measurements of volume, pressure, and 
flow made during cyclic breathing or mechani-
cal ventilation. When the imposed oscillations 
contain multiple frequencies simultaneously one 
can determine a function of frequency known as 
impedance with a real part expressing the appar-
ent resistance of the system and an imaginary 
part expressing the combined contributions of 
elastic and inertive components of the system. 
Interestingly, although spirometry and body 
plethysmography have been in regular clinical 
use for decades while oscillometry has remained 
largely confined to the research arena thus far, all 
three techniques were introduced to the pulmo-
nary community at roughly the same time (Fry 
et al. 1954; Dubois et al. 1956a, b).
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Measurement of Pleural Pressure

Nadia Corcione, Francesca Dalla Corte, 
and Tommaso Mauri

 Esophageal Pressure as an Estimate 
of Pleural Pressure

In 1949, Buytendijk introduced the method of 
esophageal pressure measurement for studying 
the mechanics of active breathing (Buytendijk 
1949). Being a collapsible empty cavity between 
the lungs and chest wall, the esophagus was 
thought to reflect pressures similar to the pleural 
cavity. Subsequent experimental findings con-
firmed that changes in pleural pressure (Ppl) were 
closely correlated to changes in esophageal pres-
sure (Pes) (Dornhorst and Leathart 1952; 
Cherniack et al. 1955). Absolute values of pres-
sures in the pleural space are often lower than in 
those measured in the esophagus, especially for 
gravitationally nondependent regions, but Pes 
measurements give good estimates of the effec-
tive Ppl in healthy, upright subjects (Washko 
et  al. 2006; Fry et  al. 1952). Moreover, recent 
studies have shown that Pes accurately reflects 
absolute Ppl values of the collapsed dependent 
lung regions in experimental acute lung injury 
and in cadavers (Yoshida et al. 2018).

 Positioning of the Esophageal 
Balloon

Pes is measured with an air-filled catheter that 
terminates in a th/in balloon. The catheter is 
introduced through the nose or mouth and 
advanced until it reaches the stomach (approxi-
mately 50–55  cm from the nares in an adult). 
Then, the balloon is filled with a standard volume 
of air according to the manufacturer’s recom-
mendations. This usually is 1–2  ml for smaller 
balloons and 3–4 ml for larger ones. The intra-
gastric position of the esophageal balloon is con-
firmed by a positive pressure deflection during 
gentle external manual compression of the abdo-
men. The balloon then is withdrawn until cardiac 
artifacts appear, and there are negative inspira-
tory swings on the pressure tracings. This corre-
sponds to placement in the lower third of the 
esophagus. Standard balloons are 10  cm long, 
and the catheter has multiple side holes within 
the balloon (Mauri et al. 2016).

 Calibration

In 1982, Baydur and Colleagues described “the 
occlusion test” procedure for correct positioning 
of the esophageal balloon in active subjects 
(Baydur et  al. 1982). The occlusion test allows 
subjects to perform static voluntary inspiratory 
efforts (glottis open) against a closed airway, and 
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a comparison is made between the change in 
esophageal pressure (ΔPes) and the correspond-
ing change in airway pressure (ΔPaw). In the 
lower third of the esophagus, approximately 
10 cm above the gastroesophageal junction, and 
in the absence of airflow and change in lung vol-
ume, the ratio ΔPes/ΔPaw should be close to 
unity (1.0 ± 0.2). If ΔPes/ΔPaw is between 0.8 
and 1.2, measurements of lung mechanics based 
on esophageal pressure changes are considered 
accurate and valid (Brochard 2014; Yoshida and 
Brochard 2018). It must be noted that esophageal 
balloon inflation plays an important role. When 
the balloon is inflated with too little air, the posi-
tive pressure in the esophagus on inspiration will 
empty the balloon, and the measured pressure 
will be an underestimate of Ppl. Conversely, if 
the balloon is inflated with too much air, it will 
distend the esophagus and stress the balloon so 
that the measured pressure will overestimate Ppl. 
The minimal non-stressed balloon volume should 
be used to measure Pes accurately; the range of 
appropriate filling volumes is catheter-specific 
and should be carefully checked before catheter 
positioning (Brochard 2014).

 Technical Pitfalls

Many factors can cause artifactual differences 
between Pes and regional Ppl. These include 
variations unrelated to Ppl, depending on pos-
tural artifacts, on the position of the balloon in 
the esophagus, or on the volume of air inside the 
balloon. Moreover, due to the effect of gravity, in 
an upright individual, Ppl at the base of the lung 
is greater (less negative) than at the apex. In the 
supine position, lung volume is decreased in the 
dependent zones, and the abdominal contents 
compress the dependent lung, resulting in an 
increased gravitational Ppl gradient (Hubmayr 
et  al. 1983; Mead and Gaensler 1959). At low 
lung volumes, Ppl can even be locally positive 
(Washko et al. 2006). Furthermore, in the supine 
position, the esophagus is compressed by the 
overlying mediastinal structures, which poten-
tially can increase Pes values. As reported by 
physiological studies, in the upright and prone 
positions, the lung’s inherent shape is close to 

that of its container, the gravitational Ppl gradient 
is low, and the lung compliance (CL) is high. 
Neither prone nor upright positions cause the 
compression of the dependent lung by the heart 
that occurs in the supine position. In summary, 
the pleural cavity is characterized by differences 
in regional pressures, while Pes reflects the pres-
sure only corresponding to one region of the 
pleural space (Plataki and Hubmayr 2011).

 Clinically Relevant Measures

The main clinical applications of Pes measure-
ment are (Mauri et al. 2016):

 1. To estimate the transpulmonary pressure (PL)
 2. To assess patient’s effort when the respiratory 

muscles are active
 3. To monitor patient-ventilator interaction

 Transpulmonary Pressure

Mechanical ventilation can, per se, cause lung 
injury. The so-called ventilator-induced lung 
injury (VILI) is a dysregulated inflammatory 
response due to an excessive volume and pressure 
load imposed on ventilated lung regions along 
with the cyclic opening and closing of distal air-
ways and collapsed alveoli during tidal ventila-
tion. VILI can result in worsening hypoxemia and 
multi-organ dysfunction, which increases the mor-
tality of patients affected by hypoxemic respira-
tory failure (Grieco et al. 2017). Reducing VILI is 
a key goal in the management of acute respiratory 
distress syndrome (ARDS) ventilatory manage-
ment. In a pioneering single-center study, Amato 
and Colleagues were the first to show a reduction 
in mortality in patients with ARDS when using a 
strategy based on achieving low tidal volume (Vt) 
(6 mL/Kg), high positive end-expiratory (PEEP), 
and low inspiratory driving pressures (< 20 
cmH2O) (Amato et  al. 2015). Driving pressure 
(DP) is the difference between the static airway 
pressure at the end of inspiration (plateau pressure, 
Pplat) and total positive end-expiratory pressure 
(PEEP). In turn, static compliance of the respira-
tory system (CRS) is the ratio between Vt and DP:

N. Corcione et al.



487

 C P C CRS RS RSVt plat PEEP Vt DP DP Vt� � �� � �� �/ / /  

Thus, DP represents the Vt corrected for the 
patient’s CRS, and using DP as a safety limit may 
be more accurate than Vt to decrease VILI in 
ARDS patients. However, DP reflects a force act-
ing on two different structures: lung and chest 
wall. Thus, because airway pressure (Paw) is the 
sum of pressures across both the lung and chest 
wall, the portion of the pressure applied to the 
lung varies widely, depending on chest wall char-
acteristics. Lungs inflate and deflate in response 
to changes in transpulmonary pressure (PL), 
which is the pressure difference between the air-
way opening (Pao) and the pleural space:

 PL Pao Ppl� � –  

In the absence of flow (i.e., during an end- 
inspiratory occlusion maneuver to obtain Pplat or 
an end-expiratory occlusion maneuver to mea-
sure total PEEP), Pao corresponds to the Paw 
measured by the ventilator at airway opening, 
which in turn is equal to the pressure inside the 
alveoli. The potential for damage to the lungs 
caused by mechanical ventilation depends on the 
magnitude of PL. (Mauri et  al. 2016) The mea-
surement of Pes as an estimate of Ppl can repre-
sent the only way to distinguish what fraction of 
Paw is applied to the lung and chest wall (Keller 
and Fessler 2014). In critically ill patients, chest 
wall elastance (ECW) is often increased by many 
factors including obesity, increased intra- 
abdominal pressure, the effect of drugs, and fluid 
overload, which cause chest wall edema 
(Brochard 2014; Gattinoni et  al. 2004); in the 
presence of these alterations, Paw overestimates 
the pressure applied to the lungs and can limit 
optimal lung recruitment.

Two different methods have been proposed to 
estimate PL from Pes (Mauri et  al. 2016). The 
first method is based on the absolute value of Pes 
as a surrogate for absolute Ppl. By this method, 
PL is directly calculated as follows:

 PL Paw Ppl= –  

That is,

 P Pplat PesL = –  

This “static” PL decreases progressively from 
nondependent to dependent lung region in the 
supine position, because of gravitational edema 
and reduction of lung volume. At very low lung 
volume, such as what occurs in ARDS, Ppl can 
be locally positive in the dependent lung, and 
thus, PL can be a negative value. This phenome-
non exposes the unstable, collapsed alveoli that 
needs to be repeatedly opened and re-collapsed 
with each tidal breath and an increased shunt 
fraction. In the presence of closed airway and 
flooded or atelectatic lung, raising PEEP until PL 
becomes positive at end-expiration could avoid 
cyclic alveolar recruitment and de-recruitment 
and assure that airways remain open. In a phase-2 
randomized controlled trial, Talmor et  al. 
assigned patients with ARDS to undergo mechan-
ical ventilation with PEEP adjusted to obtain 
positive end-expiratory absolute PL values (inter-
vention group) or according to the ARDS 
Network PEEP/FIO2 titration tables (control 
group) (Talmor et  al. 2008). The primary end-
point was the improvement in oxygenation. The 
intervention group had both significantly 
improved oxygenation and respiratory system 
compliance. Moreover, these improvements were 
achieved without elevating transpulmonary pres-
sure at end-inspiration above the physiologic 
range. PL during end-inspiratory occlusion never 
exceeded 24 cmH2O.  More recently, the same 
group conducted a larger multicenter randomized 
controlled trial comparing PEEP set by positive 
transpulmonary pressure at end-expiration vs. a 
high PEEP/FiO2 table method. The study enrolled 
200 patients, but the results weren’t as encourag-
ing: the mortality and ventilation days didn’t dif-
fer as well as most secondary endpoints. 
However, the average PEEP and end-expiratory 
transpulmonary pressure were similar in the two 
groups, questioning whether the study really 
compared two different strategies for PEEP titra-
tion (Beitler et al. 2019). Moreover, PL measured 
from absolute Pes does not assure that VILI is 
prevented in lung regions that are not near to the 
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esophagus. This is particularly true in ARDS in 
which the lung involvement is heterogeneous and 
not symmetric. In ARDS, it’s reasonable to 
expect that in lung regions below the level of 
esophageal balloon, Ppl will be underestimated, 
whereas in lung regions above the level of esoph-
ageal balloon, Ppl will be lower than Pes. Even if 
PEEP is titrated to optimize the lung volume at 
the level of the esophagus, lung regions else-
where likely are under- or overinflated (Talmor 
and Fessler 2010).

The second method is based on the assump-
tion that the ratio of lung elastance (EL) to respi-
ratory system elastance (ERS) determines the 
fraction of DP needed to expand the lung. 
Physiologically, EL/ERS is around 0.5, but in 
ARDS, it ranges from 0.2 to 0.8. The ratio of lung 
elastance to respiratory system elastance (EL/ERS) 
may be used to calculate transpulmonary pres-
sure and guide the “open lung” ventilation 
approach. In this method, PL is calculated as 
follows:

 �P Paw E EL L RS� � /  

where ERS is calculated as the DP/Vt in liter ratio 
at the set PEEP level and ∆PL is the true indicator 
of inspiratory lung stress (Fig.  33.1). In a case 
series of patients with severe ARDS and who 
were candidates for ECMO, Grasso et  al. 

increased end-inspiratory PL as calculated by the 
elastance ratio method up to the physiologic 
threshold of 25 cmH2O, and this improved oxy-
genation and prevented the use of ECMO without 
signs of barotrauma (Grasso et al. 2012).

 Patient’s Effort When the Respiratory 
Muscles Are Active

The main goal of assisted mechanical ventilation 
is to permit spontaneous breathing but with a 
reduction of the patient’s work of breathing 
(WOB). Compared to controlled mechanical 
ventilation, spontaneous breathing has some 
advantages: oxygenation is generally better 
because of recruitment of the juxta-diaphrag-
matic lung region, respiratory muscle atrophy is 
avoided, and the breathing pattern is variable 
(“noisy”), unlike the monotonous ventilator pat-
tern. However, uncontrolled patient efforts 
which correspond to negative Pes deflections 
(Fig. 33.2) can cause additional lung injury. This 
is known as patient self-inflicted lung injury 
(P-SILI). (Li et  al. 2017) Because of the large 
variability in the negative inspiratory Ppl that 
can occur with large variability in patient efforts, 
airway pressure delivered by the ventilator is a 
poor indicator of the inspiratory stress deter-
mined by the ΔPL.

Fig. 33.1 Esophageal pressure monitoring and relevant derived measures during controlled ventilation
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For this reason, the difference between peak 
airway pressure and PEEP in pressure-target 
mode with active triggering cannot be taken as an 
approximation of driving pressure. Furthermore, 
in the injured, “solid-like” lung, the inspiratory 
Ppl swing is localized more in dependent regions 
and with the higher regional stress can damage 
lung tissues (Yoshida et al. 2013, 2016). Negative, 
vigorous Ppl swings increase transmural vascular 
pressure and favor lung edema and worse hypox-
emia. Hence, monitoring Pes swings in ARDS 
patients with assisted mechanical ventilation is 
highly recommended. According to the PLUG 
working group recommendations in these 
patients, end-inspiratory dynamic PL should be 
less than 20–25 cmH2O with inspiratory Peo 
from muscle effort in the 5–10 cmH2O range 
(Mauri et al. 2016).

 Patient-Ventilator Interaction

As widely reported in literature, poor patient- 
ventilator interaction worsens lung injury, causes 
discomfort and dyspnea, increases the need for 
sedative and paralytic agents, prolongs mechani-
cal ventilation and intensive care unit length of 

stay, and increases the likelihood of respiratory 
muscle injury and the need for a tracheostomy 
(Murias et al. 2016). As reported by Blanch et al., 
in a large, prospective, non-interventional obser-
vational study, respiratory asynchronies are asso-
ciated with mortality, although further studies are 
needed to know whether an elevated asynchrony 
index is just a marker of the severity or whether it 
constitutes a cause of higher mortality (Blanch 
et al. 2015).

Major asynchronies can be classified as fol-
lows (Mellott et al. 2014):

 1. Diaphragmatic muscle contractions triggered 
by ventilator insufflations constitute a form of 
patient-ventilator interaction referred to as 
“entrainment.” This phenomenon is frequent 
in deeply sedated patients, and it is called 
reverse triggering, because the insufflation 
triggers respiratory muscle contraction. 
Reverse triggering results in breath stacking 
and high Vt and increased oxygen consump-
tion. It is usually very difficult to recognize in 
critically ill patients, but it becomes easy to 
recognize if respiratory muscle activity is 
monitored by the measurement of Pes.

 2. Ineffective efforts are recognized by a nega-
tive Pes swing without ventilator pressuriza-
tion. It can be caused by the presence of 

Fig. 33.2 Esophageal pressure monitoring and relevant derived measures during assisted ventilation
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auto-PEEP and/or excessive support, and it is 
aggravated by the trigger setting being set too 
low (if pressure-based) or too high (if 
flow-based).

 3. Double triggering is the result of the ventilator 
inspiratory time (Ti) being shorter than the 
patient’s inspiratory time. The patient’s effort 
then continues after the first cycle and can 
trigger a second ventilator breath. In this case, 
a single Pes deflection can persist for two or 
even three breaths delivered by the ventilator.

 4. Auto-triggering is defined as a cycle delivered 
by the ventilator without inspiratory effort by 
the patient. It is often due to an air leak, car-
diac artifacts, or secretions. Auto-triggering is 
recognized by the absence of negative Pes 
swing preceding a mechanical breath.

 5. Premature cycling is defined as a cycle in 
which the ventilator’s inspiratory time, Ti, is 
shorter than the neural Ti. This is seen as the 
duration of Pes deflection being longer than 
the ventilator’s inspiratory time.

 6. Delayed cycling occurs when the machine Ti 
is longer than the neural Ti (i.e., longer than 
the duration of Pes deflection).

Understanding how to place an esophageal 
balloon, the limitations of the measurements, and 
potential artifacts can lead to the improved 
matching of ventilator settings to patient’s physi-
ology and safer management of ventilated 
patients. Monitoring Pes allows the early detec-
tion of asynchronies, which can help physicians 
optimize ventilatory settings and to titrate seda-
tion. Esophageal pressure allows better titration 
of PEEP by identifying positive transpulmonary 
pressure at the end of expiration and/or excessive 
transpulmonary pressure at end-inspiration. 
Finally, it may especially have a value by avoid-
ing potentially large transpulmonary pressures 
due to uncontrolled patient efforts.
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Abbreviations

ARDS Acute respiratory distress syndrome
CT Computed tomography
CXR Chest radiography
HRCT High-resolution CT
ILDs Interstitial lung diseases
LUS Lung ultrasound
MHz Millions of cycles/sec

 Introduction

Lung ultrasound (LUS) is a point-of-care modal-
ity that can be effectively used at the bedside for 
patients with respiratory signs and symptoms, in 
both diagnostic and monitoring roles (Volpicelli 
et  al. 2012; Kendall et  al. 2007; Kruisselbrink 
et al. 2017; Goffi et al. 2018). When performed 
in an organized and protocol-based fashion, LUS 
is accurate, reproducible and repeatable.

 Principles

 Basic Physics of Ultrasound

Ultrasound systems are devices that generate 
and receive high-frequency (MHz - i.e., millions 
of cycles/sec) sound waves by activating piezo-
electric materials contained within ultrasound 
transducers. Upon leaving the transducer, these 
high-frequency waves propagate through bio-
logic tissues in straight lines until they encoun-
ter tissues with different acoustic properties (i.e., 
acoustic impedance). When such a boundary 
between tissues of different acoustic impedance 
is reached, a fraction of the ultrasound energy 
is reflected back to the transducer (“reflec-
tion”), while the remainder continues to travel. 
As ultrasound waves travel, they undergo loss of 
energy due to absorption and scattering (“attenu-
ation”), and therefore gradually disappear as 
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they propagate linearly through the tissues. The 
degree of attenuation depends both on ultra-
sound frequency (e.g., higher-frequency attenu-
ated more than lower-frequency ultrasounds) and 
 characteristics of the conducting medium (e.g., 
greatest attenuation in air and bone) (Bertrand 
et  al. 2016; Goffi et  al. 2018; Aldrich 2007; 
Edelman 2012) (Fig. 34.1a). Finally, the speed at 
which ultrasound waves travel is determined only 
by the insonated medium and not affected by the 
frequency or other characteristics of the ultra-
sounds. In biological tissues, ultrasound propa-
gation speeds range between 500 and 3000  m/
sec; however, except for aerated lungs and bone, 
the average speed of sounds in soft tissues is very 
similar, approximately 1540 m/sec.

The image generated when a reflected ultra-
sound wave returns to the transducer depends 

mainly on the total travel time and the intensity 
of reflection. (1) The elapsed time from ultra-
sound generation to reception (“time of flight”) 
depends on propagation speed (that in diagnos-
tic ultrasound is essentially constant at approxi-
mately 1540 m/s) and the tissue depth at which 
the waves are reflected. The greater the elapsed 
time (or tissue depth), the lower the returning 
echo will appear on the screen. (2) The intensity 
of reflection depends on the angle at which the 
sound wave encounters a tissue boundary and 
the relative impedance of both tissues. Reflection 
intensity determines the brightness of the gener-
ated image, with weaker reflections appearing as 
darker gray pixels (hypoechoic structures) and 
stronger reflections as white pixels (hyperechoic 
structures). Areas that do not reflect ultrasound 
(i.e., no difference in acoustic impedance) will 

a

b

Fig. 34.1 (a, b) Physics of Ultrasound. (a) High- 
frequency sound waves (ultrasounds) are generated by 
activating piezoelectric materials contained inside ultra-
sound transducers. Upon leaving the transducer, these 
high-frequency waves propagate through biologic tissues 
in straight lines until they encounter a tissue with different 
acoustic impedance. When such a boundary between tis-
sues of different acoustic impedance is reached, a fraction 
of the ultrasound energy is reflected back to the transducer 
(“reflection”), while the remainder continues to travel 
further. As ultrasound waves travel, they undergo loss of 
energy due to absorption and scattering (“attenuation”), 

and therefore gradually disappear as they propagate lin-
early through the tissues. (b) The intensity of reflection 
that occurs at a tissue interface determines the brightness 
of the generated image: areas that do not reflect ultra-
sound appear black on the ultrasound screen (anechoic 
structures); areas with weaker reflections appear as darker 
gray pixels (hypoechoic structures), while areas with sim-
ilar reflection as surrounding structures appear of the 
same gray intensity (isoechoic structures). Finally, stron-
ger reflections are represented as increasingly white pixels 
(hyperechoic structures)
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appear black on the ultrasound screen (anechoic 
structures) (Bertrand et  al. 2016; Goffi et  al. 
2018; Edelman 2012) (Fig. 34.1b).

Erroneous images may be generated due to 
interactions of ultrasound waves with tissues, 
physical properties of the ultrasound beam, and 
specific image reconstruction algorithms. These 
ultrasound artifacts affect quality of images and, 
if not recognized, may lead to misinterpreta-
tion (Bertrand et al. 2016; Feldman et al. 2009; 
Edelman 2012). Most ultrasound modalities aim 
at avoiding these artifacts, with newer ultrasound 
systems designed to minimize them as much as 
possible. However, in LUS, as discussed below, 
artifacts are a valuable source of information and 
should be systematically analyzed together with 
more anatomical images (Kruisselbrink et  al. 
2017; Volpicelli et al. 2012; Goffi et al. 2018).

 Ultrasound Systems

Although ultrasound machines can vary in 
appearance with respect to size, apparatus 
design, and available system controls, all of them 
share three key components: transducer, micro- 
processor, and screen.

The transducer, containing the piezoelectric 
material, is the gateway allowing tissue evalu-
ation; it is essential not only for the generation 
and propagation of waves but also for the acqui-
sition of information coming from the returning 
echoes. Many types of transducers are available, 
varying primarily in footprint size, frequency of 
vibration of the piezoelectric material and overall 
shape (allowing access to different body struc-
tures, including intracavitary applications such 
as transesophageal echocardiography). Three 
transducers are typically used for LUS, depend-
ing on the clinical question (Alrajab et al. 2013). 
Linear probes use higher frequencies (usually 
13–8  MHz) and generate rectangular-shaped 
high-resolution images that are limited in depth. 
These transducers are used to evaluate super-
ficial structures such as the chest wall, pleu-
ral line, and subpleural space, especially when 

high- resolution details are needed. By contrast, 
curvilinear and phased-array transducers use 
lower frequencies (5–2 and 3–1  MHz, respec-
tively) and generate triangular-shaped images 
with increased depth but decreased resolution. 
With these transducers, superficial structures are 
still recognizable but with fewer details than pro-
vided by linear probes. Low-frequency transduc-
ers are used when information regarding deeper 
structures is needed, such as characterization of 
large pulmonary consolidations, assessment and 
quantification of pleural effusion, and interstitial 
syndrome (see below).

Effectiveness of bedside ultrasonogra-
phy is closely related to the quality of images 
obtained. Every ultrasound machine allows the 
operator to optimize the image by performing 
several system adjustments. Two key modifica-
tions are scanning depth and gain adjustment. 
Modifying the depth of the insonated area 
allows better visualization of specific regions of 
interest. For example, to rule out pneumothorax 
with LUS, adequate visualization of the pleu-
ral line is essential (see below); therefore, depth 
should be adjusted (often reduced) to best visu-
alize the pleura and minimize visualization of 
deeper structures. On the other hand, adequate 
characterization of a large pleural effusion will 
require setting an appropriately deep field to 
allow identification of the entire effusion and 
the underlying consolidated lung. The gain con-
trol modulates the intensity of returned echoes 
as shown on the screen. By increasing the gain, 
images displayed on the screen appear brighter, 
while decreasing the gain causes the image 
display to darken. Gain adjustment facilitates 
identification of structures and boundaries; for 
example, adequate gain adjustment may facili-
tate identification of two key movements of the 
pleural line, sliding and pulse.

 Lung Ultrasound Findings

Normal and pathologic findings are summarized 
in Table 34.1.
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Table 34.1 Lung Ultrasound Findings

Sonographic 
Findings Definition Clinical significance
Lung Sliding Shimmering movement synchronous 

with respiration at the pleural line 
indicating sliding of the visceral pleura 
against the parietal pleura.

Present in normal lung or in pathological 
conditions that do not affect ventilation
Absent or reduced when visceral pleura does not 
slide against parietal pleura: apnea, inflammatory 
adherences, loss of lung expansion (over-inflation/
distension or severe bullous disease), decrease in 
lung compliance, airway obstruction/atelectasis, 
pleural symphysis, selective intubation
Absent when visceral and parietal pleura are 
separated (i.e., pneumothorax)

Lung Pulse Subtle, rhythmic movement of the lung 
parenchyma at the cardiac frequency 
from transmission of heartbeat vibrations 
through the lung tissue.

Present in normal lung and conditions with 
minimal effect on lung aeration (e.g., pulmonary 
embolism)
Absent or reduced when lung aeration is 
significantly increased (e.g., bullous disease, 
over-inflation/distension)
Absent when visceral and parietal pleura are 
separated (i.e., pneumothorax)
Increased in conditions associated with increased 
lung density (see B-lines and interstitial 
syndrome)
Note: Identification of lung pulse in the context of 
absent lung sliding is considered a sign of lack of 
ventilation as seen in apnea, selective intubation, 
airway obstruction (foreign body, mucous 
plugging, etc.)

A-lines Hyperechoic horizontal lines at 
increasing depth separated by same 
distance as that between the probe and 
the pleural line.
Considered reverberation artifacts arising 
from the strongly reflective interfaces of 
the probe and pleural line.

Present when air is homogenously distributed 
below the pleural line:
  Normally aerated lung
  Pneumothorax
  Pathological conditions with minimal effect on 

lung aeration (e.g., acute pulmonary embolism, 
asthma/acute COPD exacerbation, early phases 
of airway obstruction/atelectasis)

 Absent or reduced when:
  Increased lung density and nonhomogeneous 

distribution of air
  Nonperpendicular angulation of the ultrasound 

beam with the pleural line

A. Goffi et al.
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Table 34.1 (continued)

Sonographic 
Findings Definition Clinical significance
B-lines and 
Interstitial 
Syndrome

Discrete laser-like, vertical, hyperechoic 
artifacts that arise from the pleural line, 
extend to the bottom of the screen 
without fading, and move synchronously 
with lung sliding (Volpicelli et al. 2012).
Three or more B-lines/intercostal space 
(sagittal scan) represent a positive region 
of increased lung density (Volpicelli 
et al. 2012):
  Normal aeration: presence of ≤2 

isolated B-lines/intercostal space;
  Moderate loss of lung aeration (B1 

pattern): presence of ≥3 well-defined 
spaced B-lines/intercostal space;

  Severe loss of lung aeration (B2 
pattern): multiple coalescent B-lines/
intercostal space (Bouhemad et al. 
2011; Soummer et al. 2012).

Vertical artifacts at the transition from 
consolidated to normally aerated lung 
(“shred sign”) represent the same 
physical and pathophysiological 
phenomenon as B lines, although not 
defined as such (Volpicelli et al. 2012).

Present in conditions associated with increased 
lung density and involvement of alveolar units in 
close relationship with visceral pleura such as:
Lung deflation (i.e., atelectasis)
  Normal pattern (if isolated at lung bases)
Increased lung weight:
  Extra Vascular Lung Water (EVLW) (e.g., 

cardiogenic or nonhydrostatic pulmonary 
edema – ARDS, idiopathic interstitial 
pneumonias, lung consolidation, pneumonitis, 
pulmonary infarct)

  Pus (e.g., infection, pneumonitis, lung 
consolidation)

  Blood (e.g., alveolar hemorrhage)
  Protein/Collagen (e.g., idiopathic interstitial 

pneumonias, alveolar proteinosis, lung 
consolidation, pulmonary infarct)

  Cells (e.g., primary or metastatic lung cancer)
  Lipids (e.g., lipoid pneumonia)
Absent when visceral and parietal pleura are 
separated (i.e., pneumothorax) and in normally 
aerated lung

Short vertical 
artifacts (also 
known as Z lines 
or comet tails)

Vertical artifacts that originate from and 
move with the pleural line but fade 
quickly; do not obscure A-lines.

Present in normal lungs
Absent when visceral and parietal pleura are 
separated (i.e., pneumothorax)

Lung Point Presence of lung sliding, pulse and/or 
vertical artifacts on one side of an image 
with the absence of these findings on the 
other side.

Present and very specific in pneumothorax, 
representing transition point at which partially 
collapsed lung contacts the parietal pleura during 
respiration.
 Absent in presence of large pneumothorax 
causing complete lung collapse (not a highly 
sensitive finding)

Pleural line 
abnormalities

Any deviation from the normally 
appearing thin, smooth and continuous 
hyperechoic line including thickening, 
coarse irregularities, and the presence of 
small subpleural consolidations.

 Present in association with several inflammatory 
conditions (e.g., ARDS, infection, pneumonitis, 
idiopathic interstitial pneumonia and other 
interstitial lung diseases)
Note: False positive pleural line abnormalities 
when ultrasound beam not perpendicular to the 
pleural line

Lung 
consolidation

Anechoic or tissue-like image 
(hepatisation) arising from the pleural 
line that is limited in depth by an 
irregular border (shred sign).
Represents severely increased lung 
density with (almost) complete loss of 
aeration.

 Present in same conditions associated with 
B-lines and interstitial syndrome, as the extreme 
spectrum of increased lung density.

Air bronchogram Hyperechoic spots or branch-like 
structures seen within consolidated lung:
  static air bronchograms
  dynamic air bronchograms (moving 

with the respiratory cycle).

Present within areas of lung consolidation 
(dynamic air bronchograms) or atelectasis (if 
obstruction atelectasis, static air bronchograms)

(continued)
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 Normal Lung Ultrasound  
(Figs. 34.2 and 34.3; Table 34.1)

Normally aerated lungs almost completely reflect 
ultrasound waves at the interface between the vis-
ceral pleura and aerated lung tissue. On the ultra-
sound display, this generates a hyperechoic (i.e., 
white) horizontal homogenous line, representing 
the pleural line. When the transducer is placed in 
a sagittal orientation, this line is regularly inter-
rupted by the shadow artifacts created by the 
ribs. Deep to the pleural line, multiple regularly 
spaced horizontal reverberation artifacts are usu-
ally seen (“A lines”). In addition, short bright 
vertical artifacts (formerly called Z lines) origi-
nating from the pleural line and fading almost 
immediately are commonly identified; these are 
thought to represent areas of focal increased lung 
density at the subpleural level (i.e., interlobu-
lar septa, micro-atelectasis) (Soldati and Demi 
2017; Soldati et al. 2016). Finally, two important 
lung movements can be identified with LUS: the 
gliding of visceral pleura against parietal pleura 
during breathing (“lung sliding”) and the pulsa-
tion of the pleural line as a result of conduction 

of cardiac contractions (“lung pulse”) (Volpicelli 
et al. 2012) (Fig. 34.2 and Table 34.1). For visual-
ization of normally aerated lungs, transducers of 
low or high frequency may be used.

Several additional structures and artifacts are 
seen when examining the supradiaphragmatic 
region of normally aerated lungs: (1) the dia-
phragm, identified as a hyperechoic homogenous 
curved line between the lung and abdomen; (2) 
abdominal organs: liver/spleen and kidney; (3) 
vertebral column with posterior acoustic shad-
owing. An important finding related to the verte-
bral column is that it is not visualized above the 
diaphragm in normally aerated lungs (“negative 
spine sign”). This is due to the presence of air 
causing near complete reflection of the ultra-
sound beam. Identification of a negative spine 
sign is also important to confirm that the beam is 
insonating the most dependent part of the pleural 
cavity, the posterior costo-phrenic angle (assum-
ing a semi-recumbent patient position). Finally, 
in normal lungs another dynamic sign should 
be seen, the curtain sign, characterized by the 
descent of the lung and diaphragm during inspira-
tion to obscure the liver/spleen previously seen to 
the right of the image (Fig. 34.3 and Table 34.1). 

Table 34.1 (continued)

Sonographic 
Findings Definition Clinical significance
Spine sign Discontinuation of the transverse 

processes of the spine above the 
diaphragm from the presence of normally 
aerated lung tissue preventing their 
visualization (negative spine sign).

Negative spine sign: Present in normally aerated 
supra-diaphragmatic lung
Positive spine sign: visualization of the transverse 
processes of the spine above the diaphragm; 
Present in pleural effusion and/or supra- 
diaphragmatic lung consolidation

Curtain sign Phenomenon at the lung base, where 
diaphragm, liver/spleen, and spine 
disappear on inspiration due to lung 
descent and reappear on expiration as the 
lung ascends.

Present in normally aerated supra-diaphragmatic 
lung
Absent in the presence of pleural effusion and/or 
supra-diaphragmatic lung consolidation

Pleural Effusion Anechoic (fluid) collection between the 
parietal and visceral pleura.
Associated with positive spine sign and 
absent curtain sign.

Present most often in supra-diaphragmatic 
regions; complex or loculated collections may be 
elsewhere.
Note: Ultrasound cannot differentiate the nature 
of the pleural effusion (e.g., hemothorax, 
transudate, exudate) although visualization of 
mobile echoic particles or septa is highly 
suggestive of complex effusion (e.g. empyema)

Table reproduced with permission from Wolters Kluwer: Kruisselbrink et al. (Kruisselbrink et al. 2017). Promotional 
and commercial use of the material in print, digital, or mobile device format is prohibited without the permission of the 
publisher Wolters Kluwer. Please contact healthpermissions@wolterskluwer.com for further information.
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The abdominal organs reappear on expiration 
when the lung and diaphragm ascend. For visu-
alization of the supradiaphragmatic region of the 
lungs, a low frequency (curvilinear or phased- 
array) transducer is required for adequate depth 
penetration.

 Interstitial Syndrome  
(Fig. 34.4 and Table 34.1)

Conditions causing loss of aerated lung tis-
sue (i.e., increased lung density), either due to 
increased lung weight (e.g., increased extravas-
cular lung water as seen in ARDS or cardiogenic 
pulmonary edema, deposition of collagen and 
fibrotic tissue, accumulation of blood, lipids, pus 
or proteins) or lung de-aeration (i.e., atelectasis), 

affect the type of interactions generated between 
lung tissue and ultrasound waves (Soldati et  al. 
2016; Goffi et al. 2018; Volpicelli et al. 2012). A 
partially de-aerated lung presents an abnormally 
elevated tissue–air ratio (i.e., lung density) that 
can be either diffuse (e.g., pulmonary edema) 
or focal (e.g., pneumonia, lung contusion). On 
LUS, such abnormal tissue–air ratios are associ-
ated with the appearance of B-lines, sonographic 
artifacts defined as “laser-like, vertical, hyper-
echoic artifacts that arise from the pleural line, 
extend to the bottom of the screen without fad-
ing, and move synchronously with lung sliding” 
(Volpicelli et al. 2012; Lichtenstein and Mezière 
2008; Lichtenstein et  al. 1997; Soldati et  al. 
2016). Three or more B-lines in an intercostal 
space represent a positive region of loss of lung 
aeration (i.e., interstitial syndrome) (Volpicelli 

Fig. 34.2 Normal lung ultrasound findings: anterior and 
lateral chest. In normal lungs, when a transducer is placed 
sagittally on the chest wall over any intercostal space pro-
jecting over aerated lung (e.g., 2nd to 7th), the following 
structures and artifacts may be identified: (1) subcutane-
ous tissues and intercostal muscles; (2) ribs with posterior 
acoustic shadowing; (3) hyperechoic horizontal pleural 
line at the interface between pleura and aerated lung tis-
sue; (4) hyperechoic horizontal A-line artifacts below the 
pleural line at multiples of the distance between the probe 

and the pleural line (5) Short vertical artifacts (formerly 
called Z lines) originating from and moving with the pleu-
ral line (6) Two dynamic LUS findings: lung sliding and 
lung pulse, generated by the movement of the lung surface 
(visceral pleura) with respect to the innermost chest wall 
(parietal pleura). (Image reproduced with permission 
from Springer Nature: Goffi et  al. [4]. Promotional and 
commercial use of the material in print, digital, or mobile 
device format is prohibited without the permission of the 
publisher Springer Nature)
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et  al. 2012). Several characteristics of B-lines 
should be highlighted:

• B-lines appear very early in the course of dis-
eases that cause loss of lung aeration and are 
thus an extremely sensitive marker of lung 
injury. For example, in an experimental model 
of acid-induced lung injury, B-lines appear 
even before gas exchange deterioration and 
correlate with changes in lung compliance 
(Gargani et al. 2007).

• The temporal profile (appearance and resolu-
tion) of B-lines can be followed in real time as 
lung density changes, making them very use-
ful in clinical monitoring applications 
(Pichette and Goffi 2018; Noble et  al. 2009; 
Liteplo et al. 2010; Via et al. 2010).

• B-lines are affected by gravitational and 
hydrostatic forces. Therefore, their distribu-

tion with respect to gravity (i.e., patient posi-
tion) should be considered when performing 
and interpreting LUS findings (Kruisselbrink 
et al. 2017; Bouhemad et al. 2015).

• The absolute number of B-lines correlates 
with severity of disease, loss of lung aeration 
(Via et  al. 2010) and extravascular lung 
water, when the interstitial syndrome is 
caused by fluid accumulation (e.g., pulmo-
nary edema) (Volpicelli et al. 2014; Agricola 
et  al. 2005; Jambrik et  al. 2004; Enghard 
et al. 2015). Several methods have been used 
to quantify interstitial syndrome (Anderson 
et  al. 2013; Bedetti et  al. 2006; Cardinale 
et  al. 2009; Liteplo et  al. 2009). The most 
commonly used method is a semi-quantita-
tive score that correlates moderate loss of 
aeration with ≥3 well-defined spaced B-lines/
intercostal space (“B1 pattern”) and severe 

a

b

Fig. 34.3 Normal lung ultrasound findings: supradia-
phragmatic area. In the postero-lateral and supradiaphrag-
matic regions of normal lung, when a low-frequency 
transducer is placed at the 8th-9th /9th-10th intercostal 
spaces, in a cephalo-caudal orientation and directed poste-
riorly, the following structures and artifacts can be identi-
fied: (1) hyperechoic homogenous curved line of the 
diaphragm between the lung artifacts cephalad and abdo-
men caudad; (2) abdominal organs: liver/spleen and 
potentially kidney; (3) vertebral column with posterior 
acoustic shadowing. (4) The curtain sign should be 
observed (top right panel A): at full inspiration, the 

descent of the lung and diaphragm obscures the liver/
spleen previously seen to the right of the image and with 
expiration these organs reappear. (5) Also, a “negative” 
spine sign should be observed (bottom right panel B): in a 
normally aerated lung the vertebral column is not visual-
ized above the diaphragm due to the presence of air caus-
ing near complete reflection of the ultrasound beam. 
(Image reproduced with permission from Springer Nature: 
Goffi et  al. [4]. Promotional and commercial use of the 
material in print, digital, or mobile device format is pro-
hibited without the permission of the publisher Springer 
Nature)
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loss of aeration with multiple coalescent 
B-lines/intercostal space (“B2 pattern”) 
(Bouhemad et al. 2011; Soummer et al. 2012; 
Silva et al. 2017).

• B-lines are very sensitive for increased lung 
density, but they lack specificity, being caused 
by several different conditions (Soldati et al. 

2016). Integration with the clinical context 
and identification of additional sonographic 
findings (e.g., B-line distribution, B-line den-
sity, gravity-dependent vs. -independent pat-
tern, associated changes in lung sliding and 
pulse, presence of pleural line and subpleural 
abnormalities, identification of fluid or air 

Fig. 34.4 Step-by-step approach to lung ultrasound for 
the diagnosis of interstitial syndrome. (Image reproduced 
with permission from Springer Nature: Goffi et  al. [4]. 

Promotional and commercial use of the material in print, 
digital, or mobile device format is prohibited without the 
permission of the publisher Springer Nature)
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bronchograms) can be used to narrow the 
 differential diagnosis and increase specificity 
(Goffi et al. 2018; Pivetta et al. 2015; Copetti 
et al. 2008) .

Low-frequency probes (5–1 MHz) are preferred 
for diagnosing interstitial syndrome as they allow 
visualization of the vertical extent of artifacts, 
thereby avoiding the error of misreading short 
vertical artifacts as B-lines. Nevertheless, high-fre-
quency (13–6 MHz) transducers can also be used.

 Alveolar Syndrome  
(Fig. 34.5 and Table 34.1)

When the tissue–air ratio in an injured lung is 
extremely high (i.e., complete or near-complete 
disappearance of alveolar air as seen in lung 
 consolidations, atelectasis, pulmonary infarcts, 
tumors, and contusions), an anatomical tissue- 
like pattern, termed “alveolar syndrome,” can 
be seen on LUS (Volpicelli et  al. 2012; Goffi 
et al. 2018; Volpicelli 2013). Three characteristic 

Fig. 34.5 Step-by-step approach to lung ultrasound for 
the diagnosis of alveolar syndrome. (Image reproduced 
with permission from Springer Nature: Goffi et  al. [4]. 

Promotional and commercial use of the material in print, 
digital, or mobile device format is prohibited without the 
permission of the publisher Springer Nature)
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sonographic patterns may be found when alveo-
lar consolidation is present:

• Presence of a poorly echogenic or tissue-like 
image (hepatisation) extending below the 
pleural line (Volpicelli et al. 2012; Goffi et al. 
2018; Kruisselbrink et  al. 2017). Note that 
only conditions (both interstitial and alveolar 
syndromes) abutting the pleural line can be 
identified on LUS, thus creating potential for 
false negative results when the condition does 
not reach the pleural line (Goffi et  al. 2018; 
Volpicelli 2013; Reissig et al. 2012).

• “Shredded” and irregular interior border of 
consolidated lung tissue (“shred sign”), at the 
transition zone with more aerated areas (usu-
ally characterized by interstitial syndrome);

• Hyperechoic spots or branch-like structures 
(air bronchograms) within the consolidated 
lung representing residual air in lung tissue 
(likely bronchial structures). Air broncho-
grams can be static or dynamic (moving with 
the respiratory cycle).

Like interstitial syndrome, alveolar syndrome 
is a sensitive but nonspecific sonographic find-
ing that can be seen in many different lung con-
ditions. Other sonographic findings (e.g., shape, 
margin, distribution, vascularization pattern on 
Doppler imaging and presence of air and fluid 
bronchograms), together with clinical informa-
tion, may help to narrow the differential diag-
nosis (Reissig et  al. 2012; Mathis et  al. 2005; 
Lichtenstein et al. 2004; Lichtenstein et al. 2009; 
Nazerian et al. 2015).

Both low- and high-frequency transducers can 
be used to identify alveolar syndrome, although 
one type may be preferable depending on the size 
of the consolidation. For large consolidations, 
low-frequency (5–1  MHz) transducers facilitate 
assessment of the extension of the consolidation 
(Reissig et al. 2012), whereas for small peripheral 
consolidations and in children, high- frequency 
(13–6 MHz) transducers are preferred.

 Lung Ultrasound for the Diagnosis 
and Monitoring of Lung 
Pathologies

Use of LUS for the assessment of patients with 
respiratory deterioration and/or clinical find-
ings suggestive of lung pathology is extremely 
attractive. LUS is easy to learn, can be applied 
at the bedside, and does not require radiation 
exposure (Kendall et  al. 2007; Reissig et  al. 
2012; Rouby et al. 2018). Further, its routine use 
has been shown to have substantial diagnostic 
impact (with a net reclassification index of 85%) 
and therapeutic impact (management change 
in 47% of patients as a result of LUS findings) 
(Xirouchaki and Georgopoulos 2014). Use of 
LUS for monitoring purposes is also effective. 
Daily bedside LUS in critically ill patients can 
detect real-time changes in aeration patterns and 
has been shown to reduce the number of CXR 
and computed tomography (CT) scans performed 
in this population (Peris et al. 2010).

We will now review the sonographic find-
ings and current available evidence for the most 
common lung pathologies (Table 34.2). We also 
recommend the online educational resource 
available at http://pie.med.utoronto.ca/POCUS/
POCUS_content/lungUS.html

 Pneumothorax. (Fig. 34.6; Tables 34.1 
and 34.2)

• Ultrasound findings. The sonographic findings 
for pneumothorax on LUS are actually the 
absence of the normal LUS findings: absent 
lung sliding, lung pulse, and vertical artifacts. 
In other words, identification of either lung 
sliding, lung pulse, or vertical artifacts allows 
immediate exclusion of a pneumothorax at the 
level of the insonated area (Lichtenstein and 
Mezière 2008). Conversely, when both lung 
movements and pleural vertical artifacts are 
not detectable, pneumothorax is highly likely, 

34 Ultrasound Assessment of the Lung
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though not definite (false positive results might 
be generated by other conditions that reduce 
lung sliding and pulse such as severe COPD or 
lung overdistension). In order to confirm a sus-
pected pneumothorax, one should visualize the 
“lung point,” or the transition between intra-
pleural air (no sliding, no pulse, and no vertical 
artifacts) and a normally aerated area (sliding, 
pulse and/or vertical artifacts). The lung point 
is a highly specific finding for pneumothorax 
(Lichtenstein et  al. 2000). However, in some 
cases, the lung point may not be visible as it 
can be hidden behind osseous structures (ribs 
and scapula) or may not be present at all, as in 
a complete pneumothorax. When using LUS to 
assess for pneumothorax, it is important to 

recall that intrapleural air will collect in the 
least dependent area of the thorax (except in 
the presence of loculated pneumothorax) with 
the exact location depending on patient posi-
tion. In most studies, patients have been 
imaged in the supine position with the head of 
the bed at zero degrees. In this position, the 
least dependent area of the chest is identified at 
the second-fourth intercostal space between 
the parasternal and midclavicular lines. In 
patients unable to lie completely flat (e.g., non-
intubated patients in respiratory distress), pleu-
ral air will accumulate in the apical regions, 
making the examination more challenging due 
to the presence of the clavicles (Kruisselbrink 
et  al. 2017; Goffi et  al. 2018; Alrajab et  al. 

Fig. 34.6 Step-by-step approach to lung ultrasound for 
the diagnosis of pneumothorax. (Image reproduced with 
permission from Springer Nature: Goffi et  al. [4]. 

Promotional and commercial use of the material in print, 
digital, or mobile device format is prohibited without the 
permission of the publisher Springer Nature)

A. Goffi et al.
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2013; Volpicelli 2010). If possible, a high-fre-
quency transducer is preferred.

• The Evidence. When performed by expert pro-
viders and in patients with a high pretest prob-
ability (e.g., respiratory distress, dyspnea or 
chest pain post-trauma or central line inser-
tion), the accuracy of LUS for pneumothorax 
is superior to chest radiography (CXR). In 
particular, the sensitivity of LUS is higher 
than supine CXR [79% (95% CI 68–89%) 
versus 40% (95% CI 29–50%), respectively], 
whereas specificity is equally very high for 
both [98% (95% CI 97–99%) versus 99% 
(95% CI 98–100%)] (Alrajab et  al. 2013). 

However, as most studies on the diagnostic 
accuracy of LUS for pneumothorax are in 
trauma or post-procedural patients, these 
numbers may overestimate LUS performance 
in other settings (e.g. nontrauma patients with 
preexistent conditions such as emphysema) 
(Alrajab et al. 2013; Staub et al. 2018).

 Pleural Effusion (Fig. 34.7; Tables 34.1 
and 34.2)

• Ultrasound findings. The primary sonographic 
finding is the presence of an anechoic region 

Fig. 34.7 Step-by-step approach to lung ultrasound for 
the diagnosis of pleural effusion. (Image reproduced with 
permission from Springer Nature: Goffi et  al. [4]. 

Promotional and commercial use of the material in print, 
digital, or mobile device format is prohibited without the 
permission of the publisher Springer Nature)

34 Ultrasound Assessment of the Lung
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(fluid) above the diaphragm between the vis-
ceral and parietal pleura, displacing the lung 
upwards. Within the anechoic area, hyper-
echoic regions of collapsed lung are often 
present. Respiratory movements within the 
hyperechoic regions (i.e., sinusoid sign) 
(Volpicelli et  al. 2012) may or may not be 
seen. Additional internal echoes may also be 
seen within the anechoic effusion; if present, 
these suggest the presence of complicated 
effusions (e.g., exudates, empyemas, hemor-
rhage), although thoracentesis is required for a 
definite diagnosis. Due to the presence of fluid 
above the diaphragm, a positive spine sign is 
seen, where the vertebral column is visible 
above the diaphragm. The curtain sign is usu-
ally absent, with the abdominal organs remain-
ing visible throughout the respiratory cycle. 
Note that the ultrasound findings in nonlocu-
lated pleural effusions are affected by gravity 
and therefore dependent on patient position. 
All of the previously mentioned findings 
assume the patient is in a supine or  semi- sitting 
position. In this position the posterior costo-
phrenic angle is the most dependent region of 
the pleural space.

• Evidence. The diagnostic accuracy of LUS for 
the diagnosis of pleural effusion is excellent 
and superior to that of conventional CXR. A 
recent meta-analysis, combining results of 
over 1500 patients found the sensitivity and 
specificity of LUS to be 94% (95% CI 
88–97%) and 98% (95% CI 92–100%) respec-
tively. In the same analysis, the specificity of 
CXR was comparable at 91% (95% CI 
68–98%) but the sensitivity was much lower 
at 51% (95% CI 33–68%) (Yousefifard et al. 
2016). There is also evidence suggesting that 
the use of LUS to guide thoracentesis results 
in a lower rate of complications, especially 
that of pneumothorax (Gordon et  al. 2010; 
Sikora et al. 2012).

 Diffuse Lung Diseases

• Cardiogenic (Hydrostatic) Pulmonary Edema 
(Table 34.2).
 – Ultrasound findings. The hallmark finding 

is a diffuse bilateral interstitial syndrome. 
B-lines are regularly spaced and present in 
a homogenous and gravity-dependent pat-
tern (characteristic of hydrostatic patho-
physiology). Consolidations (i.e., alveolar 
syndrome) in dependent areas can be asso-
ciated, especially when a pleural effusion is 
also present (usually a marker of accompa-
nying right ventricular failure). Lung slid-
ing and lung pulse are preserved, and the 
pleural line appears thin and homogeneous. 
The absolute number of B-lines correlates 
with the extravascular lung water content 
(Volpicelli et al. 2014; Agricola et al. 2005; 
Jambrik et al. 2004; Enghard et al. 2015).

 – Evidence. LUS is more useful and accurate 
for the diagnosis of acute decompensated 
heart failure than routinely used tests, such 
as CXR and natriuretic peptides (Pivetta 
et al. 2015; Volpicelli et al. 2006; Liteplo 
et  al. 2009; Al Deeb et  al. 2014; Cibinel 
et al. 2012; Gargani et al. 2008). Remember 
that B-lines lack specificity (Soldati et al. 
2016), thus integration with the clinical 
context is an essential component of an 
effective diagnostic approach (Pivetta et al. 
2015). In patients with increased extravas-
cular lung water, serial LUS exams allow 
monitoring of changes in lung aeration and 
effectiveness of interventions such as heart 
failure treatment (Strnad et al. 2016; Frassi 
et al. 2007; Liteplo et al. 2010) and dialysis 
(Mallamaci et al. 2010; Noble et al. 2009). 
Finally, the presence and amount of inter-
stitial syndrome may have a prognostic 
role for conditions such as heart failure and 

A. Goffi et al.
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end-stage renal disease (Platz et al. 2017; 
Zoccali et al. 2013; Gargani et al. 2015).

• Acute Respiratory Distress Syndrome (ARDS) 
(Table 34.2).
 – Ultrasound findings. ARDS has been 

defined as “a type of acute diffuse, inflam-
matory lung injury, leading to increased 
pulmonary vascular permeability, increased 
lung weight, and loss of aerated lung tis-
sue” (The Berlin Definition) (Definition 
Task Force 2012). It is therefore not sur-
prising that findings of diffuse interstitial 
(B-lines) and alveolar syndromes on LUS 
have been associated with the diagnosis of 
ARDS.  However, these findings can be 
seen in multiple conditions (e.g., cardio-
genic pulmonary edema) and lack specific-
ity for ARDS. Therefore additional LUS 
findings must be sought to increase the 
specificity of LUS for the diagnosis of 
ARDS (Copetti et  al. 2008; Kruisselbrink 
et  al. 2017; Volpicelli et  al. 2012). These 
include:

 – lung heterogeneity [areas of focal intersti-
tial syndrome alternate with areas of 
 normal lung (A-line pattern); non-gravity-
dependent distribution];

 – irregularly spaced B-lines;
 – pleural and subpleural line abnormalities 

(thick, fragmented pleural line with small 
consolidations);

 – reduction or absence of lung sliding;
 – increased transmission of lung pulse;
 – presence of large alveolar syndrome in 

gravity-dependent areas.
 – Evidence.

 A. ARDS Diagnosis. B-lines have been 
shown to appear very early in the course 
of ARDS. In an experimental model of 
oleic acid-induced lung injury, Gargani 
et al. demonstrated that B-lines appear 
even before gas exchange deterioration 

and correlate with changes in lung com-
pliance (Gargani et al. 2007). Integration 
of LUS findings with cardiac ultrasound 
and/or clinical characteristics may help 
differentiate ARDS, pulmonary edema, 
and other causes of acute hypoxemic 
respiratory failure (Sekiguchi et  al. 
2015; Riviello et  al. 2016; See et  al. 
2018). Recently, LUS has been pro-
posed as an alternative to CXR for the 
diagnosis of ARDS. Riviello et al. used 
LUS in a modified version of the ARDS 
Berlin definition (Kigali modification) 
and demonstrated its feasibility to diag-
nose ARDS in resource-limited settings 
(Riviello et al. 2016). In addition, in a 
retrospective cohort study, See et  al., 
analyzed clinical outcomes of patients 
admitted with hypoxemic respiratory 
failure and diagnosed with ARDS 
according to the original Berlin defini-
tion (using CXR) or a modified defini-
tion that uses LUS as an alternative 
imaging method. Among 456 patients 
admitted with respiratory failure, 216 
met CXR- Berlin criteria, 229 LUS-
Berlin criteria, and 295 either CXR- or 
LUS-Berlin criteria. Intensive care unit 
and hospital mortality did not differ sig-
nificantly among these three groups; 
rather, simply having ARDS was asso-
ciated with significantly higher mortal-
ity independent of the diagnostic criteria 
used (hospital mortality 34.2% vs 
24.2%, P  =  0.027) (See et  al. 2018). 
These studies suggest that LUS may be 
an alternative (or complementary) tool 
to assess and risk-stratify patients 
admitted with hypoxemic respiratory 
failure.

 B. ARDS Monitoring. LUS can be used to 
monitor changes in lung aeration in 

34 Ultrasound Assessment of the Lung



510

response to recruitment maneuvers or 
changes in PEEP (Tusman et al. 2003; 
Tusman et  al. 2016; Stefanidis et  al. 
2011; Song et al. 2017; Chiumello et al. 
2018), during tidal breaths (Tusman 
et al. 2015), and during extracorporeal 
membrane oxygenation (ECMO) 
(Mongodi et  al. 2017). However, 
although LUS seems to reliably assess 
lung aeration, its role in determining 
PEEP-induced lung recruitment seems 
to be limited (Chiumello et  al. 2018). 
With regard to predicting the oxygen-
ation response during prone position-
ing for ARDS, the role of LUS is 
unclear (Haddam et al. 2016; Prat et al. 
2016). Current literature suggests that 
aeration changes in the first hour after 
initiation of prone positioning may be a 
better predictor of response to treat-
ment than the initial LUS pattern in the 
supine position (Wang et  al. 2016; 
Persona et al. 2016).

• Interstitial lung diseases (ILDs) (Table 34.2).
 – Ultrasound findings. The family of intersti-

tial lung diseases (ILDs) encompass a het-
erogenous group of conditions (e.g., 
chronic hypersensitivity pneumonitis; idio-
pathic interstitial pneumonia, especially 
idiopathic pulmonary fibrosis; pulmonary 
sarcoidosis, and connective tissue disease- 
associated ILDs) characterized by intersti-
tial (e.g., within the alveolar wall) 
inflammation and/or fibrosis, not due to 
infection or cancer (Lederer and Martinez 
2018; Rosas et  al. 2014). Interstitial lung 
involvement can be suspected on LUS by 
the detection of multiple B-lines in a dif-
fuse and nonhomogenous distribution 
(Volpicelli et al. 2012). Pleural line abnor-
malities (thickened ≥3 mm, irregular, frag-
mented pleural line) and subpleural 
abnormalities (small hypoechoic areas 
immediately below the pleural line and 
subpleural cysts) are also often present 
(Volpicelli et  al. 2012; Manolescu et  al. 
2018). ILDs associated with the presence 

of ground glass opacities on high- resolution 
CT (HRCT), as seen in fibrotic nonspecific 
interstitial pattern, demonstrate areas of B2 
pattern (“white lung”) on LUS, associated 
with a thickened and fragmented pleural 
line (Manolescu et  al. 2018). Subpleural 
fibrosis may also cause a reduction in lung 
sliding (Sperandeo et al. 2009).

 – Evidence. Distribution of B-lines, severity 
of interstitial involvement and other associ-
ated LUS findings correlate well with 
HRCT findings and scores (e.g., Warrick 
score) (Sperandeo et  al. 2009; Barskova 
et  al. 2013; Gargani et  al. 2009). LUS is 
highly sensitive (91.5%; 95% CI 84.5–
96%) for the diagnosis of ILDs, though its 
specificity is not as high (81.3%; 95% CI 
74.6–86.9%). This lack of specificity is not 
surprising as B-lines appear in other dif-
fuse lung conditions, such as ARDS and 
pulmonary edema, and in the presence of 
superimposed infective processes (Song 
et al. 2016).

 Focal Lung Diseases (Table 34.2)

• Pneumonia
 – Ultrasound findings. The main LUS find-

ing is alveolar syndrome. Lobar consolida-
tions appear as large areas of alveolar 
syndrome with irregular margins display-
ing vertical artifacts (representing the tran-
sition from densely consolidated areas to 
areas still retaining some degree of aera-
tion). Dynamic air bronchograms are fre-
quently present within the areas of large 
consolidation. Small peripheral consolida-
tions can also be seen, especially in multi-
focal pneumonia. Irregularly spaced 
B-lines associated with pleural line abnor-
malities (thick and fragmented pleural line) 
may be seen in interstitial/viral pneumonia 
or during the initial/resolution phase of 
alveolar consolidation. Note that all of 
these sonographic findings are only evident 
if the infection is reaching the pleura abut-
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ting the chest wall (i.e., mediastinal or deep 
consolidations will not be detected on 
LUS).

 – Evidence. Several meta-analyses compar-
ing LUS to CXR for the diagnosis of pneu-
monia have been published (Ye et al. 2015; 
Chavez et al. 2014; Alzahrani et al. 2017; 
Orso et al. 2018). Despite differences in the 
reference tests used (e.g. hospital discharge 
diagnosis, CT, mixed gold standard using 
laboratory, microbiology and imaging 
data) and the large spectrum of diseases 
evaluated in the studies collected (i.e. com-
munity-, ventilator-, and hospital-acquired 
pneumonia), LUS seems to accurately 
diagnose pneumonia, with sensitivities 
ranging between 82% and 95% and speci-
ficities of 72–95%. However, one should be 
cautious in ruling out pneumonia using 
LUS in patients with moderate/high pre- 
test probability, as the largest published 
observational study of patients with sus-
pected pneumonia (n = 362) showed a sig-
nificant number of false-negative LUS 
results (7.9%) (Reissig et al. 2012).

• Pulmonary Embolism
 – Ultrasound findings. Patients with acute 

pulmonary embolism usually present with 
a sonographic pattern typical of normal 
lung. Patients with pulmonary infarcts may 
show areas of small peripheral consolida-
tions associated with focal B-lines.

 – Evidence. In pulmonary embolism, LUS 
does not perform well, with a sensitivity of 
85% (95% CI 78–90%) and specificity of 
83% (95% CI 73–90%) (Jiang et al. 2015). 
However, in situations where a CT cannot 
be performed or is contraindicated, LUS 
could be considered as one of the elements 
in an alternative diagnostic algorithm com-
bining pre-test probability, laboratory tests 
(i.e., d-dimer), and multi-organ ultrasound 
scanning (Mathis et  al. 2005). Such a 
multi-organ approach, including lung, 
focused cardiac, and venous ultrasonogra-
phy, has been shown to achieve acceptable 

diagnostic accuracy for pulmonary embo-
lism (sensitivity 90%, specificity 86.2%) 
(Nazerian et al. 2014).

• Obstructive/Absorption Atelectasis
 – Ultrasound findings. In cases of bronchial 

obstruction, the initial finding will be reduc-
tion or disappearance of lung sliding with 
preservation of the lung pulse. If the obstruc-
tion does not resolve, air reabsorption from 
the alveoli will lead to increased lung den-
sity and the appearance of B-lines (intersti-
tial syndrome). As the de-aeration process 
continues, interstitial syndrome will prog-
ress to alveolar syndrome, with borders that 
will appear more regular than in pneumonia. 
Often, static air or fluid bronchograms can 
be observed (Mathis 1997).

 – Evidence. There are no studies evaluating 
the diagnostic characteristics of LUS for 
the diagnosis of atelectasis. A few studies 
have described the sonographic findings in 
atelectasis but their sample size is small 
(Lichtenstein et al. 2009; Lichtenstein et al. 
2003; Xirouchaki et al. 2014).

• Pulmonary Contusion
 – Ultrasound findings. Traumatic injuries to 

the lung lead to increased vascular and epi-
thelial permeability with a resulting 
increase in lung density. Therefore, on 
LUS, pulmonary contusions will vary in 
presentation depending on the relative time 
of the scan, with focal B-lines during the 
initial and resolution phases and alveolar 
consolidation at the time of peak loss of 
aeration. Pleural abnormalities are often 
associated and pleural effusion (usually 
hemothorax) can also be seen. Lung sliding 
and pulse are maintained.

 – Evidence. In trauma patients, LUS has 
shown high diagnostic accuracy for pulmo-
nary contusion (sensitivity 94.6%, specific-
ity 96.1%) (Soldati et  al. 2006; Volpicelli 
et  al. 2008a; Reissig et  al. 2011), even in 
extremely early phases such as the prehos-
pital setting (Scharonow and Weilbach 
2018).
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• Primary lung cancer/tumor or metastasis
 – Ultrasound findings. Peripheral lesions 

may appear as a consolidation-like area 
surrounded by focal B-lines.

 – Evidence. Little evidence is available on the 
use of LUS for detection of lung tumor or 
metastasis. The nonspecific LUS pattern 
(i.e. consolidation-like area) means that fur-
ther testing is required to characterize the 
identified lesion (Volpicelli et  al. 2008a; 
Volpicelli et  al. 2008b; Volpicelli et  al. 
2010). Typical Color Doppler findings 
(irregular blood flow, increased flow, and the 
“corkscrew” sign at the periphery of the 
lesion) have been described in primary lung 
cancer and metastatic lesions (Mathis 1997).

 Diagnostic Approach

Several diagnostic approaches to LUS have 
been described, varying primarily with respect 
to the patient’s characteristics and goals of the 
LUS examination (e.g., emergency scan versus 
comprehensive study) (Volpicelli et  al. 2012; 
Kruisselbrink et  al. 2017; Lichtenstein and 
Mezière 2008; Bouhemad et al. 2011; Martindale 
et  al. 2017). We favor the I-AIM (Indication, 
Acquisition, Interpretation, Medical decision- 
making) model, an intuitive framework and cog-
nitive aid that provides a standardized approach 
to LUS (Kruisselbrink et al. 2017; Bahner et al. 
2012) (Fig. 34.8).

The first step when considering a LUS exam 
should always be the INDICATION for the 
study. Common indications for LUS are unex-
plained respiratory symptoms or signs, unclear 
CXR findings (both diagnostic indications) 
(Lichtenstein and Mezière 2008; Zanobetti et al. 
2017; Laursen et al. 2014), or monitoring of the 
evolution/response to treatment of previously 
identified LUS findings (monitoring indication) 
(Mongodi et  al. 2017; Bouhemad et  al. 2011; 
Haddam et al. 2016).

The second step regards the ACQUISITION 
of the best possible image and includes adjusting 
the patient position (if necessary), choosing the 
most suitable transducer and scanning protocol, 

and optimizing the ultrasound settings (espe-
cially gain, depth and focus adjustments). The 
probe should always be held over an intercostal 
space in a cephalo-caudal orientation, and at least 
two ribs with the pleural line between should be 
identified.

Even when the indication is very specific (e.g., 
identification of pleural effusion), one should 
always systematically insonate the entire chest. 
However, the LUS assessment may start with the 
clinically suspicious chest region and then prog-
ress to the entire lung. Several scanning protocols 
have been described (Fig. 34.9):

 – eight-zone or twelve-zone protocols, most 
commonly used in acute care settings in 
patients with acute respiratory failure. The 
twelve-zone protocol (including posterior 
zones of the chest) is recommended for the 
assessment of alveolar syndrome and moni-
toring of lung aeration in critically ill patients 
(Pivetta et al. 2015; Lichtenstein and Mezière 
2008; Bouhemad et al. 2011);

 – twenty-eight-zone protocol, used for monitor-
ing interstitial syndrome in patients with 
chronic heart failure (Miglioranza et al. 2013);

 – abbreviated six-zone protocol used in emer-
gency situations to rapidly diagnose or exclude 
life-threatening causes of respiratory failure 
(anterior zone for pneumothorax, lateral zone 
for interstitial syndrome and postero-inferior 
zone for hemothorax/massive pleural effu-
sion; Volpicelli et al. 2012; Kruisselbrink et al. 
2017).

The third stage of the I-AIM framework, 
INTERPRETATION of the LUS scan, can be 
divided into 4 steps: (1) assessment of image 
quality and adequacy for interpretation; (2) iden-
tification of the presence or absence of specific 
LUS findings; (3) integration of findings from 
all lung zones and generation of a sonographic 
differential diagnosis; (4) performance of addi-
tional point-of-care exams (e.g., focused cardiac 
ultrasound, vascular ultrasound, diaphragmatic 
or abdominal ultrasound) if needed.

After ensuring the image is adequate, we 
begin our assessment of LUS findings with an 
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analysis of the pleural line, where three different 
patterns can be observed:

 1. A-line pattern (i.e., normally aerated lung or 
presence of intrapleural air);

 2. Anechoic pattern (i.e., pleural fluid);
 3. Interstitial (B-lines) or alveolar syndrome 

(i.e., increased lung density).

When an A-line pattern is identified, one 
should immediately assess for pneumothorax 
by noting the presence or absence of pleural 
line movements (lung sliding and/or pulse) 
and vertical artifacts. Absence of all of these 
findings is highly suggestive of pneumotho-
rax, whereas the presence of any or all of these 
findings excludes the diagnosis at the scanning 

Fig. 34.8 Clinical application of the I-AIM framework 
for lung ultrasound. ABG arterial blood gas. ARDS acute 
respiratory distress syndrome; COPD chronic obstructive 
pulmonary disease; ECG electrocardiogram; ILDs inter-
stitial lung diseases; LUS lung ultrasound; PEEP positive 
end-expiratory pressure; PTX pneumothorax. (Image 

reproduced with permission from Wolters Kluwer: 
Kruisselbrink et al. [3]. Promotional and commercial use 
of the material in print, digital or mobile device format is 
prohibited without the permission of the publisher Wolters 
Kluwer. Please contact healthpermissions@woltersklu-
wer.com for further information)
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location. An A-line pattern with pleural line 
movements and few to no B-lines suggests nor-
mal lung density immediately below the vis-
ceral pleura; this pattern is seen in normal lung 
and also in pathologies not easily recognized 
by LUS (e.g., lung over- inflation, pathologies 
not reaching the pleural line, pulmonary vas-
cular diseases).

Increased lung density can be caused by either 
(1) lung deflation (atelectasis) or (2) increased 
lung weight due to accumulation of water 
(edema), cells, pus, blood, proteins, connective 
tissue, or lipids. As previously mentioned, the 
distribution of B-lines/consolidation as well as 
additional sonographic findings may help to nar-
row the broad list of possible diagnoses:

Fig. 34.9 Lung Ultrasound Scanning Protocols. AL ante-
rior left, AR anterior right, LL lateral left, LR lateral right, 
PBL postero-basal left, PBR postero-basal right. (Image 
reproduced with permission from Wolters Kluwer: 
Kruisselbrink et  al. (Kruisselbrink et  al. 2017). 

Promotional and commercial use of the material in print, 
digital or mobile device format is prohibited without the 
permission of the publisher Wolters Kluwer. Please con-
tact healthpermissions@wolterskluwer.com for further 
information)
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• Diffuse versus focal B-line pattern;
• Large areas of lung consolidation versus small 

subpleural consolidations;
• B-lines distribution (homogeneous/

nonhomogeneous);
• B-lines density (B1, B2 patterns);
• Decreased lung sliding;
• Decreased/increased lung pulse;
• Gravity-dependent or -independent pattern;
• Presence/absence of pleural line 

abnormalities;
• Presence/absence of subpleural 

abnormalities.
• Detection of air and/or fluid bronchograms;
• Doppler pattern within the consolidation.

The final step requires integration of LUS with 
the clinical context for appropriate MEDICAL 
DECISION-MAKING.  LUS is rarely the sole 
answer in a diagnostic conundrum, and four pos-
sible outcomes should always be considered to 
avoid medical errors (Kruisselbrink et al. 2017):

 1. LUS findings corroborate and support pre-test 
hypothesis;

 2. LUS findings are mistakenly interpreted and 
mislead clinical decision-making (e.g., nor-
mal LUS in a patient with pneumonia not 
reaching pleural line);

 3. LUS findings are inconsequential, neither 
supporting or changing initial hypothesis/
plan.

 4. LUS findings completely change the pre-test 
hypothesis (e.g., identification of  pneumothorax 
in patient being assessed for COPD exacerba-
tion).

 Training

The operator dependency of LUS is a real con-
cern, especially with its use expanding beyond 
select research centers and becoming common-
place in clinical practice. Adequate training (See 
et al. 2016; Rouby et al. 2018) and use of stan-
dardized protocols (Brandli 2007; Kruisselbrink 
et al. 2017) are extremely important to limit diag-
nostic error and variability in scanning and inter-

pretation. Approximately 25 supervised LUS 
examinations has been suggested as an adequate 
number of studies to achieve competency (Rouby 
et al. 2018).

 Future Directions

Technology evolution will further facilitate the use 
of LUS in nontraditional scenarios, such as remote, 
limited-resource locations, ambulatory/community 
medicine settings, and emergency pre-hospital ser-
vices. Development of tele- ultrasound in particular 
will certainly play a role in the expansion of LUS 
use in remote and/or under-resourced settings 
(Pian et al. 2013). Artificial intelligence and deep 
learning algorithms may further increase LUS use 
in research and clinical settings, leading to more 
precise diagnosis and quantification of lung injury. 
Finally, there is potential for LUS to be used not 
only as a diagnostic but also as a therapeutic tool. It 
has been recently demonstrated that commercially 
available microbubbles (currently used as a contrast 
agent), when exposed to ultrasounds, cause tran-
sient formation of pores and enhanced endocytosis 
of biological membranes increasing local uptake of 
drugs or genes (Fekri et al. 2016; Cao et al. 2015). 
In a murine experimental model of gram-negative 
pneumonia, Sugiyama et al. used LUS and micro-
bubbles to increase gentamicin delivery to injured 
lungs enhancing bacterial killing (Sugiyama et al. 
2018). If confirmed, this new application could 
create new therapeutic options for the treatment of 
lung diseases.

 Conclusion

LUS is very useful in the initial assessment and 
subsequent monitoring of patients presenting 
with several respiratory conditions. Because 
of the unique interactions between ultrasound 
waves and aerated lung tissue, only a thorough 
and systematic approach focusing on correct 
indications, proper image acquisition and care-
ful interpretation of both artifacts and anatomical 
findings allows accurate sonographic diagnosis 
and integration with clinical data.
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Diaphragm Ultrasound: 
Physiology and Applications

Ewan C. Goligher

 Introduction

Diaphragm ultrasound permits direct visual 
assessment of diaphragm structure and function. 
First described in the 1980s, the technique has 
become an invaluable physiological tool for 
research and clinical practice in both outpatient 
and critical care settings. The complex structure 
and function of the diaphragm must be appreci-
ated to correctly interpret diaphragm sono-
graphic data. This chapter provides an overview 
of the anatomical and physiological basis for 
diaphragm ultrasound imaging, the techniques 
used to evaluate the diaphragm by ultrasound, 
and the applications of these techniques in 
research and clinical practice.

 Physiological Basis of Diaphragm 
Ultrasound

 Basic Functional Anatomy of 
the Diaphragm

The diaphragm is a thin, dome-shaped muscular 
structure separating the thoracic and abdominal 
cavities. It is composed of three separate seg-
ments: the central tendon (a noncontractile 
structure through which major blood vessels 
transit; the costal diaphragm, which has fibers 
projecting onto the rib cage and xiphoid pro-
cess; and the crural diaphragm, the fibers of 
which insert into the first three lumbar vertebrae 
(Fig. 35.1). Given this anatomical arrangement, 
crural diaphragmatic contractions tend to lower 
the dome of the diaphragm, while costal dia-
phragmatic contractions both lower the dome of 
the diaphragm and expand the lower rib cage 
(the latter depending on opposition from the 
abdominal contents) (Fig.  35.1). The outer 
aspect of the costal diaphragm is apposed to the 
rib cage, covering approximately 1/3 of the 
lower rib cage surface at functional residual 
capacity in health (Mead 1979). The thickness 
of the diaphragm is variable over its surface, 
with tapering from the anterior to posterior cos-
tal regions, and from its costal insertions to the 
central tendon (Poole et al. 1997).
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 Basic Mechanics of Diaphragm 
Contraction

Under normal conditions, the diaphragm moves 
within the chest much like a piston within a cyl-
inder, generating flow as its dome descends 
within the thoracic cavity, displacing the abdomi-
nal contents beneath and expanding the lower rib 
cage. During contractile shortening, the shape of 
the diaphragm changes relatively little in the cor-
onal plane (Gauthier et  al. 1994); rather, the 
shortening translates into axial descent. The 
shape of the dome flattens, to some extent, in the 
sagittal plane as the diaphragm shortens posteri-
orly more than it does anteriorly.

The pressure gradient generated across the 
dome between the thoracic and abdominal cavi-
ties, the transdiaphragmatic pressure (Pdi, quan-
tified as the gradient between the gastric pressure, 
Pga, and the esophageal pressure, Pes (Agostoni 
and Rahn 1960)), is proportional to the tension 
developed within the muscle fibers and inversely 
proportional to the cross-sectional area of the 
thoracic cavity at the level of the dome (Troyer 
and Loring 1986; Braun et  al. 1982). The geo-
metric configuration of the dome (i.e. its radius of 
curvature) exerts relatively minor influence on 
transdiaphragmatic pressure generation except at 
high lung volumes (Troyer and Loring 1986).

The relations between diaphragmatic shorten-
ing and transdiaphragmatic pressure generation 
are complex, influenced by the length-tension 
relationship and the force-velocity relationship. 
These factors are in turn determined by the respi-
ratory mechanics and by the action of other inspi-
ratory and expiratory muscles.

The length-tension relation, a feature of mus-
cle function arising from myosin-actin filament 
interactions during myofibril excitation- 
contraction coupling, entails that as muscle is 
passively lengthened prior to contraction (until 
some optimal length is obtained), the force gen-
erated in response to a given stimulus progres-
sively increases (Braun et  al. 1982). Given the 
diaphragm’s unique anatomical situation, resting 
length also modifies diaphragm force generation 
by changing the surface area of the zone of appo-
sition which determines the force applied to 
expand the lower rib cage. As a consequence, dia-
phragmatic force generation varies considerably 
with its resting length—and therefore with end- 
expiratory lung volume.

The force-velocity relation is closely related 
to the length-tension relation: the more rapidly a 
muscle shortens during contraction, the lower the 
force generated during contraction (Coirault 
et al. 1995). Consequently, greater transdiaphrag-
matic pressure will be generated for a given 

Rib cage

Lung

Abdomen

Intercostal/accessory
muscles

Costal diaphragm

Crural diaphragm

Rib cage

Dome

A app
Abdomen

Fig. 35.1 Functional anatomy of the diaphragm. The dia-
phragm is a dome-shaped muscle with a substantial pro-
portion of its surface area apposed to the chest wall (the 
zone of apposition). The crural diaphragm inserts into the 
spine; crural diaphragmatic contractions lower the dome 

of the diaphragm. The costal diaphragm inserts into the 
rib cage; costal diaphragmatic contractions lower the 
dome and elevate and expand the lower rib cage. (Figure 
from Loring and De Troyer 1986. Used with permission of 
Wiley)
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degree of diaphragmatic shortening if diaphrag-
matic descent is resisted by the simultaneous 
activation of rib cage inspiratory muscles (which 
“pull” the diaphragm upward) or if increased air-
ways resistance or lung elastance impede dia-
phragmatic descent. The overall pattern of 
thoracoabdominal motion therefore influences 
the relationship between muscular shortening 
and force generation. These relationships are fun-
damental to understanding the relationship 
between sonographic measurements of dia-
phragm function and diaphragmatic force 
generation.

 Sonographic Correlates 
of Diaphragm Structure 
and Function

 Structure
Transthoracic ultrasound permits visualization of 
the diaphragm in cross-section in the zone of 
apposition (Matamis et al. 2013) (Fig. 35.2). This 
permits direct measurement of diaphragm muscle 
thickness; the validity of these measurements has 
been directly confirmed in autopsy studies (Wait 
et al. 1989; Cohn et al. 1997). Because the thick-
ness of the diaphragm is small relative to its 
radius of curvature, changes in muscle cross- 
sectional area are directly proportional to changes 
in thickness. Ultrasound has been used to moni-

tor changes in diaphragm thickness over time, for 
example, in patients with idiopathic diaphrag-
matic paralysis (Summerhill et al. 2008), during 
long-term diaphragm pacing (Ayas et al. 1999), 
or during mechanical ventilation (Goligher et al. 
2015a). Because diaphragm thickness varies 
across its surface, thickness measurements 
should be referenced to the exact location of the 
ultrasound probe (Goligher et  al. 2015b). In 
healthy subjects, right hemidiaphragm thickness 
measured at the eighth or ninth intercostal space 
at the anterior axillary line is approximately 
3.3 mm (range 1.3–7.6 mm) (Boon et al. 2013), 
and left hemidiaphragm thickness at the same 
location on the left chest wall is similar: 3.4 mm 
(range 1.2–12 mm) (Boon et al. 2013). Diaphragm 
thickness is slightly lower in women than in men 
(Boon et al. 2013) and is correlated with height 
and weight (McCool et al. 1997) but is indepen-
dent of age or smoking status (Boon et al. 2013). 
Physical training such as weight-lifting increases 
diaphragm thickness (McCool et  al. 1997). In 
cardiopulmonary disease, diaphragm thickness 
may be atrophic, increased, or relatively spared 
(de Bruin et al. 1997a, b; Pinet et al. 2003).

Changes in muscle quality can be detected on 
ultrasound by measurement of echodensity (the 
“brightness” of the ultrasound region relative to a 
standard image). Muscle echodensity increases 
in a variety of acute and chronic muscle disease 
states (Sarwal et  al. 2014, 2015), signifying 

Fig. 35.2 B-mode and M-mode images of diaphragm 
thickness and thickening. Viewed in cross-section in the 
zone of apposition, the diaphragm is demarcated as the 
relatively hypoechoic region between the echogenic pleu-
ral and peritoneal lines. During M-mode imaging, the 

thickening of the diaphragm during its contractions may 
be visualized and quantified. Markers A and C indicate the 
thickness of the diaphragm at end-expiration; markers B 
and D indicate the thickness of the diaphragm at peak 
inspiration
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 muscle inflammation, necrosis, and/or connec-
tive tissue deposition (Sarwal et  al. 2013; 
Boussuges et al. 2009). A method for quantifying 
echodensity of the diaphragm was recently 
reported (Sarwal et al. 2015), but the physiologi-
cal and clinical import of changes in diaphragm 
echodensity have not yet been established.

 Motion
Diaphragmatic motion can be assessed by visual-
izing the dome of the diaphragm on ultrasound 
(Fig. 35.3). The downward excursion of the dome 
during inspiration can be easily quantified using 
M-mode ultrasound (details below) (Matamis 
et  al. 2013; Sarwal et  al. 2013). This technique 
provides a method of assessing diaphragm func-
tion analogous to conventional fluoroscopy: nor-
mal values of diaphragm excursion during 
various inspiratory maneuvers have been pub-
lished (Boussuges et al. 2009), and the reproduc-
ibility of this technique is excellent (Boussuges 
et al. 2009) (Table 35.1 for normal values).

Because the diaphragm primarily functions by 
shortening within the thorax like a piston within 
a cylinder, diaphragm excursion can be used to 
assess muscle performance. Diminished dia-
phragm excursion has been shown to be diagnos-
tic of diaphragm dysfunction (Lerolle et  al. 
2009). This technique can also visualize the para-
doxical motion of the diaphragm (upward move-

ment of the hemidiaphragm during inspiration) 
which may be seen in the context of severe dia-
phragmatic weakness (Nason et al. 2012) or from 
“inversion” of the muscle due to massive pleural 
effusion (Cooper and Elliott 1995).

In non-ventilated subjects, downward motion of 
the diaphragm during inspiration can be attributed 
to diaphragmatic contraction (though some down-
ward motion may also result from pre- inspiratory 
abdominal muscle relaxation) (Lessard et al. 1995). 
In ventilated subjects, the downward inspiratory 
motion may also result from passive insufflation of 
the chest by the ventilator. Consequently, diaphrag-
matic motion cannot be used to assess inspiratory 
effort or diaphragm function in ventilated patients 
unless inspiratory pressure support is temporarily 
withdrawn (Fig. 35.4); even CPAP may support the 
diaphragmatic motion (Umbrello et  al. 2015). 
Inferences about diaphragm function from sono-
graphic measurements of diaphragm motion are 
only valid when these measurements are obtained 
during a T-piece trial in these patients.

Because muscle relaxation is an energy- 
dependent process, the development of muscle 
fatigue leads to the slowing of muscle relaxation 
following each contractile effort (Esau et  al. 
1983). This slowing has traditionally detected by 
assessing changes in the rate of Pdi decay during 
expiration; by visualizing diaphragm motion in 
M-mode, the maximal rate of expiratory dia-

Fig. 35.3 Diaphragm 
excursion visualized by 
M-mode ultrasound. The 
B-mode image is shown 
at the top of the figure. 
The subject takes two 
tidal breaths and then 
inhales to total lung 
capacity, increasing 
diaphragm excursion on 
the final breath
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phragm relaxation can also be measured noninva-
sively to detect the development of fatigue 
(Matamis et al. 2013).

 Shortening
While respiratory muscle activity and function 
are generally evaluated in terms of pressure gen-

eration (i.e. for the diaphragm, Pdi), the dia-
phragm’s primary function is to shorten so as to 
generate inspiratory flow and volume. As a mus-
cle shortens, its cross-sectional area increases 
due to the increasing overlap of actin-myosin fil-
aments within sarcomeres (Wait et  al. 1989). 
Increases in diaphragm cross-sectional area are 
readily visualized as increases in muscle thick-
ness during inspiration. These dynamic changes 
in thickness during inspiration have been mea-
sured as the thickening ratio (peak thickness/end- 
expiratory thickness) or thickening fraction 
([peak thickness – end-expiratory thickness]/end- 
expiratory thickness). We will employ the latter 
quantity throughout this discussion.

Diaphragm Thickening: Relation 
to Inspiratory Volume
The relationship between changes in the thick-
ness of the diaphragm during inspiration and its 
physiological action has been explored in consid-
erable detail. The relationship between thickness 
and fiber length is complex. Assuming that the 
volume of the diaphragm muscle remains 
 constant as it shortens, muscle thickness will 
vary inversely with muscle length. The thickness 
of the diaphragm increases with lung volume 

Table 35.1 Reference range for diaphragm ultrasound 
measurements

Measurement
Reference range
Mean (5th–95th percentile)

End-expiratory right 
hemidiaphragm 
thickness

3.3 mm (0.17 mm–0.53 mm) 
(Boon et al. 2013)

Diaphragm thickening 
fraction during resting 
breathing

20% (5%–50%) (Harper 
et al. 2013)

Maximal diaphragm 
thickening fraction

80% (20%–180%) (Boon 
et al. 2013; Gottesman and 
McCool 1997)

Diaphragm excursion 
during resting 
breathing

1.7 cm (1.0–2.5 cm)

Diaphragm excursion 
during sniffing

2.7 cm (1.6–4.4 cm)

Diaphragm excursion 
during inspiratory 
capacity maneuver

6.5 cm (3.6–9.2 cm)

Individual diaphragm excursion Individual diaphragm thickening fraction
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Fig. 35.4 The influence of reducing ventilator support on 
patient respiratory effort is reflected by changes in dia-
phragm thickening fraction (right) signifying an increase 
in contractile activation; because the increase in diaphrag-
matic effort counterbalances the reduction in ventilator 
support, overall diaphragm motion (reflecting thoracic 

volume changes) is unaffected by changes in ventilator 
support (left). (Figure from Umbrello et  al. 2015. © 
Umbrello et  al.; licensee BioMed Central. 2015. 
Permission granted under the Creative Commons License. 
https://ccforum.biomedcentral.com/articles/10.1186/
s13054- 015- 0894- 9)
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during inspiration (Wait et al. 1989; Cohn et al. 
1997) although the slope of this relation varies 
considerably between subjects. The unique geo-
metric arrangements of diaphragm muscle fibers 
(with fibers arranged cylindrically arising from 
the central tendon in the dome) probably modify 
this relationship because sarcomeres may “enter” 
the zone of apposition as the dome descends 
(Wait and Johnson 1997). Thus, some observa-
tions suggest that diaphragm thickness increases 
out of proportion to changes in muscle length as 
lung volume increases (Wait and Johnson 1997) 
while others suggest that increases in thickness 
are consistent with what would be expected for 
changes in muscle length (Cohn et al. 1997).

The relationship between muscle thickness 
and lung volume also depends on whether 
increases in lung volume result from active inspi-

ration or passive insufflation. Smaller increases 
in lung volume (<50% of inspiratory capacity) do 
not increase diaphragm thickness in the absence 
of diaphragm contractile activation, whereas 
larger increases in lung volume increase dia-
phragm thickness even in the absence of contrac-
tile activity (Goligher et  al. 2015b) (Fig.  35.5). 
Smaller increases in lung volume may therefore 
primarily be accommodated by changes in the 
shape of the diaphragm apart from changes in 
muscle length. This finding suggests that dia-
phragm thickening during mechanical ventilation 
can be used to make inferences about contractile 
activation in the usual range of tidal volumes 
employed in the clinical setting (<50% of inspi-
ratory capacity in health).

Finally, the relationship between diaphragm 
thickness and lung volume depends on the nature 
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Fig. 35.5 Influence of effort and lung volume on dia-
phragm thickness. Healthy subjects were instructed to 
inspire from the functional residual capacity (point A) to a 
series of progressively greater target inspiratory volumes. 
Upon reaching the target volume (point B), subjects were 
instructed to close the glottis while relaxing the inspira-
tory muscles to maintain lung volume in the absence of 
inspiratory effort (point C) so as to isolate the influence of 
lung volume on diaphragm thickness. At lower inspiratory 
volumes below 50% of inspiratory capacity, diaphragm 

thickness returned to a value similar to that obtained at 
functional residual capacity after muscle relaxation sug-
gesting that thickening was entirely attributable to muscle 
activation. At higher lung volumes, diaphragm thickness 
remained elevated after relaxation, suggesting that 
changes in diaphragm length at higher volumes contribute 
to diaphragm thickening during inspiration apart from the 
inspiratory effort. (Figure modified from Goligher et  al. 
2015b. Used with permission of Springer Nature)
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of thoracoabdominal motion. Increases in thick-
ness are greater for a given increase in lung vol-
ume if changes in lung volume primarily arise 
from the descent of the diaphragm rather than 
expansion of the ribcage (Wait and Johnson 1997).

Diaphragm Thickening: Relation 
to Inspiratory Pressure
The relationship between thickening and trans-
diaphragmatic pressure generation is similarly 
complex. The diaphragm generates transdia-
phragmatic pressure either by shortening or by 
preventing lengthening to oppose rib cage expan-
sion by parasternal and accessory muscle activa-
tion (or some combination between these 
extremes)—consequently, the relation between 
transdiaphragmatic pressure generation and dia-
phragm shortening (and thickening) depends on 
thoracoabdominal motion. The transdiaphrag-
matic pressure resulting from a given degree of 
diaphragmatic shortening (and thickening) will 
also depend on lung, chest wall, and abdominal 
elastances. This relation, although diaphragm 
thickening and transdiaphragmatic pressure gen-
eration or diaphragm electrical activity are cor-
related, varies considerably within and between 
subjects (between subjects R2  =  0.28 and 0.32, 
respectively; within-subjects R2  =  0.6 for both) 
(Goligher et al. 2015b). Nevertheless, changes in 
diaphragm thickening in response to varying 
loading conditions (i.e. changes in ventilator sup-
port) reliably reflect changes in transdiaphrag-
matic pressure generation (Umbrello et al. 2015; 
Vivier et al. 2012) (Fig. 35.4); under a given load-
ing condition (i.e., during airway occlusion), dia-
phragm thickening is directly related to 
inspiratory pressure (Ueki et al. 1995). Because 
high loading conditions may influence thora-
coabdominal motion and respiratory elastance 
(Tobin et al. 1987), the relation between thicken-
ing and inspiratory pressure likely varies with the 
loading condition.

Diaphragm Strain
Diaphragm shortening might be assessed more 
directly by means of sonographic speckle track-
ing. The displacement of small groups of echo-
genic pixels (‘kernels’) are tracked over time and 

changes in distance between kernels are used to 
quantify muscle deformation (‘strain’). This 
technique, already employed in echocardiogra-
phy (Nesbitt and Mankad 2009), has been used to 
assess diaphragm shortening in the zone of appo-
sition in healthy subjects. During inhalation to 
60% of inspiratory capacity, diaphragmatic strain 
is approximately −40% (Orde et  al. 2016); the 
diaphragmatic strain was correlated with dia-
phragm thickening (R2 = 0.44). During progres-
sive inspiratory threshold loading, strain and 
strain rate are correlated with transdiaphragmatic 
pressure and diaphragm electrical activity.36 It 
remains unclear whether speckle tracking analy-
sis offers any advantages in assessing diaphragm 
contractile activity over measurements of thick-
ening fraction. To date, diaphragmatic strain 
measurements have not been reported in mechan-
ically ventilated patients.

 Technical Approach to Diaphragm 
Ultrasound

 Diaphragm Excursion

To quantify diaphragm excursion, a low fre-
quency (3.5–5 MHz) phased array transducer is 
employed to visualize the dome of each hemidia-
phragm. The dome may be visualized in the coro-
nal plane by placing the probe on the lateral chest 
wall or in the sagittal plane by placing the probe 
below the costal margin at either the right or left 
mid-clavicular line. The overall motion of the 
dome can be visualized in 2D (B) mode. After 
identifying the point of maximal excursion on the 
diaphragm, an M mode line can be placed to 
quantify excursion (Fig.  35.4). Care should be 
taken that the M mode line is perpendicular to the 
dome and angled in the plane of the diaphragm’s 
motion, otherwise, the dome will be foreshort-
ened, leading to overestimates of excursion.

Diaphragm excursion measurements obtained 
in this manner are quite precise, with limits of 
agreement for interobserver and intraobserver 
reproducibility of approximately 10–15% of 
mean measurement value (Boussuges et al. 2009; 
Lerolle et al. 2009).
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 Diaphragm Thickness and Thickening

Diaphragm thickness and tidal thickening frac-
tion are measured using a 13  MHz transducer 
placed on the chest wall in the eighth, ninth, or 
tenth intercostal space, mid-way between the 
anterior and mid-axillary line. The probe is held 
perpendicular to the chest wall and angled along 
the intercostal space. The patient should be semi- 
recumbent. In this location, the diaphragm is 
identified as a three-layered structure just superfi-
cial to the liver, consisting of a relatively non- 
echogenic muscular layer bound by the echogenic 
membranes of the diaphragmatic pleura and peri-
toneum (Fig.  35.2). The distance between the 
leading edge of the diaphragmatic pleura and the 
leading edge of the peritoneum is taken as the 
thickness of the diaphragm. Because the thick-
ness of the diaphragm varies somewhat across its 
surface, the location of the probe must be marked 
on the skin if repeated measurements are planned 
to ensure adequate measurement reproducibility. 
End-expiratory thickness measurements are 
highly reproducible within and between observ-
ers (coefficient of reproducibility 0.2–0.4, ~10–
15% of mean value). Thickening fraction 
measurements exhibit greater variability because 
this quantity combines the errors of both end- 
expiratory and peak inspiratory thickness mea-
surements (coefficient of reproducibility 
16–18%) (Goligher et al. 2015b).

Diaphragm thickening fraction during inspira-
tion is calculated as the percentage change in 
thickness between end-expiration (i.e. minimum 
muscle thickness) and peak inspiration (i.e. max-
imal muscle thickness) visualized in M-mode.

Maximal diaphragm thickening fraction is a 
measure of the diaphragm’s capacity to shorten 
(thicken) during a maximal inspiratory effort, a 
means of assessing muscle function. Maximal 
thickening fraction is measured during an 
attempted inspiratory capacity maneuver; 
coaching may enhance volitional effort. In ven-
tilated patients, the mode of ventilation can be 
transiently changed to CPAP to increase respira-
tory effort. If ventilated patients are unable to 

follow instructions, significant increases in the 
inspiratory effort can be stimulated by tran-
siently occluding the endotracheal tube (Truwit 
and Marini 1992). Maximal thickening fraction 
is then measured immediately after the occlu-
sion is released while the patient effort is 
increased is released to allow for maximal dia-
phragmatic shortening. The highest value 
obtained for thickening fraction during 3–5 
repeated inspiratory efforts can be taken as the 
best measurement.

 Diaphragm Echodensity

Echodensity is measured by quantifying the dis-
tribution of greyscale pixel values in the region 
bounded by the pleural and peritoneal lines in a 
two-dimensional B mode ultrasound image of the 
costal diaphragm in cross-section collected as 
described above. Such analysis can be performed 
on images using freely available image analysis 
software (e.g., ImageJ, National Institutes of 
Health, Bethesda MD, https://imagej.nih.gov/ij/). 
Changes in sonographic contrast and image set-
tings strongly influence the greyscale distribution 
in ultrasound images, so great care must be taken 
to standardize the settings at which images are 
acquired. Given the lack of standardized refer-
ence values, echodensity is currently only assess-
able in terms of changes within patients over 
time.

 Diaphragm Speckle Tracking

Specialized commercially available image analy-
sis software enables speckle-tracking analysis on 
B mode clips of diaphragm contractions 
 visualized in cross-section (as described for mea-
surement of diaphragm thickness above). Careful 
selection of the region of interest for analysis is 
necessary to ensure reliable results (Oppersma 
et al. 2017). A standardized technique for speckle 
tracking analysis in images acquired in patients 
has not yet been described.
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 Clinical and Research Applications 
of Diaphragm Ultrasound

 Detecting Structural Changes 
in the Diaphragm

Ultrasound can detect structural changes in the 
diaphragm associated with a variety of acute and 
chronic disease states. Chronic asthma and 
Duchenne muscular dystrophy are associated 
with increased resting diaphragm thickness com-
pared to healthy controls (de Bruin et al. 1997a, 
b), whereas resting diaphragm thickness is sig-
nificantly decreased in patients with chronic dia-
phragmatic paralysis (Summerhill et  al. 2008; 
Gottesman and McCool 1997). Diaphragm ultra-
sound studies in acute mechanical ventilation 
have demonstrated the development of dia-
phragm atrophy (Goligher et  al. 2015a; Grosu 
et al. 2012; Schepens et al. 2015; Zambon et al. 
2016) and changes in diaphragm echodensity 
(Riegler et  al. 2017). Ultrasound has also been 
used to demonstrate recovery from atrophy with 
the use of neuromuscular stimulation techniques 
(Ayas et al. 1999; Reynolds et al. 2017).

 Facilitating Nerve Conduction 
and Electromyography Studies

Ultrasound has been used in the outpatient set-
ting to evaluate patients presenting with possible 
neuromuscular causes of respiratory symptoms 
with high sensitivity and specificity (Boon et al. 
2014). The use of ultrasound increases the accu-
racy of needle placement for diaphragm electro-
myography and phrenic nerve conduction testing 
(Boon et al. 2011).

 Evaluating Diaphragm Function

Diaphragm weakness is an important clinical 
problem in the context of neuromuscular disease, 
respiratory disease, and mechanical ventilation. 
Assessing diaphragm function by ultrasound can 
provide diagnostic or prognostic data and guide 
therapy in these patients.

Diaphragm excursion has been employed to 
assess diaphragm function in studies of mechani-
cally ventilated patients (Valette et al. 2015; Kim 
et  al. 2011), stroke patients (Choi et  al. 2017; 
Park et al. 2015), and patients with acute dyspnea 
presenting to the emergency department (Bobbia 
et  al. 2016). Visualizing diaphragm motion can 
also detect paradoxical motion due to pleural 
effusions—drainage is likely to strongly improve 
the mechanics of breathing in such cases (Cooper 
and Elliott 1995; Goligher and Ferguson 2012). 
Threshold values of excursion with different 
inspiratory maneuvers diagnostic for diaphragm 
weakness have been published (Table  35.1). 
These threshold values have been validated 
against various reference standards including the 
Gilbert index (ratio of gastric to transdiaphrag-
matic pressure swings during inspiration) 
(Lerolle et al. 2009) and twitch airway pressure 
during phrenic nerve magnetic stimulation (Dubé 
et al. 2017). Reduced diaphragm excursion pre-
dicts prolonged mechanical ventilation and hos-
pitalization (Kim et al. 2011).

Diaphragm thickening (shortening) on ultra-
sound can also be used as a measure of diaphrag-
matic function. Maximal diaphragm thickening 
fraction measurements have been used to diag-
nose diaphragm weakness in patients with idio-
pathic diaphragm paralysis or hemidiaphragm 
paralysis (Summerhill et al. 2008; Gottesman and 
McCool 1997), neuromuscular disease (de Bruin 
et al. 1997a), and mechanically ventilated patients 
(Ferrari et al. 2014; Goligher et al. 2018). Maximal 
thickening fraction below 20% is diagnostic for 
severe diaphragm weakness. This approach has 
been validated in patients with hemidiaphragm 
paralysis, where maximal thickening on the unaf-
fected side was always greater than 20% and 
always less than 20% of the affected side 
(Gottesman and McCool 1997). In mechanically 
ventilated patients, maximal thickening is corre-
lated with maximal inspiratory pressure (Ferrari 
et al. 2014), and maximal thickening below 20% 
strongly predicted prolonged mechanical ventila-
tion and an increased risk of reintubation and tra-
cheostomy (Goligher et al. 2018).

In mechanically ventilated patients, tidal 
thickening fraction (i.e. diaphragm thickening 
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during tidal breathing) measured under pressure 
support ventilation (titrated to target tidal volume 
of 6–8 ml/kg predicted body weight) is strongly 
correlated with diaphragm strength as measured 
by twitch airway pressures during magnetic 
twitch stimulation of the phrenic nerves (Dubé 
et  al. 2017). Indeed, tidal thickening predicts 
weaning failure with the same discrimination as 
twitch airway pressure (Dres et al. 2018). This is 
somewhat surprising since tidal thickening 
reflects both muscle function and muscle load-
ing/unloading under assisted ventilation. The 
relation between tidal thickening and diaphragm 
function might be attributable to the fact that 
patient inspiratory effort (Pmus) under assisted 
ventilation is strongly correlated with maximal 
inspiratory pressure (Marini et al. 1986).

In theory, diaphragm thickening should pro-
vide a more reliable measure of diaphragm per-
formance than excursion because excursion 
measurements are likely to be more heavily influ-
enced by the mechanical conditions of the lung 
and chest wall. However, no studies have specifi-
cally examined this question to date.

Given the mounting evidence of iatrogenic 
injury to the diaphragm due to inappropriately 
titrated mechanical ventilation, there is wide-
spread interest in developing diaphragm- 
protective strategies for mechanical ventilation. 
Central to this paradigm is the notion that titrat-
ing ventilator support to achieve an optimal level 
of inspiratory effort avoiding both insufficient 
and excessive diaphragm loading will minimize 
diaphragm atrophy and injury (Heunks and 
Ottenheijm 2018; Tobin et  al. 2010). Previous 
clinical studies using ultrasound have shown that 
changes in diaphragm thickness during ventila-
tion are minimized when thickening fraction is in 
the range of 20–40% (Goligher et al. 2015a) and 
that a thickening fraction value in the range of 
15–30% is associated with the shortest duration 
of ventilation (Goligher et al. 2018). These data 
suggest that titrating ventilator support to achieve 
a level of diaphragm activation and shortening 
consistent with a thickening fraction between 
15% and 30% might prevent diaphragm atrophy 
or injury and accelerate liberation from ventila-
tion. This hypothesis suggests an important 

potential therapeutic application of diaphragm 
ultrasound to guide the titration of mechanical 
ventilation.

 Predicting Weaning Outcomes

Given the crucial role of diaphragm performance 
in successful liberation from mechanical ventila-
tion and the high stakes dilemma of deciding to 
attempt liberation from ventilation (choosing 
whether to accept prolonged ventilation vs. the 
risk of potential reintubation), there has been 
widespread interest in using diaphragm ultra-
sound measurements to predict whether patients 
will require re-intubation after extubation. 
Diaphragm excursion, tidal diaphragm thicken-
ing fraction, and maximal diaphragm thickening 
fraction measured during the spontaneous breath-
ing predict successful liberation from ventilation 
with the same or better discriminative perfor-
mance than the conventional rapid-shallow 
breathing index (Kim et  al. 2011; Ferrari et  al. 
2014; Dres et al. 2018; DiNino et al. 2014; Jiang 
2004; Yoo et al. 2018). In general, the diaphragm 
thickening fraction appears to have superior per-
formance characteristics to diaphragm excursion 
(Llamas-Álvarez et al. 2017). The optimal cut-off 
of tidal or maximal diaphragm thickening frac-
tion to predict successful liberation ranges from 
25% to 30% in studies; patients with thickening 
fraction values below 25% during spontaneous 
breathing trials are much more likely to fail extu-
bation. It should be noted that the use of inspira-
tory pressure augmentation during the 
spontaneous breathing trial may reduce the thick-
ening fraction and reduce the specificity of the 
test for extubation failure (DiNino et al. 2014).
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Monitoring Respiratory Muscle 
Function

Franco Laghi and Martin J. Tobin

Problems with the respiratory muscles arise in 
varying degrees in patients with almost every 
respiratory disorder. Abnormalities in the respira-
tory neuromuscular system may originate at sev-
eral levels: decreased motor output from the 
respiratory centers, intrinsic weakness of the 
respiratory muscles, and increased load that the 
muscles cannot meet. Despite the frequency of 
suboptimal respiratory muscle performance, the 
quotidian approach to monitoring of the respira-
tory muscles is rudimentary.

 Clinical Assessment

The symptoms of respiratory muscle dysfunction 
are subtle and the condition frequently goes 
undetected until late in its natural evolution 

(Laghi and Tobin 2003). Coexisting impairment 
of other skeletal muscles may prevent patients 
from exceeding their limited ventilatory capacity 
and, as a result, they may not develop dyspnea 
(Smith et al. 1987; Buyse et al. 1997). The criti-
cal step in making a diagnosis of respiratory mus-
cle dysfunction is for the clinician to suspect a 
muscle problem when the presentation is camou-
flaged by obscuring features.

Orthopnea often develops immediately upon 
laying supine in bilateral diaphragmatic paralysis 
(McCool and Tzelepis 2012) and contrasts with 
the more gradual onset of orthopnea in patients 
with congestive heart failure (Tobin and Laghi 
1998). Orthopnea occurs when maximal transdi-
aphragmatic pressure (Pdimax) is less than 30 cm 
H2O (Tobin and Laghi 1998) or with a supine 
drop in vital capacity (VC) of more than 30% 
(Howard 2016).

Cough may be impaired in patients with respi-
ratory muscle dysfunction secondary to a 
patient’s inability to take a deep inspiration and 
because of poor expulsive forces. Cough-induced 
dynamic airway compression is consequently 
lost with a reduction in the velocity of airflow 
(Laghi et al. 2017).

Physical examination may reveal evidence of 
chest-wall deformity or features of generalized 
neuromuscular disease (Tobin and Laghi 1998). 
Evidence of increased patient effort is reflected 
by nasal flaring, increased sternomastoid activity 
(Fig.  36.1), tracheal tug, and recession of the 
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suprasternal, supraclavicular, and intercostal 
spaces (Tobin 2019).

PaCO2 may be reduced early in the disease 
(Rimmer et  al. 1993), but hypercapnia is likely 
when respiratory muscle strength falls to 25% of 
predicted (Braun et  al. 1983). Reduction in 
strength, however, does not consistently predict 
alveolar hypoventilation because factors such as 
elastic load and breathing pattern also contribute 
(Misuri et al. 2000). Abnormalities in respiratory 
muscle performance and alveolar ventilation may 
be evident initially only during exercise (Sinderby 
et al. 1996a) or sleep (Arnulf et al. 2000; White 
et  al. 1995). When inspiratory strength and VC 
are 50% of predicted, hypoventilation can occur 
with minor upper respiratory tract infections.

 Pulmonary Function Testing

Severe weakness of the inspiratory muscles pro-
duces a restrictive pattern with decreases in VC, 
total lung capacity (TLC), and functional residual 

capacity (FRC), while the ratio of forced expira-
tory volume in 1 second to vital capacity (FEV1/
VC) remains relatively normal. Provided the 
expiratory muscles are not weak, residual volume 
(RV) remains relatively normal.

Generation of a VC maneuver requires maxi-
mal voluntary recruitment of the inspiratory mus-
cles, followed by maximal voluntary recruitment 
of the expiratory muscles. Although VC is 
affected by impairments of the inspiratory and 
expiratory muscles, VC remains normal, or only 
minimally reduced, if respiratory muscle strength 
is more than 50% of predicted (De Troyer et al. 
1980). This finding results from the sigmoid 
shape of the pressure–volume relationship of the 
respiratory system. When strength is less than 
50% of predicted, the loss in VC is greater than 
expected (De Troyer et  al. 1980; Estenne et  al. 
1993). The decrease is secondary to the associ-
ated decrease in compliance of the chest-wall and 
lungs (Misuri et  al. 2000; Estenne et  al. 1993). 
The latter has been attributed to diffuse microat-
electasis – purported mechanisms include infre-
quent sighs and rapid shallow breathing (Laghi 
et al. 2019).

VC in healthy adults is approximately 
50–60 mL/kg. VC less than 30 mL/kg is associ-
ated with a weak cough, impaired elimination of 
secretions, and development of macro atelecta-
sis (Laghi et al. 2019). In patients with Guillain- 
Barre’ syndrome, a decline in VC of less than 
1 L or 10–15 mL/kg portends ventilatory failure 
with need for mechanical ventilation (Chevrolet 
and Deleamont 1991). In contrast, serial mea-
surements of VC in patients with myasthenia 
gravis do not reliably predict the need for intu-
bation and mechanical ventilation probably sec-
ondary to the erratic course of this disease, 
which involves sudden deterioration (Rieder 
et al. 1995).

 Respiratory Muscle Pressure Output

The pressure output of the respiratory muscles 
can be monitored in terms of strength and effort.

Fig. 36.1 Assessment of sternomastoid activity. When 
gauging sternomastoid activity, the examiner must not 
rely on inspection only. Patients with minimal adipose tis-
sue exhibit prominence of the sternomastoids without 
increased contractile activity (sculpting). Assessment 
requires placing the index finger – gently, barely touch-
ing – on the body of the sternomastoid, to judge the pres-
ence of phasic contraction and qualitatively determine its 
magnitude (mild, moderate, marked). The examiner needs 
to focus solely on phasic muscle activity; tonic activity is 
used for posture and has no respiratory significance. 
(From Tobin (2019), with permission of Elsevier Science 
& Technology Journals)
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 Respiratory Muscle Pressure Output: 
Strength

Respiratory muscle strength can be assessed by 
recording pressure signals elicited during maxi-
mal voluntary or evoked maneuvers.

 Voluntary Maneuvers: Airway 
Pressures
Measurements of maximal static respiratory 
pressures during forceful efforts against an 
occluded airway reflect global respiratory muscle 
strength (Rohrer 1925; Rahn et al. 1946; Agostoni 
and Mead 1964; Rochester 1988; Bellemare 
1995; Gibson 1995; Clanton and Diaz 1995; 
Harik-Khan et  al. 1998). Maximal inspiratory 
pressure (PImax) is usually measured after exha-
lation to RV (Fig.  36.2); maximal expiratory 
pressure (PEmax) is measured at TLC, where 
expiratory muscles are maximally stretched 
(Black and Hyatt 1969).

Mouth pressure during maximal efforts 
includes a contribution from the passive recoil 
pressure of the total respiratory system. At vol-

umes above relaxation volume, recoil pressure 
assists the expiratory muscles and opposes the 
inspiratory muscles, while the reverse is true at 
lower volumes (Rahn et al. 1946).

Maximal pressure is measured as the largest 
absolute numerical value that can be generated 
(Larson et al. 1993; American Thoracic Society/
European Respiratory Society 2002; Fiz et  al. 
1989). To avoid glottic closure, a small leak is 
introduced in the mouthpiece (Ringqvist 1966). 
Although this is often considered to be a static 
maneuver, diaphragmatic length and configura-
tion change substantially during measurement of 
PImax (Gandevia et al. 1992); thus, it is not a true 
isometric contraction.

In a research setting, complete (or virtually 
complete) activation of phrenic motor units has 
been documented in some but not all PImax and 
Pdimax maneuvers (Bellemare and Bigland- 
Ritchie 1987; Gandevia and McKenzie 1985; 
Similowski et al. 1991, 1993, 1996; Allen et al. 
1993; Laghi et  al. 2003). Because it is effort 
dependent, maximal activation of diaphragmatic 
motor units is less likely to occur in a routine 
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Fig. 36.2 The pressure–volume diagram of breathing. 
Maximal inspiratory (PImax) and maximal expiratory air-
way pressure (PEmax) developed at the mouth during 
maximal voluntary efforts against a closed airway at dif-
ferent lung volumes. The thick solid black line in the cen-
ter is the passive recoil pressure (relaxation pressure, Pr) 
of the total respiratory system (lung plus chest wall). The 

net pressures developed by contraction of the respiratory 
muscles during maximum static voluntary efforts (Pmus) 
(thin black lines) are obtained by subtracting Pr from the 
measured maximal inspiratory and expiratory airway 
pressures (thick black lateral lines). (Modified from Rahn 
et al. (1946), with permission of American Physiological 
Society)
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clinical setting (Fiz et al. 1989). It is commonly 
assumed that achievement of a reproducible 
PImax (less than 5% variation) with multiple 
efforts signifies maximal efforts. Unfortunately, 
reproducibility is not a reliable guide to validity 
(Aldrich and Spiro 1995). This means a low 
PImax, even if reproducible, cannot be consid-
ered diagnostic of inspiratory muscle weakness.

Measurements of PImax and PEmax in healthy 
subjects have been collected by several investiga-
tors. The normal range is very wide (Table 36.1), 
and the coefficient of variation is about 25%, 
with a range of 8  −  37% in different studies 
(Rochester 1988). In both sexes, the values 
decline linearly with age, decreasing by 0.8–
2.7 cm H2O per year between the ages of 65 and 
85 (Enright et  al. 1994). Weakness has been 
defined using specific predictive equations 
(Rodrigues et al. 2017).

PImax is commonly listed as one of the mea-
surements that guides the decision of whether or 
not to institute mechanical ventilation. In reality, 
it is rarely performed for this purpose and its 
accuracy in this regard has not been subjected to 
systematic research. Once mechanical ventilation 
has been instituted, however, PImax values are 
commonly obtained (Yang and Tobin 1991).

In an effort to make measurements of PImax 
reliable in intubated patients, Marini et al. (1986) 
used a one-way valve attached to the airway to 
ensure that inspiratory efforts were made at a low 
lung volume. The period of occlusion was main-
tained for 20  seconds. Values were one-third 
more negative than without the valve (Fig. 36.3) 
(Tobin et al. 1994). Multz et al. (1990) examined 
the reproducibility of this method in 14 patients. 
Triplicate measurements were obtained by five 
experienced investigators who encouraged the 

Table 36.1 Reference equations for normal maximal inspiratory airway and expiratory pressures

Population (age)
PImax reference equation
(cm H2O)a

Lower limit of 
normal (cm H2O)

Group mean ± S.D. 
(cm H2O) Study

Adult men 
(20–65)

−143 + 0.55 (age) −75 −124 ± 44 Black and Hyatt 
(1969)

Adult women 
(20–65)

−104 + 0.51 (age) −50 −87 ± 32 Black and Hyatt 
(1969)

Adult men 
(20–90)

−126 + 1.028 (age) − 0.343 
(wt)

–37 −101.2 ± 29.4 Harik-Khan 
et al. (1998)

Adult women 
(20–90)

−171 + 0.694 (age) − 0.861 
(wt) + 0.743 (ht)

–32 −72.4 ± 23.3 Harik-Khan 
et al. (1998)

Elderly men 
(65–85)

−153 + 1.27 (age) − 0.289 
(wt)

Ref + 41 −83 ± 27 Enright et al. 
(1994)

Elderly women 
(65–85)

−96 + 0.805 (age) – 0.293 
(wt)

Ref + 32 −58 ± 22 Enright et al. 
(1994)

Population (age) PEmax reference equation
(cm H2O)a

Lower limit of 
normal (cm H2O)

Group mean ± S.D. 
(cm H2O)

Study

Adult men 
(20–65)

268–1.03 (age) 140 233 ± 84 Black and Hyatt 
(1969)

Adult women 
(20–65)

170–0.53 (age) 95 152 ± 54 Black and Hyatt 
(1969)

Elderly men 
(65–85)

347–2.95 (age) + 0.551 (wt) Ref – 71 175 ± 46 Enright et al. 
(1994)

Elderly women 
(65–85)

219–2.12 (age) + 0.758 (wt) Ref – 52 118 ± 37 Enright et al. 
(1994)

Modified from Tobin and Laghi (1998), with permission of McGraw Hill
Key: PImax maximal inspiratory pressure, PEmax: maximal expiratory pressure, wt weight in kilograms, Ref pressure 
derived from reference equation, ht height in centimeters. Predicted values for PImax are at residual volume and for 
PEmax at total lung capacity
aTo calculate approximate values at functional residual capacity, decrease PImax by 14% and PEmax by 19% (Ringqvist 
1966) assuming that the functional residual capacity–total lung capacity ratio is about 55%
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patients to make vigorous inspiratory efforts. 
Measurements of PImax obtained at a single sit-
ting by a single investigator showed good repro-
ducibility: coefficient of variation 12  ±  1%. 
Significant variation among PImax measure-
ments was observed by different investigators 
studying the same patient on the same day: coef-
ficient of variation, 32 ± 4%.

Sniff pressures are usually greater than PImax 
(Nava et al. 1993), suggesting that the mechani-
cal disadvantage of the maneuver is outweighed 
by greater activation of the respiratory muscles 
(Fig.  36.4). Originally, sniff pressures were 
recorded using esophageal pressure (Pes) signals 
(Laroche et al. 1988). The clinical application of 
sniff Pes, however, is limited by its invasive 
nature, requiring an esophageal balloon catheter. 
Subsequent investigators reported that sniff 
nasal pressure (sniff Pn) provides a reliable esti-
mate of sniff Pes in the absence of severe nasal 
congestion (Heritier et  al. 1994; Laveneziana 
et  al. 2019; Lofaso et  al. 2006; Araujo et  al. 
2012; Kamide et  al. 2009; Uldry and Fitting 
1995; Huang et al. 2014).

Uldry and Fitting (1995) developed the fol-
lowing equations to predict sniff Pn:

• Sniff Pn (cm H2O), men: −0.42 age + 126.8; 
residual standard deviation, 23.8

• Sniff Pn (cm H2O), women: −0.22 age + 94.9; 
residual standard deviation, 17.1

Values of sniff Pn were higher than PImax in 
about two-thirds of the subjects.

Sniff Pn and PImax measurements comple-
ment each other (Steier et al. 2007; Fitting 2006). 
Because PImax is easier to perform, it remains 
the measurement of choice (Tobin and Laghi 
1998). If a normal value is obtained, no further 
testing is necessary. If a low PImax is obtained, 
sniff Pn helps in differentiating true inspiratory 
muscle weakness from an unsatisfactory maneu-
ver. Pes recordings are preferred for sniff mea-
surements in patients with COPD (Tobin and 
Laghi 1998; Uldry et al. 1997).

Patients with severe weakness of facial mus-
cles (bulbar amyotrophic lateral sclerosis) have 
difficulty in performing PEmax maneuvers 
(Suarez et al. 2002). Provided bulbar dysfunction 
is not severe, maximal expiratory flow during a 
cough (peak cough flow) (Suarez et  al. 2002; 
Tzani et al. 2014) offers an alternative to PEmax. 
In the absence of bronchial obstruction peak 
cough flow reflects the expiratory muscle force.

 Voluntary Maneuvers: 
Transdiaphragmatic Pressure
Measurements of PImax, PEmax, sniff, and peak 
cough flow do not directly reflect the function of 
the diaphragm. Simultaneous measurements of 
Pes and gastric pressure (Pga) permit calculation 
of transdiaphragmatic pressure: Pdi  =  Pga  – Pes 
(Agostoni and Rahn 1960). Pdi is not a direct 
reflection of diaphragm strength because it 
depends on multiple factors governing the trans-
formation of force into pressure. Such factors 
include lung volume, thoracic and abdominal 
compliance, and thoracoabdominal configuration 
(Chen et al. 2000).

Measurement of Pdi is especially helpful in 
diagnosing severe weakness or paralysis of the 
diaphragm, where approaches such as  fluoroscopy 
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Fig. 36.3 Measurement of maximal inspiratory pressure 
in a ventilator-supported patient. Note that the pressures 
become progressively more negative over a period of 
about 20  seconds and show little change thereafter. 
Although esophageal pressure (Pes) is shown in this trac-
ing, similar information can be obtained by measurement 
of airway pressure. (From Tobin et al. (1994), with per-
mission of McGraw Hill LLC)
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are misleading (Davis et  al. 1976) (Fig.  36.5). 
Because of considerable variability in the values 
of Pdimax, (Braun et  al. 1982; Bellemare and 
Grassino 1982; De Troyer and Estenne 1981; 
Gibson et al. 1981; Miller et al. 1985; Hershenson 
et  al. 1988; Ueki et  al. 1995) it is important to 
scrutinize the method of measurement. Maximal 
inspiratory efforts against a closed airway 
(Mueller maneuver), maximal inspiratory efforts 
combined with maximal expiratory effort 
(Mueller-expulsive maneuver), and maximal 
sniffs are three maneuvers that quantify inspira-
tory muscle strength.

Mueller Maneuver
Measuring Pdi during a maximal static inspiratory 
effort against an occluded airway is the usual 

method of measuring Pdimax. When patients are 
not given specific instructions or provided with a 
visual display of pressure tracings, maximal 
static measurements of Pdi have enormous vari-
ability (De Troyer and Estenne 1981).

Mueller-Expulsive Maneuver
The highest and most reproducible Pdimax values 
are obtained with the Mueller-expulsive maneu-
ver (Laporta and Grassino 1985). Pes and Pga are 
displayed on a storage oscilloscope and the 
patient is instructed to combine an abdominal 
expulsive maneuver with a Mueller maneuver. 
Visual feedback enhances a subject’s control over 
the degree to which the diaphragm is activated. 
Unlike the simple Muller maneuver, the feedback 
maneuver results in higher and consistently 
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Fig. 36.4 Recordings of transdiaphragmatic pressure 
(Pdi) and electromyographic activity of the diaphragm 
(EAdi), intercostal muscles (EAIC) and rectus abdominis 
(EARA) in a healthy subject performing a sniff maneuver, 
a Mueller maneuver, and a combined Muller plus maxi-

mal expiratory maneuver (combined maneuver). Peak dia-
phragmatic EMG activity, expressed in arbitrary units 
(au), was highest during the sniff maneuver (Based on 
Nava et al. (1993))
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 positive Pga values; it has no effect on Pes values 
(Laporta and Grassino 1985).

Even in well-trained patients, Pdimax during a 
Mueller-expulsive maneuver is higher than that 
obtained with a Mueller maneuver (Hershenson 
et  al. 1988). Several investigators have demon-
strated that maximal diaphragmatic recruitment 
can be attained during a simple Mueller maneu-
ver (Gandevia and McKenzie 1985; Similowski 
et al. 1991, 1993; Similowski et al. 1996; Allen 
et  al. 1993). Therefore, mechanisms other than 
submaximal diaphragmatic recruitment may be 
responsible for the lower Pdimax values during 
the Mueller versus the Mueller-expulsive maneu-
ver (Gandevia et al. 1990; McKenzie et al. 1994). 
During a Mueller maneuver, the diaphragm is 
displaced downward towards the abdominal cav-

ity, decreasing its length (Gandevia et al. 1990) 
and thus reducing pressure generation. During an 
expulsive maneuver, the diaphragm initially 
shortens a small amount and then lengthens 
(Gandevia et al. 1990; McKenzie et al. 1994). In 
other words, an eccentric (pliometric) contrac-
tion (Hillman et al. 1990) produces greater ten-
sion than an isometric contraction secondary to 
the force-generating reserve of the abdominal 
muscles (Laghi et al. 2014a).

Sniff Pdi

While many patients find it difficult to perform 
the Mueller-expulsive maneuver, most can per-
form a sniff (Fig. 36.5). Miller et al. (1985) found 
that sniff Pdi values were higher than Pdimax val-
ues in 92% of 64 healthy subjects  – suggesting 
that most performed the Mueller-expulsive 
maneuver suboptimally. Luo et al. (2002) assessed 
the reproducibility of sniff Pdi in 32 healthy volun-
teers by repeating the measurements on two to 
eight occasions over 1–5 years. The within-sub-
ject coefficient of variation was 11%.

In patients with bilateral diaphragmatic paral-
ysis, sniff Pes may underestimate diaphragmatic 
dysfunction (Mills et al. 1997) because patients 
increasingly recruit rib cage and neck muscles 
during the maneuver. Patients with unilateral dia-
phragmatic paresis experience a significant 
reduction in sniff Pes (Verin et  al. 2006). This 
reduction correlates with the time elapsed from 
onset of symptoms to respiratory muscle testing 
(Verin et al. 2006).

Pressure Relaxation Rate
As a skeletal muscle fatigues, there is the slowing 
of rate at which the muscle relaxes from a stimu-
lated or voluntary contraction (Edwards et  al. 
1975). Slowing of the relaxation rate is consid-
ered an early consequence of excessive muscle 
loading, and it precedes the failure of force gen-
eration (Esau et al. 1983; Mador and Kufel 1992). 
Despite great interest in the 1980s and 1990s, 
measurements of the relaxation phase of respira-
tory muscle contraction has not significantly 
impacted clinical practice.

Healthy

Pdi

Pga

50
cm H2O

Pes

Diaphragmatic
paralysis

Fig. 36.5 Esophageal pressure (Pes), gastric pressure 
(Pga), and transdiaphragmatic pressure (Pdi) in a healthy 
subject and in a patient with bilateral diaphragmatic paral-
ysis. When a patient with diaphragmatic paralysis makes 
a maximal inspiratory effort, the negative Pes generated by 
the other inspiratory muscles pulls the flaccid diaphragm 
cephalad, thereby resulting in a fall in Pga
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 Voluntary Maneuvers: Cough Pga

PEmax is a well-established test to assess expira-
tory muscle strength. Low PEmax values are dif-
ficult to interpret particularly in patients with 
facial muscle weakness (Laveneziana et  al. 
2019). Another approach is to measure Pga during 
a cough (Man et  al. 2003). Complementing 
PEmax with cough Pga recordings decreases false- 
positive diagnosis of expiratory muscle weakness 
by 30–42% (Steier et al. 2007; Man et al. 2003).

 Voluntary Maneuvers: Clinical 
Usefulness of Transdiaphragmatic 
Pressure Measurements
A decrease in VC on switching from the upright 
to horizontal position (Allen et al. 1985) arouses 
suspicion of inspiratory muscle weakness, and 
PImax should be checked. A PImax more nega-
tive than −80 cm H2O in men and − 70 cm H2O 
in women excludes clinically important muscle 
weakness (Polkey et  al. 1995). A less negative 
value could result from poor technique. The addi-
tion of sniff Pn to PImax helps in this situation, 
reducing false-positive diagnosis of inspiratory 
muscle weakness by 20% (Steier et  al. 2007). 
Sniff Pn more negative than −70 cm H2O in men 
and more negative than −60 cm H2O in women 
excludes clinically significant weakness (Polkey 
et al. 1995). With less negative pressures, clini-
cians should measure Pdi, using voluntary maneu-
vers and/or stimulation of the phrenic nerves. 
Sniff Pdi is useful when sniff Pn yields suspi-
ciously low values, such as with upper airway 
obstruction (hypertrophy of the adenoids, rhini-
tis, polyps) or lower airway obstruction 
(Laveneziana et  al. 2019). When bilateral dia-
phragmatic paralysis is suspected, fluoroscopy 
can be misleading (Davis et  al. 1976). 
Alternatively, diaphragm ultrasound can be used 
to identify diaphragmatic paresis or paralysis.

 Evoked Maneuvers
Non-volitional evaluation of the diaphragm can 
be achieved by measuring changes in Pdi elicited 
by phrenic nerve stimulation. Non-volitional 
evaluation of the abdominal muscles is likewise 
achieved measuring changes in Pga elicited by 
stimulation of thoracic nerve roots.

 Evoked Maneuvers: Phrenic Nerve 
Stimulation
Phrenic nerve stimulation has the advantage of 
being independent of patient motivation. 
Activation was formerly achieved with an electri-
cal stimulator whereas magnetic stimulation is 
now gaining popularity (Laghi et al. 2014b).

Electrical Stimulation
The phrenic nerve is accessible for electrical 
stimulation as it descends over the anterior sur-
face of the anterior scalene muscle (McKenzie 
and Gandevia 1995). An inaccessible ectopic 
branch of the phrenic nerve (Sarnoff et al. 1951) 
(found in up to 20% of autopsies (Rajanna 1947)) 
can make it difficult (even impossible) to stimu-
late the entire phrenic nerve. Because of the high 
impedance of the skin, less electrical current is 
required for phrenic nerve stimulation using per-
cutaneous stimulation than using surface transcu-
taneous stimulation (Bellemare 1995; McKenzie 
and Gandevia 1995; MacLean and Mattioni 
1981; Aubier et al. 1985; Hubmayr et al. 1989). 
In expert hands, this system provides stable stim-
ulating conditions for several hours despite vig-
orous contractions of the inspiratory muscles 
(McKenzie and Gandevia 1995).

Magnetic Stimulation
Although electrical stimulation of the phrenic 
nerves has yielded important information, it has 
several limitations. Use of needle electrodes poses 
a hazard of phrenic nerve injury (Al-Shekhlee 
et  al. 2003) and pneumothorax (Laghi et  al. 
2014b). For transcutaneous stimulation, the high 
voltage required to overcome skin resistance is 
painful (Mier et  al. 1989). Locating the phrenic 
nerves can be difficult or even impossible in over 
one quarter of patients with respiratory disease 
(Mills et al. 1994). Maintaining a constant sym-
metrical maximal stimulus can be difficult, and 
repetitive twitch stimulations are commonly per-
formed (Bellemare and Bigland- Ritchie 1984). 
The approach produces artifactual increases in 
twitch pressure: so-called staircase potentiation 
(an increase in muscle contractility after a series 
of low-frequency stimulations) (Vandenboom 
et al. 2013). Consequently,  pressure tracings are 
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distorted and rendered uninterpretable. Because 
of these problems, phrenic nerve stimulation with 
electrical electrodes (needle or transcutaneous) is 
a difficult technique to use – and not feasible in 
the intensive care unit (ICU).

To overcome technical limitations of electrical 
stimulation, industry developed magnetic stimu-
lation of the phrenic nerves (Fig.  36.6) (Mills 
et al. 1996; Similowski et al. 1989). This approach 
has a number of attractions. It creates brief intense 
magnetic fields that (in contrast with electrical 
currents) are only slightly attenuated by natural 
barriers (skin, bone) (Laghi et al. 2014b). Rapidly 
changing magnetic fields can reach deep nervous 
structures, inducing electrical fields and in situ 
stimulation. Locating the phrenic nerves is not a 
problem and intact nerves are stimulated invari-
ably because the magnetic probe generates a 
broad field of activity over the neck – in contrast 
with the need to precisely position an electric 
probe over the phrenic nerve. The likelihood of 
inducing staircase potentiation is lessened because 
locating the area of maximal stimulation requires 
only a few stimulations. Magnetic stimulation is 
considerably less painful than electrical stimula-
tion (Laghi et al. 2014b; Hamnegård et al. 1996). 
Reproducibility of Pditw (when measured on dif-
ferent occasions) is better with magnetic than 
electrical stimulation: coefficients of variation of 
6.6 and 8.8%, respectively (Wragg et al. 1994a).

Comparison of Electrical and Magnetic 
Stimulation
Magnetic stimulation of the phrenic nerves 
evokes greater Pditw at FRC than does electrical 
stimulation (Wragg et  al. 1994a; Laghi et  al. 
1996; Mador et  al. 1996), typical values being 
37.7 ± 1.9 (S.E.) and 32.3 ± 2.2 cm H2O, respec-
tively (Laghi et al. 1996); this difference is solely 
the consequence of larger Pestw. The larger Pestw 
results from recruitment of the sternomastoid, 
trapezius, parasternal, and pectoral muscles, 
whereas electrical stimulation causes only dia-
phragmatic depolarization (Laghi et  al. 1996). 
Contraction of rib cage muscles is known to 
decrease rib cage compliance, which achieves a 
greater Pestw for a given diaphragmatic contrac-
tion (Laghi et al. 1996). Laghi et al. (1996) com-
pared the ability of the two techniques to detect 
changes in diaphragmatic contractility after 
induction of fatigue. Decreases in Pditw were 
closely correlated (r = 0.96), indicating that rela-
tive nonselectivity of magnetic stimulation does 
not undermine its ability to detect diaphragmatic 
fatigue (Fig. 36.7).

Paired stimulations with different inter- 
stimulus intervals have been used to construct a 

Fig. 36.6 Magnetic stimulation of the phrenic nerves. 
(Left panel) Posterior approach: A circular magnetic 
probe is centered over the spinous process of the seventh 
cervical vertebra. When activated, the probe generates a 
broad magnetic field that causes bilateral stimulation of 
the phrenic nerve roots. (Right panel) Anterolateral 
approach: Two figure-of-eight probes are positioned adja-
cent to the posterior border of the sternomastoid muscle at 
the level of the cricoid cartilage. (From Laghi et  al. 
(2014b), with permission of Springer Nature BV)
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Fig. 36.7 Transdiaphragmatic twitch pressure (Pdi) at 
baseline and the percentage decrease at 10, 30, and 60 min 
after induction of diaphragmatic fatigue. The decreases 
were similar for magnetic and electrical stimulation of the 
phrenic nerves. (From Laghi et  al. (1996), with permis-
sion of American Physiological Society)
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surrogate force-frequency curve to discriminate 
between low-frequency and high-frequency 
fatigue (Yan et al. 1993a). Low-frequency fatigue, 
signified by a decrease in force occurring at stim-
ulation frequencies between 10 and 20  Hz, is 
thought to be caused by irreversible disruption of 
calcium release in the cytoplasm and muscle dam-
age (Laghi and Tobin 2003; Verburg et al. 2009); 
it has a slow rate of recovery. High- frequency 
fatigue, signified by a decrease in force at stimula-
tion frequencies between 50 and 100 Hz (Aubier 
et  al. 1981a), results from various mechanisms 
related to intracellular concentrations of calcium 
and inorganic phosphate; it has a rapid rate of 
recovery (Allen et al. 2008). During normal regu-
lar breathing, the peak frequency of motor neu-
rons for the phrenic nerves is 7–14 Hz (De Troyer 
et al. 1997); thus, low- frequency fatigue is judged 
to have greater clinical importance than high-fre-
quency fatigue (Mador and Acevedo 1991; Yan 
et al. 1993b; Laghi et al. 1998a). Magnetic stimu-
lation can also be used to detect abdominal mus-
cle fatigue (Kyroussis et al. 1996).

Given the considerable logistical difficulty 
involved in performing tetanic stimulations 
needed to generate full force–frequency curves, 
increasing attention has focused on measuring 
the response to isolated single supramaximal 
nerve stimulations (Fig. 36.8) (Laghi et al. 2014b; 
Laghi 2014). The pressure response is termed 
twitch pressure. Twitch pressure provides a reli-
able means of detecting low-frequency fatigue – 
the type of greatest clinical significance (Laghi 
and Tobin 2003; Babcock et al. 1995; Ferguson 
1994).

Unilateral stimulation is appropriate when 
assessing the integrity of a phrenic nerve (Tobin 
and Laghi 1998). It is not reliable for assessing 
diaphragmatic contractile properties (Bellemare 
et  al. 1986): the peak amplitude of Pditw in 
response to bilateral supramaximal stimulation 
exceeds the sum of left and right pressure 
responses by 32  ±  6% (S.D.) (Fig.  36.9) 
(Bellemare et al. 1986). This difference is caused 
by the degree of mechanical distortion induced 
by the two types of stimulation.
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Fig. 36.8 Recording of transdiaphragmatic twitch pres-
sure. (Left panel) An esophageal balloon and a gastric bal-
loon are passed through the nares. Magnetic stimulation 
of the phrenic nerves elicits diaphragmatic contraction. 
(Right panel) Continuous recordings of esophageal (Pes) 
and gastric pressures (Pga) and transdiaphragmatic pres-

sure (Pdi). Phrenic nerve stimulation (arrows) results in 
contraction of the diaphragm with consequent fall in Pes 
and rise in Pga. These swings in pressure are responsible 
for the transdiaphragmatic twitch pressure. (From Laghi 
(2014), with permission of Elsevier Science & Technology 
Journals)
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It is imperative to carefully monitor the lung 
volume at which stimulation is performed 
(Hubmayr et  al. 1989; Laghi et  al. 1996; Yan 
et  al. 1992a; Hamnegard et  al. 1995; Polkey 
et al. 1996). Rigid binding of the abdomen and 
lower rib cage produce a 20–40% increase in 
Pditw (Bellemare and Bigland-Ritchie 1984; 
Koulouris et al. 1989; Wilcox et al. 1988), prob-
ably by causing an increase in the initial muscle 
fiber length, reducing diaphragmatic shortening, 
and decreasing the radius of diaphragmatic cur-
vature. Because a binding technique is difficult 
to standardize, it is better to leave the abdomen 
unbound.

Pressure resulting from twitch stimulation is 
influenced by the history of preceding muscle 
contractions. A forceful voluntary muscle con-
traction causes an increase in the muscle tension 
that is subsequently elicited during twitch stimu-
lation, termed post-activation potentiation 
(Mador et  al. 1994; Laghi et  al. 1995; Wragg 
et al. 1994b). The mechanism has not been com-
pletely elucidated; it may result from an increase 
in extracellular potassium consequent to vigor-
ous muscle contractions (Mador et  al. 1994; 

Holmberg and Waldeck 1980) or to reversible 
phosphorylation of myosin P light-chain units 
(Manning and Stull 1982). Potentiation decays in 
a monoexponential manner (Mador et al. 1994), 
and Pditw values return to baseline 10–20  min 
after a vigorous contraction. To correctly quan-
tify a change in diaphragmatic contractility, 
10–20 min should elapse after a fatigue-inducing 
protocol before twitch stimulation is employed.

Normal values of Pditw elicited by bilateral 
electrical stimulation have a wide range; 8.8–
49.8  cm H2O among individuals; group mean 
values, 20.7 − 32.3 cm H2O (Table 36.2). With 
bilateral magnetic stimulation, normal values 
range from 18 to 49.7 cm H2O, and group mean 
values from 26.5 to 38.9 cm H2O. Some of the 
wide variation may be caused by failure to care-
fully control for twitch potentiation.

Reproducibility of Pditw measurements is 
good (Tobin and Laghi 1998): between-occa-
sion coefficients of variation are 7–11.5% for 
 electrical stimulation and 6.6–10.7% for mag-
netic stimulation. In 32 healthy subjects, Luo 
et al. (2002) recorded Pditw on 2 to 14 occasions 
over 1–5  years. The within-subject coefficient 
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Fig. 36.9 Electromyograms (EMG) of the right and left 
hemidiaphragms and transdiaphragmatic pressure 
twitches (Pditw) in response to unilateral (right, left) and 
bilateral supramaximal phrenic nerve stimulations in a 
healthy subject. The shape and amplitude of the ipsilateral 
compound action potentials remain unaltered regardless 

of whether one or both phrenic nerves are stimulated, 
indicating that each hemidiaphragm is maximally acti-
vated under both conditions. The amplitude of the Pditw 
response during bilateral stimulation exceeds the sum of 
left and right responses. (From Bellemare et  al. (1986), 
with permission of American Physiological Society)
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of variation was 11%. The limits of agreement 
between Pditw measurements over time 
were ± 7 cm H2O.

Because need for balloon catheters limits the 
clinical application of Pditw measurements, 
investigators have evaluated mouth twitch pres-
sures (Pmotw) as a means for estimating Pditw. 
Pmotw provides a useful noninvasive estimate of 
Pditw in healthy subjects (Yan et  al. 1992b; 
Hamnegaard et al. 1995; Laghi and Tobin 1997; 
Ju et al. 2014; Kabitz et al. 2007) and in patients 
(Similowski et al. 1991, 1993; Hamnegaard et al. 
1995; Ju et  al. 2014; Kabitz et  al. 2007; Topeli 
et al. 1999).

Twitch Pressure: Airway Twitch Pressure
In ventilated patients, twitch airway pressures 
(Pawtw) and Pditw are well correlated (Fig. 36.10) 
(Cattapan et al. 2003; Watson et al. 2001), but the 
limits of agreement are wide, meaning that a par-
ticular Pawtw is a poor predictor of Pditw. Because 
Pawtw values are extremely reproducible, they 
appear useful in tracking changes in diaphrag-
matic contractility (Cattapan et al. 2003).

Pawtw pressures in intubated patients (Cattapan 
et al. 2003; Watson et al. 2001) are a fraction of 

those in healthy volunteers (Kabitz et  al. 2007; 
Maillard et al. 1998), suggesting fatigue or weak-
ness. Fatigue is an implausible mechanism 
because patients have received mechanical venti-
lation for days before the measurements (Tobin 
et al. 2012). Muscle weakness is a more plausible 
mechanism raising the possibility of ventilator- 
induced respiratory muscle injury and atrophy 
(Levine et  al. 2008; Vassilakopoulos 2013; 
Supinski et al. 2018; Hooijman et al. 2015; Jaber 
et al. 2011).

Whether duration of mechanical ventilation, 
sepsis, and severity of underlying disease are risk 
factors for diaphragmatic weakness is controver-
sial (Laghi et  al. 2003; Jaber et  al. 2011; Dres 
et  al. 2017; Hermans et  al. 2010; Supinski and 
Callahan 2013; Demoule et  al. 2013). Whether 
diaphragmatic weakness impacts weaning out-
come and duration of mechanical ventilation is 
also controversial (Laghi et al. 2003; Jaber et al. 
2011; Dres et  al. 2017; Hermans et  al. 2010; 
Supinski and Callahan 2013; Demoule et  al. 
2013; Jung et al. 2016). Lack of standardization 
of twitch recordings impedes ability to judge the 
clinical impact of diaphragmatic weakness in 
ventilated patients.

Table 36.2 Transdiaphragmatic twitch pressure in healthy subjectsa

Range Mean ± S.D. Controlled for potentiation N
Electrical stimulation technique
Mier et al. (1989) 8.8–33.1 20.7 ± 5.3 No 20
Hubmayr et al. (1989) 19–36 31.4 ± 6.4 No 6
Wragg et al. (1994a) 22–40 29.7 No 9
Mador et al. (1996) – 28.1 ± 6.3 Yes 10
Mills et al. (1996) 24.7–2.1 28.1 Yes 6
Laghi et al. (1996) 20.4–49.8 32.2 ± 7.0 Yes 10
Magnetic stimulation technique
Similowski et al. (1989) 26.6–49.7 33.4 ± 23.8 No 6
Wragg et al. (1994a) 27–48 36.5 Yes 9
Laghi et al. (1995) 32.8–42.1 38.9 ± 3.1 Yes 8
Hamnegard et al. (1995) – 31.6 Yes 6
Mills et al. (1996) 20.2–30.6 26.7 Yes 6
Laghi et al. (1996) 23.0–52.3 37.7 ± 7.6 Yes 16
Mador et al. (1996) – 37.2 ± 8.3 Yes 10
Hamnegård et al. (1996) 18–45 31 ± 28.7 Yes 23
Luo et al. (2002) 18–42 28 ± 5 Yes 32

Modified from Tobin and Laghi (1998), with permission of McGraw Hill
aValues are in centimeters of water
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Twitch Interpolation Technique: General 
Concepts
When a supramaximal (electrical or magnetic) 
stimulus is applied to peripheral nerves during a 
voluntary contraction, the motor units that have 

not already been recruited respond by generating 
a twitch response (Belanger and McComas 
1981). Motor units firing at submaximal rates 
(and whose motoneurones are not in a refractory 
state) respond with a twitch increment in force 
(Belanger and McComas 1981). As neural output 
to the muscle increases, fewer units are available 
for recruitment and the twitch increment in force 
diminishes. Consequently, the superimposed 
twitch is eventually undetectable (Shield and 
Zhou 2004). Performing a twitch stimulation 
during a voluntary effort allows indirect assess-
ment of both the maximal strength of a muscle 
and its relative degree of activation (by the  central 
nervous system) (Fig.  36.11) (Bellemare and 
Bigland-Ritchie 1984; Merton 1954).

In healthy subjects performing graded voluntary 
contractions, Bellemare and Bigland-Ritchie 
(Bellemare and Bigland-Ritchie 1984) detected no 
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Fig. 36.11 Tracings of transdiaphragmatic pressure dur-
ing bilateral phrenic nerve stimulation in a patient with 
COPD. During a forceful Mueller maneuver, stimulation 
produced a superimposed twitch pressure (arrow). On the 
right is a twitch pressure achieved by stimulation during 
resting breathing just after the Mueller maneuver. The 
ratio of the amplitude of superimposed twitch pressure to 
resting twitch pressure measures the extent that muscle is 
not recruited by the central nervous system during the 
Mueller maneuver. Muscle recruitment (by voluntary 
effort) is commonly expressed as voluntary activation 
index, calculated as: 1 minus the ratio of superimposed 
twitch to resting twitch, and all multiplied by 100. In the 
example, the amplitude of the superimposed twitch pres-
sure is 19% of the amplitude of resting twitch pressure, 
yielding a voluntary activation index of 81%; if the super-
imposed stimulus had evoked no increase in pressure, the 
activation index would have been 100%. (Based on Tobin 
et al. (2012))
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superimposed twitches during Pdimax contractions, 
indicating that the central nervous system was 
capable of recruiting all diaphragmatic motor units. 
The ratio of the twitch amplitude superimposed on 
a voluntary contraction to the twitch response of 
relaxed muscle between the contractions yields an 
estimate of maximum muscle strength without nec-
essarily requiring a maximal voluntary effort: 
twitch interpolation. Bellemare and Bigland-Richie 
(Bellemare and Bigland-Ritchie 1984) observed a 
linear decline in the amplitude of superimposed 
Pditw as a function of voluntary Pdi in the range of 
0–70% of Pdimax (Fig. 36.12). A quasi-asymptotic 
decline was observed for Pdi values above 70% of 
Pdimax. The result is that extrapolation of the rela-
tionship between evoked and voluntary force dur-
ing submaximal contractions underestimated true 
Pdimax by about 10%. Mechanism that may con-
tribute to the asymptotic decline include decreased 
dissipation of twitch force in the in-series compli-
ant compartment of muscle fibers (Loring and 
Hershenson 1992) and alterations in upper rib cage 
distortability (Similowski et al. 1996).

Twitch Interpolation Technique: Central 
Fatigue
Bellemare and Bigland-Ritchie (1987) used the 
twitch interpolation method to quantify the sepa-
rate contributions of central and peripheral com-
ponents to the development of diaphragmatic 
fatigue in healthy volunteers. In five subjects in 
whom they induced diaphragmatic, fatigue about 
50% of the reduction in voluntary Pdimax resulted 
from decreased central motor output; the rest 
resulted from peripheral muscle contractile fail-
ure (Bellemare and Bigland-Ritchie 1987). The 
purported mechanisms for the failure to maxi-
mally activate the diaphragm include the depres-
sant effect of rising endorphin concentrations 
(Scardella et  al. 1986), increased discharge of 
group III and IV muscle afferents in forcefully 
contracting inspiratory muscles (Gandevia 2001) 
and nociceptive phrenic afferents (Road et  al. 
1987). Additional factors that can trigger inhibi-
tion of central activation include failing cardio-
vascular response to increased metabolic demand 
and decreased perfusion of the central nervous 
system (Gandevia 2001; Viires et al. 1983).

Allen et al. (1993) used this approach to com-
pare the degree of voluntary activation of the dia-
phragm in 11 stable patients with asthma and 10 
healthy control subjects. All of the healthy sub-
jects were capable of near complete activation 
(>95%) of the diaphragm during repeated volun-
tary PImax maneuvers, and only 1 subject had 
less than 60% activation. In contrast, 5 of the 
patients with asthma had less than 60% activation 
of the diaphragm and 4 of them had occasional 
values below 30%. Such an inability to achieve 
full neural activation of the diaphragm may be an 
important contributor to the rapid development of 
ventilatory failure and death in some patients 
with acute severe asthma. They subsequently 
showed that impaired reflex excitation of inspira-
tory motoneurones in patients with asthma 
 contributes to their reduced ability to fully acti-
vate the diaphragm during volitional efforts 
(Butler et al. 1996).

Topeli et al. (2001) used the twitch interpola-
tion technique to investigate the role of voluntary 
activation of the diaphragm in patients with 
COPD and chronic hypercapnia. Voluntary acti-
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vation was higher in six hypercapnic patients than 
in nine normocapnic patients: 95 versus 89% 
(Fig.  36.13). The value in normocapnic patients 
was equivalent to that in healthy subjects (88%) 
(Allen et al. 1993). The extent of voluntary activa-
tion of the diaphragm and PaCO2 were both posi-
tively correlated with inspiratory muscle load 
(Topeli et al. 2001), suggesting that patients with 
a high load may have learned to fully activate 
their diaphragm (Topeli et al. 2001). The ability to 
mount an increase in voluntary motor output to 
the diaphragm could be especially important dur-
ing an acute exacerbation. If patients have a low 
baseline level of voluntary activation, they may be 
unable to generate sufficient inspiratory pressure 
to avoid alveolar hypoventilation. The situation is 
analogous to patients with prior poliomyelitis 
who exhibit greater-than-normal fatigability of 
limb muscles, partly because of impaired volun-
tary activation of the limb muscles (Allen et  al. 

1994). In contrast to COPD patients with chronic 
hypercapnia (Topeli et  al. 2001), (induction of) 
acute hypercapnia in healthy subjects had no 
effect on the voluntary neural output to the dia-
phragm (Wan et al. 2018).

It is not known if patients who fail a weaning 
trial experience reflex inhibition of central activa-
tion. It is extremely difficult to assess the extent 
of diaphragmatic recruitment in such patients. It 
is virtually impossible to assess diaphragmatic 
recruitment because twitch interpolation requires 
precise timing of phrenic-nerve stimulation at the 
zenith of an inspiratory effort (that is maintained 
steady during stimulation) and also supramaxi-
mal recruitment of the phrenic nerve through-
out the stimulation (Laghi et al. 2003; Gandevia 
2001). Twitch interpolation is also limited by 
its insensitivity to changes in diaphragmatic 
 motor- unit firing rate (an important component 
of central activation) (Gandevia 2001).

 Evoked Maneuvers: Pgatw
Non-volitional assessment of expiratory muscle 
strength can be obtained by stimulating the tho-
racic nerve roots that innervate the abdominal 
muscles (Kyroussis et al. 1996). Following place-
ment of a gastric balloon, the operator applies the 
stimulating probe over the tenth thoracic vertebra 
(Fig.  36.14) (Kyroussis et  al. 1996). In healthy 
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Fig. 36.13 Voluntary activation index of the diaphragm 
during maximal voluntary inspiratory efforts in normo-
capnic (upper panel) and hypercapnic patients (lower 
panel) with severe COPD. The mean value of the volun-
tary activation index (horizontal line) was higher in the 
hypercapnic patients than in the normocapnic patients 
(p = 0.01). (From Topeli et al. (2001), with permission of 
European Respiratory Society)

Magnetic stimulator

Fig. 36.14 Schematic representation of magnetic stimu-
lation of the thoracic nerve roots to assess non-volitionally 
expiratory muscle strength. Following placement of a gas-
tric balloon (not shown), the operator applies the center of 
the stimulating probe (blue circle) over the tenth thoracic 
vertebra (red vertebral body). Stimulations can be deliv-
ered while the patient is seated, prone, or supine

36 Monitoring Respiratory Muscle Function



548

subjects, the median Pgatw is 39.4 cm H2O (inter-
qartile range 26.6  cm H2O)(Steier et  al. 2007) 
and within-session coefficient of variation is 10% 
(Wuthrich et al. 2015).

A PEmax less than +80 cm H2O in men and 
less than +60 cm H2O in women arouses suspi-
cion of expiratory muscle weakness (Steier et al. 
2007), and cough Pga should be checked. Cough 
Pga greater than 132 cm H2O in men and 97 cm 
H2O in women excludes clinically important 
muscle weakness (Steier et al. 2007). A smaller 
value could result from poor technique. The addi-
tion of Pgatw to PEmax helps in this situation, 
reducing false-positive diagnosis of expiratory 
muscle weakness by 56.4% (Steier et al. 2007). 
Caution must be taken when interpreting low 
Pgatw values as they may result from submaximal 
stimulation of the thoracic nerve roots and not 
because of weakness or fatigue (Kyroussis et al. 
1996; Verges et  al. 2010). Pgatw has also been 
used to detect expiratory muscle fatigue in 
healthy subjects and in patients (Kyroussis et al. 
1996; Wuthrich et  al. 2015; Verges et  al. 2006; 
Elia et al. 2013; Bachasson et al. 2013).

 Respiratory Muscle Pressure Output: 
Effort

Respiratory muscle effort can be computed in 
terms of work of breathing, pressure–time prod-
uct, and tension–time index.

 Work of Breathing
Work of breathing is commonly increased in crit-
ically ill patients, and many patients have a 
decreased capacity to perform work (Marini et al. 
1985; Ward et  al. 1988; Sassoon et  al. 1988). 
Mechanical work is performed when a force 
moves its point of application through a distance 
(Tobin and Van de Graff 1994). In the case of a 
three-dimentional fluid system, work is done 
when a pressure (P) changes the volume (V) of 
the system.

  
W P V P dv

v

� � � ��
0  

When a muscle contracts, mechanical work is 
performed only if displacement takes place. 
During an isometric contraction, no displacement 
takes place; therefore no mechanical work is per-
formed – there is, of course, a metabolic cost for 
exerting the force.

Mechanical work of breathing can be calcu-
lated by measuring the generation of intratho-
racic pressure secondary to contraction of the 
respiratory muscles (or a ventilator substituting 
for them) and the displacement of gas volume. 
Changes in pressure and volume can be analyzed 
graphically, and the area enclosed within a 
volume- pressure loop has the units of mechanical 
work.

Measurements of respiratory work in sponta-
neously breathing patients require an estimate of 
pleural pressure (Ppl), usually achieved by means 
of Pes. Pes can be viewed as the sum of the pres-
sure developed by the respiratory muscles in 
expanding the chest-wall (Pmus) and the static 
pressure of the chest-wall (Pcw). Thus, Pmus can be 
expressed as Pmus  =  Pes  −  Pcw. The graphical 
approach to the analysis of Pes-volume loops 
introduced by Campbell (Campbell 1958; 
Agostoni et al. 1970) allows work to be separated 
into several components.

To quantitate work performed in distending 
the lungs alone, the relevant transstructural pres-
sure is transpulmonary pressure (PL), which is 
equal to Paw − Pes. During spontaneous breathing, 
Paw is zero, and, thus, inspiratory work can be cal-
culated from Pes and volume recordings alone 
(Simmons 1989). In a patient connected to a ven-
tilator circuit, Paw is not zero; consequently, 
measurement of Pes alone does not permit calcu-
lation of work performed on the lung, although it 
allows calculation of work performed by the 
patient. Work imposed on the patient by the 
breathing apparatus, external circuit, and 
 endotracheal tube is determined from the integral 
of the change in pressure at the carinal end of the 
endotracheal tube and the change in volume. 
Measurements of total work during spontaneous 
efforts while a patient is attached to a ventilator 
requires measurements of both Pes and Paw (as 
well as volume).
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During unassisted breathing, the total resistive 
work done on the lungs in each breath is obtained 
by integrating the area subtended by Pes and lung 
volume during a complete respiratory cycle 
(Fig. 36.15). Work is partitioned into its inspira-
tory and expiratory resistive components by 
drawing a line between points of zero flow: the 
dynamic pulmonary compliance line.

During unassisted breathing, work performed 
by the inspiratory muscles against the elastic 
recoil of the lungs and chest-wall can be calcu-
lated by constructing a Campbell diagram. This 
method requires measurement of the static com-
pliance of the chest-wall (Ccw), which can be 
closely estimated by recording Pes and volume 
during controlled ventilation while the respira-
tory muscles are completely relaxed (Fig. 36.16). 
Subtraction of Pes from Pcw indicates the pressure 
developed by the respiratory muscles in expand-
ing the chest-wall (Pmus) (see above).

Elastic inspiratory work is measured as the 
area between the line of dynamic pulmonary 
compliance (CL,dyn) and the line of static 
 chest- wall compliance (Ccw) within the tidal vol-
ume range (Fig. 36.17). In patients with elevated 
end- expiratory volume and intrinsic positive end- 
expiratory pressure (PEEPi) (Fig. 36.18), the Pes-

volume loop is displaced upward as compared 
with Fig.  36.17 and has a prominent flat base 
formed as PEEPi is overcome at the start of an 
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Fig. 36.15 A plot of esophageal pressure versus volume 
during a respiratory cycle. The line between the points of 
zero flow, the dynamic pulmonary compliance line 
(CL,dyn), partitions resistive work into its inspiratory and 
expiratory components. Note the clockwise direction in 
which actively generated esophageal pressure–volume 
curves are formed. (From Tobin and Van de Graff (1994), 
with permission of McGraw Hill LLC)
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Fig. 36.16 A plot of esophageal pressure versus volume 
during passive ventilation. The line connecting the points 
of zero flow is the static chest wall compliance line (Ccw). 
Note the counterclockwise direction in which passively 
generated esophageal pressure–volume curves are formed. 
(From Tobin and Van de Graff (1994), with permission of 
McGraw Hill LLC)
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Fig. 36.17 A plot of esophageal pressure versus volume 
during unassisted ventilation. The static chest wall com-
pliance line (Ccw) is fitted at the end-expiratory elastic 
recoil pressure of the chest wall. Inspiratory elastic work 
is calculated as the cross-hatched area of the pressure–
volume curve subtended by the Ccw line and the dynamic 
pulmonary compliance line (CL,dyn). See Fig.  36.15 and 
36.16. (From Tobin and Van de Graff (1994), with permis-
sion of McGraw Hill LLC)
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inspiratory effort. Inspiratory work is increased 
because the added pressure change required to 
initiate flow must be continued throughout inspi-
ration (Fig. 36.18).

During quiet breathing, expiration is passive 
and the work of breathing is usually performed 
entirely by the inspiratory muscles. About 50 per-
cent of inspiratory work is dissipated as heat in 
overcoming flow-resistive forces (Nunn 1977). 
The remaining 50 percent of inspiratory work is 
stored as potential energy in the deformed tissues 
of the lung and chest-wall and is used during 
expiration. When ventilatory demands increase 
or expiratory resistance is markedly increased, 
the expiratory muscles are recruited. Such expi-
ratory muscle activity increases Pes, producing 
Pes-volume values to the right of the chest-wall 
relaxation line and outside the elastic work area 
on a Campbell diagram: Pes is higher than the 
static elastic recoil pressure of the chest-wall 
(Agostoni et  al. 1970; Fleury et  al. 1985). This 

can be quantitated as the area enclosed by the 
expiratory portion of the Pes-volume loop to the 
right of the chest-wall relaxation line (Van de 
Graaff et al. 1991) (Fig. 36.19).

During the expiratory phase of the respiratory 
cycle, some of the elastic energy stored in the tis-
sues deformed during inspiration is used to over-
come flow resistances of the lung and chest-wall; 
the remainder is used to overcome the persistent 
activity of inspiratory muscles during expiration 
(Laghi and Shaikh 2017; Roussos 1986). This 
postinspiratory activity represents negative (plio-
metric) work by the inspiratory muscles as they 
lengthen. During normal resting ventilation, this 
negative work is substantial (Petit et  al. 1960; 
Milic-Emili 1991), but it becomes relatively 
small with increasing ventilation (Petit et  al. 
1960). Negative inspiratory work can be calcu-
lated by subtracting expiratory-flow resistive 
work from the elastic work of inspiration 
(Fig. 36.20) (Fleury et al. 1985).

 Pressure–Time Product
Measurements of mechanical work of breathing 
can substantially underestimate oxygen con-
sumption by the respiratory muscles, being 
totally insensitive to energy expenditure during 
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Fig. 36.18 A plot of esophageal pressure versus volume 
in a patient with intrinsic positive end-expiratory pressure 
(PEEPi). The end-expiratory elastic recoil pressure of the 
chest-wall no longer coincides with zero flow. End- 
expiratory lung volume is elevated (here, by 400  mL) 
above relaxed functional residual capacity (FRC). The 
distance between the static chest-wall compliance line 
(Ccw) and the dynamic lung compliance line (CL,dyn) is 
equal to the level of PEEPi. Given the presence of PEEPi, 
the amount of work has been increased from that shown in 
Fig. 36.17 by an amount proportional to the area enclosed 
by the rectangle ABCD. (From Tobin and Van de Graff 
(1994), with permission of McGraw Hill LLC)
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Fig. 36.19 A plot of esophageal pressure versus volume 
in a patient exhibiting expiratory muscle activity. The 
chest-wall compliance line is measured and fitted to the 
pressure volume curve as described in Figs.  36.16 and 
36.17. Expiratory work is quantitated as the cross-hatched 
area enclosed by the portion of the pressure–volume loop 
lying to the right of the static chest-wall compliance line 
(Ccw). (From Tobin and Van de Graff (1994), with permis-
sion of McGraw Hill LLC)
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an isometric contraction. Mechanical work also 
fails to account for the duration of a muscle con-
traction. Two breaths may have the same tidal 
volume and intrathoracic pressure excursion but 
differ in inspiratory duration. Because pressure–
volume relationships are the same, mechanical 
work of breathing will be identical. Energy 
requirements, however, will be greater for the 
breath with the longer inspiratory time. Under 
loaded conditions, the efficiency of respiratory 
muscle contraction decreases considerably and 
oxygen consumption increases for a given 
amount of work (Field et al. 1984).

Pressure–time product (PTP) circumvents 
these problems (Fig. 36.21) and several investi-
gators have shown that a measurement of the 
magnitude and duration of pressure generation is 
more closely related to respiratory muscle oxy-
gen consumption than is mechanical work (Field 
et  al. 1984; McGregor and Becklake 1961; 
Rochester and Bettini 1976; Robertson et  al. 
1977). PTP is an important determinant of energy 
supply, because blood flow to the diaphragm is a 
unique function of the tension–time index of the 
diaphragm, the equivalent of PTP (Bellemare and 
Grassino 1982; Bellemare et al. 1983a).

Jubran and Tobin (1997) obtained measure-
ments of PTP product in 17 ventilator-supported 
patients with COPD who failed a trial of sponta-
neous breathing and 14 patients who tolerated a 
trial and were extubated. At the onset of the trial, 
PTP was not different between the failure and 
success groups, 255  ±  59 and 158  ±  23 (S.E.) 
cmH2O∙s/min, respectively. Both these values 
were higher than PTP of 94 ± 12 cmH2O∙s/min 
recorded in 7 healthy subjects using the same 
methodology. Throughout the course of the trial, 
PTP was higher in the weaning failure group, 
increasing to 388 ± 68 cmH2O∙s/min at the end of 
the trial. Partitioning of PTP into its resistive, 
PEEPi, and non-PEEPi elastic components 
revealed increases in all three components at the 
end of the trial (Fig. 36.22).

 Tension–Time Index of the Diaphragm
Tension–time index of the diaphragm is an alter-
native to pressure–time product for quantifying 
the magnitude and duration of respiratory muscle 
contractions. Bellemare and Grassino (1982) rea-
soned that because the diaphragm contracts 
mainly during inspiration, the relative duration of 
inhalation (TI) to the duration of the total respira-
tory cycle (TTOT) should be an important determi-
nant of diaphragmatic fatigue. In subjects 
breathing against resistive loads, they examined 
the relative importance of mean Pdi (P ̅di) and 
TI/TTOT in determining endurance time. The ratios 
of Pd̅i/Pdimax and TI/TTOT were equally important 
determinants. They combined these factors into a 
tension–time index of the diaphragm (TTdi), cal-
culated as

 TTdi di di I TOT� �P P T T/ max /  
During inspiratory resistive loading, endur-

ance time progressively decreases as TTdi 
increases. Below a critical TTdi value of 0.15, 
breathing can be sustained indefinitely. Healthy 
subjects breathing at rest have a TTdi value of 
0.02, indicating approximately an eightfold 
reserve.

Laghi et al. (2003) measured the TTdi in nine 
weaning-failure patients and seven weaning- 
success patients. Over the course of the trial, 
TTdi was higher in the failure group than in the 
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Fig. 36.20 A plot of esophageal pressure versus volume 
during a respiratory cycle. The dynamic pulmonary com-
pliance line (CL,dyn) and the static chest-wall compliance 
line (Ccw) are calculated and fitted to the curves as shown 
in Figs.  36.15, 36.16, and 36.17. Negative inspiratory 
work shown with cross-hatching is calculated by subtract-
ing expiratory-flow resistive work from the elastic work of 
inspiration. (From Tobin and Van de Graff (1994), with 
permission of McGraw Hill LLC)
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success group (Fig.  36.23). Of the nine failure 
patients, seven had a TTdi at or above 0.15 yet 
none developed diaphragmatic fatigue (no patient 
experienced a decrease in Pditw). This finding 
was the result of several concurrent factors: 
greater recruitment of rib cage and expiratory 
muscles, development of clinical signs of distress 
(mandating the reinstitution of mechanical venti-
lation) before the development of fatigue, and 
overestimation of TTdi (Laghi et al. 2003).

Interpretation of tension–time index values is 
confounded by several factors. During inspira-
tory loading, progressive diaphragmatic fatigue 
develops before the occurrence of task failure 

(Laghi et al. 1998a). In the laboratory, endurance 
time has been determined while subjects generate 
square-wave breathing pattern (Bellemare and 
Grassino 1982). The latter results in very low 
flow rates and minimal velocity of muscle short-
ening. This contrasts with tachypnea commonly 
observed in critically ill patients (Clanton et al. 
1985; McCool et  al. 1986). Patients commonly 
develop dynamic hyperinflation (Tobin et  al. 
2012), which decreases pressure-generating 
capacity as a result of inspiratory muscle shorten-
ing (Laghi et al. 1996). In turn, muscle shorten-
ing increases susceptibility to fatigue (Fitch and 
McComas 1985).
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Fig. 36.21 Flow (inspiration upward) and pressure trac-
ings during spontaneous breathing. Recoil pressures of 
chest-wall (CW) and lung are calculated from dynamic 
elastances of chest-wall and lung, respectively, and lung 
volume. Upper bound inspiratory pressure–time product 
(PTP) is integral of difference between Pes and upper 
bound CW recoil pressure from onset of rapid Pes decrease 
to inspiratory-to-expiratory flow transition. Component of 
PTP secondary to intrinsic positive end-expiratory pres-
sure (PEEPi) is computed using the integral of the differ-
ence between upper and lower bound of CW recoil 
pressure from rapid decrease in Pes to inspiratory-to- 

expiratory flow transition. Component of PTP secondary 
to non-PEEPi elastance is the integral of difference 
between lung recoil pressure and lower bound CW recoil 
pressure from onset of inspiratory flow to inspiratory-to- 
expiratory flow transition. Resistive fraction of PTP is the 
integral of the difference between Pes and lung recoil pres-
sure. The vertical interrupted lines represent points of zero 
flow. (Reprinted with permission of the American Thoracic 
Society. Copyright © 2020 American Thoracic Society. All 
rights reserved. Jubran and Tobin (1997). The American 
Journal of Respiratory and Critical Care Medicine is an 
official journal of the American Thoracic Society)
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 Esophageal and Gastric Pressure 
Tracings

 Pleural Pressure–Abdominal Pressure 
Diagram

The plot of swings in Pga and Pes against each 
other provides qualitative information on the rel-
ative contributions of the diaphragm, rib cage 
inspiratory muscles, and abdominal muscles to 
breathing and conveys how these muscles are 
coordinated (Table 36.3) (Tobin and Laghi 1998). 
The Pes − Pga diagram and related ratios represent 
useful means of assessing respiratory muscle 
function in critically ill patients.

Excursions in Pes and Pga are referred to the 
relaxation line (Pes and Pga during a relaxed exha-
lation from TLC), and departures from this rela-

tionship are used to infer the recruitment of 
various respiratory muscle groups. In addition to 
plotting the point-by-point course of Pes and Pga 
throughout a breath, diagrams of Pes −  Pga are 
sometimes generated by plotting only the values 
during zero flow at the onset and end of a breath 
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Fig. 36.22 Partitioning of pressure–time product (PTP/
min) into intrinsic positive end-expiratory pressure 
(PEEPi), non-PEEPi elastic, and resistive components at 
the start and end of a weaning trial in 17 patients who 
failed the trial and 14 patients who were successfully 
weaned. At the end of the trial, increase in PTP/min in 
failure group resulted from increases in the PEEPi compo-
nent by 111% (p < 0.0001), non-PEEPi elastic component 
by 33 percent (p < 0.0001), and resistive component by 42 
percent (p < 0.0001). The increase in PTP/min at end of 
the trial in success group resulted from an increase in non- 
PEEPi elastic component by 23 percent (p < 0.02) and in 
resistive component by 26 percent (p < 0.01), while the 
PEEPi fraction did not change. (Reprinted with permis-
sion of the American Thoracic Society. Copyright © 2020 
American Thoracic Society. All rights reserved. Jubran 
and Tobin (1997). The American Journal of Respiratory 
and Critical Care Medicine is an official journal of the 
American Thoracic Society)
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Fig. 36.23 Tension–time index of the diaphragm (TTdi) 
during a weaning trial in the failure (closed symbols) and 
success (open symbols) groups. Between the onset and the 
end of the trial, increases TTdi (p  <  0.005) occurred in 
both groups. Over the course of the trial, the failure group 
had higher values of TTdi (p = 0.01) than did the success 
group. Bars represent SE. (Reprinted with permission of 
the American Thoracic Society. Copyright © 2020 
American Thoracic Society. All rights reserved. Laghi 
et  al. (2003). The American Journal of Respiratory and 
Critical Care Medicine is an official journal of the 
American Thoracic Society)

Table 36.3 Effect of major muscle groups on directional 
change in pressures and dimensions

Muscle Activity Pes Pga VRC VAb

Diaphragm Contraction ↓ ↑ ↑a ↑
Relaxation ↑ ↓ ↓ ↓

Inspir RC Contraction ↓ ↓ ↑ ↓
Relaxation ↑ ↑ ↓ ↑

Expir RC Contraction ↑ ↑ ↓ ↑
Relaxation ↓ ↓ ↑ ↓

Abdominals Contraction ↑ ↑ ↓ ↓
Relaxation ↓ ↓ ↑ ↑

aAlthough overall VRC and lower VRC increase, upper VRC 
decreases
Key: Pes esophageal pressure, Pga gastric pressure, VRC rib 
cage volume or dimensions, VAb abdominal volume or 
dimension, ↑ = upgoing (more positive or less negative) 
signal, ↓ = downgoing signal
Modified from Tobin and Laghi (1998), with permission 
of McGraw Hill
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(Laghi et  al. 1998a; Criner and Celli 1988; 
Martinez et al. 1990; Epstein et al. 1995; Hillman 
and Finucane 1988; Yan et al. 1993c; Sliwinski 
et al. 1996). The latter approach is useful when 
the pressure contour makes it difficult to pick off 
the peak inspiratory and peak expiratory points 
with confidence (Sliwinski et al. 1996).

During inhalation, Pes becomes progres-
sively more negative as a result of the combined 
action of the diaphragm, parasternal intercostal 
muscles, and scalene muscles. When ventila-
tion is challenged, recruitment of the sterno-
cleidomastoid and other accessory muscles 
contributes to the decrease in Pes (Parthasarathy 
et al. 2007); a decrease in Pes during early inha-
lation may also result from relaxation of the 
expiratory muscles (Parthasarathy et al. 1998). 
Abdominal pressure (Pab) is estimated from 
measurement of Pga.

The diaphragm is the only muscle that simul-
taneously lowers Pes and increases Pga when it 
contracts; thus, ΔPdi during tidal breathing is 
considered to represent the force achieved by dia-
phragmatic contraction. In isolation, recordings 
of ΔPdi can result in overestimation or underesti-
mation of diaphragmatic activity (Clergue et al. 
1995). Recruitment of the expiratory muscles can 
stretch the diaphragm with resultant increase in 
Pdi. At the completion of an active exhalation, 
relaxation of the expiratory muscles causes Pdi to 
move in a negative direction. A subsequent active 
contraction of the diaphragm will cause Pdi to 
move in a positive direction only after it first 
makes up for this loss of the tension. In this situ-
ation, measurement of ΔPdi will underestimate 
the degree of active diaphragmatic contraction 
(Clergue et al. 1995).

During normal quiet inhalation, the dia-
phragm contracts and descends, Pes becomes 
more negative, and Pga becomes more positive. 
The increase in Pga causes outward movements 
of the abdomen and rib cage. The changes in Pes 
and Pga fall very close to the relaxation line 
(Fig.  36.24) indicating that normal breathing 
involves the generation of little additional pres-
sure over that needed to inflate the system pas-

sively (Macklem 1985). At the start of normal 
exhalation, relaxation of the diaphragm is 
accompanied by a decrease in Pga and inward 
motion of the abdomen. When the diaphragm is 
stretched (abdominal muscle contraction), the 
Pes − Pga plot will be displaced to the right of the 
isopleth for Pdi = 0  in proportion to the associ-
ated increase in Pdi (Fig. 36.25).

Figures 36.26, 36.27, and 36.28 are Pes − Pga 
plots recorded during isolated contraction of the 
rib cage muscles, tonic contraction of the inspira-
tory rib cage muscles during inhalation, and iso-
lated contraction of the abdominal muscles 
during exhalation followed by their abrupt 
 relaxation with resultant passive inhalation. 
Critically ill patients commonly contract several 
respiratory muscle groups during a single respi-
ratory cycle, which produce Pes − Pga diagrams 
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Fig. 36.24 A plot of negative esophageal pressure (Pes) 
against positive gastric pressure (Pga) during quiet breath-
ing; the slight irregularities the tracings are secondary to 
cardiogenic oscillations. Closed circle: Onset of inspira-
tory flow. Open circle: Onset of expiratory flow. The cur-
vilinear line in the background is the relaxation line. 
Isopleths for different levels of transdiaphragmatic pres-
sure (Pdi) are shown as dashed diagonal lines. The down-
ward 45° slope signifies that the change in Pes is 
accompanied by equal and opposite (in sign) change in 
Pga. (From Tobin and Laghi (1998), with permission of 
McGraw Hill LLC)
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that can be more difficult to decipher. Figure 36.29 
illustrates the activity of the diaphragm and expi-
ratory muscles at different stages of a respiratory 
cycle.

 Ratio of Change in Gastric-to- 
Esophageal Pressure

To properly employ Pes − Pga diagrams, patients 
must first perform a relaxation maneuver. This 
maneuver is challenging to many patients. To 
simplify the Pes − Pga diagram, some investiga-
tors calculate the ratio of tidal swing in Pga to 
tidal swing in Pes or ΔPga/ΔPes ratio (Moreno 
et al. 1981). The ratio reflects the relative con-
tributions of the diaphragm and other respira-
tory muscles to quiet breathing. A Pes − Pga loop 
that shifts to the left (Fig. 36.26) is associated 
with a ΔPga/ΔPes ratio becoming less negative. 
The range of potential values of the ΔPga/ΔPes 
ratio and their significance are listed in 
Table 36.4.
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Fig. 36.25 Abdominal muscle contraction produces an 
increase in gastric pressure (Pga) and a less negative 
esophageal pressure (Pes), as indicated by displacement of 
Pes − Pga plot down and to the right. The associated pas-
sive stretching of the diaphragm results in an increase in 
Pdi. Closed circle: Onset of inspiratory flow. Open circle: 
Onset of expiratory flow. (From Tobin and Laghi (1998), 
with permission of McGraw Hill LLC)
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Fig. 36.26 Left panel: A plot of esophageal pressure 
(Pes) versus gastric pressure (Pga) during isolated contrac-
tion of rib-cage muscles. The plot moves up and to the left 
along the isopleth for Pdi = 0. Right panel: A simultaneous 
recording of abdominal cross-sectional area (in arbitrary 

units) shows the abdomen moving inward as Pga becomes 
less positive during inspiration. Closed circle: Onset of 
inspiratory flow. Open circle: Onset of expiratory flow. 
(From Tobin and Laghi (1998), with permission of 
McGraw Hill LLC)
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In 8 patients with COPD (FEV1: 0.71 ± 0.06 
(SE) L) undergoing lung volume reduction sur-
gery, Laghi et al. (2004) found that the ΔPga/ΔPes 
ratio changed from −0.6 ± 0.1 before surgery to 
−1.2 ± 0.3 three months after surgery (p < 0.01) 
suggesting an increased diaphragmatic contribu-
tion to tidal breathing.

A shift in the ΔPga/ΔPes ratio to a less negative 
value was originally considered pathognomonic 
of impaired diaphragmatic activity. It is now rec-
ognized that a less negative ratio may also result 
from proportionally greater activity of the 
intercostal- accessory muscles, which will reduce 
the magnitude of an increase in Pga achieved by 
diaphragmatic contraction (Parthasarathy et  al. 
2007; Clergue et al. 1995).

 Ratio of Change in Gastric-to- 
Transdiaphragmatic Pressure

The ΔPga/ΔPdi ratio provides qualitative informa-
tion on the contribution of the diaphragm to tidal 
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Fig. 36.27 Tonic activity of the inspiratory rib cage mus-
cles. The esophageal pressure–gastric pressure (Pes − Pga) 
loop is parallel to that of quiet breathing (shown as a ghost 
plot). Inspiration commences from a higher end- expiratory 
lung volume, as indicated by the higher transpulmonary 
pressure. Closed circle: Onset of inspiratory flow. Open 
circle: Onset of expiratory flow. (From Tobin and Laghi 
(1998), with permission of McGraw Hill LLC)
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Fig. 36.28 Left panel: A plot of esophageal pressure 
(Pes) versus gastric pressure (Pga) during isolated abdomi-
nal muscle contraction. During exhalation, the plot moves 
down and to the right along the isopleth for Pdi = 0. Right 
panel: A simultaneous recording of abdominal cross- 

sectional area shows that the abdomen moves inward as 
Pga becomes more positive during exhalation. Closed cir-
cle: Onset of inspiratory flow. Open circle: Onset of expi-
ratory flow. (From Tobin and Laghi (1998), with 
permission of McGraw Hill LLC)
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breathing (Gilbert et  al. 1981, 1983). The ratio 
has been used to assess the contribution of the 
diaphragm to breathing in healthy subjects 
(Gilbert et al. 1981), in patients with midcervical 

cord lesions and intercostal paralysis (Gilbert 
et al. 1983), patients with COPD following lung 
volume reduction surgery (Laghi et  al. 1998b), 
and difficult-to-wean patients (Diehl et al. 1994).

 Electromyography

The basic functional unit of the neuromuscular 
system is the motor unit, which consists of an 
anterior horn cell in the spinal cord, its axon, and 
all muscle fibers innervated by the axon 
(Fig. 36.30, left panel) (Liddell and Sherrington 
1925). Neural signals from the spinal cord are 
transmitted along the axon to all muscle fibers 
innervated by the axon. This transmission of 
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Fig. 36.29 Left panel: Segment a, commencing with 
onset of inspiratory flow (closed circle), represents expira-
tory muscle relaxation, with both gastric pressure (Pga) 
and esophageal pressure (Pes) becoming less positive. 
Segment b represents diaphragmatic contraction, with Pga 
becoming more positive and Pes becoming initially more 
negative. Segment c, commencing with onset of expira-
tory flow (open circle), represents diaphragmatic relax-
ation, signaled by Pga becoming less positive and Pes 
becoming less negative. Segment d (final portion of expi-
ratory flow) represents expiratory muscle contraction, sig-
naled by Pga becoming more positive and Pes also 
becoming more positive. Right panel: A simultaneous plot 
of abdominal cross-sectional area against Pga shows in 
segment a that the onset of inspiratory flow (closed circle) 

is associated with Pga becoming less positive; the accom-
panying increase in abdominal cross-sectional area indi-
cates that this is caused by relaxation of the abdominal 
muscles. Diaphragmatic contraction in segment b causes 
Pga to become more positive and abdominal cross- 
sectional area to further increase. Diaphragmatic relax-
ation in segment c causes Pga to become less positive and 
abdominal cross-sectional area to decrease. During the 
final portion of expiratory flow, segment d, Pga becomes 
more positive; the accompanying decrease in abdominal 
cross-sectional area indicates that the expiratory muscle 
activity originates in the abdominal muscles rather than in 
the expiratory muscles of the rib cage. (From Tobin and 
Laghi (1998), with permission of McGraw Hill LLC)

Table 36.4 Abdominal–pleural pressure ratio

∆Pga/∆Pes Significance

≤ −1 Normal

−1 to 0 Inspiratory increase in Pga is less than 
the decrease in Pes

0 Diaphragm acts as a fixator, preventing 
transmission of Pes to abdomen

>0 Pga falls during inspiration
+1 Totally ineffective diaphragm

Modified from Tobin and Laghi (1998), with permission 
of McGraw Hill
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 neural signals triggers a movement of ions across 
the sarcolemma with resultant depolarization and 
then contraction. Single-fiber action potentials 
are activated in groups because a single nerve 
fiber innervates multiple muscle fibers (Sinderby 
and Beck 2013). These action potentials sum-
mate to form a composite motor unit action 
potential, which can be recorded as the electro-
myogram (EMG) (Fig. 36.30, right upper panel) 
(Sharp and Hyatt 1986; O’Brien and Van Eykern 
1989). Neural breathing modulates motor-unit 
firing rate and recruitment. This means that the 
resulting motor unit action potentials are sum-
mated in time (temporally) and space (spatially). 
The cumulative motor unit action potential activ-
ity (the interference pattern EMG) yields a signal 
where individual motor unit action potentials can 
no longer be distinguished (Fig.  36.30, right 
lower panel) (Sinderby and Beck 2013).

When a nerve is activated by a supramaxi-
mal stimulation (electrical or magnetic), all 
fibers in the innervated muscle generate almost 

 synchronous action potentials that summate to 
produce a compound muscle action potential 
(CMAP) (Daube 1986) (Fig. 36.31). The size and 
configuration of the CMAP is determined by the 
number of muscle fibers activated; the size of the 
muscle fibers (bigger fibers produce larger ampli-
tude); synchronization of firing; the distance 
between the discharging fiber and recording elec-
trode (as distance increases, amplitude decreases); 
the resistive and capacitive properties of inter-
vening tissues, which can act as a low-pass filter, 
with the result that high frequencies are attenu-
ated as distance between the fiber and electrode 
increases (Sharp et al. 1993) temperature of the 
muscle (Sharp and Hyatt 1986; Daube 1986).

Activity of the diaphragm can be recorded 
with surface electrodes placed at the level of the 
seventh and eight intercostal spaces and the ante-
rior axillary line (Laghi et al. 1995; Fitting and 
Grassino 1987). This approach has several disad-
vantages. The EMG signal can be contaminated 
by electrical activity from adjacent muscles (Luo 

Single motor unit action potential

0 10 20 30
ms

Multiple motor unit interference pattern

0 100 200
ms

300

Fig. 36.30 Skeletal muscle structure and the origin of the 
interference-pattern electromyogram (EMG). Left side: 
Representation of the structure of skeletal muscle and 
motor units. Two motor units are demonstrated for sim-
plicity. A motor unit is a single motor neuron and all of the 
muscle fibers it innervates. Electrical activation of a single 
motor unit produces a motor unit action potential (top 

right). A spatial and/or temporal summation of the motor- 
unit action potentials, resulting in an interference-pattern 
EMG signal (bottom right), occurs when several motor 
units are recruited and/or their firing rate increases. 
(Modified from Sinderby and Beck (2013), with permis-
sion of McGraw Hill LLC)
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et  al. 1999a, b; 1998; Sinderby et  al. 1996b) 
(Fig. 36.32), rendering the EMG power spectrum 
unreliable (Sinderby et al. 1996b). Subcutaneous 
fat significantly reduces signal strength because 
of muscle-to-electrode filtering effects (Beck 
et  al. 1995). Because no standardized method 
exists for placing chest-wall electrodes (Luo 
et  al. 2008), data comparisons are difficult. To 
circumvent these problems, ring-shaped metal 
electrodes can be incorporated into an esopha-
geal catheter (positioned just above the gastro-
esophageal junction) to record activity of the 
crural diaphragm (Onal et  al. 1981; Sinderby 
et al. 1997). This EMG signal is less affected by 
obesity, power line artifact, and cross-talk signals 
(Luo et al. 1999a, b; 1998; Sinderby et al. 1996b; 
Beck et al. 1995).

Esophageal electrodes to record the diaphrag-
matic EMG were introduced in the late 1950s 
(Petit et  al. 1959) and early 1960s (Petit et  al. 
1960; Agostoni et  al. 1960). Early esophageal 
electrode catheters contained only a single elec-
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Fig. 36.31 Measurement of phrenic nerve conduction 
time. Surface electrodes placed in the seventh intercostal 
space record the diaphragmatic action potential following 
a single twitch stimulation of phrenic nerve in the neck. 
Conduction time (latency) is measured as the time 
between vertical cursors located at stimulus artifact and 
onset of action potential. (From Tobin and Laghi (1998), 
with permission of McGraw Hill LLC)

Esophageal recording

Stimulation focused on the phrenic nerves

10 ms

1 mV

Stimulation of both phrenic nerves and brachial plexus

Lower chest wall recording

Fig. 36.32 Diaphragm compound muscle action poten-
tial (CMAP) recorded simultaneously from esophageal 
electrodes (left panels) and lower chest-wall electrodes 
(right panels) during stimulation of the phrenic nerve 
alone (upper panels) and stimulation of both the brachial 
plexus and phrenic nerve (lower panels). Latency and 
CDAP waveforms recorded with esophageal electrodes 
(upper and lower left panels) were similar. This result 
indicates that the EMG signal recorded by the esophageal 

electrodes is not cross-contaminated by recruitment of the 
brachial plexus. With the lower chest-wall recordings, 
latency of the CMAP is shorter when stimulation coacti-
vates the brachial plexus (right lower panel); amplitude of 
the CMAP is also reduced (right lower panel). This find-
ing indicates that the EMG signal recorded by lower 
chest-wall electrodes is cross-contaminated by recruit-
ment of the brachial plexus. (Based on Luo et al. (2008))
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trode pair (Petit et al. 1960; Agostoni et al. 1960). 
An esophageal electrode with three pairs of 
 electrodes was introduced in 1979 (Onal et  al. 
1979). In 1989, Daubenspeck et al. (1989) devel-
oped an array of seven sequential electrode pairs 
at 1-cm spacing to cover the span of diaphrag-
matic excursion. Later, Beck et al. (1995) used a 
similar system to measure the EMG power spec-
trum and its center frequency. They selected the 
electrode pair along the array that was closest to 
the diaphragm. Center frequency measured from 
this pair was not influenced by chest-wall con-
figuration and/or diaphragmatic length (Sinderby 
et al. 1998; Beck et al. 1996, 1997).

Esophageal electrodes record electrical activ-
ity from the crural diaphragm while surface elec-
trodes record the costal component (Luo et  al. 
2008). EMGs recorded from the costal and cru-
ral diaphragm have synchronous activation and 
similar time course during respiratory tasks 
(Sinderby et al. 1998; Kim et al. 1978; Lourenco 
et al. 1966; Sharshar et al. 2005; San’Ambrogio 
et al. 1963; Van et al. 1985; Pollard et al. 1985) 

(Fig. 36.33). Differential activation of selective 
portions of the diaphragm are observed with the 
following tasks: repetitive alterations in posture 
(Hodges and Gandevia 2000), control of the gas-
troesophageal sphincter during coughing (Leith 
et  al. 1986) and vomiting, micturition, parturi-
tion, and defecation (Luo et  al. 2008; Monges 
et al. 1978; Agostoni 1964).

Intramuscular electrodes can be constructed to 
facilitate recording voluntary potentials of a mus-
cle fiber from an area of only a few millimeters in 
diameter (Daube 1986; Bruce and Loring 1985). 
Needle electrodes can be used to record diaphrag-
matic, intercostal, and abdominal muscle activity 
(Laghi et al. 2003; McKenzie and Gandevia 1995; 
Parthasarathy et  al. 1998, 2007; Laghi et  al. 
1998b; Demoule et al. 2003; Gorman et al. 2005; 
De Troyer and Estenne 1984, 1990; De Troyer 
et al. 1990; Ninane et al. 1992), but are problem-
atic because of the risk of pneumothorax.

Several factors interfere with the ability to 
obtain accurate EMG recordings. These include 
interference from power lines (60  Hz in the 
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Fig. 36.33 Synchronous activation of costal and crural 
diaphragm during maximal inspiration to total lung capac-
ity (left panel) and a maximal sniff (right panel) in a 
patient with COPD. Electrical activity of the diaphragm 
(EAdi) was calculated as the root-mean-square value of the 
crural and costal diaphragm EMG signal. Overlap 

between the costal and crural EAdi signals indicates that 
both costal and crural diaphragm were concurrently 
recruited during both maneuvers. (From in Sinderby et al. 
(1998), with permission of American Physiological 
Society)
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United States, 50  Hz in Europe), electrode 
motion during voluntary contractions and esoph-
ageal peristalsis, and ECG.  Interference from 
power lines can be reduced by using proper 
ground connections and differential amplifiers 
with a high common mode rejection ratio 
(greater than 100 dB) (Luo et al. 1999c; Sinderby 
et al. 1995). Interference from electrode motion 
can be reduced by using a high-pass-filter setting 
at 10 or 20 Hz (Sinderby et al. 1995; Schweitzer 
et al. 1979; Luo and Moxham 2005; Luo et al. 
2001). Various methods have been used to reduce 
ECG contamination (McKenzie and Gandevia 
1995; Schweitzer et al. 1979; Levine et al. 1986; 
Bartolo et  al. 1996; Sarlabous et  al. 2015; 
Lozano-García et al. 2019). Maneuvers that alter 
lung volume, thoracoabdominal configuration, 
or posture can produce substantial artifactual 
changes in the diaphragmatic EMG (Gandevia 
and McKenzie 1986).

 Analysis of EMG Signals

Time-domain and frequency domain analysis of 
the EMG signals are used in the assessment of 
the diaphragm and of other respiratory muscles.

 Frequency-Domain Analysis
Any complex waveform can be regarded as being 
constituted of an infinite number of sine waves, 
each having a different frequency, amplitude, and 
phase (Tobin and Laghi 1998). When a fast- 
Fourier transform is performed on this complex 
waveform, a graphic plot is obtained in which 
power is related to the frequency content of the 
signal (Fig. 36.34) (Tobin 1991). In the healthy 
diaphragm, most of the power is distributed 
between 20 and 250 Hz. (The frequency content 
of the diaphragmatic EMG signal bears no rela-
tionship to the frequency of phrenic nerve 
depolarization.)
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Fig. 36.34 The raw EMG (inset) and the associated 
power spectra of a nonfatigued and fatigued muscle. 
Fatigue was induced by maintaining a constant increased 
load. Note the generalized slowing of the raw EMG that 
occurs with fatigue. Second, there is a leftward shift of 
the power spectrum representing an increase in low fre-

quency and a decrease in high frequency components. 
Thirdly, the spectrum itself is characterized by its mean 
frequency, which decreases with fatigue. The mean fre-
quency (vertical line) of nonfatigued muscle is 70  Hz, 
whereas it is only 40 Hz in the fatigued muscle. (Based 
on Tobin (1991))
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When a skeletal muscle fatigues, total power 
(area under the curve) in the EMG signal is 
unchanged, but it is redistributed: power 
decreases at high frequencies (150–350 Hz) and 
increases at low frequencies (20–47 Hz) (Gross 
et al. 1979). This redistribution is referred to as a 
fall in the high-to-low (H/L) ratio (Gross et  al. 
1979; Cohen et  al. 1982). The alteration in the 
power spectrum with fatigue is thought to result 
from slowing of conduction velocity of the action 
potential along the muscle membrane (Lindstrom 
et al. 1970; Kranz et al. 1983), a reduction in the 
firing frequencies of motor units (Bellemare et al. 
1983b), and alterations in their recruitment pat-
tern and synchronization (McKenzie and 
Gandevia 1995; Sharp and Hyatt 1986; Sharp 
et  al. 1993). Changes in the EMG power spec-
trum occur early with onset of fatiguing contrac-
tions. As such, alterations in the power spectrum 
signify that muscles are contracting in a fatiguing 
manner, rather than indicating the presence of 
overt fatigue. In healthy subjects who developed 
diaphragmatic fatigue, Moxham et  al. (1982) 
found that the H/L ratio had returned to 90% of 
control values within 1  min of completing a 
fatiguing task. This indicates that alterations in 
the power spectrum cannot be used to detect low- 
frequency (long-lasting) fatigue – a fact that has 
dampened the enthusiasm for the use of the H/L 
ratio in the assessment of diaphragmatic fatigue 

(Luo et  al. 2008). Other limitations include the 
confounding factor of muscle temperature (Doud 
and Walsh 1993), and length (Doud and Walsh 
1995). This technique cannot detect fatigue at a 
single moment in time, and it requires a control 
value in the nonfatigue state for comparison.

 Time-Domain Analysis
Time-domain analysis focuses on the relation-
ship between EMG strength and time (Luo et al. 
2008), the product of the amplitude of the EMG 
signal and its duration.

Quantification of EMG activity (in terms of 
amplitude) is obtained by rectification and inte-
gration of the electrical signal (Onal et al. 1981; 
Gross et al. 1979; Lourenco and Miranda 1968; 
Juan et al. 1984) or through the calculation of the 
moving time average (Lopata et  al. 1977). The 
integrated EMG can quantify changes in both 
phasic and tonic inspiratory muscle activity 
(Fig. 36.35) (Luo and Moxham 2005; Luo et al. 
2001; Beck et  al. 2001; Sinderby et  al. 2007; 
Sieck and Fournier 1990). Phasic activity is usu-
ally measured as the difference in EMG activity 
between the peak and end of expiration (Meessen 
et al. 1994), and it can be also measured as the 
area under the curve (Dres et al. 2012).

When electrical activity of the diaphragm 
(EAdi) persists after inhalation, the amplitude of 
the tonic EAdi signal can be quantified and 
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EMG

Phasic
EMG

Continuous Negative
Airway Pressure

Change in Tonic
Inspiratory Activity

Fig. 36.35 Quantification of changes in phasic and tonic 
EMG activity during use of continuous negative airway 
pressure compared with a control state. Phasic activity is 
measured as the difference between peak activity and the 
end-expiratory signal. The change in tonic inspiratory 

activity is measured as the difference in the end- expiratory 
signal between continuous negative airway pressure and 
the control state. (Modified from Meessen et al. (1994), 
with permission of American Physiological Society)
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expressed in absolute values (μV) or as percent-
age of the mean inspiratory EAdi (Emeriaud et al. 
2006; Larouche et al. 2015). Tonic EAdi indicates 
continuous activation of the diaphragm between 
respiratory cycles (Fig.  36.36). Tonic EAdi can 
represent a reflex response induced by lung dere-
cruitment (Emeriaud et al. 2006; D’Angelo et al. 
2002; Allo et  al. 2006; Pellegrini et  al. 2017). 
Experimental vagotomy abolishes this reflex 
(D’Angelo et  al. 2002; Allo et  al. 2006). Adult 
mechanically ventilated patients show little, if 
any, tonic EAdi activity (Sinderby et  al. 1998; 
Passath et al. 2010; Brander et al. 2009).

During voluntary contraction of a muscle, the 
integrated EMG signal is proportional to the ten-
sion developed by the muscle, its oxygen con-
sumption, and force output (Bigland and Lippold 

1954; Lippold 1952; Bigland-Ritchie and Woods 
1974). The diaphragmatic EMG directly reflects 
changes in phrenic motor activity (Lourenco 
et  al. 1966). The integrated EMG signal is not 
influenced by mechanical problems in the respi-
ratory system, unlike other techniques of assess-
ing neuromuscular output. A major drawback is 
the inability to standardize and calibrate the inte-
grated EMG signal. Thus, EMG recordings are of 
limited value in studies between patients 
(Sinderby and Beck 2013), although they are of 
value when studying changes in respiratory 
motor output over a short period of time in a sin-
gle patient. EAdi signals during breathing can be 
normalized to EAdi during maximal voluntary 
efforts (PImax or maximal sniffs maneuvers), 
and inhalation to TLC (Sinderby et  al. 1998). 
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Fig. 36.36 Examples of the diaphragmatic electrical 
activity (EAdi) waveform in a premature neonate and in an 
adult patient. Top panel: processed EAdi waveform 
obtained in a nonintubated premature infant. Bottom 
panel: processed EAdi waveform obtained in an intubated 
adult. The EAdi waveform in infants is characterized by 

larger variability in timing and amplitude, with a distinct 
amount of changes in the baseline, the so-called tonic 
activity of diaphragm. The EAdi waveform in adults is 
generally less variable with minimal tonic EAdi. (Modified 
from Sinderby and Beck (2013), with permission of 
McGraw Hill LLC)
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(The amplitude of EAdi usually ranges between 
few μV during resting breathing to more than 
100  μV during maximal inspiratory efforts 
(Sinderby and Beck 2013)).

 Neuromechanical Coupling
Quantification of EAdi derived from time-domain 
analysis has been used in the evaluation of neuro-
muscular coupling (Laghi et al. 2014a; Dres et al. 
2012; Aubier et  al. 1981b; Jensen et  al. 2011; 
Doorduin et al. 2012; Di et al. 2016; Bellani et al. 
2013) and neuroventilatory coupling (Dres et al. 
2012; Jensen et al. 2011; Di et al. 2016; He et al. 
2017; Liu et al. 2012; Barwing et al. 2013; Roze 
et al. 2013; Ramsook et al. 2017).

Neuromuscular Coupling
Neuromuscular coupling is the ability of the dia-
phragm to convert EAdi into inspiratory pressure 
(Laghi et al. 2014a; Dres et al. 2012; Aubier et al. 
1981b; Jensen et al. 2011; Doorduin et al. 2012; 
Di et al. 2016; Bellani et al. 2013). A quasi-linear 
relationship exists between Pdi and EAdi (Bazzy 
and Haddad 1984; Beck et  al. 1998). 
Diaphragmatic neuromuscular coupling can be 
calculated as the ratio of tidal Pdi to tidal EAdi 
(ΔPdi/ΔEAdi) (Laghi et al. 2014a; Abdallah et al. 
2017, 2018; Doorduin et  al. 2018), the ratio of 
mean inspiratory Pdi to mean inspiratory EAdi 
(Pd̅i/E̅Adi) (Doorduin et al. 2012), or the ratio of 
PTPdi to the corresponding EAdi -time product of 
the EAdi signal (Pdi,AUC/EAdi,AUC) (Dres et  al. 
2012). In a preliminary study, Morales et  al. 
(2012) calculated diaphragmatic neuromuscular 
coupling in 12 healthy subjects sustaining an 
incremental inspiratory threshold loading until 
task failure. Neuromuscular coupling increased 
during loading. This pattern was similar whether 
neuromuscular coupling was calculated as ΔPdi/
ΔEAdi or Pdi,AUC/ EAdi,AUC.

The same investigators (Laghi et  al. 2014a) 
recorded ΔPdi/ΔEAdi in 18 healthy subjects while 
sustaining progressive inspiratory threshold load-
ing. As expected (Morales et  al. 2012), neuro-
muscular coupling increased pari passu with the 
increase in loading, but was insufficient to pre-
vent alveolar hypoventilation and task failure. At 
task failure, mean ΔEAdi was 74.9  ±  4.9% of 

maximum, indicating that the primary mecha-
nism of hypercapnia was submaximal diaphrag-
matic recruitment. The investigators concluded 
that hypercapnia during acute loading primarily 
resulted from central-output inhibition of the dia-
phragm. They also reasoned that acute loading 
responses are controlled by the cortex rather than 
bulbopontine centers.

Investigators have recorded neuromuscular 
coupling in patients with COPD at rest and dur-
ing exercise (Jensen et al. 2011; Abdallah et al. 
2018) and in critically ill patients during trials of 
weaning from mechanical ventilation (Doorduin 
et al. 2018). Computation of the neuromuscular 
coupling of the diaphragm requires placement of 
a multipair esophageal electrode catheter and 
placement of esophageal and gastric balloons 
(Laghi et  al. 2014a). To avoid this invasive 
approach, investigators have estimated muscle 
pressure signals (Pmus) as the difference between 
Pes and chest-wall elastic recoil (Bellani et  al. 
2013) or using Paw signals (Liu et al. 2012). The 
major limitation of calculating neuromuscular 
coupling as the ratio of Pmus to EAdi or Paw to EAdi 
is that Pmus and Paw can result from the contrac-
tion of a host of respiratory muscles other than 
the diaphragm. In contrast, EAdi is a diaphragm- 
specific signal.

Neuroventilatory Coupling
Neuroventilatory coupling is the ability of the 
diaphragm to convert EAdi into inspired volume 
(Dres et  al. 2012; Jensen et  al. 2011; Di et  al. 
2016; He et  al. 2017; Liu et  al. 2012; Barwing 
et  al. 2013; Roze et  al. 2013; Ramsook et  al. 
2017). Investigators have used this approach to 
gain insights into pathophysiological mecha-
nisms in healthy subjects (dyspnea) (Ramsook 
et al. 2017), patients with COPD (Langer et al. 
2018; Jolley et al. 2015; Qin et al. 2015), sleep- 
related hypoventilation (He et  al. 2017), and 
weaning failure (Dres et al. 2012; Liu et al. 2012; 
Barwing et al. 2013).

During weaning from mechanical ventilation, 
neuroventilatory coupling is inferior in weaning 
failure patients than in weaning success patients 
(Liu et al. 2012). Compared to neuroventilatory 
coupling in weaning success patients, inferior 
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neuroventilatory coupling in weaning failure 
patients results from greater EAdi that does not 
translate to increased tidal volume (VT) (Dres 
et al. 2012; Liu et al. 2012; Barwing et al. 2013). 
Neuroventilatory coupling is not superior than 
the respiratory frequency (f) to VT (f/VT) ratio in 
predicting weaning outcome (Dres et  al. 2012). 
Like neuromechanical coupling calculated using 
Paw or Pmo signals (Liu et  al. 2012), the major 
limitation of neuroventilatory coupling (VT/
ΔEAdi) is that VT can be achieved by respiratory 
muscles other than the diaphragm.

 Clinical Applications of 
Electromyography

EMG signals from the intercartilaginous portion 
of the internal intercostals (parasternal intercos-
tals) (De Troyer et  al. 2005) have a direct rela-
tionship with respiratory muscle load (Duiverman 
et  al. 2004; Maarsingh et  al. 2002; Maarsingh 
et al. 2006). Suh et al. (2015) assessed whether 
parasternal EMG signals predicted early read-
mission in 120 patients treated for a COPD exac-

erbation (Fig.  36.37). Sixteen (13.3%) patients 
were readmitted or died within 14  days of dis-
charge. Changes in parasternal EMG between 
admission and discharge predicted readmission 
with greater accuracy than did changes in FEV1 
and inspiratory capacity. During 3.6  years 
(median) of follow-up, 69 (57.5%) patients died 
(Patout et al. 2019). Parasternal EMG was inde-
pendently associated with increased mortality 
(Patout et al. 2019).

EAdi signals can be used to deliver ventilator 
assistance in proportion to a patient’s central 
respiratory command: neurally adjusted ventila-
tor assist (NAVA) (Sinderby et  al. 1999). 
Whether delivered invasively (Navalesi and 
Longhini 2015) or noninvasively (Longhini et al. 
2019), EAdi signals during NAVA are obtained 
through a dedicated nasogastric (or orogastric) 
tube containing a distal array of electrodes 
(Sinderby and Beck 2013). Applied inspiratory 
support (Paw above PEEP) is determined by the 
magnitude of both EAdi and the NAVA level (cm 
H2O/μV), a proportionality constant set by the 
clinician. Whether the increase in respiratory 
motor output that accompanies most cases of 
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Fig. 36.37 Representative trace of nasal pressure (Pnp) and root mean square of the parasternal electromyogram signal 
(RMSpara) during tidal breathing in a patient with COPD during an exacerbation. (Based on Suh et al. (2015))
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acute respiratory failure causes overassistance 
during NAVA remains controversial (Coisel 
et al. 2010; Spahija et al. 2010; Blankman et al. 
2013; Assy et  al. 2019; Karagiannidis et  al. 
2010; Terzi et al. 2010; Patroniti et al. 2012). In 
eleven French ICUs (Demoule et  al. 2016), 
investigators reported that the probability of ven-
tilator-free days on day 14 and day 28, success-
ful extubation, and mortality were similar in 
patients receiving NAVA and patients receiving 
pressure support ventilation.

 Imaging

Several imaging methods are used to assess the 
function and dimensions of the diaphragm 
(Nason et al. 2012). These include chest radiog-
raphy (Tanaka 2016), fluoroscopy (Leal et  al. 
2017), computed tomography (Li et  al. 2015), 
magnetic resonance imaging (Takazakura et  al. 
2004), and ultrasonography (Sarwal et al. 2013).

 Chest X-ray and Fluoroscopy

An elevated hemidiaphragm suggests unilateral 
phrenic nerve paralysis, but it is nonspecific 
because it occurs also with atelectasis, pneumo-
nia, and other conditions. Detecting diaphrag-
matic elevation in patients with bilateral 
diaphragmatic paralysis can be difficult unless 
x-rays before paralysis are available (Tobin and 
Laghi 1998). On fluoroscopy, the diaphragm nor-
mally descends during a sniff, whereas a para-
lyzed diaphragm paradoxically ascends. 
Fluoroscopy can be misleading. Patients with 
bilateral diaphragmatic paralysis sometimes con-
tract their abdominal muscles during expiration, 
displacing the abdomen inward and the dia-
phragm into the rib cage. At the onset of inspira-
tion, relaxation of the abdominal muscles causes 
outward recoil of the abdominal wall and dia-
phragmic descent, which can be misinterpreted 
as normal diaphragmatic activation (Newsom- 
Davis et  al. 1976). Paradoxical motion of one 
hemidiaphragm has been observed in 6% of 
healthy subjects (Alexander 1966).

 Computed Tomography

Using computed tomography (CT), investigators 
(Cassart et al. 1997) observed that patients with 
COPD have marked reductions in total surface 
area of the diaphragm and the area of the zone of 
apposition (at FRC). At similar absolute lung 
volumes, diaphragmatic dimensions are similar 
in patients and healthy subjects. CT measure-
ments of diaphragmatic volume are smaller in 
septic than in nonseptic patients (Fig.  36.38) 
(Jung et al. 2014).

 Magnetic Resonance Imaging

Magnetic resonance imaging has been used to 
examine the stabilizing function of the diaphragm 
during limb movement (Kolar et al. 2010). In 30 
subjects, investigators (Kolar et al. 2010) reported 
that the position of the diaphragm at end exhala-
tion was lower (more caudal) during lower 
extremity contraction versus relaxed conditions, 
suggesting greater tonic (diaphragmatic) activity. 
This tonic activity suggests that the diaphragm 
contributes to stabilizing the spine with variation 
of posture. Attractive aspects of magnetic reso-
nance imaging include the ability to image the 
entire thorax, absence of radiation, three- 
dimensional information of diaphragm dimen-
sion (Paiva et al. 1992) and motion (Takazakura 
et al. 2004; Kolar et al. 2010; Gierada et al. 1995; 
Kiryu et al. 2006; Ünal et al. 2000), and estima-
tion of volumes displaced by the rib cage and dia-
phragm (Cluzel et al. 2000).

 Diaphragm Ultrasonography

Ultrasonography is used to measure thickness, 
strength, recruitment, and motion of the 
diaphragm.

 Ultrasound Measurement 
of Diaphragm Thickness (Zone 
of Apposition)
Diaphragmatic thickness is quantified using lin-
ear probes (Sarwal et al. 2013). These probes use 
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high-frequency ultrasound waves (7–18  Hz) to 
create high-resolution images (0.1 mm) of struc-
tures near the body surface (Sarwal et al. 2013; 
Zambon et al. 2016). With this approach, the dia-

phragm is identifiable as a three-layer structure: 
two echogenic layers of peritoneum and pleura 
sandwiching a more hypoechoic layer of the 
muscle itself (Fig.  36.39, left panel) (Shaikh 

Fig. 36.38 Computed tomography measurements of dia-
phragmatic volume in a critically ill, septic patient on 
admission to the intensive care unit (left panel) and 10 
days later (right panel). Sepsis was associated with a 

decrease in diaphragmatic volume. (Images provided by 
Drs. Boris Jung, Stephanie Nougaret and Samir Jaber, 
University Hospital of Montpellier, France)

Fig. 36.39 Ultrasound image of the zone of apposition 
of the diaphragm. In bright-mode (B-mode; left panel), 
the diaphragm appears as a three-layer structure. In 
motion-mode (M-mode; right panel), the diaphragm is 
thinnest at end-exhalation and thickest at end-inhalation; 

stronger diaphragmatic inspiratory efforts are associated 
with greater tidal thickening of the diaphragm. (Modified 
from Laghi and Shaikh (2019), with permission of 
Daedalus Enterprises Inc.)

36 Monitoring Respiratory Muscle Function



568

2019). Images are easier to obtain of the right 
than of the left hemidiaphragm (Zambon et  al. 
2016; Goligher et al. 2015).

Diaphragmatic thickness ranges from 1.2 to 
11.8  mm among healthy individuals resting at 
FRC (Carrillo-Esper et  al. 2016; Boon et  al. 
2013; Cardenas et al. 2018; Scarlata et al. 2019; 
Wait et al. 1989; Gottesman and McCool 1997; 
Orde et al. 2015). Intra- and interobserver agree-
ment of measurements obtained at a single sitting 
in healthy adults and ventilated patients is high 
(Goligher et al. 2015; Boon et al. 2013; Scarlata 
et al. 2019). To ensure reproducible recordings, it 
is imperative to mark the site on which the probe 
is placed and record all subsequent images from 
that spot (Goligher et al. 2015). This step is criti-
cal because diaphragmatic thickness is highly 
variable, changing by up to 6 mm from one inter-

costal space to the next (Boon et al. 2013). The 
lower limit of normal of diaphragm thickness is 
0.80–1.60 mm (Carrillo-Esper et al. 2016; Boon 
et al. 2013; Cardenas et al. 2018; Scarlata et al. 
2019).

Diaphragmatic paralysis is associated with 
decreased muscle thickness and decreased thick-
ening on inhaling from FRC to TLC (Gottesman 
and McCool 1997): thickness of less than 2 mm 
at resting FRC combined with a less than 20% 
increase in thickness during inhalation 
 discriminates between a paralyzed and normal 
diaphragm (Fig. 36.40).

Investigators have reported decreases, 
increases, and no change in thickness of the dia-
phragm in mechanically ventilated patients 
(Zambon et al. 2016; Goligher et al. 2018; Grosu 
et al. 2012; Schepens et al. 2015; Moury et al. 
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Fig. 36.40 Values of diaphragmatic thickness at resting 
functional residual capacity (FRC) and percentage 
increase in thickness on inhaling from FRC to total lung 
capacity (TLC) in 5 patients with bilateral diaphragmatic 
paralysis, in 7 patients with unilateral diaphragmatic 
paralysis, 3 patients with normal function, and 15 healthy 
volunteers. A paralyzed diaphragm (solid symbols) could 
be distinguished from a functioning diaphragm (open 

symbols) by a resting thickness of less than 2 mm and a 
less than 20 percent increase in thickening on inhaling to 
TLC. (Reprinted with permission of the American 
Thoracic Society. Copyright © 2020 American Thoracic 
Society. All rights reserved. Gottesman and McCool 
(1997). The American Journal of Respiratory and Critical 
Care Medicine is an official journal of the American 
Thoracic Society)
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2019). These changes are not predictive of dia-
phragmatic strength (Pawtw) (Dubé et  al. 2017) 
or risk of death (Goligher et  al. 2018; Vivier 
et al. 2019). Change in diaphragmatic thickness 
has been reported to predict worse weaning out-
come (Goligher et al. 2018), better weaning out-
come (Grosu et al. 2017), and no impact (Vivier 
et al. 2019).

 Ultrasound Estimation of Diaphragm 
Strength and Recruitment (Zone 
of Apposition)
Diaphragmatic strength and recruitment during 
voluntary contractions is estimated by recordings 
of contraction-associated thickening, two- 
dimensional speckle tracking, and shear-wave 
elastography.

Diaphragm Thickening
Measurements of diaphragmatic thickening upon 
contraction (Fig.  36.39, right panel) (Shaikh 
2019) have been recorded in critically ill patients 

during noninvasive (Vivier et al. 2012; Marchioni 
et  al. 2018; Cammarota et  al. 2019; Antenora 
et  al. 2017) and invasive ventilation (Goligher 
et al. 2015, 2018; Umbrello et al. 2015; Ferrari 
et al. 2014). Employing post hoc analysis, inves-
tigators have reported an association between 
diaphragmatic thickening of 26–36% and dura-
tion of mechanical ventilation (Dubé et al. 2017), 
weaning outcome (Moury et  al. 2019; Ferrari 
et al. 2014; DiNino et al. 2014; Pirompanich and 
Romsaiyut 2018) and mortality (Dubé et  al. 
2017), but these thresholds have not been pro-
spectively tested.

Measurements of diaphragmatic thickening 
are marred by many limitations. Measurements 
of diaphragmatic thickening explain as little as 
one-third of the variability in inspiratory effort 
(Goligher et al. 2015; Vivier et al. 2012; Umbrello 
et  al. 2015) (Fig.  36.41). Within-session repro-
ducibility of diaphragmic thickening is weak 
(Goligher et al. 2015). Ultrasound recordings of 
diaphragmatic thickening are obtained over a 
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Fig. 36.41 Relationship between the thickening of the 
diaphragm recorded with ultrasonography and changes in 
transdiaphragmatic pressure (∆Pdi; left panel) and dia-
phragmatic electrical activity (∆EAdi; right panel) in five 
healthy subjects during a series of inspiratory maneuvers. 
Diaphragmatic thickening increased as transdiaphrag-

matic pressure (left panel) and electrical activity of the 
diaphragm (right panel) increased. The correlation was 
weak (r2 = 0.32 and 0.28, respectively, p < 0.01). (Modified 
from Goligher et al. (2015), with permission of Springer 
Nature BV)
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limited time (Goligher et al. 2018), yet patient- 
ventilator interaction is repeatedly changing 
(Vaporidi et al. 2017).

Two-Dimensional Speckle Tracking 
Imaging
Ultrasound images inherently contain speckle 
artifacts, consisting of a granular appearance 
(Huang and Orde 2013). Speckles do not repre-
sent any anatomical structures but are composite 
echoes resulting from reflection of anatomical 
structures positioned closer than the resolution 
limit of the ultrasound system (Huang and Orde 
2013). A cluster of speckles is known as a kernel 
(Orde et  al. 2015). A speckle-tracking software 
measures the displacement of kernels in relation 
to one another (deformation) (Huang and Orde 
2013; Oppersma et  al. 2017) (Fig.  36.42). The 
extent of deformation is known as strain. Negative 

strain indicates speckles coming closer together: 
a strain of −30% indicates 30% fiber shortening. 
During loaded breathing, strain is closely corre-
lated with Pdi (r2  =   0.72) and EAdi (r2  =  0.60), 
whereas diaphragmatic thickening is not 
(Oppersma et al. 2017).

Shear-Wave Elastography
Ultrasound shear-wave elastography permits 
real-time quantification of tissue mechanics 
(Gennisson et al. 2013) through use of ultrasonic 
focused beams. It is possible to estimate the 
shear modulus of a contracting muscle 
(Bachasson et al. 2019; Nowicki and Dobruch-
Sobczak 2016; Chino et al. 2018) as the ratio of 
shear stress to shear strain, where stress refers to 
the deforming force applied on an object and 
strain refers to the change in size or shape of that 
object. The shear modulus of the diaphragm cor-
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Fig. 36.42 Ultrasound of the zone of apposition at end- 
exhalation (left panel) and end-inhalation (right panel). 
The image of the diaphragm has a granularity caused by 
an inherent ultrasound artifact known as speckle. A cluster 
of speckles form a kernel. The stronger the contraction of 
the diaphragm, the closer kernels come together (strain). 
With speckle-tracking software, it is possible to quantify 
the strain of the diaphragm as: 100 multiplied the differ-

ence of the distance between two representative kernels at 
end-inhalation (D2) minus the distance between the same 
kernels at end-exhalation (D1) divided by D1. Here, the 
distance between two representative kernels at end- 
exhalation (left panel) is 10 mm (D1) and at end- inhalation 
(right panel) 6  mm (D2), yielding a strain of −40%. 
(Modified from Orde et al. (2015), open access)
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relates with changes in Pdi during loading 
(Bachasson et al. 2019). Problems with the tech-
nique include limited acquisition frequency 
(2  Hz), misalignment between transducer and 
diaphragm fascicles, and frequent inability to 
record shear modulus during maximal inspira-
tory efforts (Bachasson et al. 2019).

 Ultrasound Measurement 
of Diaphragm Motion (Dome)
Cranio-caudal movement of the dome of the dia-
phragm during quiet breathing (Cardenas et  al. 
2018; Scarlata et al. 2018; Boussuges et al. 2009, 
2019) and forceful inspiratory efforts (Scarlata 
et  al. 2018; Boussuges et  al. 2009; Gerscovich 
et al. 2001) is quantified using curvilinear probes 
(Fig.  36.43) (Sarwal et  al. 2013; Shaikh 2019). 
These probes use low-frequency ultrasound 
waves (2–6  Hz) that penetrate deeply giving a 
wide depth of field (Sarwal et  al. 2013). It is 
impossible to record maximal diaphragmatic 
excursions using M-mode ultrasonography in up 
to 28% of patients (Scott et al. 2006).

During quiet breathing, mean diaphragmatic 
motion varies between 14.1 and 20.3  mm 
(Cardenas et  al. 2018; Scarlata et  al. 2018; 
Boussuges et  al. 2009, 2019; Gerscovich et  al. 
2001). During inspiration from FRC to TLC, 
mean diaphragm motion varies between 25.0 and 

84.0  mm (Cardenas et  al. 2018; Scarlata et  al. 
2018; Boussuges et  al. 2009, 2019; Gerscovich 
et  al. 2001; Kantarci et  al. 2004). Intra- and 
interobserver agreement (intra-class correlation 
coefficients) of measurements obtained at a sin-
gle sitting in healthy adults and ventilated patients 
range from 0.60 to 0.99 (Scarlata et al. 2018; Koo 
and Li 2016; Lerolle et al. 2009). The association 
between diaphragmatic excursion and diaphrag-
matic thickening and between diaphragmatic 
excursions and diaphragmatic pressure output is 
weak (Cardenas et  al. 2018; Orde et  al. 2015; 
Dubé et al. 2017; Umbrello et al. 2015).

Measurements of diaphragmatic excursions 
have been recorded in critically ill patients dur-
ing noninvasive (Cammarota et  al. 2019) and 
invasive ventilation (Dubé et al. 2017; Lerolle 
et al. 2009; Kim et al. 2011; Palkar et al. 2018a; 
Jiang et  al. 2004; Palkar et  al. 2018b). 
Employing post hoc analysis, investigators 
have reported association between diaphrag-
matic excursions and failure of noninvasive 
ventilation (Cammarota et  al. 2019), duration 
of (invasive) mechanical  ventilation (Lerolle 
et  al. 2009), weaning outcome (Dubé et  al. 
2017; Kim et  al. 2011; Palkar et  al. 2018a; 
Jiang et al. 2004), and length of stay (Kim et al. 
2011), but the thresholds put forward have not 
been prospectively tested.

Fig. 36.43 Ultrasound image of the dome of the dia-
phragm in bright-mode (B-mode; left panel) and motion- 
mode (M-mode; right panel). As the diaphragm contracts, 
the dome moves towards the ultrasound probe. The larger 

the caudal displacement of the diaphragm, the greater the 
diaphragmatic contribution to tidal breathing. (Modified 
from Laghi and Shaikh (2019), with permission of 
Daedalus Enterprises Inc.)
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 Assessment of Muscle Fiber 
Vibration

Diaphragmatic fibers vibrate during contractions 
elicited by stimulation of the phrenic nerves 
(Petitjean and Bellemare 1994) and voluntary 
efforts (Lozano-Garcia et al. 2018). The vibrations 
can be recorded using surface microphones (pho-
nomyography) (Petitjean and Bellemare 1994; 
Barry 1987) or accelerometers (mechanomyogra-
phy) placed over the zone of apposition (Sarlabous 
et  al. 2014, 2015, 2017). Phonomyography and 
mechanomyography provide a noninvasive index 
of the magnitude of Pdi (Lozano-Garcia et al. 2018; 
Petitjean et al. 1997), and neuromechanical cou-
pling (Petitjean and Bellemare 1994; Lozano-
Garcia et al. 2018; Sarlabous et al. 2017).

 Surface Phonomyography

The amplitude of the diaphragmatic phonomyo-
gram signal is proportional to Pditw during graded 
diaphragmatic contractions elicited by electrical 
phrenic nerve stimulation (Petitjean and Bellemare 
1994). Diaphragmatic fatigue produces a decrease 
in the phonomyogram as well as a decrease in 
Pditw. Some investigators claim that the phono-
myogram elicited by submaximal unilateral 

phrenic nerve stimulations is a reliable measure of 
impaired diaphragmatic contractility caused by 
fatigue (Petitjean et al. 1997). Problems with the 
technique include variable effect of lung volume 
(Petitjean et  al. 1996), high interindividual vari-
ability (Petitjean et  al. 1996), contamination by 
chest-wall and abdominal muscle vibration, lack 
of proportionality between maximum instanta-
neous frequency of the diaphragm phonomyogram 
and maximum Pdi (Chen et al. 1997), and unknown 
reproducibility of the signals.

 Surface Mechanomyography

Like surface EMG, the surface mechanomyo-
gram of the diaphragm is contaminated by car-
diac artifact. This artifact can be reduced using 
the nonlinear multistate Lempel-Ziv index 
(Sarlabous et  al. 2017) or fixed sample entropy 
(Sarlabous et  al. 2015; Lozano-García et  al. 
2019) (Fig. 36.44). Unlike surface EMG, surface 
mechanomyogram is not influenced by skin bio-
impedance, bioelectrical interference from other 
muscles, or by power-line interference (Lozano- 
Garcia et  al. 2018). The mechanomyogram of 
the diaphragm strongly correlates with changes 
in Paw and Pdi during loading (Lozano-Garcia 
et al. 2018; Sarlabous et al. 2017) (Fig. 36.44). 
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Fig. 36.44 Flow, transdiaphragmatic pressure (Pdi), sur-
face mechanomyogram of the diaphragm recorded from 
lower intercostal spaces (sMMGlic), root-mean-square 
(RMS) of sMMGlic, and fixed sample entropy of sMMGlic 
signal during inspiratory threshold loading in a healthy 

subject. Fixed-sample entropy successfully reduced the 
cardiac artifact that contaminated the raw and RMS mech-
anomyogram signals. Amplitude of the mechanomyo-
gram increased pari passu with increase in Pdi. (Modified 
from Manuel Lozano-García et al. (2018), open access)
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The strong relationship between mechanomyo-
gram and Pdi (Lozano-Garcia et  al. 2018; 
Sarlabous et al. 2017) and an enhanced signal in 
inpatients with COPD (Sarlabous et  al. 2017), 
suggest that mechanomyography might provide a 
useful measure of inspiratory effort. Problems 
with the technique include contamination by 
chest-wall and abdominal muscles, challenges in 
controlling for variable muscle-to-electrode dis-
tance (Lozano- Garcia et  al. 2018), and muscle 
shortening (Sarlabous et al. 2017).

 Conclusion

More than 20 years ago, we wrote a chapter on 
monitoring of respiratory muscle function and 
remarked that few monitoring tools had been 
introduced into clinical practice (Tobin et  al. 
1994). In the intervening period, several 
approaches have been developed although 
research has largely focused on the delineating 
the capabilities and limitations of preexisting 
techniques. Knowledge among bedside physi-
cians has not kept pace with these advances. All 
the machines in the world will not improve 
patient care if intensivists do not possess suffi-
cient understanding of physiology to employ the 
machines wisely (Tobin 2019). The state of 
affairs is exemplified by recurring triumphalist 
claims for a minor new index derived from 
ultrasound or airway pressure recordings with-
out acknowledgment of the limited reproduc-
ibility of a measurement or rigorous validation 
of supposedly discriminating threshold value. 
Physician knowledge of the basic science under-
lying ICU monitoring – physiology – is the crit-
ical stumbling block. That is why diligent 
reading of books like the present one remains 
the foundation for improvements in clinical care 
(Tobin 2014).
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Tomography and Its Application
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Abbreviations

AC Alternating electric current
CoV Center of ventilation
CRS Cardiac-related signal
CRS  Respiratory system compliance
CT  Computer tomography
EBCT  Electron-beam computed tomography
EELI  End-expiratory lung impedance
EELV  End-expiratory lung volume
EIT  Electrical impedance tomography
fEIT  Functional EIT
FEM  Finite element method
GI  Index global inhomogeneity index
GREIT   Graz consensus reconstruction algo-

rithm for EIT
IBS  Indicator-based signal
ICS  Intercostal spaces
ITV  Intratidal gas distribution
LIP  Lower inflection point
MRI Magnetic resonance tomography
ODCL  Alveolar overdistension and collapse
PEEP  Positive end-expiratory pressure
ROI  Region of interest
RVD  Regional ventilation delay
RVDI  Regional ventilation delay index

SPECT  Single-photon emission computed 
tomography

TIV  Tidal impedance variation
UIP  Upper inflection point
VRS  Ventilation-related signal
VT  Tidal volume
Z  Impedance
Ω  Ohm

 Introduction

Electrical impedance tomography (EIT) is a non-
invasive and radiation-free functional imaging 
modality that can be used to monitor regional 
lung ventilation and perfusion at the bedside. 
Recently, the commercial availability of EIT 
devices has introduced this technique for clinical 
application. Thoracic EIT has been used safely 
in adult and pediatric patients including neonates 
(Leonhardt and Lachmann 2012; Frerichs et  al. 
2017).

 Basics of Bioimpedance

Bioimpedance is the voltage response of a living 
tissue to an externally applied alternating elec-
tric current (AC). Thoracic EIT is designed to 
measure intrathoracic bioimpedance. Electrical 
impedance, or simply “impedance,” is a mea-
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sure of the opposition to the flow of a sinusoidal 
AC through materials or tissues, the inverse of 
electrical conductivity. Dimensionally, imped-
ance (Z) is the same as resistance; the SI unit is 
the Ohm (Ω). From an electrical point of view, 
impedance is a more general term for resistance 
that also includes reactance. Pure resistance does 
not change with frequency, and is considered 
with direct current but not AC.  Reactance is a 
measure of the type of opposition to AC due to 
capacitance or inductance.

Whereas capacitance depends on the biomem-
branes’ characteristics of the tissue such as ion 
channels, fatty acids, and gap junctions, resis-
tance is mainly determined by the composition 
and amount of the extracellular fluid (Leonhardt 
and Lachmann 2012; Frerichs et  al. 2017). At 
frequencies below 5 kHz, electrical current flows 
only through extracellular fluid and is primar-
ily dependent on the resistive characteristics of 
the tissues. At higher frequencies up to 50 kHz 
electrical currents, there is slight deflection at 
cell membranes, and capacitive tissue properties 
increase. A decrease in the capacitive compo-
nent is observed at frequencies above 100  kHz 
and the electrical current can pass through cell 
membranes (Leonhardt and Lachmann 2012; 
Frerichs et al. 2017). Thus, impedance is sensi-
tive to changes in the electrical conductivity of 
tissues at the stimulation frequency. Conductivity 
is a bulk property of tissues and is measured 
in Siemens per meter and ranges from 0.042 
(inflated lung), 0.11 (deflated lung), 0.48 (heart) 
to 0.60 (blood) (Leonhardt and Lachmann 2012; 

Frerichs et al. 2017). Resistivity (in Ω·m) is the 
inverse of conductivity (Fig.  37.1). In general, 
tissue conductivity depends on fluid content and 
ion concentration, whereas in the case of the 
lung, it also strongly depends on the amount of 
air in the alveoli.

 EIT Measurements and Image 
Reconstruction

EIT measurements require the placement of elec-
trodes around the thorax in a transverse plane. 
Electrode placement in the fifth to sixth intercostal 
spaces (ICS) at the parasternal line is usually used 
and allows measurement of impedance changes in 
the lower lobes of the right and left lungs as well 
as in the heart region (Leonhardt and Lachmann 
2012; Frerichs et al. 2017). Placement of the elec-
trodes below the sixth ICS is not recommended 
because the diaphragm and abdominal content 
periodically enter the measurement plane. An 
electrode plane in the third to fourth ICS has been 
used to reduce heart-induced impedance changes. 
EIT measurements using two and three transverse 
planes for 3D imaging have been investigated. 
However, 3D EIT imaging is not available for rou-
tine clinical use in commercial devices yet.

Electrodes are either single self-adhesive elec-
trodes (e.g., ECG electrodes) that are placed indi-
vidually with equal spacing or integrated with 
electrode belts or self-adhesive stripes for a user- 
friendly application (Leonhardt and Lachmann 
2012; Frerichs et al. 2017). Chest wounds, chest 
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tubes, nonconductive bandages or conductive 
wire sutures may preclude or significantly affect 
EIT measurements.

Commercially available EIT devices usu-
ally use 16 electrodes, although EIT systems 
with 8 or 32 electrodes are available (Leonhardt 
and Lachmann 2012; Frerichs et  al. 2017) 
(Table  37.1). Potential advantages of a higher 
number of electrodes are an improved spatial res-
olution and redundancy of data. Thus, the recon-
struction algorithm can reject weak signals from 
poorly adherent electrodes.

During an EIT measurement, small AC are 
applied through pairs of electrodes, and result-

ing voltages are measured using the remaining 
electrodes (Bodenstein et al. 2009). The bioelec-
trical impedance between injecting and measur-
ing electrode pairs is calculated from the known 
applied current and the measured voltages. Most 
commonly, an adjacent electrode pair is used 
for AC application, while the resulting voltages 
are measured using the remaining electrodes. 
Thus, to obtain a full EIT data set of bioelectri-
cal measurements, the injecting and measuring 
electrode pairs are successively rotated around 
the entire thorax (Fig. 37.2). Other patterns of 
AC supply and potential measurements such as 
an adjustable or three-electrode skip have been 

Table 37.1 Commercially available EIT devices

Manufacturer EIT System
Electrode Measurement and data 

acquisition Image reconstruction algorithmnumber Configuration
CareFusion Goe-MF II 16 Individual 

electrodes
Pair drive (adjacent)
Serial measurement

Sheffield back-projection

Dräger 
Medical

PulmoVista 
500

16 Electrode belt Pair drive (adjacent)
Serial measurement

Finite element method-based
Newton-Raphson method

Maltron Inc Mark 1
Mark 3.5

16
8

Individual 
electrodes
Individual 
electrodes

Pair drive (adjacent)
Serial measurement

Sheffield back-projection

Swisstom 
AG

BB2 32 Electrode belt Pair drive (adjustable 
skip)
Serial measurement

Graz consensus reconstruction 
algorithm for EIT (GREIT)

Timpel SA Enlight 32 Electrode 
stripes

Pair drive (3-electrode 
skip)
Parallel measurement

Finite element method-based
Newton-Raphson method

Fig. 37.2 Current application and voltage measurements 
around the thorax using an EIT system with 16 electrodes. 
Within a few milliseconds, both the current electrodes and 

the active voltage electrodes are repeatedly rotated around 
the thorax
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described and may offer technical advantages 
(Adler et al. 2011).

Although, AC used during EIT (e.g., 5 mA at a 
frequency of 50 kHz) are not noticeable and safe 
for body surface application, the use of EIT in 
patients with electrically active implants such as 
cardiac pacemakers or cardioverter- defibrillators 
is not recommended.

The EIT data set recorded during one cycle 
of AC applications and voltage measurements is 
called a frame. An EIT frame contains the volt-
age measurements and is used to generate the raw 
EIT image. The scan rate (or frame rate) gives 
the number of EIT frames or raw EIT images 
recorded per second. Scan rates of at least 10 
images/s are recommended to monitor ventila-
tion and 25 images/s to monitor cardiac function 
or perfusion. Currently, available EIT devices use 
maximum scan rates between 40 and 50 images/s 
(Frerichs et al. 2017).

Generating an image from the measured 
impedance is called “image reconstruction.” EIT 
images comparable to a two-dimensional com-
puter tomography (CT) image are conventionally 
rendered so that the view is from caudal to cranial. 
Hence, the right chest side is on the left side of the 
image and vice versa, while anterior in the image 
is the patient’s anterior and vice versa. However, 
EIT does not display a “slice” such as CT images 

but an “EIT sensitivity region” (Rabbani and 
Kabir 1991). The “EIT sensitivity region” is a 
lens-shaped intrathoracic volume whose imped-
ance changes contribute to the EIT image gen-
eration (Rabbani and Kabir 1991; Teschner et al. 
2015). Thickness and shape of the EIT sensitivity 
region depend on the dimensions, the bioelectric 
properties, and the shape of the thorax as well as 
the morphological structures inside the thorax. 
Depending on the electrode size, the thickness of 
the EIT sensitivity region near the skin is about 
30–40  mm and increases towards the center of 
the body (Teschner et al. 2015).

Typically, time-difference imaging is used for 
EIT reconstruction which displays changes in 
conductivity rather than the absolute conductiv-
ity levels. A time-difference EIT image compares 
the change in impedance referenced to a baseline 
frame and allows tracing of time-varying physi-
ological phenomena such as lung ventilation 
and perfusion (Frerichs et  al. 2017). Currently, 
frequency- difference imaging is under investiga-
tion and might enable the reconstruction of abso-
lute EIT images of bioelectric tissue properties 
(Menden et al. 2019). However, it is not yet robust 
enough to be applied in routine clinical thoracic 
EIT yet. Color coding of EIT images is not unified 
and displays the change in impedance to a refer-
ence level (Fig.  37.3). A common color coding 
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of EIT images is to use a rainbow-color scheme 
with red indicating the highest relative imped-
ance (e.g., during inspiration), green a medium 
relative impedance, and blue the lowest relative 
impedance (e.g., during expiration). Newer color 
scales use instead black (no impedance change), 
blue (intermediate impedance change), and white 
(strong impedance change) for ventilation or 
black, red, and white for perfusion.

Reconstruction algorithms aim to solve the so- 
called “inverse problem” of EIT, which is recover-
ing the conductivity distribution inside the thorax 
based on the voltage measurements obtained at 
the electrodes on the thorax boundary. Initially, 
EIT reconstruction assumed that electrodes were 
placed on a circular or ellipsoid plane, whereas 
newer algorithms can use information about 
the anatomical shape of the thorax. Currently, 
the Sheffield backprojection algorithm (Barber 
and Brown 1986), the finite element method 
(FEM)-based linearized Newton- Raphson algo-
rithm (Yorkey et al. 1987), and the Graz consen-
sus reconstruction algorithm for EIT (GREIT) 
(Adler et al. 2009) are most commonly used. The 
Sheffield backprojection has been widely applied 
but assumes a circular electrode plain and tho-
rax; it tends to display streak-like artifacts that 
point towards the boundary and requires a fixed 
sequence of AC injections and voltage measure-
ments (Barber and Brown 1986). The linearized 
Newton-Raphson algorithm uses an FEM mesh 
of triangular elements to model the thorax shape 
often simplified as an ellipsoid. The FEM is 
employed to solve the forward problem, whereas 
the regularized Newton-Raphson iterative method 
is used for the inverse problem (Yorkey et  al. 
1987). GREIT tries to improve image reconstruc-
tion by optimizing the  algorithm towards specific 
quality criteria (called “figures of merit”) such as 
uniform amplitude response, small and uniform 
position error, high and uniform resolution, small 
ringing artifacts, low noise amplification, low 
shape deformation, high resolution, and small 
sensitivity to electrode and boundary movement 
(Adler et al. 2009). However, optimization of the 
algorithm is a trade-off, and it is not possible to 
achieve optimum performance with respect to all 
of the aforementioned criteria.

 Functional Imaging and EIT 
Waveform Analysis

Analysis of EIT data is based on EIT waveforms 
that are formed in individual image pixels in a 
series of raw EIT images over time. A region of 
interest (ROI) can be defined in an image and has 
a minimum size of one pixel. In each ROI, the 
waveform displays periodic changes in regional 
impedance over time resulting from ventila-
tion (ventilation-related signal, VRS) or cardiac 
action (cardiac-related signal, CRS). The CRS 
is present in both the cardiac and lung regions 
and can be partly attributed to lung perfusion. 
However, its exact origin and composition is not 
yet completely understood (Adler et  al. 2017). 
Furthermore, electrically conductive contrast 
agents (such as hypertonic saline) can be used to 
obtain an EIT waveform (indicator-based signal, 
IBS) which can be clearly linked to lung perfu-
sion. Frequency spectrum analysis is often used 
to discriminate between ventilation- and cardiac- 
related impedance changes. Nonperiodic changes 
in impedance may result, e.g., from changes in 
gas volume due to increasing or decreasing 
positive end-expiratory pressure (PEEP) during 
mechanical ventilation.

Functional EIT (fEIT) images are gener-
ated by applying a mathematical operation on a 
sequence of raw images and the corresponding 
pixel EIT waveforms (Hahn et al. 1995). Because 
the mathematical operation is applied to calcu-
late a physiologically relevant parameter for each 
pixel, regional physiological characteristics such 
as respiratory system compliance can be mea-
sured and displayed. Using pixel EIT waveforms 
and simultaneously registered airway pressure 
allows the use of changes of pressure and imped-
ance (volume) to calculate, e.g., compliance as 
well as lung opening and closing for each pixel. 
Comparable EIT measurements during stepwise 
inflation and deflation of the lungs allow the dis-
play of pressure-volume curves on a pixel level. 
Thus, depending on the mathematical operation, 
different types of fEIT images, addressing differ-
ent functional characteristics of the respiratory 
and cardio-circulatory system, can be generated 
from a single EIT examination.

37 Basics of Electrical Impedance Tomography and Its Application



590

 Ventilation Monitoring Using EIT

 Validation of EIT Measurements

 Global Ventilation
Global ventilation has been shown to correlate 
well with ΔZglobal resulting from sequential EIT 
measurements in animals and humans with nor-
mal or injured lungs by using a super-syringe 
technique (Adler et al. 1997), plethysmography 
(Marquis et al. 2006), or spirometry (Hinz et al. 
2003a). Tidal impedance variation (TIV) rep-
resents ΔZ generated during a tidal breath and 
is calculated as the difference of the maximum 
and minimum impedance at end-inspiration and 
end- expiration. Global TIV can be scaled and 
converted to volume (ml) with sufficient accu-
racy using spirometric measurements of tidal 
volume (VT).

 Global Changes in End-Expiratory Lung 
Volume (EELV) and Impedance (EELI)
Changes in EELV (ΔEELV) and EELI (ΔEELI) 
were investigated during lung inflation using a 
super-syringe in an animal model or based on 
different PEEP-trial or recruitment maneuvers 
in animals and patients with normal and injured 
lungs. Global ΔEELI has been found to corre-
late well (R2  =  0.92–0.95) with global ΔEELV 
determined by spirometric measurements of VT 
(Hinz et  al. 2003a; Grivans et  al. 2011), multi-
breath nitrogen-washout technique (Bikker et al. 
2009), computed tomography (CT) (Wrigge 
et al. 2008), and electron-beam computed tomog-
raphy (EBCT) (Frerichs et al. 2002a). Data from 
patients with acute respiratory distress syn-
drome (ARDS) indicate that the linear relation-
ship between global ΔEELI and ΔEELV may 
be weaker in heterogeneous lung injury due to 
atelectasis and end-inspiratory alveolar overdis-
tension (Bikker et  al. 2009). For clinical pur-
poses, ΔEELI can be scaled and converted to 
volume (ml) with sufficient accuracy by using 
the global tidal variation resulting from a change 
in PEEP. However, alterations in thoracic imped-
ance by PEEP-induced changes in intrathoracic 
blood volume must be taken into account.

 Regional Changes in Lung Ventilation 
or Volume
Regional ventilation as assessed by regional 
impedance changes (ΔZregional) measured by EIT 
correlation well with data (derived by EBCT 
R = 0.81–0.93). In patients with ARDS, an excel-
lent correlation (R2 = 0.96) was observed between 
ΔZregional and regional air content changes deter-
mined by CT during slow inflation maneuvers 
(Wrigge et al. 2008). Other studies have reported 
a good correlation between ΔZregional and regional 
air content changes or ventilation using dynamic 
X-ray CT (Wrigge et  al. 2008), single-photon 
emission computed tomography (Hinz et  al. 
2003b), and positron emission tomography 
(Frerichs et al. 2002a).

In summary, all these data suggest that changes 
in relative impedance measured by EIT can be 
used to quantify regional ventilation and lung 
volumes with sufficient accuracy in homoge-
neously and inhomogeneously ventilated lungs.

 EIT Measures for Analyzing Spatial 
Distribution of Ventilation

 Subtracting fEIT Images
Changes in lung function can be measured and 
visualized by a pixel-by-pixel subtraction of 
an fEIT image from a previous fEIT image. To 
obtain an approximation for changes in regional 
VT, the difference is normalized to the VT divided 
by ΔZglobal (see Fig. 37.4).

Subtracting fEIT images allows the visualiza-
tion and measurement of regional gain or loss of 
ventilation and lung volume caused by changes 
in ventilator settings (e.g. PEEP) or maneuvers 
(e.g., recruitment maneuvers, prone position-
ing). Subtracting fEIT images can thus localize 
and quantify recruitment and derecruitment indi-
cated by an increase or decrease in ΔZregional (see 
Fig. 37.4).

 Impedance Ratio
The impedance ratio divides the ventilation activ-
ity of the ventral (upper) region by the dorsal 
ventilation activity of the fEIT images, and the 
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ratio has been suggested to indicate recruitment 
and derecruitment (Kunst et al. 2000a).

 Regional Respiratory System 
Compliance (CRS)
CRS can be calculated during mechanical ventila-
tion dividing VT by driving pressure. Comparably, 
using EIT with simultaneously registered airway 
pressures, global and regional CRS can be mea-
sured and visualized in fEIT images by dividing 
pixel-by-pixel TIV by global driving pressure (see 
Fig.  37.4) (Bikker et  al. 2011; Dargaville et  al. 
2010). Regional CRS has been suggested to be help-
ful to localize and quantify regional alveolar col-
lapse and overdistension during ventilation. In an 
animal lung injury model, EIT-derived regional CRS 
correlated well to regional CRS calculated from CT 
data (Bikker et al. 2011; Dargaville et al. 2010).

 Regional Pressure–Volume (P/V) Curves
Global quasi-static P/V curves have been 
recorded during low-flow inspiratory and expi-

ratory maneuvers to identify the airway pres-
sure required to open collapsed (lower inflection 
point; LIP) and overdistended lung units (upper 
inflection point, UIP). Similarly, regional quasi- 
static P/V curves can be generated during low- 
flow inspiratory and expiratory maneuvers ΔZ 
in a pixel or ROI when global airway pressure 
is registered simultaneously. The resulting open-
ing pressures (LIP) varied significantly and were 
highest in the dorsal lung regions. The visual-
ized regional distribution of LIP and UIP in dif-
ferent lung regions using fEIT images has been 
suggested to be helpful to individually select 
or titrate PEEP (Kunst et  al. 2000b; Hinz et al. 
2006).

 Alveolar Overdistension and Collapse 
(ODCL)
ODCL is based on the monitoring of pixel CRS 
during a decremental PEEP trial with a fixed 
driving pressure (Costa et al. 2009). This maneu-
ver is used to identify the highest compliance and 
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Fig. 37.4 Change in impedance (Δimpedance), subtracted fEIT, end-expiratory lung impedance (ΔEELI), regional 
respiratory system compliance (CRS), and regional ventilation delay (RVD) at different PEEP levels
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the best pixel compliance for a specific PEEP  
level. Lung collapse is assumed if a reduction 
PEEP results in a lower pixel CRS. In contrast, 
lung overdistention is assumed if increased PEEP 
results in a lower pixel CRS (Costa et al. 2009). 
Lung collapse or overdistention in percent is 
calculated for each pixel by subtracting a CRS at 
a given PEEP level from the best CRS and refer-
encing it to the best CRS. Accumulated collapse/
overdistension for the entire lung at each PEEP 
step is calculated as a weighted average summed 
up for all collapsed/overdistended pixels, where 
the weighting factor is the best pixel compliance 
(Costa et  al. 2009). In an fEIT image, ODCL 
allows one to display and quantify collapse/over-
distension at the pixel level and could help titra-
tion of PEEP and help prevent alveolar collapse 
and overdistension.

 Center of Ventilation (CoV)
The center of ventilation (CoV) describes varia-
tions of the pulmonary ventilation distribution in 
the ventral–dorsal direction and is defined as a 
vertical coordinate that marks the point where the 
sum of the regional ventilation (ventral and dor-
sal) divides the lung into two equal parts (Frerichs 
et al. 2006). CoV is expressed as a percent of the 
vertical diameter ranging from 0% (ventral) to 
100% (dorsal). A CoV of 50% indicates equal 
ventilation distribution between ventral and dor-
sal lung regions, whereas lower values indicate 
a shift of ventilation distribution towards ven-
tral lung regions, which may be observed dur-
ing derecruitment due to alveolar collapse in the 
dependent lung regions. CoV has been used in 
many experimental and clinical investigations 
to evaluate recruitment or derecruitment of the 
lungs (Frerichs et al. 2006).

 Global Inhomogeneity Index (GI Index)
The GI index was introduced to quantify VT dis-
tribution within the lungs and aims to summarize 
the complex pulmonary impedance distribution 
pattern using a single numeric value (Zhao et al. 
2009a, b). Calculation of the GI index and modifi-
cations to adapt to a low-flow inflation have been 
described (Zhao et  al. 2009a, b) and require an 
image of EIT scans at two selected time points. 

Then, the median impedance value within an 
ROI is calculated. The differences in impedance 
variation between each pixel and median value 
of all pixels are calculated and normalized to the 
sum of impedance values, in order to make the 
GI index universal and inter-patient comparable 
(Zhao et  al. 2009a, b). The GI index has been 
used to titrate PEEP, to investigate changes in 
ventilation distribution, and for the progression 
of obstructive lung disease (Zhao et al. 2009a, b). 
During a PEEP trial, increase in PEEP resulted in 
a parabolic curve of the GI index. The PEEP level 
at which the GI value was minimal corresponded 
to the highest global dynamic compliance and 
lowest ventilator inhomogeneity and was sug-
gested to indicate the optimal PEEP level (Zhao 
et al. 2009a, b).

 EIT Measures for Analyzing Temporal 
Distribution of Ventilation

 Regional Ventilation Delay (RVD): 
Regional Ventilation Delay Index 
(RVDI)
In an inhomogeneous lung with atelectasis for-
mation, higher airway pressure is required to 
open and ventilate the collapsed lung regions. 
Thus, ventilation of these initially collapsed and 
recruited alveolar regions is delayed. The high 
temporal resolution of EIT allows the analysis 
of aeration and ventilation time courses. The 
regional ventilation delay (RVD) is an EIT mea-
sure that can show a temporal delay in regions 
of the lung and thus the temporal heterogeneity 
occurring in the ventilated lung by the relation-
ship between ΔZ and the ventilation time course 
in each pixel (Wrigge et al. 2008; Muders et al. 
2012). The RVD is the delay time needed for a 
regional impedance-time curve to reach a cer-
tain threshold of its maximal impedance change, 
which is normally set between 30% and 40% 
of its maximal impedance value during a low-
flow inflation (Wrigge et al. 2008; Muders et al. 
2012). RVDI is the standard deviation of RVD 
in all pixels (Wrigge et  al. 2008; Muders et  al. 
2012). A small RVDI indicates a more homoge-
neous, a high RVDI an inhomogeneous regional 
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ventilation delay distribution. In an fEIT image, 
RVD pixel values can be localized and quantified 
by color coding (see Fig. 37.4).

 Intratidal Gas Distribution (ITV)
ITV analyzes the ventilation homogeneity dur-
ing the inspiration (Lowhagen and Lundin 2010). 
ITV describes the amount of impedance distrib-
uted to a predefined ROI within one inspiration. 
To calculate ITV, the inspiratory part of the global 
impedance curve is divided into eight equal vol-
ume sections (12.5% of the entire inspiration). 
Then, sequential corresponding time points of 
the eight iso-volume steps are translated to the 
regional ITV curves. Thus, ITV gives the percen-
tile contribution of the inspired air distributed to 
the selected lung region at a certain time point. 
During spontaneous breathing, ITV could dem-
onstrate that gas distributes more to the dorsal 
region, resulting from the diaphragm contraction 
in the early phase of inspiration, showing a more 
than 50% contribution in the dorsal region to the 
global ITV.

 Clinical Application

EIT can generate regional measures that allow 
the localization and quantification of ventilation 
heterogeneity under dynamic conditions. Thus, 
EIT has the potential to monitor heterogene-
ities in regional ventilation in diseases such as 
ARDS (Victorino et  al. 2004), chronic obstruc-
tive lung disease (Frerichs et al. 2016), lung can-
cer (Serrano et al. 2002), or cystic fibrosis (Zhao 
et  al. 2013). In addition, EIT has been used to 
guide mechanical ventilation and pulmonary 
therapy. Being a noninvasive and radiation-free 
technique that allows ventilator monitoring 
independent of an endotracheal tube, EIT offers 
particular advantages in neonatal and pediatric 
patients.

 Estimation of Lung Collapse 
and Overdistension
Experimental studies have shown that continu-
ous registration of ΔZglobal and ΔZregional or EIT-
derived parameters, such as CRS, P/V curves, GI 

index ODCL, RVDI, and ITV, can be helpful for 
maximizing lung recruitment and reducing alve-
olar overdistension using recruiting maneuvers, 
PEEP-trials, or VT adjustment.

Bikker et  al. (2010) observed that during a 
decremental PEEP trial in patients with and with-
out ARDS, ventilation distribution change maps 
(ΔfEIT maps) can visualize improvements or loss 
of regional ventilation in dependent and nonde-
pendent lung areas at the bedside in the individ-
ual patient. ΔfEIT and regional CRS maps during 
stepwise decrease in PEEP were significantly dif-
ferent between patients with and without ARDS, 
indicating a different PEEP dependency between 
these two groups and between individual patients. 
By using a recruitment maneuver and a decre-
mental PEEP trial, Lowhagen and Lundin (2010) 
demonstrated that ITV and ΔEELI offer addi-
tional information on recruitability and optimal 
PEEP in patients with ARDS. Zick et al. (2013) 
showed that ventilation distribution, regional 
CRS, and ΔEELI can be used to assess tidal 
recruitment and end- inspiratory overinflation in 
patients with ARDS.  In patients with and with-
out ARDS, Zhao et al. (2014) demonstrated that 
the GI index is a reliable measure of ventilation 
heterogeneity and highly correlates with recruit-
ment determined using EIT. Cinnella et al. (2015) 
described patients who have diffuse loss in aera-
tion ROIvenral/dorsal impedance tidal variation 
ratio detected lung recruitment using open lung 
ventilator strategy. Yun et  al. (2016) suggested 
that EIT has the potential to evaluate if ARDS 
patients respond to a recruitment.

Mauri et al. (2013) showed a more homoge-
neous ventral-to-dorsal ventilation distribution 
during assisted ventilation with high PEEP when 
compared with control mechanical ventilation. 
Karsten et al. used EIT to study VT distribution 
on a regional basis in patients undergoing gen-
eral anesthesia for laparoscopic cholecystectomy. 
Nestler et  al. (2017) observed in anesthetized, 
morbidly obese patients during laparoscopic sur-
gery observed the restoration of EELI and a sig-
nificantly better regional ventilation distribution 
and oxygenation when PEEP was titrated accord-
ing to the lowest RVDI when compared to a fixed 
PEEP level of 5 cm H2O.
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 Pneumothorax Detection
EIT has been shown to reliably detect the devel-
opment of a pneumothorax at the bedside in real 
time (Hahn et  al. 2006). Initially, the EIT scan 
displays a clear rapid increase in regional imped-
ance with an associated decrease in ΔEELI at the 
side of the pneumothorax. The change in aeration 
images showed a similar clear increase. About 
30  seconds after onset, an increase in EELI is 
observed at the side of the pneumothorax, which 
is explained by ongoing increasing pleural gas 
accumulation (Costa et  al. 2008). In an experi-
mental model, EIT has been shown to detect a 
pneumothorax within three ventilator cycles with 
100% sensitivity (Costa et  al. 2008). EIT has 
been found to be useful for bedside early detec-
tion of a pneumothorax occurring during a lung 
recruitment maneuver in a patient with ARDS 
(Morais et al. 2017).

 Monitoring Lung Volumes During 
Endotracheal Suctioning
Investigations indicate that EIT may be helpful 
for localizing and quantifying loss of lung vol-
ume caused by open endotracheal suctioning 
(Lindgren et  al. 2007) or after the disconnec-
tion of the endotracheal during cardiac surgery 
(Corley et al. 2012). In addition, EIT allows the 
titration of recruitment maneuvers to restore 
ventilation distribution between the ventral and 
dorsal lung regions (Lindgren et al. 2007; Corley 
et al. 2012).

 Monitoring Positioning 
of Endotracheal Tubes
Asymmetrical distribution of ventilation mea-
sured by EIT allows early detection of one-lung 
ventilation caused by inadvertent malpositioning 
of the endotracheal tube. On the other side, EIT 
has been used intraoperatively for correct posi-
tioning of double-lumen endotracheal tubes to 
assure one-lung ventilation during thoracic sur-
gery (Steinmann et al. 2008).

 Monitoring Ventilatory Dyssynchrony
During assisted spontaneous breathing, the EIT 
plethysmogram may assist in the early identifica-
tion of potentially harmful dyssynchronies, such 

as breath stacking and pendelluft (Pohlman et al. 
2008; Yoshida et al. 2013).

Breath stacking is usually caused by reverse 
triggering or double-triggering and results in 
consecutive inspiratory cycles delivered by the 
ventilator on top of an incomplete exhalation 
(Pohlman et  al. 2008). During breath stacking, 
EIT may detect potential harmful inspired end- 
inspiratory lung volumes even if regular monitor-
ing only indicates a moderate increase in VT.

Pendelluft describes an intrapulmonary dys-
synchrony caused by gas movement between 
different pulmonary regions resulting in alveolar 
de-inflation and inflation. Using EIT, it was pos-
sible to monitor a pendelluft phenomenon due to 
a movement of gas within the lung from nonde-
pendent to dependent regions without change in 
VT (Yoshida et al. 2013). This phenomenon can 
be caused by intense diaphragmatic contraction 
during excessive spontaneous efforts in volume- 
assisted modes of ventilation. Pendelluft has 
been suggested to cause unsuspected overstretch 
of the dependent lung during early inflation and 
can only be visualized by EIT and not by con-
ventional monitoring of flow, volume, or pressure 
curves (Yoshida et al. 2013).

 Perfusion Monitoring Using EIT

 Measurement Principle

EIT has been shown useful for monitoring 
regional lung perfusion as well as stroke volume 
estimation. In principle, continuous and noninva-
sive monitoring can be performed based on the 
EIT waveforms resulting from cardiac activity 
(cardiac-related signal, CRS) in both the heart 
and lung region, whereas intermittent and inva-
sive monitoring is possible using contrast agents 
(indicator-based signal, IBS) injected through a 
central venous line.

 Perfusion Monitoring Using Cardiac 
Activity
In the EIT waveform, cardiac activity is observed 
in the heart as well as in the lung region (Vonk 
Noordegraaf et  al. 1998). Impedance changes 
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in both the heart and lung region can mainly be 
attributed to localized changes in blood volume. 
As blood has a higher conductivity (and thus 
lower impedance) than tissue, an impedance 
decrease or increase can be observed when blood 
enters or leaves a region, respectively. In the heart 
region, an impedance increase is observed during 
systole, whereas an impedance decrease results 
during diastole. In the lung region, a similar, 
however, delayed behavior is observed. During 
systole, an impedance decrease results, whereas 
an impedance increase is found during diastole 
(Grant et al. 2011). The impedance changes are 
likely to result from volume changes induced by 
the arterial pulse-wave traveling from the heart 
into the pulmonary vascular tree. However, the 
exact origin and composition of the impedance 
changes are not yet fully understood and can only 
partly be attributed to lung perfusion. Most prob-
ably, the flow speed of blood as well as mechanic 
deformation and movement of organs resulting 
from a cardiac activity are also causing altera-
tions in regional impedance.

In order to enable real-time analysis of 
regional perfusion, techniques to separate car-
diac- and ventilation-related EIT waveforms are 
of great importance. A major difficulty is a differ-
ence in amplitude of the two signals, because the 
CRS is an order of magnitude smaller than the 
VRS (Leonhardt et  al. 2012). Several methods 
exist, including short-time apnea, ECG gating, 
frequency filtering, as well as more advanced 
signal processing techniques. While setting the 
mechanical ventilator on short-time apnea is not 
an actual separation technique, it is a very effi-
cient way to obtain a clear recording of the CRS 
free of disturbance from the VRS.  However, 
repeated periods of apnea might be problematic 
in some patients. For ECG gating (Eyüboglu and 
Brown 1988; Braun et al. 2018a), the QRS com-
plex of a synchronously recorded ECG is used as 
a trigger to successively average a high number 
(e.g., 200) of heart cycles from the EIT waveform. 
Assuming that VRS and CRS are uncorrelated, 
this operation will amplify the CRS and sup-
press (or say, “average out”) the VRS. While this 
method provides a very good separation, it has 
the disadvantage of delaying the EIT waveform 

as a result of the averaging process, which makes 
it unsuitable for real-time analysis. Frequency 
filtering (Frerichs et  al. 2009; Zadehkoochak 
et al. 1992) is based on the assumption that the 
VRS and CRS span different ranges in the fre-
quency spectrum. Specifically designed digital 
filters can be used to efficiently separate the CRS 
from the combined EIT waveform in real time. 
However, problems arise when there is a high 
breathing rate or low heart rate because the fre-
quency spectra of VRS and CRS might overlap. 
In these cases, only frequency filtering provides 
insufficient separation. Highly promising results 
have been achieved with more advanced signal 
processing techniques. Specifically, principal 
component analysis (PCA) has proven to be 
useful for extracting cardiac template functions 
from combined EIT waveforms (Deibele et  al. 
2008). Linear fitting of these template functions 
can achieve the capability of efficient, real-time 
separation of VRS and CRS.

Regional perfusion based on the CRS has 
been compared to radionuclide scintigraphy 
(Kunst et  al. 1998), magnetic resonance imag-
ing (MRI) (Vonk Noordegraaf et  al. 1998), and 
single- photon emission computed tomography 
(SPECT) (Borges et  al. 2012). Further investi-
gations of pulmonary perfusion using the CRS 
involved the modification of pulmonary perfusion 
using a balloon catheter (Fagerberg et al. 2009), 
one-lung ventilation (Frerichs et  al. 2009), and 
repositioning of the EIT belt and patient (Grant 
et al. 2011). Stroke volume estimation using the 
CRS has been explored in animal (Pikkemaat 
et al. 2014) and human (Braun et al. 2018a; Vonk-
Noordegraaf et al. 2000) studies. Recently, inter-
esting simulative studies have shown limitations 
and challenges (Braun et al. 2018b) as well as the 
influence of heart motion (Proença et al. 2015) on 
stroke volume estimation using the CRS.

 Perfusion Monitoring Using Contrast 
Agents
A promising technique for perfusion monitoring 
with EIT involves the application of conductive 
or resistive contrast agents, such as hypertonic 
saline (e.g., NaCl 5.85%, 10  ml), to obtain an 
EIT waveform (indicator-based signal, IBS). The 
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contrast agent is injected into the bloodstream 
as a bolus through a central venous line under 
short- time apnea (Borges et  al. 2012; Hentze 
et al. 2018). It follows the blood flow through the 
cardio- pulmonary system from the right heart, to 
the lung, to the left heart, and exits the EIT region 
through the aorta. Since the conductivity of the 
bolus is different from that of blood, it leaves a 
trace of impedance change in the EIT waveform, 
which can be directly linked to regional perfu-
sion. Disadvantages are increased invasiveness 
resulting from the need for a central venous line 
as well as the possibility of hemolysis due to the 
use of contrast agents. Owing to its invasiveness, 
the method is currently only used as a research 
tool in animal trials. However, successive lower-
ing of contrast agent concentration might enable 
clinical application.

In order to extract lung perfusion, curve-fitting 
techniques, similar to the ones known from indi-
cator dilution theory, can be employed (Borges 
et  al. 2012). Recently, an approach based on a 
gamma-variate model has been used to achieve 
a complete separation of the IBS into right-heart, 
lung, and left-heart components (Fagerberg et al. 
2009). Using the technique, a strong agreement 

of regional perfusion from EIT with single- 
photon emission tomography (SPECT) is found 
(see Fig. 37.5). Furthermore, a method based on 
wavelet filters that eliminates the need for short- 
time apnea during the recording of the IBS has 
shown promising results (Nguyen et  al. 2014). 
Thus, regional lung perfusion monitoring under 
ongoing mechanical ventilation might become 
possible at the bedside.

An initial self-study, using isotonic saline 
injection in an arm vein, introduced the con-
cept to the research community (Brown et  al. 
1992). Regional perfusion based on the IBS has 
since then been compared with electron-beam 
computed tomography (EBCT) (Frerichs et  al. 
2002b) and SPECT (Borges et al. 2012; Hentze 
et al. 2018).

 Conclusion

EIT creates noninvasively and radiation-free 
images of the regional ventilation and argu-
ably lung perfusion distribution at the bedside. 
Functional EIT images are generated by applying 
a mathematical operation on a sequence of raw 
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images and the corresponding pixel EIT wave-
forms and allow to address different functional 
characteristics of the respiratory and cardio- 
circulatory system. Thus, EIT can be combined 
with other signals, such as airway pressure, 
enabling the assessment of regional respiratory 
system compliance (CRS) or regional pressure/
volume (P/V) curves. Changes in lung ventilation 
and EELV, compliance, CRS, P/V curves, as well 
as alveolar overdistension and collapse can be 
assessed by EIT dynamically on a regional level. 
The high temporal resolution of EIT allows the 
analysis of aeration and ventilation time courses 
and to determine the temporal ventilation het-
erogeneity. Clinical and experimental studies 
suggest that EIT-based lung function monitor-
ing may help to guide mechanical ventilation. 
Recently, EIT has been shown useful for moni-
toring regional lung perfusion as well as stroke 
volume estimation. Continuous and noninvasive 
perfusion monitoring can be performed based on 
the EIT waveforms resulting from cardiac activ-
ity in both heart and lung regions, whereas inter-
mittent and invasive monitoring is possible using 
contrast agents such as hypertonic saline injected 
through a central venous line. Ongoing experi-
mental and clinical studies evaluate regional lung 
perfusion and V/Q matching monitoring under 
ongoing mechanical ventilation might become 
possible at the bedside.
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Clinical Monitoring by Volumetric 
Capnography

Gerardo Tusman and Stephan H. Bohm

Carbon dioxide (CO2) is a biological gas closely 
related to global cardiorespiratory physiology. 
The kinetic of CO2 in the body involves basic 
biological processes such as cellular metabolism, 
lung perfusion, gas exchange, and ventilation 
(Breen 1998). These processes begin with the 
cellular production of CO2 by aerobic and anaer-
obic metabolism, which creates a CO2 gradient 
from mitochondria to alveoli (Wiklund 1996; 
Folch et  al. 2005). This “CO2 cascade” and the 
corresponding partial pressure of CO2 in venous 
and arterial blood is continuously and strictly 
controlled by local/global blood flow, buffer sys-
tems in blood and tissues (stores of CO2), and the 
chemical control of ventilation (Farhi and Rahn 
1955; Cherniack and Longobardo 1970). 
Cardiopulmonary diseases can alter such homeo-
stasis in many ways by activating compensatory 
mechanisms that change the kinetics of CO2 
stores and alveolar ventilation in order to keep 
blood pH within the normal range (Gluck 1998; 
Kellum 2000). When the system fails and cannot 
maintain adequate blood CO2 values, patients 
require cardiorespiratory support until the causes 

and mechanisms responsible for such distur-
bances are removed or controlled.

Capnography refers to the measurement of the 
concentration of CO2 within the breathing gas 
that represents the whole-body CO2 recovered at 
the opening of the airways during the ventilatory 
cycle (Huttman et  al. 2014; Carlon et  al. 1988; 
Anderson and Breen 2000). Therefore, capnogra-
phy is attractive for monitoring many important 
aspects of mechanically ventilated patients. A 
relevant feature of capnography is that the infor-
mation is obtained noninvasive breath-by-breath 
at the bedside by using a robust and accurate 
technology. This chapter describes the role of 
volumetric capnography (VCap) as a monitoring 
tool for the assessment of cardiopulmonary func-
tion in mechanically ventilated patients.

 Time-Based and Volume-Based 
Capnography

The graphical representation of the tidal elimina-
tion of CO2 is called a capnogram, and the device 
that measures it is called a capnograph. This 
device measures CO2 by spectrometry, especially 
by the absorption of infrared light by breathing 
gases. It is expressed as a fraction (%) or partial 
pressure (mmHg). There are two kinds of capno-
graphs which are classified according to the way 
the CO2 measurement is performed (Block and 
McDonald 1992). Side-stream capnographs take 
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samples of breathing gases at the opening of the 
airways and transport them by a vacuum system 
to the analysis unit within the device. The side- 
stream gadget has low weight and instrumental 
dead space. The slow gas transport within the 
sample line caused a delay in CO2 signal related 
to flow that needs a precise synchronization 
between these two signals for proper VCap anal-
ysis. Main-stream capnographs, on the other 
hand, measure CO2 by a sensor placed between 
the endotracheal tube and the “Y” piece of the 
ventilatory circuit. The flow sensor is commonly 
integrated into the same main-stream device, 
which gives good coordination between signals 
for adequate VCap analysis but at the cost of a 
heavier and bigger gadget when compared than 
side-stream ones (Huttman et  al. 2014; Carlon 
et al. 1988; Anderson and Breen 2000; Block and 
McDonald 1992; Jaffe 2008; Orr and Jaffe 1994).

Capnography is clinically represented as time- 
based (standard capnography) or volume-based 

fashion (volumetric capnography  – VCap) 
(Bhavani-Shankar and Philip 2000; Jaffe 2014; 
Siobal 2016). Time and volume-based capnogra-
phy are different ways to present and analyze the 
CO2 signal. Standard capnography is depicted as 
a temporal series like the flow, volume, and pres-
sure signals in mechanically ventilated patients. 
The visualization of the CO2 tracing helps detect 
not only ventilatory problems but also hemody-
namics deteriorations continuously and in real- 
time. VCap, on the other hand, provides 
“volumetric” information like dead space, alveo-
lar ventilation, the elimination of CO2 per breath, 
and the calculation of the pulmonary blood flow. 
As opposed to standard capnography, VCap is 
limited to the analysis of one breath at a time 
since the CO2 is displayed over the tidal volume.

Figure 38.1 shows standard capnography and 
VCap with their respective main parameters 
(Tusman et al. 2013; Suarez Sipmann et al. 2014). 
While standard capnography shares with VCap 
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Fig. 38.1 Time- and volume-based capnography. (a) 
Standard capnography presented as a continuous temporal 
series. (b) Volumetric capnography showing the three 
phases of the capnogram, where phase I and II represent 
gas within the conducting airways while phase III repre-
sents pure alveolar gas. Phases II and III have correspond-
ing slopes (S) the intersection of which defines the alpha 
angle. The area under the curve (VTCO2,br) is the amount 
of CO2 eliminated in one breath. (c) The partial pressures 

of CO2 are depicted on the volumetric capnogram. PĒCO2, 
PACO2, PETCO2, and PaCO2 are the mixed expired, alve-
olar, end-tidal, and arterial partial pressure of CO2, respec-
tively. (d) Graphical representation of the airway (VDaw) 
and alveolar (VDalv) dead space. The gray area represents 
the global or physiological dead space (VDphys). According 
to the principles described by Fowler, the mathematical 
inflection point of the capnogram marks the limit between 
airway dead space and alveolar tidal volume (VTalv).
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the same nomenclature as phases and partial 
pressures of CO2, it cannot measure volumetric 
variables.

Time- and volume-based capnography show 
complementary information and must be ana-
lyzed simultaneously (Fig. 38.2). Both types of 

capnography are analog to the monitoring of 
respiratory mechanics where pressure, flow, and 
volume/time waveforms give visual online infor-
mation, while the combination of these parame-
ters (volume/pressure  – flow/volume loops) 
expands the monitoring capabilities of the pri-
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Fig. 38.2 Examples of monitoring by both time-based 
and volume-based capnography. Left hand: time-based 
capnography. Right hand: volumetric capnography of the 
same breaths depicted on the left. (a) Capnograms in an 
anesthetized patient at fixed ventilatory settings during the 
steady-state condition. (b) The same patient as in “a” but 
minutes after placing a passive heat moisture exchanger 
(HME) between the mainstream sensor and the endotra-
cheal tube. This additional instrumental dead space 
increased PETCO2 and PaCO2. The black arrow indicates 

the increase in airway dead space by the added volume of 
the HME (80 mL). (c) A rebreathing caused by the mal-
function of the anesthesia machine’s expiratory valve. 
Arrow marks the time when CO2 started to be re-inhaled, 
subsequent increases in baseline CO2, alveolar PCO2 indi-
cated by rising VCap curves. (d) An episode of sudden 
arterial hypotension and low cardiac output at fixed venti-
latory settings. Both time- and volume-based capnograms 
decrease
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mary outcome signals. Figure 38.2 shows a few 
examples of the monitoring capabilities of 
capnography.

CO2 kinetics are context-sensitive, which 
means that its proper interpretation depends on 
the understanding of how a particular patient’s 
clinical situation (the context) affects the CO2 
kinetics. Suppose, for example, a ventilated 
patient who is fighting the ventilator. In this cha-
otic scenario, modifications in metabolism, 
hemodynamics, and breathing pattern render 
analysis by capnography useless (but also that of 
respiratory mechanics) because all components 
of the CO2 kinetics are changing at the same time 
and in different directions. Let us suppose now a 
ventilated patient with stable metabolism and 
ventilation, who presents a sudden decrease in 
the elimination of CO2. This change can only be 
explained by a diminution in lung perfusion, and 
in this particular clinical context, diagnosing a 
hemodynamic problem based purely on the 
expired CO2 is quite easy, quick, and feasible 
(Fig. 38.2d).

These illustrative examples don’t imply that 
the analysis of CO2 kinetics is useful only during 
“steady-states,” but on the contrary, CO2 signals 
can unmask any non-steady-state conditions by 
changing one parameter of its kinetics at a time 
(Breen et al. 2000).

 Respiratory Monitoring

Standard monitoring of mechanically ventilated 
patients is based on respiratory mechanics using 
pressure, flow, and volume waveforms with their 
derived variables like compliance, airways resis-
tance, and driving pressure, among others. 
Respiratory mechanics evaluates how the deliv-
ered tidal volume interacts physically with the 
respiratory system, detecting inappropriate venti-
latory settings causing exaggerated stress and 
strain of the lung tissue (Protti et al. 2013). This 
mechanistic analysis of ventilation, however, 
does not contemplate the effect on the lung’s 
main function, and therefore, gas exchange must 
be evaluated intermittently by analyzing PO2 and 
PCO2 in blood samples. The development of 

pulse oximetry and capnography allowed a non-
invasive assessment of those biological gases, 
decreasing the number of blood sample analyses 
and promoting the real-time adjustment of venti-
latory settings (Anderson and Vann 1988; Duncan 
and Cohen 1991; Roizen et al. 1993).

 Monitoring ventilation by VCap

The first step to start controlled mechanical ven-
tilation is to select the minute volume ventilation 
(VE) related to a patient’s anthropometric fea-
tures and therapeutic concepts such as lung- 
protective ventilation with low tidal volumes 
(VT). VE is calculated as VT times the respira-
tory rate followed by the adjustment of the I:E 
ratio, PEEP, FiO2, and any other ventilatory 
parameter like trigger threshold and alarms.

The next obligatory step should be to deter-
mine the efficiency/inefficiency of such selected 
ventilatory settings (Tusman et  al. 2011a). This 
approach uses the following formula:

 VE VA VD� �  

where VA is the alveolar ventilation or the effec-
tive portion of VE. Dead space (VD) is ineffective 
ventilation because this part does not get in con-
tact with the pulmonary capillaries and therefore 
does not participate in gas exchange (Tusman 
et al. 2011a). VD can be calculated using tracer 
gases provided that an external gas source and the 
corresponding sensor placed at the opening of the 
airways are available (Bartels et  al. 1954). 
However, the body’s own carbon dioxide is the 
best option for the clinical measurement of VD 
because of the following: (1) CO2 is a biological 
gas, and an external source is not needed. (2) CO2 
is a good tracer of ventilation due to its particular 
kinetics with its obligatory elimination by the 
lungs. (3) Infrared CO2 sensors are small, robust, 
precise, and accurate for bedside assessment. (4) 
Dead space induces hypercapnia with hardly any 
effect or no effect at all on arterial oxygenation. 
VD measured by VCap evaluates not only the 
efficiency of particular ventilatory settings but 
also the complete kinetics of CO2, which in most 
cases reveal the cause of hypercapnia.
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In general, VD is constituted by any artificial 
airways placed proximally to the Y piece and by 
lung tissue that have no contact with the pulmo-
nary capillary blood flow (Siobal 2016; Tusman 
et al. 2011a; Sinha et al. 2011). It is formed by the 
airways (VDaw) and alveolar (VDalv) dead spaces, 
and their sum comprises the global or physiologi-
cal dead space (VDphys) (Fig. 38.1d). In mechani-
cally ventilated patients, we must take into 
account the instrumental dead space (VDinst) 
(Tusman et al. 2015), which is an additional gad-
get placed between the Y piece and the patient’s 
airways like elbows, mainstream sensors, con-
nectors, heat moisture exchangers, and facial 
mask. (see Fig.  38.2a and b). The smaller the 
patient’s body size, the higher will be the impact 
of VDinst on the arterial partial pressure of CO2 
(PaCO2).

Two mechanisms are involved in the genesis 
of dead space (Tusman et al. 2015). On the one 
hand, the inhaled fresh gas containing no CO2 
mixes with gases filling the FRC at the end of 
inspiration, thereby causing a dilution of the 
alveolar CO2 in well-ventilated zones (high V/Q 
areas), reaching its maximum expression within 
the alveolar dead space units where the alveolar 
gas has similar composition than the inspired 
air. This dilution effect explains why the mean 
alveolar partial pressure of CO2 (PACO2) 
remains below the level of the arterial value. On 
the other hand, the airways and instrumental 
dead spaces are filled with CO2 from the previ-
ous expiration, which is re-inhaled in the next 
inspiration and then retained within the lungs. 
Both dilution and rebreathing have “dead space 
effects” which impair the lung’s efficiency for 
the elimination of CO2.

VD is measured in a noninvasive fashion with 
volumetric capnography using both Fowler’s 
concept and Bohr’s formula (Fowler 1948; Bohr 
1891). The Fowler concept is based on the slope 
of phase II of the capnograms, which represents 
the expiratory volume of CO2 stemming from 
lung units with different rates of emptying. As 
lungs are fractal asymmetric structures, each lung 
unit has its own transition zone between gas 
transported by convection and by diffusion that is 
placed close to the boundary between conducted 

airways and alveoli at end-inspiration (Horsfield 
and Cumming 1968; Crawford et  al. 1985). 
During expiration, those gas interfaces move 
proximally and reach the mainstream CO2 sensor 
at different moments, explaining the origin of 
phase II and its corresponding slope. Thus, 
Fowler’s concept separates the airways compart-
ment (convective transport) from the alveolar 
compartment (diffusive transport) at the midpoint 
of the slope of phase II.  This mean airway- 
alveolar interface defines the VDaw (Fig. 38.1d) 
(Tusman et  al. 2011a). There are many tech-
niques to determine this midpoint of phase II, but 
all of them refer to the concept initially described 
by Fowler (Hatch et al. 1953; Langley et al. 1975; 
Olsson et  al. 1980; Fletcher and Jonson 1981; 
Cumming and Guyatt 1982; Wolff et  al. 1989; 
Tusman et al. 2009).

Bohr’s formula is a mass balance equation that 
calculates the physiological dead space ratio 
(VD/VT or VDphys/VT) using both the alveolar 
(PACO2), inspired (PICO2), and mixed expired 
partial pressures of CO2 (PĒCO2) as:

 

VD VT PACO PECO PACO PICO/ /� �� � �� �2 2 2 2  

PICO2 is assumed to be zero because fresh 
breathing gas mixtures should not have CO2. 
However, some CO2 re-inhalation from the cir-
cuit “Y” piece and from instrumental dead space 
must be taken into account at times to do proper 
dead space measurements.

PACO2 expresses the averaged partial pressure 
of CO2 that comes from the entire population of 
ventilated alveoli (Tusman et al. 2011a). PACO2 
is affected by phenomena that take place within 
alveoli and depends on the balance between the 
amount of CO2 supplied to the lungs by blood 
and its elimination by ventilation. PACO2 is dif-
ficult to measure because the composition of 
alveolar gas varies during the respiratory cycle 
and because each lung unit has its own value 
depending on the local V/Q ratio. A solution to 
get a representative PACO2 is to determine the 
mean value in a breath at the midpoint of the 
slope of phase III (Tusman et al. 2009; Fletcher 
and Jonson 1984; Tusman et  al. 2011b). The 

38 Clinical Monitoring by Volumetric Capnography



606

rationale of this concept is based on the certainty 
to get a pure alveolar gas sample with the phase 
III of volumetric capnograms, once the CO2-free 
inspired gases within non-alveolated airways are 
expired.

PĒCO2 is the mixed partial pressure of CO2 
that is caused by the dilution effect of gas free of 
CO2 (inspired VT) within the resident gas in the 
lungs rich in CO2. PĒCO2 is influenced by the 
dilution effect of the whole VT including not 
only the alveolar but also the airway and instru-
mental dead spaces. PĒCO2 derives from the 
mixed expired fraction of CO2 (FĒCO2 = VTCO2,br/
VT) originally obtained by breathing into 
Douglas’s bag. Nowadays, PĒCO2 measured by 
VCap has been validated and can be easily calcu-
lated in one breath as follow (Tusman et  al. 
2011a, b):

 

PECO FECO
barometric pressure vapor pressure

2 2� �
�� �

 

The absolute VDphys value is calculated by 
multiplying VD/VT by VT, and then, VDalv is 
obtained by subtracting VDaw from VDphys. All 
dead spaces are clinically expressed in relation to 
the expired volume because VD is highly depen-
dent on the size of VT (Fletcher and Jonson 
1984).

Nowadays, dead space calculations using 
Bohr’s original formula are possible ever since 
the breath-by-breath measurements of PACO2 
and PĒCO2 by VCap became feasible. Such mea-
surements were validated against reference val-
ues calculated by the alveolar gas equation using 
information from the multiple inert gas elimina-
tion technique (MIGET) (Tusman et al. 2011b).

The inability to obtain PACO2 at the bedside 
forced physicians to use Enghoff’s alternative to 
Bohr’s equation for many years (Enghoff 1938):

 
VD VT PaCO PECO PaCO/ /� �� �2 2 2  

PACO2 was replaced by the PaCO2 value 
obtained by arterial blood analysis, making this 
calculation intermittent and invasive in nature. 
The main pitfall of this formula is the fact that 
PaCO2 is systematically higher than the PACO2 

due to the effect of the shunt. This means that the 
high venous PCO2 of low V/Q and shunting areas 
is not eliminated by ventilation and will thus 
reach the systemic side of the circulation. This 
shunt-related increase in PaCO2 relative to 
PACO2 results in an overestimation of the actual 
VD/VT value (Suarez Sipmann et  al. 2014; 
Tusman et al. 2011a; Sinha et al. 2011). The “fic-
titious” dead space created by the shunt effect is 
a virtual alveolar VD that does not represent any 
real gas volume (Fletcher and Jonson 1981). This 
is the reason why we postulated that Enghoff’s 
equation represents an index of V/Q inequalities 
and should not be considered a surrogate of dead 
space because it includes all kinds caused by V/Q 
mismatch (Suarez Sipmann et al. 2014; Tusman 
et al. 2011a). Figure 38.3 clearly shows the dif-
ferences between the equations proposed by Bohr 
and by Enghoff in mechanically ventilated 
patients with ARDS (Gogniat et al. 2018). Sicker 
patients with worse lung mechanics presented 
higher dead spaces and Enghoff’s indices, which 
are suggestive of more overdistension and shunt 
in these patients than in the ones with better lung 
mechanics. Therefore, both formulas are of clini-
cal importance, but they represent different 
aspects of lung physiology and their difference 
corresponds to the amount of shunt.

For the clinical application of the dead space 
concept, it is mandatory to know the normal val-
ues (Table 38.1). We described that the physio-
logical dead space is close to 1/5 or 1/4 of the 
tidal volume in healthy volunteers during sponta-
neous breathing. The value increases to 1/3 when 
mechanical ventilation is established (Tusman 
et al. 2013). These values were similar to the ones 
obtained by Åström et al. in volunteers with VD/
VT values of 0.24 ± 0.4, VDaw/VT of 0.19 ± 0.4, 
and VDalv/VT of 0.09 ± 0.3 (Aström et al. 2000). 
It is common to observe VD/VT values ≥0.30 in 
anesthetized and ≥0.40  in critically ill patients. 
This is caused by the known effect of positive 
pressure ventilation on dead space as well as by 
the influence of surgical technics (capnoperito-
neum, one-lung ventilation), body positions 
(Trendelenburg, lateral), and cardiopulmonary 
diseases. In ARDS patients, Bohr’s VD/VT val-
ues are higher than 0.50 (Gogniat et  al. 2018; 
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Blanch et al. 1999) and Enghoff’s index reaching 
even higher values due to the effect of the right- 
to- left shunt (Beydon et  al. 2002; Kallet et  al. 
2017; Doorduin et al. 2016).

Monitoring dead space in mechanically venti-
lated patients transcends the evaluation of alveo-
lar ventilation and the fine-tuning of baseline 
ventilatory settings. Dead space was found to be 
useful when conducting lung recruitment maneu-
vers at the bedside in experimental models 
(Tusman et  al. 2006, 2010), in morbidly obese 
patients (Tusman et  al. 2014), and in ARDS 
patients (Fengmei et  al. 2012; Rodriguez et  al. 
2013). Recently, we described how dead space 
measurements in ARDS patients could be used to 

evaluate different patterns in the response to 
PEEP (Gogniat et al. 2018). Those patients whose 
response to PEEP was positive based on a 
decrease in driving pressure (plateau minus 
PEEP) ≤15% of baseline values showed much 
lower physiological and alveolar dead space 
ratios compared to non-responders (Fig.  38.3). 
These findings are in line with the findings of 
Suter et  al. who found the lowest VD value at 
“best” PEEP (Suter et al. 1975). This best PEEP 
was also associated with lower shunt, higher 
respiratory compliance, and better cardiac output 
and oxygen delivery. In contrast, VD increased at 
low and high PEEP levels, probably because of 
lung collapse and overdistension, respectively. In 
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Fig. 38.3 Differences between Bohr’s and Enghoff’s for-
mulas. Data of 14 mechanically ventilated patients with 
ARDS (Tusman et  al. 2011b). Patients were ventilated 
with fixed ventilatory settings at baseline (B) and at four 
randomized PEEP steps. Bohr’s physiological dead space 
(VDBohr) and Enghoff’s index were calculated at the end of 
each PEEP step. Two kinds of responses to PEEP can be 

observed: a group of patients in whom driving pressure 
did not surpass 15% of baseline values (∆P < 15%, n = 7) 
and another group of patients in whom driving pressure 
exceeded 15% of baseline values (∆P > 15%, n = 7). The 
gray area represents the shunt effect. Data presented as 
median and first to third quartiles

Table 38.1 Reference values of dead space parameters in adults

Patient Ventilation VD/VT VDaw/VT VDalv/VTalv

Healthy volunteer Spontaneous breathing 0.23 ± 0.08 0.17 ± 0.09 0.07 ± 0.06
Healthy anesthetized VT 6 mL/kg

PEEP 6 cmH2O
0.28 ± 0.07 0.18 ± 0.08 0.09 ± 0.07

Critically ill anesthetized VT 6 mL/kg
PEEP 8 cmH2O

0.41 ± 0.07 0.23 ± 0.07 0.23 ± 0.08

Critically ill ARDS VT 6 mL/kg
PEEP 12 cmH2O

0.55 ± 0.11 0.33 ± 0.09 0.29 ± 0.10

From Tusman et al. (2013)
Different dead space parameters: Bohr’s physiological (VD/VT), airway (VDaw), and alveolar (VDalv/VTalv) dead spaces 
observed in spontaneously breathing volunteers and in mechanically ventilated patients
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addition, Enghoff’s index calculated by VCap 
has an important value as a predictor of mortality 
in ARDS (Nuckton et al. 2002; Kallet et al. 2004). 
This index is an independent variable related to 
death in ARDS patients during the early and late 
evolution of the syndrome.

 Monitoring Gas Exchange by VCap

Gas exchange occurs by diffusion, a passive 
mechanism in which O2 and CO2 molecules move 
along a concentration or partial pressure gradient 
across the alveolar-capillary membrane. 
Diffusion is a process contemplated in Fick’s law 
(Brogioli and Vailati 2001), where the amount of 
CO2 molecules that cross the membrane per unit 
of time (Dg/Dt) is directly proportional to the 
solubility of CO2 in blood (λ), the area available 
for gas exchange (A), the partial pressure gradi-
ent of CO2 across the membrane (ΔP), and 
inversely proportional to membrane width (w):

 Dg Dt A P w/ /� � �� �  

The almost 20 times higher λ of CO2 com-
pared to that of O2 in blood is responsible for the 
fact that neither the erythrocyte capillary transit 
time (i.e., anemia, exercise) nor any increment in 
w (i.e., interstitial pulmonary diseases) exerts any 
clinically relevant influence on CO2’s passage to 
the alveolar compartment. This means that these 
factors per se do not cause clinically important 
hypercapnia.

However, the remaining two factors of Fick’s 
law affect the elimination of this gas more pro-
foundly. The A is reduced not only by problems 
at the alveolar side (atelectasis, airways closure, 
mucus, pneumonia, etc.) but also by deficient 
pulmonary perfusion (embolism, excess of PEEP, 
or any global hemodynamic deterioration). In 
mechanically ventilated patients, A can be modi-
fied dynamically by changes in the underlying 
disease and changes in ventilator settings, both of 
which affect the V/Q ratio. Temporal and spatial 
V/Q inhomogeneities decrease the functional 
area of gas exchange and thereby reduce the 
amount of CO2 that can be eliminated by ventila-
tion per minute (VCO2), which results in the 
retention of CO2 in the arterial side.

The remaining factor of Fick’s law that can 
affect CO2 diffusion is ΔP or the CO2 gradient 
between the pulmonary capillaries and the alve-
oli. While similar to the alveolar-to-arterial oxy-
gen partial pressure gradient, the P(A − a)O2, CO2 
elimination relies on a diffusion gradient across 
the alveolar-capillary membrane in the opposite 
direction which is abbreviated as P(a −  A)CO2 
(Tusman et  al. 2011a). The clinical meaning of 
both parameters is roughly the same as both 
reflect all factors that affect the exchange of these 
gases across the membrane. In the past, PACO2 
could not be measured at the bedside, and thus, 
for practical purposes, this index was replaced by 
the difference between PaCO2 and the end-tidal 
partial pressure of CO2 (PETCO2) obtained by 
standard capnography. The P(a-ET)CO2 differ-
ence in healthy patients during anesthesia is 
between 3–5 mmHg; any V/Q mismatch increases 
this value (Nunn and Hill 1960). Nowadays, 
PACO2 can be accurately measured by VCap 
which makes P(a-A)CO2 available at the bedside; 
normal values are between 5–8 mmHg (Tusman 
et al. 2011b). This latter index makes more physi-
ological sense than the often used P(a − ET)CO2 
because PETCO2 represents lung units with a 
high expiratory-time constant that emptied later 
during the breath and therefore have more time to 
receive CO2 molecules from the capillary side. 
PACO2, on the other hand, represents all lung 
units with different expiratory time constants and 
V/Q ratios thereby constituting the average CO2 
value within the alveolar compartment in the 
same way that PaCO2 represents an average value 
within the arterial blood (Tusman et al. 2011a).

Considering the above thoughts about CO2 
exchange, the elimination of CO2 can be manipu-
lated clinically in two ways. One is by increasing 
alveolar ventilation (VA) at constant A, by 
 augmenting tidal volume and/or respiratory rate, 
or by decreasing dead space. VD can be reduced 
by eliminating any unnecessary instrumental 
dead space, by adding an inspiratory hold, by 
limiting plateau pressure and PEEP, or by avoid-
ing autoPEEP.

The other way to improve the removal of CO2 
is to increase A at constant VA. This can be done 
by reducing inflammation in alveoli by the use of 
antibiotics in pneumonia or by recruiting atelec-
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tatic lungs. The increased area of gas exchange 
then allows more CO2 molecules per unit of time 
to cross the membrane, thereby decreasing not 
only the partial pressure of CO2 on both sides of 
the membrane but also the gradient (Fig. 38.4). In 
this context, P(a − A)CO2 becomes a surrogate 
for the size of A and resembles a more commonly 
used P(A − a)O2 gradient.

Figure 38.4 shows how decreases in A, docu-
mented as lung collapse in CT images, alter the 
shape of capnograms and reduce the amount of 
CO2 eliminated per breath. The worse the V/Q 
ratio, the more the capnogram is deformed, and 

the higher the difference between arterial and 
alveolar PCO2.

 Hemodynamic Monitoring

Pulmonary perfusion transports CO2 molecules 
into the lungs to be eliminated by ventilation. The 
elimination of CO2 (VCO2) per minute is calcu-
lated by multiplying the area under the VCap 
curve (VTCO2,br = amount of CO2 eliminated per 
breath) by the respiratory rate (Fig. 38.1b). There 
is a direct relationship between pulmonary perfu-
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Fig. 38.4 Monitoring the diffusion of CO2 by volumetric 
capnography. Data belongs to a mechanically ventilated 
pig with ARDS after lung recruitment and PEEP titration. 
PEEP titration was performed in a volume-controlled 
mode of ventilation using fixed settings and the same 
alveolar ventilation. The open lung PEEP – the minimum 
amount of PEEP that keeps the lung without collapse – 
was found at 14 cmH2O (left). The first dependent lung 
atelectasis appears at PEEP 12 cmH2O (middle), while 
almost half the lungs are collapsed at PEEP 8 cmH2O 

(right). Looking at the CT findings, the corresponding 
changes in the area of gas exchange (A) become evident 
and are associated with characteristic modifications of the 
shape of the VCap and of the arterial (black dot), the end- 
tidal (red dot), and the mean alveolar (green dot) partial 
pressures of CO2. Corresponding differences between 
arterial and alveolar, between arterial and end-tidal PCO2, 
as well as between alveolar and arterial O2 are provided in 
the table below the curves
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sion and VCO2, which was clearly demonstrated 
in mathematical models (Schwardt et  al. 1994; 
Schwardt et al. 1991), in animals (Tusman et al. 
2010), and in humans during the weaning of car-
diopulmonary bypass (Tusman et al. 2005, 2012). 
This close dependency is clinically useful for 
monitoring pulmonary blood flow noninvasively 
on a breath-by-breath basis. Such clinical moni-
toring can be conducted in a qualitative way sim-
ply by observing the real-time changes in expired 
CO2 during an acute hemodynamic problem. 
Typical examples are the sudden decrease of 
PETCO2 and VCO2 values during surgery result-
ing from low cardiac output states of any cause 
(Fig. 38.2d).

Quantitative monitoring utilizes VCap to cal-
culate effective pulmonary blood flow (EPBF) by 
applying a partial CO2 rebreathing and the capno-
dynamic method (Capek and Roy 1988; Peyton 
et  al. 2006). But what exactly is EPBF? This 
parameter is the portion of right heart cardiac out 
(CO) that comes in contact with ventilated alve-
oli and thus participates in gas exchange. 
Therefore, right heart cardiac output (CO) is 
nothing else but the sum of blood flowing through 
the effective (COEPBF) and shunted (COSHUNT) 
portions of the lungs per unit of time. COEPBF can 
be measured noninvasively by applying the 
inverse Fick principle and by using CO2 instead 
of O2:

 
CO VCO CvCO CaCOEPBF � �� �2 2 2/ ,

 

CvCO2 and CaCO2 are venous and arterial 
contents of carbon dioxide, respectively.

In order to make the COEPBF calculation nonin-
vasive, the kinetics of CO2 needed to be disturbed 
either by a short rebreathing maneuver (adding 
an instrumental dead space or adding CO2 to the 
inspired gases) or by a temporary change in alve-
olar ventilation (Capek and Roy 1988; Peyton 
et al. 2006). The following is the differential Fick 
equation applied before (b) and after (a) CO2 
alteration:

 

CO VCO b VCO a CO

PACO a PACO b
EPBF � � �� � �� � �

� �� � �� �
2 2 2

2 2

/ S

 

where SCO2 is the coefficient of solubility of CO2 
in blood introduced in the equation to transform 
the alveolar partial pressure (mmHg) into a con-
centration (Lgas/Lblood) of CO2. The differential 
Fick equation assumes that the mixed venous 
CO2 concentration remains constant and that the 
capillary fraction of CO2 is similar to the FACO2 
measured by VCap.

The NICO monitor (Respironics, Murrysville, 
PA, US) calculates COEPBF using the partial CO2- 
rebreathing technique intermittently throughout 
an additional instrumental dead space (Capek 
and Roy 1988; Gedeon et al. 1980; Jaffe 1999). 
This additional dead space is a short circuit 
placed in parallel at the “Y” piece of the patient’s 
circuit. This parallel tubing makes contact with 
the main ventilatory circuit when an automatic 
valve is open. Thus, breathing gases that comes 
into this special tube are re-inhaled during 50 sec-
onds. After a total time of 3  minutes and after 
CO2 concentration reaches the baseline values, 
the COEPBF is calculated. Shunt fraction is esti-
mated from the SpO2 and FiO2 values entered 
into the device by using the iso-shunt plot and 
adding this to the COEPBF to obtain the global CO 
(Gedeon et  al. 1980). The NICO performance 
was compared to standard measurements of CO 
by thermodilution in many experimental and 
clinical studies with variable results (Gama de 
Abreu et  al. 1997; Nilsson et  al. 2001; Rocco 
et al. 2004; Allardet-Servent et al. 2009). In gen-
eral, good agreement with the reference CO was 
found in healthy lungs, and limited agreement 
was observed in sick lungs with high shunt 
fractions.

The capnotracking method described by 
Peyton et  al. calculates COEPBF based on brief 
modifications of tidal volume (Peyton et al. 2008; 
Peyton 2012; Peyton 2013). A complete 
12-breaths sequence of six low VTs followed by 
six high VTs induces a change in alveolar venti-
lation and the corresponding CO2 balance from 
which COEPBF is derived. A series of equations, 
called calibration, capacitance, and continuous 
formulas, are applied to get the final COEPBF value 
(Peyton et  al. 2008; Peyton 2012, 2013). The 
global CO is calculated by adding COEPBF to the 
COSHUNT value estimated by the shunt equation, 
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taking into account pulse oximetry (SpO2) and by 
assuming a mixed venous saturation of 70%. 
Thus, the system delivers fully automated and 
quasi-continuous COEPBF using Fick’s principle 
and avoids any additional rebreathing loop within 
the ventilator’s circuit.

The capnotracking method showed good 
accuracy and agreement with the standard right 
heart thermodilution technique and transesopha-
geal echocardiography (Peyton 2012). The 
authors have recently improved the technique in a 
second-generation capnotracking prototype 
which was tested in 50 patients undergoing car-
diac and liver surgeries (Peyton and Kozub 2018). 
Compared to thermodilution, the bias was 
−0.3 L/min, the percentage of error ±38%, con-
cordance in the measurement of changes at least 
15% in CO of 81%, and intra-class correlation 
coefficient of 0.91.

Albu et  al. described another solution of the 
capnodynamic equation to obtain COEPBF and the 
effective lung volume (ELV) by using a mole bal-
ance equation for the carbon dioxide content in 
the lung (Albu et al. 2013). The equation can be 
implemented in a ventilatory algorithm which 
changes alveolar ventilation by inspiratory or 
expiratory holds maintaining VT stability. This 
pattern alters the alveolar fraction (FACO2) and 
the amount of expired (VCO2) carbon dioxide, 
including 3 unknown values in the formula  – 
ELV, EPBF, and CvCO2:

 

ELV (FACO FACO EPBF
CvCO CaCO VTCO

� � ��2 2
1

2 2 2

n n nt� �
� �

� )
( )  

where n is the current breath, n − 1 is the previ-
ous breath and ∆tn is the current breath cycle 
time. The left-hand side of the equation repre-
sents the difference in CO2 content in the lungs 
between two breaths, while the right-hand side 
expresses the circulatory supply of CO2 into the 
lung. The equation compares the content and 
elimination of CO2 during pause-induced fluctua-
tions in alveolar ventilation without altering air-
way pressures or lung volumes. This approach 
avoids the impact of increases in VT or airways 
pressure on hemodynamics.

The actual algorithm includes a sequence of 6 
normal breaths followed by 3 breaths with an 
expiratory hold of 5 seconds. This breathing pat-
tern is controlled by software within the ventila-
tor (Servoi, Maquet, Sweden) which cyclically 
varies the PETCO2 between 4–8  mmHg. The 
above formula is applied continuously, whenever 
a new breath replaces the previous one in the for-
mula thereby outputting one COEPBF value per 
breath.

Sander et al. compared the performance of the 
capnodynamic method and thermodilution with 
the reference ultrasonic flow probe placed around 
the pulmonary artery trunk in pigs (Sander et al. 
2014). Different hemodynamic states were cre-
ated by hemorrhage, fluid overload, infusions of 
vasoactive drugs, and occlusion of the vena cava. 
They found a bias (limits of agreement) of 0.2 
(−1.0 to −1.4) L/min−1 and a percentage error 
(PE) for COEPBF of 47%. The trending ability of 
COEPBF was assessed by calculating delta values 
from CO readings before and during each inter-
vention. The correlation between delta-COEPBF 
and delta-CO by ultrasound was high (r = 0.96, 
P < 0.0001). The concordance was 97% assessed 
by the four-quadrant plot and 97% (+30° radial 
limits) using the polar plot method, with 15% 
exclusion zones applied. These authors showed 
in the same model and setup that the presence of 
high shunt impaired the performance of the cap-
nodynamic method (Sander et  al. 2015). This 
indicates that a correction of COEPBF for shunt 
effects is needed anytime a global CO is needed.

Similar preliminary data were obtained in car-
diac surgery patients when COEPBF was compared 
with thermodilution (unpublished personal data). 
We found a bias of 0.63 L/min−1, a trending abil-
ity of 81% with a percentage error of 34%, and an 
inherent precision of 8%. The system was reli-
able during relevant moments of the surgery. The 
method does not need calibration (beyond CO2 
and flow sensors calibration), is easy to use and 
its rapid response allows detection of acute 
hemodynamic events. Figure 38.5 shows the high 
time-resolution of the capnodynamic method to 
get COEPBF in one of these cardiac surgery 
patients. Further evaluation of improved capno-
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dynamic systems with shunt corrections is guar-
anteed in the next years.

 Preload Assessment by VCap

The first section of this book describes cardiovas-
cular pathophysiology and how heart-lung inter-
action can alter hemodynamics in mechanically 
ventilated patients. The origins of such hemody-
namic instability are multiple although one of the 
most common causes is an inadequate preload. 
Thus, 50% of critically ill patients in ICU and 
similar percentages of cardiac surgery patients in 
the operating room present with some deficit in 
preload (Michard and Teboul 2002; Kim et  al. 
2011). This preload-dependency does not mean 
that the patient actually needs fluids. The attend-
ing physician will have to decide whether to treat 
with fluids or not taking into consideration other 
important clinical aspects and the historical evo-
lution of the patient’s disease or clinical condi-
tion. Physicians are thus immersing in a crucial 
dilemma because intravenous fluids can improve 
survival in selected critically ill patients (Rivers 
et  al. 2001), while fluid overload, on the other 

hand, can impair outcome due to hemodilution, 
cardiovascular overload, and tissue edema 
(Vincent et  al. 2006; Boyd et  al. 2011; Payen 
et al. 2008; Jozwiak et al. 2013; Kirkpatrick et al. 
2013). Therefore, the important question is how 
to identify patients who really need treatment 
with intravenous fluids.

Fluid responsiveness refers to the ability of the 
heart to increase cardiac output after fluid infu-
sions. Many techniques have been developed to 
predict fluid responsiveness in a reversible man-
ner without having to challenge the patient with 
intravenous fluids. Those techniques stress the 
cardiovascular system for a brief moment to 
unmask any preload dependency. Examples of 
such dynamic maneuvers are passive leg-rising 
(PLR), Trendelenburg position, and addition of 
PEEP or inspiratory-expiratory holds (Monnet 
et  al. 2006, 2009; Geerts et  al. 2011). The 
response to these maneuvers is evaluated by 
observing changes in cardiac output by dynamic 
parameters like variation in pulse pressure, stroke 
volume, plethysmography, vena cava diameter, 
central venous pressure, pre-ejection period, or 
aortic blood velocity to name but a few (Preisman 
et al. 2005; Cavallaro et al. 2008).
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Capnography is an attractive option to test 
fluid responsiveness in mechanically ventilated 
patients. As described before, CO2 elimination 
is highly dependent on right heart cardiac out-
put and particularly sensitive to changes in 
hemodynamics caused by cardiopulmonary 
problems (Tusman et al. 2005, 2012). Therefore, 
CO2 has all the features of a parameter that can 
suitably detect changes in cardiac output 
induced by a dedicated challenge of the cardio-
vascular system. A few studies have evaluated 
this hypothesis. Monnet et al. described in criti-
cally ill patients that a change ≥5% in PETCO2 
had a sensitivity of 71% (95% CI, 48–89%) and 
specificity of 100% (95% CI, 82–100%) to pre-
dict fluid responsiveness during a PLR maneu-
ver (Monnet et  al. 2013). Along the same 
research line, Monge et  al. showed similar 
results in patients with respiratory failure dur-
ing PLR: an increase ≥5% in PETCO2 showed 
a sensitivity of 91% (95% CI, 70–99%) and a 
specificity of 94% (95% CI, 70–100%) (Monge 
García et al. 2012).

We have proposed another approach using a 
brief increment in PEEP to unmask any hidden 
preload dependency in cardiac surgery patients 
(Tusman et al. 2016). This challenge is based on 
the known cardio-respiratory interaction in 
patients undergoing positive-pressure ventila-
tion (Geerts et  al. 2011). The PEEP maneuver 
makes the patient’s heart move temporarily and 
reversibly from the flat to the steep portion of 
the Frank-Starling curve. We evaluated by VCap 
the changes in the amount of CO2 eliminated 
during this PEEP challenge. We hypothesized 
that VCO2 is a good and reliable noninvasive 
surrogate of cardiac output because both share 
the dimension of flow (L/min). Our hypothesis 
was derived from the good correlation we found 
between VCO2 and cardiac output in previous 
studies (Schwardt et  al. 1991, 1994; Tusman 
et al. 2005, 2012).

Our results showed that a decrease ≥11% in 
VCO2 predicted preload dependency with a sen-
sitivity of 92% (95% CI, 85–97%), a specificity 
of 94% (95% CI, 91–96%), and an accuracy of 

99% (95% CI, 96–99%) (Tusman et al. 2016). As 
opposed to the results of Monnet et al. and Monge 
et  al. (Monnet et  al. 2013; Monge García et  al. 
2012), our study revealed that a decrease ≥5% in 
PETCO2 showed only low sensitivity (63%; 95% 
CI, 49–75%) and specificity (74%; 95% CI, 
67–80%) for the detection of preload- dependency. 
Figure  38.6 depicts an example of a preload- 
dependent patient during the PEEP challenge. 
Note how hemodynamic parameters and VCO2 
decreased at the end of a 1-minute ventilation 
period at 10 cmH2O of PEEP. This particular car-
diac surgery patient showed a decrease ≥11% in 
VCO2 and a ≥ 15% fall in CO identifying him as 
a “responder” to intravenous fluids. The strategy 
is simple, noninvasive, reversible, and not 
affected by arrhythmias or the size of the tidal 
volume used.

However, as a method for preload-dependency 
assessment, the PEEP maneuver has its own pit-
falls and limitations. For example, VCO2 could 
increase with the application of 10 cmH2O of 
PEEP because of the potential recruitment of 
small airways and atelectasis, thereby mitigating 
the PEEP-induced decrement in VCO2 in 
responders (Tusman et  al. 2016). Besides, the 
transmission of PEEP to the pleural space is vari-
able and depends on lung compliance, extravas-
cular lung water, and autoPEEP among other 
factors (Magder et al. 2001). Thus, the effect on 
cardiac output would be also variable giving 
some false-negative results. As similar to the leg- 
rising maneuver for preload assessment, the 
PEEP maneuver should be evaluated in less than 
1 minute to avoid any potential activation of com-
pensatory neuro-humoral reflex (De Backer 
2006).

These limitations can be solved by normaliz-
ing lung volume history before the maneuver, 
measuring and taking into account autoPEEP, 
adding more PEEP to stiff lungs, and limiting the 
maneuver to less than 1  minute. New studies 
should be done testing these limitations and look-
ing for improvement in this PEEP maneuver for 
the assessment of fluid responsiveness using the 
expired CO2 signal.
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 Summary

VCap possesses all features of an ideal noninva-
sive monitoring methodology providing impor-
tant clinical insights into gas exchange and 
hemodynamics breath-by-breath. Although VCap 
can be used to evaluate steady-state conditions 
such as the metabolic production of CO2, it also 

has great potential to provide information during 
unsteady-state conditions. This will allow the 
assessment of many of the individual compo-
nents of cardiorespiratory functions at the bed-
side. However, the context sensitivity of CO2 
kinetics must always be considered to avoid false 
conclusions.
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(more details in Monnet et al. 2013)
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MRI in the Assessment 
of Cardiopulmonary Interaction

Ritu R. Gill and Samuel Patz

 Introduction

Pulmonary functional imaging combining ana-
tomical and morphological evaluation is being 
actively explored both in research and clinical 
practice (Matsuoka et  al. 2009). Functional 
assessment of the lungs can be achieved with sev-
eral techniques such as dual energy computed 
tomography (CT), lung scintigraphy, 18-FDG- 
PETCT, and MRI, each with its own advantages 
and limitations. MRI of the lung offers a unique 
advantage over other modalities, as it allows us to 
map cardiopulmonary interactions without the 
use of ionizing radiation. However, MRI of lung 
can be challenging due to the inherent lack of 
protons in the lung parenchyma, magnetic field 
inhomogeneity due to susceptibility differences 
between air and tissues, and artifacts from car-
diac and respiratory motion (Biederer et  al. 
2012a). Novel MR techniques based on proton 
imaging (described below) such as arterial spin 
labeling, Fourier decomposition, and hyperpolar-
ized gas can be combined with routine clinical 

sequences to enhance the signal from the lung 
parenchyma and assess cardiopulmonary interac-
tions (Guimaraes et  al. 2014; Van Beek et  al. 
2004; van Beek and Hoffman 2008; Nakai et al. 
2008).

In the current clinical practice, comprehensive 
cardiopulmonary imaging evaluation cannot be 
achieved with a single modality. The convention 
is to perform serial exams in varying physiologi-
cal and disease states, using a combination of 
imaging techniques with and without ionizing 
radiation and intravenous contrast. However, due 
to increasing concern over exposure to ionizing 
radiation and intravenous contrast, repeat exami-
nations over time to assess treatment response, 
map pathophysiology and cardiopulmonary inter-
actions may not be a viable strategy. Alternatively, 
single comprehensive MR scans combining both 
anatomical imaging and functional components 
potentially could be used to provide all the infor-
mation. The latter approach would comprise of a 
generic protocol, which could take 10 times lon-
ger to perform as compared to a CT scan and 
could result in image degradation due to subject 
motion secondary to fatigue. Therefore, it is vital 
that the information needed from an MRI be 
clearly defined, thus allowing for optimal 
sequence and protocol selection.

In order to image cardiopulmonary interac-
tions and to allow simultaneous evaluation of the 
lungs during a routine cardiac or thoracic 
 evaluation (Cheng et al. 2017) the MRI workflow 
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will need to be optimized to include sequences 
that can be combined with contrast-enhanced 
volumetric cardiac-resolved flow imaging (4D 
flow). Pulmonary functional assessment using 
MRI can map perfusion, ventilation, and measure 
gas exchange with and without intravenous and 
inhalational contrast agents. Dynamic contrast 
enhanced (DCE) MRI utilizes gadolinium-based 
vascular contrast agents tracked over time to gen-
erate pharmacokinetic indices that can be used to 
assess the pathophysiology of a disease process. 
Inhaled agents, such as hyperpolarized gases, can 
measure regional ventilation as well as gas 
exchange (Nakai et al. 2008). Novel techniques 
that do not rely on any contrast material such as 
arterial spin labeling, Fourier decomposition, and 
Ultra short turbo spin echo techniques also can be 
used to map function in the lung (Guimaraes 
et al. 2014; Bauman et al. 2016; Körzdörfer et al. 
2019; Biederer et al. 2012b) (Fig. 39.1).

 Techniques for Mapping 
Cardiopulmonary Interaction

Mapping cardiopulmonary interactions in the lung 
is challenging due to respiratory and cardiac 
motion. Several sequences are available for tho-
racic imaging that depend on the clinical indication 

and include strategies to minimize or eliminate 
motion artifacts from cardiac and respiratory 
motion. This includes cardiac gating synchroniza-
tion of the MR acquisition with the ECG tracing; 
this is more reliable in normal sinus rhythm. 
Respiratory motion can be highly problematic. 
Apart from artifacts, it affects the reproducibility of 
pharmacokinetic parameters; hence breath-hold 
acquisition may be needed for short sequences. For 
longer sequences, however, other techniques such 
as reordering of phase-encoding steps are recom-
mended. Bellows and respiratory triggering can be 
used in patients with regular respiratory rates. 
Some sequences provide a navigator to measure 
the position of the diaphragm. The pulse sequence 
is then programmed to limit the data acquisition to 
a narrow range of diaphragm positions. The navi-
gator typically uses a fast line-scan (one dimen-
sional readout) to monitor diaphragmatic position 
at the beginning of each radiofrequency (RF) exci-
tation pulse of the nuclei.

 Dynamic Contrast Enhanced 
(DCE) MRI

DCE MRI is used to map perfusion of the lungs, 
by injecting gadolinium-based contrast agents 
and tracking the contrast over time (Gill et  al. 

a b c g
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Fig. 39.1 (a) Pre-contrast coronal VIBE, post-contrast 
coronal TWIST and coronal FD TrueFISP respectively. 
Corresponding ROIs are indicated in (b) and (c) to indi-
cate that the same region of interest was evaluated in both 
the cases. An additional ROI (green) was placed in the 
pulmonary artery to acquire the AIF in the DCE acquisi-

tion. (d–f) Calculated blood volume map (iAUC) from the 
dynamic TWIST acquisition, perfusion and ventilation 
maps from the FD TrueFISP sequence, respectively. (g) 
Time course curves for the two ROIs in (b) and (h) show 
the components of the Fourier Decomposition for the ROI 
in (c)
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2015). This is achieved by acquiring a three- 
dimensional acquisition of the whole chest over a 
2–5  minute period during shallow breathing. 
Traditionally, sequences such as Fast low angle 
shot (FLASH) or time-resolved angiography 
with interleaved stochastic trajectories (TWIST) 
were used to map perfusion, but these sequences 
require motion correction prior to pharmacoki-
netic evaluation, and depending on the type of 
motion correction technique, the reproducibility 
of the pharmakokinetic parameters may be 
adversely affected (Tokuda et al. 2011). Motion 
robust sequences, such as Radial Acquisition of 
Volumetric Interpolated Breath- hold Examination 
(RADIAL-VIBE) and Controlled Aliasing in 
Parallel Imaging Results in Higher Acceleration 
(CAIPIRINHA-VIBE), can obviate the need for 
motion correction and improve the reproducibil-
ity of the pharmacokinetics (Ng 2020; Kim et al. 
2016). Another strategy is to acquire timed runs 
through the chest using short breath-hold gradi-

ent echo sequences but these can be cumbersome 
as the patient needs to hold still in the same posi-
tion for a period of 5 minutes, and also requires 
precision to align all the contrast enhanced 
sequences, prior to calculating pharmakokinet-
ics. Additionally, time-resolved MR angiography 
using techniques such as TWIST can be used to 
evaluate pulmonary vascular flow with high tem-
poral resolution. The acquired data is then post-
processed using softwares such as Osirix (Bernex, 
Switzerland) /Matlab (Boston, US) to generate 
the  pharmacokinetic parameters (Yamamuro 
et  al. 2007; Mamata et  al. 2011; Ingrisch et  al. 
2014; Scheffler et  al. 2010a). The arterial input 
function can be obtained by placing a region of 
interest (ROI) in the aorta at peak arterial 
enhancement and another ROI on the lungs or the 
area to be assessed and then using a Toft’s model 
or extended Toft’s model to generate permeabil-
ity parameters (Tofts 1997; Duan et  al. 2017) 
(Fig. 39.2).

Fig. 39.2 A 48-year-old man with right-sided epithelial 
mesothelioma who underwent MRI for surgical planning. 
Coronal post-contrast and multiparametric maps depict-
ing perfusion parameters of the tumor. MR-determined 
pharmacokinetic parameters: AUC  area under the curve 
and represents blood volume, ktrans  transfer constant 

(min−1), kep rate constant (min−1), Ve elimination constant 
(dimensionless). 3D FLASH sequence (TR/TE: 
2.02/0.84 ms; flip angle: 10 degrees; acquisition matrix: 
256 × 135; slab thickness: 168–200  mm; 42–56 slice 
encoding
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 Proton Imaging

Proton imaging is acquired without the adminis-
tration of intravenous or oral contrast. Two main 
techniques are used in proton imaging of the 
lung: arterial spin labeling (ASL), and Fourier 
Decomposition (FD); these techniques are used 
to quantify regional perfusion (ASL and FD) and 
ventilation (FD) (Bauman et  al. 2013; Lederlin 
et  al. 2013; Miller et  al. 2014). These are free 
breathing non-contrast techniques based on 
mathematical modeling of vascular delivery and 
exchange within tissues (ASL) and spectral 
decomposition (using a Fourier decomposition) 
to determine time-dependent modulation in the 
parenchyma signal either at the heart rate or 
breathing rate (FD) to determine perfusion or 
ventilation dependent signal respectively. The 
imaging data is acquired while the patient is 
breathing and then postprocessed to derive venti-
lation and perfusion maps(Kjørstad et  al. 2014; 
Buxton et al. 1998).

 Oxygen Enhanced MRI
Oxygen can be used to enhance the signal from 
the lung by using a fast imaging sequence such as 
single-shot fast spin echo with an inversion 
recovery pre-pulse to introduce T1 contrast(Miller 
et  al. 2014; Biederer et  al. 2014). Oxygen 
enhances the magnitude of the microscopic fluc-
tuations of the local magnetic field that each 
water molecule experiences and thereby enhances 
the longitudinal magnetization (T1) recovery 
process. This technique allows comparison of the 
difference in lung parenchyma during breathing 
normal air vs breathing higher concentrations 
and generate a qualitative map of parenchymal 
oxygen concentration; the differential subtraction 
maps can help in evaluating diffuse lung disease, 
such as emphysema and interstitial lung 
disease(Nakai et  al. 2008; Biederer et  al. 2014; 
Kruger et al. 2016; Ohno et al. 2014). The signal- 
to- noise ratio (SNR) provided by oxygen is lower 
when compared to hyperpolarized noble gases, 
but its cost is much less. However due to the low 
SNR, this technique has had limited clinical 
impact.

 Hyperpolarized Gases

MRI imaging using hyperpolarized Nobel gases 
requires special RF coils and typically a polarizer 
on site. For 3He, the lifetime can be many days if 
properly stored. However, for 129Xe, the polariza-
tion is very short lived with relaxation times on 
the order of an hour. Nobel gases such as 3Helium 
and 129Xenon can be hyperpolarized using a laser, 
and when inhaled during a MR exam can amplify 
the signal by a factor of 100,000 beyond thermal 
equilibrium (Van Beek et  al. 2004; Fain et  al. 
2010). 3He is relatively easier to polarize com-
pared to 129Xe, and has a stronger signal. Because 
of these reasons it was initially more popular of 
the two. Xenon polarizers, however, have 
improved and because the price of a liter of He 
gas is now ~$3000, 129Xe, whose price is at least 
10 times less, is the gas of choice. 129Xe is soluble 
both in septal tissue and blood. In particular, it is 
lipid soluble, which allows diffusion into blood. 
The T1 for both 3He and 129Xe is highly sensitive 
to the concentration of oxygen. Hence, before the 
gas is inhaled, it is kept in an oxygen-free con-
tainer. The T1 for both 3He and 129Xe once inhaled 
is on the order of 10–20 seconds. Thus, for each 
inhalation of hyperpolarized gas, one must com-
plete the imaging acquisition very rapidly 
because the hyperpolarization decays quickly. 
Normally, this would be a great impediment to 
imaging because one normally relies on waiting 
time TR between each excitation of the nuclei to 
allow for T1 relaxation. When using hyperpolar-
ized gas, however, one can repeatedly excite the 
nuclei much faster because there is no need to 
wait for T1 recovery. Instead, a small fraction of 
the nonrenewable hyperpolarization is used for 
each excitation of the nuclei. The gyromagnetic 
ratio of 129Xe is approximately 1/3 that of 3He 
and therefore its inherent sensitivity is less by 
that factor compared to 3He. Besides the lower 
cost of 129Xe compared to 3He, a great advantage 
of 129Xe is its solubility in tissue and blood. 
Further, the different tissue compartments, i.e. 
parenchyma, RBC’s and plasma, all have differ-
ent chemical shifts. This has led to the develop-
ment of very elegant methods to measure the 
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dynamics of the signal in each compartment and 
then with the use of various models of diffusion, 
use the data to calculate a number of very useful 
pulmonary function parameters (Van Beek et al. 
2004; Miller et al. 2014; Fain et al. 2010; Albert 
et al. 2000).

 Fluorine Gas MRI

Fluorine-19 (19F) MRI with inhaled inert fluori-
nated gases can provide functional images of the 
lungs. Fluorine-19 (19F) MRI is typically per-
formed in humans by using a gas mixture con-
taining 79% perfluoropropane (PFP) or sulfur 
hexafluoride (SF6) and 21% oxygen. It is rela-
tively inexpensive and can be performed on any 
MRI scanner with broadband multinuclear imag-
ing capabilities (Schmieder et al. 2016; Adolphi 
and Kuethe 2008; Couch et  al. 2019; Schreiber 
et al. 2001). Imaging with 19F can be acquired in 
a single breath-hold, or in a time-resolved multi-
ple breath fashion, to measure ventilation defect 
percent (VDP), or quantify gas replacement (i.e., 
fractional ventilation), and map the kinetics of 
gas exchange (Schreiber et al. 2001) .

 Applications of MR Imaging 
in Cardiopulmonary Interactions

MRI can be used to assess cardiopulmonary 
interactions in a variety of diseases and clinical 
states both as a primary modality and as an 
adjunct to other modalities.

 Pulmonary Perfusion

Pulmonary perfusion can be mapped in a variety 
of lung diseases, such as emphysema, interstitial 
lung disease, asthma, tumors, and in primary and 
secondary pulmonary vascular pathologies. The 
most commonly used technique for mapping per-
fusion is dynamic contrast enhanced MRI.  The 
pharmacokinetics derived from the perfusion 
maps can be used to predict histology, angiogen-
esis, compare pre- and posttreatment scans to 

assess response and compare with outcome mea-
sures, to identify disease-specific imaging bio-
markers (Mamata et  al. 2011; Ingrisch et  al. 
2014; Scheffler et al. 2010a; Coolen et al. 2012; 
Tao et  al. 2016; Hochhegger et  al. 2011; Swift 
et al. 2014).

The pulmonary arteries can also be simultane-
ously assessed using Magnetic resonance angiog-
raphy, which consists of a heavily T1 weighted 
gradient echo sequence after injection of 
gadolinium- based contrast. Time-resolved MR 
angiography using techniques such as TWIST 
help evaluate pulmonary vascular flow with high 
temporal resolution. This enables evaluation of 
not only pulmonary vascular anatomy but can 
also assess pulmonary hemodynamics, including 
pulmonary perfusion. 3D whole heart navigator 
gated SSFP sequence is a non-contrast alternative 
to evaluate the pulmonary artery, especially in 
patients with severe renal dysfunction(Swift et al. 
2014). Additionally, the pulmonic valve can also 
be evaluated by using cine SSFP images in the 
short axis plane and sagittal view during a 
focused MR exam for assessment of the heart and 
lungs. A flow quantification sequence is used for 
evaluating and quantifying pulmonic valvular 
and flow abnormalities.

Quantitative pulmonary perfusion can be 
combined with magnetic resonance angiography 
(MRA) to enhance the accuracy of detection of 
pulmonary emboli and also assess the functional 
consequences of pulmonary emboli on the heart 
and the lung parenchyma and assess the degree of 
the resulting hemodynamic abnormality. Arterial 
spin labeling (also known as arterial spin tag-
ging) also can be used for mapping perfusion 
abnormalities and can be a very powerful tool for 
mapping interventions after detection of 
 pulmonary pathology because it does not need 
contrast, and the images can be acquired during 
free breathing at multiple time points.

Pulmonary hypertension is characterized by 
abnormally elevated pulmonary arterial pressures 
and increased pulmonary vascular resistance. 
Primary or idiopathic pulmonary hypertension 
presents in the first or second decade Secondary 
causes of pulmonary hypertension are cardiac 
disorders, chronic lung disease, chronic pulmo-
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nary emboli and shunts. MRI can be used to 
depict the anatomic changes of pulmonary hyper-
tension including dilated central pulmonary 
arteries, tapered or pruned peripheral pulmonary 
arteries, right ventricular hypertrophy, and sys-
tolic bowing of the interventricular septum. A 
comprehensive cardiac MR exam is indicated to 
evaluate the valves and the chambers.

Features suggestive of pulmonary hyperten-
sion include dilatation of the main pulmonary 
artery >2.8 cm or greater than the size of ascend-
ing aorta, and features suggestive of right heart 
strain. The severity of pulmonary hypertension 
has been correlated with increased intraluminal 
signal intensity in the pulmonary arteries on spin- 
echo images (Swift et al. 2014), and can be char-
acterized by high signal intensity in the lumen of 
the pulmonary artery in systole and early diastole 
due to slow blood flow in diastole as compared to 
signal void in both systole and diastole in normal 
individuals. RV function, including stroke vol-
ume, end diastolic volume and ejection fraction, 
can be assessed from MR images and provide 
important prognostic value (Peacock and 
Noordegraaf 2013). Additionally there may be 
decreased myocardial perfusion reserve, which 
inversely correlates with RV workload and ejec-
tion fraction and reduced biventricular regional 
function associated with increased RV load 
(Peacock and Noordegraaf 2013). Perfusion 
imaging of the lungs can identify abnormalities 
in pulmonary perfusion, such as infarcts and 
mosaic perfusion suggestive of chronic thrombo-
embolic disease. Delayed mid-myocardial 
enhancement at the RV insertion points of inter-
ventricular septum can be seen in patients with 
pulmonary hypertension due to increased stress. 
Altered hemodynamics detected with time- 
resolved MRA has been shown to correlate with 
pulmonary arterial pressure and pulmonary vas-
cular resistance (Peacock and Noordegraaf 
2013). Therefore a carefully planned cardiopul-
monary MRI exam can provide both anatomical 
and functional imaging and illustrate the cardio-
pulmonary interaction and guide management.

Pulmonary embolism is the third most com-
mon acute cardiovascular disease and can be 
acute or chronic. CT is the most commonly used 

imaging modality in the evaluation of acute pul-
monary embolism, MRI shows comparable diag-
nostic accuracy but has low specificity. A 
meta-analysis of studies using MRI for evaluat-
ing pulmonary embolism has shown that MRI 
has a sensitivity of 100% for detecting PE in cen-
tral and lobar arteries, 84% in segmental arteries 
and 40% in subsegmental arteries (Oudkerk et al. 
2002). There is limited sensitivity for distal PE 
and results can be inconclusive in up to 30–50% 
patients (Revel et al. 2012).

Pulmonary perfusion can be assessed by non-
contrast sequences such as ASL and FD before 
and after treatment to ensure perfusion abnormal-
ities have resolved. However, these techniques 
are currently only qualitative; they show patterns 
of abnormality but cannot give the quantitative 
information provided by DCE MRI and nuclear 
medicine. Nevertheless, they can be combined 
with cardiac perfusion scans as they can be per-
formed in 2–5  minutes during free breathing 
without contrast administration and can provide 
disease-specific functional information.

 Lung Parenchyma (Diffuse Lung 
Disease)

CT is the modality of choice for evaluating lung 
parenchyma, and MR imaging of lung paren-
chyma is limited by low intrinsic proton density 
of the lung parenchyma and is further limited by 
magnetic susceptibility mismatch at air/tissue 
interfaces that creates gradients that cause intra-
voxel dephasing and signal loss (Wild et  al. 
2012). Novel MR techniques including short 
echo times, ultrafast turbo-spin-echo acquisi-
tions, projection reconstruction techniques, 
breath-hold imaging, ECG triggering, contrast 
agents (perfusion imaging, aerosols, oxygen), 
and hyperpolarized noble gas imaging allow both 
anatomical and functional imaging of the lung 
parenchyma.

Several studies have explored the potential of 
MR to image (a) acute alveolar processes in 
chronic infiltrative lung disease, (b) detection and 
characterization of pulmonary nodules, (c) detec-
tion, characterization, and follow-up of pneumo-
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nia, (d) differentiation of obstructive atelectasis 
from non-obstructive atelectasis and infarctions, 
(e) measure the lung water content (f) assess pro-
gression of interstitial lung disease, and (g) evalu-
ate inflammation and infection in cystic fibrosis 
(Nakai et al. 2008; Fain et al. 2010; Hochhegger 
et  al. 2011; Capaldi et  al. 2015; Mamata et  al. 
2012; Voskrebenzev et al. 2018; Altes et al. 2007; 
Bannier et al. 2010; Horak et al. 2007; Wielpütz 
et al. 2013; Mathew et al. 2011). Carefully chosen 
sequences can provide anatomical detail with 
enhanced tissue characterization. When combined 
with perfusion imaging, MR can provide informa-
tion at the molecular level that can help differenti-
ate between inflammation and infection and has 
the potential to assess treatment response earlier 
than CT scans (Voskrebenzev et  al. 2018). The 
pharmacokinetic parameters combined with 
structural imaging and enhancement characteris-
tics can help differentiate inflammation, infection, 
and malignancy (Tao et al. 2016; Altes et al. 2007; 
Horn et  al. 2010; Koyama et  al. 2008). These 
techniques can also be used to image chronic 
bronchitis, bronchiectasis, asthma, and emphy-
sema (Wild et al. 2012; Eichinger et al. 2010).

Novel techniques such as Fourier 
Decomposition, Arterial Spin Labelling and pro-
ton imaging are under investigation for evalua-
tion of pulmonary ventilation and perfusion 
without the administration of contrast (Bauman 
et al. 2013). These techniques combine static and 
dynamic MR imaging without the use of intrave-
nous contrast and enable repeat imaging over 
time which can provide functional imaging of the 
lung, and the potential to provide information 
about regional lung function, including ventila-
tion, perfusion, V/Q ratio, intrapulmonary oxy-
gen partial pressure (PO2), gas exchange, and 
spirometric and biomechanical parameters at a 
lobar and alveolar level. They also have the abil-
ity to quantify disease processes, identify imag-
ing phenotypes, help identify disease early and 
can aid in monitoring therapeutic interventions 
(Kjørstad et al. 2014; Capaldi et al. 2017; Kaireit 
et al. 2018). They can potentially be used to iden-
tify imaging signatures that could correlate to 
phenotypes and help develop disease-specific 
biomarkers.

 Ventilation (Gas Exchange)

Conventional MR imaging has limited value in 
evaluating lung parenchyma due to the paucity of 
protons (1H) in lung parenchyma; however, by 
the inhalation of hyperpolarized gases (3Helium 
or 129Xenon) the signal can be enhanced many 
fold allowing for evaluation of pulmonary venti-
lation and alveolar microstructure. Alveolar 
microstructure is evaluated by measuring restric-
tions in 3He diffusion that depend on the alveolar 
size. The size and exchange rate of different pul-
monary compartments, alveoli, septal tissue, and 
RBC, can be evaluated by examining the kinetics 
of different chemical shift components in the 
129Xe spectrum. Most of these measurements are 
possible from a single inhalation of hyperpolar-
ized gas. This technique requires the use of a 
polarizer, special coils, and software modifica-
tions to conventional scanners (Matsuoka et  al. 
2009; Biederer et al. 2014; Fain et al. 2010).

Laser-polarized 3He MR images have very 
high SNR with superb images of ventilation and 
ventilation defects. 129Xe on the other hand due to 
lipid solubility and transmission across blood 
barrier allows imaging of all three compartments 
of the lung (airspace, septa, and red blood cells) 
and thus can map both ventilation and perfusion. 
This feature makes it attractive to image lung 
parenchymal abnormalities and assess progres-
sion and response to treatment (Fain et al. 2010; 
Mathew et  al. 2011; Kirby et  al. 2014). The 
hyperpolarized gases require a well-practiced 
and well-defined workflow in combination with 
special coils and ultrafast MR sequences, as there 
is relatively fast in vivo depolarization of hyper-
polarized nuclei (on the order of 10–20 seconds) 
and lack of magnetization recovery.

Ventilation also can be mapped using noncon-
trast techniques such as Fourier decomposition 
and ASL; however, these techniques are not cur-
rently quantitative, but can be repeated multiple 
times, which makes them desirable to assess 
treatment and interventions (Kjørstad et al. 2014; 
Capaldi et al. 2017; Guo et al. 2017).

Quantitative ventilation can be assessed by 
calculating apparent diffusion coefficient value, 
which is a measure of gas diffusion across the 
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alveolar capillary membrane and serves as a sur-
rogate for gas distribution that is altered by 
changes in the lung microstructure and thus indi-
rectly gives information about changes in func-
tion. The average distance traveled by the 
hyperpolarized gas in a given time is determined 
by the diffusion coefficient D, and is specific to 
that gas or gas mixture. For example the D of 3He 
gas under standard conditions (and without 
restricting wall and barriers), D is 2.05 cm2/sec 
and approximately 0.88  cm2/sec in an atmo-
spheric concentration. However D is much 
smaller than predicted from free diffusion due to 
diffusion hindrance by the lung microstructure 
itself. ADC appears to be a sensitive and repro-
ducible marker for early detection and progres-
sion of disease and other processes affecting the 
size of alveoli and small airways. It thus can be 
used to calculate pulmonary microstructure 
(alveolar size and wall thickness), regional oxy-
gen partial pressure, regional oxygen uptake, and 
V/Q matching in patients with emphysema, inter-
stitial lung disease, and lung regeneration after 

pneumonectomy or partial resection (Van Beek 
et al. 2004; Fain et al. 2010; Butler et al. 2012) 
(Figs. 39.3 and 39.4).

Oxygen-sensitive imaging can be used in 
conjunction with 3He MR to destroy its signal as 
it shortens the T1 of 3He. Therefore areas of lung 
with high PO2 will lose signal more rapidly than 
those with lower oxygen concentrations. This 
function can then be used to indirectly map oxy-
gen partial pressures quantitatively in the lungs 
and also assess regional oxygen uptake and V/Q 
Alveolar–capillary transfer of oxygen. 
Interrupted uptake of oxygen from the alveoli 
into the blood due to either pulmonary arterial 
obstruction or a significant diffusion defect can 
be detected as an area of abnormally highV/Q 
using the oxygen- sensitive 3He MR technique 
(Kirby et al. 2014).

Molecular oxygen, which is weakly paramag-
netic, can be used as an MR agent to assess ven-
tilation in proton MRI. The diffusion of oxygen 
from the alveoli into the capillary blood and 
binding to hemoglobin results in a reduction in 

a

d

b c

Fig. 39.3 Volume rendered CT scan images (a) 1  year 
after right pneumonectomy, (b) 5 years after pneumonec-
tomy showing left lung increase in volume, (c) volume 
rendered CT scan images showing equal distribution of 

vascularity, (d) acinar airway dimensions obtained from 
hyperpolarized 3He study, demonstrating uniformity of 
the acinar radius, representing lung growth
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the T1 of the blood and thus an increase in lung 
signal on a T1-weighted sequence. By subtracting 
an image acquired with room air from one 
acquired with 100% oxygen, oxygen-enhanced 
MR lung scans are obtained. Unlike hyperpolar-
ized 3He, in which the signal is obtained directly 
from the gas itself, the signal obtained using 
molecular oxygen as a ventilation agent results 
from its paramagnetic effect on the alveolar cap-
illary blood and interstitial water.

Hyperpolarized 129Xe readily diffuses into 
interstitial tissues and alveolar blood, therefore 
MR spectroscopic techniques can be used to 
measure separately the 129Xe signal in alveolar 
gas, interstitial parenchyma, and alveolar capil-
lary blood. By following the diffusion of the gas 
from the alveoli into the blood and/or the intersti-

tium, the hyperpolarized 129Xe scans have the 
potential to map regional ventilation, perfusion, 
and V/Q all within a single examination. 
Moreover, the kinetics of gas transfer from air-
space to capillary could potentially be used to 
calculate a host of other parameters, including 
alveolar wall thickness, capillary blood volume, 
mean alveolar transit time, and pulmonary perfu-
sion. These techniques are still in the research 
arena and translation to clinical care will need 
improvement in workflow and improved patient 
compliance.

In lung diseases, such as asthma, chronic 
obstructive pulmonary disease (COPD), and cys-
tic fibrosis (CF), ventilation defects are apparent 
in regions that the inhaled gas cannot access 
(Fain et al. 2010).

a b c

d

RV FRC RV

e f

Fig. 39.4 Demonstration of “opening volume” effects 
(a–c). A ventilation defect is seen when inhalation is 
started from a low lung volume (RV) and reverses after 

starting the 129Xe inhalation from a higher lung volume 
(FRC). This ventilation defect was reproducible 1 week 
after the initial scan (d–f)
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 Heart Disease

MRI is a valuable complementary imaging 
modality to echocardiography in the evaluation 
of both congenital and acquired heart disease. 
MR protocols for evaluation of valves include 
velocity-encoded sequences targeted towards the 
valve of interest. Cine SSFP images are utilized 
to evaluate morphology and valvular regurgita-
tion/stenosis and quantify ventricular function 
and volumes. Delayed enhancement can be used 
to evaluate myocardial scar or cardiomypathies. 
Velocity-encoded phase contrast imaging can 
quantify both regurgitation and stenosis. On 
MRI, regurgitation is graded as mild (<15%), 
moderate (16–25%), moderate severe (25–45%) 
and severe (>45%). The velocity of stenotic jet is 
measured, and using this the pressure gradient 
can be calculated using modified Bernoulli equa-
tion, Δp = 4v2.

Aortic stenosis is characterized by restricted 
systolic opening of the leaflets, with systolic flow 
acceleration. The leaflets are thickened and calci-
fied. The valve morphology is also exquisitely 
demonstrated using MRI, including abnormalities 
such as bicuspid, quadricuspid, and unicuspid 
valves. Aortic regurgitation is seen as a regurgitant 
jet in diastole. Pulmonic stenosis is identified dur-
ing systole and regurgitation in diastole. MRI is 
the most valuable imaging modality for the quan-
tification of pulmonary valvular abnormalities, 
mitral, and tricuspid stenosis. MRI also evaluates 
the consequences of valvular abnormalities such 
as ventricular hypertrophy, dilation, and systolic 
dysfunction (Revel et al. 2012; Stein et al. 2008). 
MRI is the modality of choice for evaluation of 
congenital cardiac abnormalities and is especially 
useful for adults who had pediatric congenital 
heart surgery (Hsiao et al. 2012). MRI is superior 
to echocardiograpy for evaluation of right ventric-
ular volumes. It also is useful in the evaluation of 
surgically placed shunts in these patients including 
aortopulmonary shunts (Blalock-Taussing, modi-
fied Blalock-Taussing, Potts, Waterston), Glenn 
shunt (SVC to right pulmonary artery), and Fontan 
shunt (IVC to right pulmonary artery). MRI is a 

good imaging modality in the evaluation of coro-
nary artery abnormalities, both congenital anoma-
lies and also atherosclerotic disease. It also allows 
functional assessment of the myocardium.

Lung imaging can be added to the cardiac 
sequences, which allows mapping of cardiopul-
monary interactions both in congenital valvular 
disease and also in acquired heart disease.

 Imaging of Lung Mechanics

Chest wall and lung mechanics can be assessed 
by MRI. The high temporal and spatial resolution 
of the volumetric MR image data sets can be used 
to obtain regional rather than global spirometric 
parameters and other measures of lung mechan-
ics. Potential uses include the mapping of abnor-
mal regional compliance in patients with 
pulmonary fibrosis or emphysema (Biederer 
et  al. 2012b; Scheffler et  al. 2010b). Two MR 
approaches have been used to quantify tissue 
deformation and localized lung inflation: tissue 
tagging to track lung motion and displacement of 
vector maps derived from the registration of 
serial images acquired during breathing by using 
the pulmonary vasculature and parenchymal 
structures as inherent spatial markers. Mapping 
of regional lung mechanics using these new tech-
niques can add unique, previously unavailable 
functional information beyond anatomy and 
structure.

 Summary

Imaging of cardiopulmonary interactions can be 
high yield and provide vital prognostic informa-
tion that can help design management strategies. 
Imaging can be accomplished by the administra-
tion of contrast agents by using DCE-MRI, or 
non-contrast images, such as ASL, FD, and 
inhaled hyperpolarized gases. Translation to clin-
ical care needs optimization of MR protocols to 
include functional sequences, optimized to dis-
ease states and well-defined workflow.
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 Introduction

Hemoglobin is much more than an oxygen (O2) 
carrier. Hemoglobin packaged inside erythro-
cytes stores, delivers, coordinates and actively 
regulates the exchange of multiple gases includ-
ing O2, carbon dioxide (CO2) and nitric oxide 
(NO) among distant sites of uptake, production, 
utilization and elimination. Hemoglobin traces 
its origin to the earliest anaerobic prokaryote that 
ingested metals from rocks to produce hemopro-
teins and facilitate non-O2-based cellular respi-
ration, only later acquiring O2-binding ability 
as atmospheric O2 concentration rose. In multi- 
cellular organisms, some hemoprotein-producing 
cells either extruded their product or detached to 
enter the circulation, becoming erythrocytes and 
co-evolving with the microvascular system. Over 
time, hemoglobins acquired features favored by 
natural selection (adaptation), co-opted exist-
ing features for purposes other than originally 
intended (exaptation), shed useless features via 
negative selection (disaptation) and struck com-
promises to satisfy competing environmental 
and organismal constraints (trade-off). The sheer 
diversity of hemoproteins across species and 
human hemoglobin variants directly reflects the 
selection pressures for facilitated gas transport. 
This article surveys the anaerobic origin and nat-
ural selection of hemoglobin as an O2 carrier, the 
sequestration of hemoglobin within erythrocytes 
allowing a multitude of interactions within and 
among subunits, with erythrocyte metabolism, 
and with the microvasculature to enhance gas 
transport efficiency, and how the evolutionary his-
tory of hemoglobin informs its integrated respira-
tory function in human physiology, adaptation to 
exercise and hypoxia, and clinical medicine in 
terms of understanding the pathophysiological 
disturbances in hemoglobin quantity, quality and 
regulation of its function.

 Anaerobic Origin of Hemoproteins

The ancestral cell (so-called Last Universal 
Common Ancestor) appeared ~4 billion years ago 
(BYA) in an anoxic Earth. These organisms lived 

in extreme environments similar to the modern 
extremophiles found near geothermal vents and 
the methanogens found in marine sediments and 
the Earth’s crust (Gribaldo and Brochier-Armanet 
2006). These ancient lithotrophs (“rock-eaters”) 
utilized inorganic electron donors including 
hydrogen, carbon monoxide (CO), ammonia, 
nitrite, sulfide (H2S) and iron in chemiosmosis to 
generate transmembrane electrochemical gradi-
ents and produce adenosine triphosphate (ATP). 
Eventually, a molecular cage, the porphyrin ring, 
evolved to trap these ions. A porphyrin ring con-
taining a central iron molecule became heme; 
one that contained a central magnesium molecule 
became chlorophyll (Fig.  40.1). Polypeptides 
became associated with heme in order to modify 
its function, producing hemoproteins. Ancestral 
hemoproteins were cytochromes that reduced 
nitrite, NO and H2S (Hsia et al. 2013).

 Hemoglobin as Oxygen Carrier

The enduring cyanobacteria were initially anaer-
obic H2S oxidizers (de Wit and van Gemerden 
1987) that formed enormous fossil colonies (stro-
matolite) near shallow water. Around 3.5 BYA, 
cyanobacteria acquired chlorophyll for photosyn-
thesis, producing water and O2. The O2 was scav-
enged by ferrous iron in Earth’s crust, producing 
the iron oxides seen in the geologic strata called 
banded iron formations, while free O2 entered 
the atmosphere, causing the first and possibly 
the greatest mass extinction ~2 BYA, termed 
the Oxygen Holocaust (de Duve 1996). Species 
survived by: (a) hiding under deep sea, soil or 
rock while remaining anaerobic, (b) developing 
mechanisms to detoxify and eliminate O2 and (c) 
co- opting O2 for energy production.

Detoxification of O2 is seen in anaerobic 
worms that possess an ultrahigh-affinity hemo-
globin (P50 0.0001  Torr) as an O2 scavenger 
and a deoxygenase (Minning et al. 1999). After 
binding O2, the Fe+2 in hemoglobin is oxidized 
to Fe+3 methemoglobin in reaction with endog-
enous NO; the bound O2 is converted to nitrite 
(NO2) and nitrate (NO3

−) and excreted or used to 
regenerate NO via reverse reducing reaction with 
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methemoglobin. Other cytochromes developed 
to utilize O2 as an electron acceptor. This evolu-
tionary shift is deduced from extant hemoglobin 
variants in bacteria and yeast that support both 
aerobic and non-aerobic (nitrogen-based) respi-
ration (Weber and Vinogradov 2001), the multi-
functional hemoglobins in deep sea tubeworms 
living near thermal vents that reversibly bind both 
H2S and O2, (Zal et al. 1998), and the protoglo-
bins of archaea species that reversibly bind O2, 
CO and NO (Pesce et  al. 2013). Several amino 
acid residues that covalently bind heme, and cys-
teine residues that form thermostable disulfide 
bridges (Freitas et al. 2004), are highly conserved 
and responsible for O2 detoxification coupled to 
NO. Thus, ancestral hemoglobins are highly flex-
ible in their mode of redox energy production and 
in cross-protection against a combination of ther-
mal, nitrosative and oxidative stress. The basic 

motif of hemoglobin-binding sites is universally 
adaptable to different gas molecules. As ambi-
ent oxygenation increased, the inherent capacity 
for O2 binding by hemoglobin was preferentially 
exploited.

Hemoglobins consist of monomers or oligo-
mers of a basic single-domain O2-binding subunit 
(M.W. 15–17 kDa), with 153 residues, 8 α-helices 
and a hydrophobic interior. Variants of the subunit 
exist in muscle (myoglobin), nerve (neuroglobin) 
and cells (cytoglobin). Single-chain hemoglo-
bins exist in bacteria, algae, protozoa and plants, 
while giant hemoglobin complexes exist in nem-
atodes, mollusks, crustaceans and earthworms 
(Terwilliger 1980). The O2-binding metal may be 
iron (hemoglobin) or copper (hemocyanin). From 
an ancestral globin gene, hemoglobin diverged 
from cytoglobin and  neuroglobin ~800 million 
years ago. Later, it diverged from myoglobin, 

Fig. 40.1 Upper: Cellular respiration in ancient bacteria 
harnesses chemical energy from electron transfer via tran-
sitional metals. A porphyrin-based molecular cage traps 
an iron molecule to produce heme. Polypeptides modify 

the function of heme, producing hemoproteins. Lower: A 
porphyrin ring containing a central iron molecule became 
heme; one that contains a central magnesium molecule 
became chlorophyll. (Adapted from Hsia et al. 2013)
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and the α- and β-globin genes segregated onto 
separate chromosomes (Pesce et al. 2002). Most 
mutations occur on the β-chain, while the α-chain 
is more stable. All known aerobic respiratory pig-
ments are sensitive to hypoxia under regulation 
by hypoxia- inducible factor (HIF)-erythropoietin 
(Epo) signaling (Jelkmann 2007).

 Erythrocytes as Hemoglobin Carrier

As organisms became larger and ventilatory and 
circulatory systems evolved, some hemoglobin- 
producing cells extruded their products into the 
circulation while other became mobile eryth-
rocytes to sustain the delivery function. Free 
hemoglobin circulates in the hemolymph of 
invertebrate species. Large free hemoglobin 
molecules increase plasma osmotic pressure 
and viscosity (Snyder 1977). Giant invertebrate 
hemoproteins (>100 subunits) exhibit high O2 
affinity and act as an O2 reservoir but are inca-
pable of regulating tissue O2 exchange (Mangum 
1998). As O2 demands increased, smaller more 
versatile hemoglobins with fewer subunits, lower 
blood viscosity and higher O2 transport capacity 
were favored by natural selection. However, small 
hemoglobins are poorly retained; intravascular 
half-life of free human hemoglobin tetramers 
(2 α- and 2 β-subunits) is only ~4  hr (Bleeker 
et al. 1992). Retention of high concentrations of 
small hemoglobin was achieved by packaging it 
within mobile erythrocytes. The postulated ori-
gins of erythrocytes include fat cells lining the 
hemolymph channel, osmoregulatory epithelial 
cells and peritoneal endothelial cells (Glomski 
and Tamburlin 1989, 1990; Glomski et al. 1992, 
1997; Paul et al. 2004).

Confining hemoglobin within erythrocytes 
also facilitates interactions among subunits and 
with the erythrocyte membrane and blood; these 
interactions optimize not just O2 transport but also 
transport of CO2 and NO. Mechanisms for regu-
lating O2-binding kinetics include: co- operativity 
(O2 binding to one heme group alters the molec-
ular conformation of the hemoglobin tetramer 
and increases the likelihood of O2 binding to the 

remaining heme groups), Bohr and Haldane shifts 
(sensitivity to pH and CO2) (Sterner and Decker 
1994), allosterism (altered O2 affinity due to con-
formational changes brought about by the binding 
of another molecule to a site on hemoglobin other 
than the heme-binding site) (Strand et al. 2004), 
and high thermostability (Mangum 1998).

 Bohr and Haldane Effects

Increasing blood CO2 concentration (lower pH) 
reduces hemoglobin affinity for O2, leading to 
a higher P50 (right shift of oxyhemoglobin dis-
sociation curve, ODC), i.e., the Bohr effect that 
favors O2 unloading. Reciprocally, increasing 
blood oxygenation reduces hemoglobin affin-
ity for CO2, i.e., the Haldane effect that favors 
CO2 release. Both effects arise from interac-
tions with the erythrocyte (Fig.  40.2) (Hsia 
et al. 2016): CO2 from tissue diffuses into capil-
lary erythrocytes and is converted via carbonic 
anhydrase (CA) to carbonic acid (H2CO3) that 
dissociates into bicarbonate (HCO3

−) and pro-
ton (H+); the latter binds histidine residues on 
globin chain to stabilize the deoxyhemoglobin 
(Tense state) conformation, thereby facilitating 
unloading of O2. CO2 also directly binds oxy-
hemoglobin forming carbaminohemoglobin, a 
reaction that also facilitates O2 release. While 
H2CO3 can diffuse across the cell membrane, 
excess HCO3

− anions are shuttled out of the cell 
via the membrane anion exchanger-1 (AE-1) in 
exchange with chloride (Cl-) (McMurtrie et al. 
2004), and excess H+ ions are shuttled out of the 
cell via the sodium (Na+)/proton (H+) exchanger 
(NHE) (Pedersen and Cala 2004; Matteucci 
and Giampietro 2007). The reverse reactions 
occur in pulmonary capillaries where CO2 dif-
fuses along its pressure gradient into alveolar 
air; the decrease in PCO2 facilitates O2 loading 
onto heme, which stabilizes the oxyhemoglobin 
(Relaxed state) configuration and in turn favors 
unloading of CO2 from hemoglobin for elimi-
nation. Thus, changes in blood PCO2 and PO2 
are reciprocally coupled; binding of one ligand 
regulates binding and release of the other.
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 2,3-Bisphosphoglycerate

Oxygen affinity is expressed by its partial pres-
sure at which half of the heme-binding sites are 
saturated (P50) (Fig.  40.3a). As reviewed previ-
ously (Hsia 1998), at a given alveolar O2 ten-
sion, the pressure gradient from alveolar air to 
blood drives O2 loading onto hemoglobin, while 
the pressure gradient from blood to tissue mito-
chondria drives O2 unloading from hemoglobin. 
Shifting P50 alters the balance between loading and 
unloading. Erythrocytic glycolysis produces the 
intermediary compound 2,3- bisphosphoglycerate 
(2,3-BPG) that binds deoxyhemoglobin between 
α-1 and β-2 globins stabilizing the deoxy- 
(tense) conformation, thereby increasing P50 and 
favoring O2 unloading. Metabolic stress (e.g., 
increased temperature, hypermetabolism, mod-
erate hypoxia) increases erythrocytic glycolysis 
and in turn 2,3-BPG production and O2 unload-
ing (Fig. 40.3a). Alkalosis, reduced metabolism 
and extreme hypoxia have the opposite effects 
that favor O2 loading (Fig. 40.3b). By coupling 
cellular metabolic state to function, erythrocytes 
effectively act as an O2 sensor that utilizes their 
glycolytic by-product to gauge and optimize 
regional O2 delivery.

 Effects of Temperature

Circulating blood is exposed to large temperature 
changes from baseline core temperature (37 °C) 
to skin temperature (33 °C and lower especially 
in cold air or water without insulation), and ris-
ing to >39.5 °C in strenuously exercising muscles 
and with fever. An elevated temperature favors O2 
unloading (higher P50) to meet tissue metabolic 
demands. In hypothermia, O2 is bound more 
tightly to hemoglobin (lower P50) and O2 unload-
ing is reduced, matched by a corresponding 
reduction in metabolic activity and O2 demand 
(Mairbaurl and Weber 2012).

 Erythrocyte as a Source 
of Bioactive NO

Beyond the classical concept of hemoglobin as 
NO scavenger due to a high NO-binding affin-
ity of heme, erythrocytes possess intrinsic NO 
synthase activity (Kleinbongard et  al. 2006) 
and nitrite reductase activity (Fens et al. 2014). 
Nitrite–hemoglobin reactions preserve and 
modulate NO bioactivity under hypoxia (Sun 
et  al. 2019; Schmidt and Feelisch 2019; Huang 

Fig. 40.2 Coupling of 
O2 and CO2 exchange 
within erythrocytes. 
AE-1 anion exchager-1, 
CA carbonic anhydrase, 
CarbaminoHb 
carbamino-hemoglobin, 
Cl- chloride anion, H+ 
proton, Hb-O2 
oxyhemoglobin, Hb 
deoxyhemoglobin, 
H2CO3 carbonic acid, 
HCO3

− bicarbonate 
anion, NHE Sodium/
proton (Na+/H+) 
exchanger. See text for 
explanation (under 
Erythrocytes as 
hemoglobin carrier: 
Bohr and Haldane 
effects). (Adapted from 
Hsia et al. 2016)
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et al. 2005; Nagababu et al. 2003a) (Fig. 40.4): 
Nitric oxide synthesized in endothelium dif-
fuses to nearby smooth muscle cells and medi-
ates vasomotor relaxation. Some NO diffuses 
into blood and rapidly reacts with O2-forming 
nitrite (NO2

−), which may enter erythrocytes via 
the anion exchanger-1 (AE-1) or diffuse directly 
as nitrous acid (HNO2) and react with both oxy- 
and deoxyhemoglobin. Reaction of nitrite with 
oxyhemoglobin (Hb(II)O2 with ferrous heme) 

oxidizes Fe+2 to Fe+3 forming methemoglobin 
(Hb(III) with ferric heme) and converting nitrite 
to stable inert nitrate (NO3

−). Reaction of nitrite 
with deoxyhemoglobin (Hb(II)) rapidly produces 
heme- nitrosylated methemoglobin (Hb(III)NO), 
a labile intermediate that more slowly converts 
to a stable heme-nitrosylated hemoglobin (Hb(II)
NO). Hypoxia favors nitrite reaction of with 
Hb(II), leading to accumulation of the labile 
intermediate (Hb(III)NO) which constitutes a 
reservoir capable of dissociating and releasing 
bioactive NO into microcirculation. Additional 
non-hemoglobin intra-erythrocyte nitrite reduc-
tases also contribute to the NO reservoir (Schmidt 
and Feelisch 2019). Maximal erythrocyte nitrite 
reductase activity occurs at ~50% O2 saturation, 
i.e., near the in vivo P50 (Huang et al. 2005).

An earlier hypothesis, that NO reversibly 
binds a sulfhydryl group on β93 cysteine forming 
S-nitroso (SNO)-hemoglobin coupled to O2 load-
ing (Gow and Stamler 1998), was later disproved 
as a major source of NO bioavailability; instead, 
the β93 cysteine is critical in sustaining heme–
heme subunit interactions for cooperative O2 bind-
ing and for protecting tissue from oxidative stress 
(Sun et al. 2019; Schmidt and Feelisch 2019).

 Antioxidation

Erythrocytes are both a source and a sink for reac-
tive oxygen and nitrogen species. Erythrocytes 
generate superoxide anions via autooxidation. 
The Fe+2 heme is a target of reactive O2 spe-
cies (ROS). Oxidative stress damages erythro-
cyte membrane and impairs cell deformability 
and blood rheology. In defense, erythrocytes 
contain numerous antioxidants, including glu-
tathione, thioredoxin, ascorbic acid, vitamin E, 
catalase, superoxide dismutase, membrane oxire-
ductases, and the methemoglobin reductase- 
NADH- glycolysis system (Minetti et  al. 2007; 
Nagababu et  al. 2003b). Erythrocytes regener-
ate redox equivalents via glutathione reductase 
and the pentose phosphate pathway. Because of 
their excess antioxidative capacity, erythrocytes 
effectively constitute a mobile antioxidant sink 
for the whole body. Erythrocyte oxidant scaveng-
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Fig. 40.3 Regulation of O2 loading and unloading via 
adjustment of the oxyhemoglobin dissociation curve. (a) 
The P50 (O2 tension at 50% saturation of heme-binding 
sites) balances partial pressure gradients (∆P) for O2 load-
ing from alveolar air onto hemoglobin and O2 unloading 
from hemoglobin to tissue mitochondria (PO2 < 1 mmHg) 
(baseline shown in black). Acidosis (H+), CO2, the inter-
mediary product of erythrocyte glycolysis 2,3-BPG, ele-
vated temperature, exercise and moderate high altitude 
(HA) exposure increase P50 and the mean ∆P for unload-
ing O2 from hemoglobin, while hyperventilation increases 
alveolar PO2 and ∆P for O2 loading in the lung (shown in 
red). (b) Alkalosis and exposure to extreme HA have the 
opposite effects by reducing alveolar PO2, causing a 
reduction in P50 that favors loading of O2 onto hemoglobin 
(shown in blue).
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ing has been implicated in lymphocyte activation, 
endothelial cell signaling and anti-inflammation 
(Minetti et  al. 2007). As NO can react directly 
with superoxide in addition to its reactions 
with heme, elimination of superoxide by intra- 
erythrocytic superoxide dismutase effectively 
increases yield of NO-bound hemoglobin (Gow 
et al. 1999), leading to enhanced allosteric NO–
O2 interactions and vasoregulatory capability.

 Adaptation of Erythrocytes 
for Oxygen Transport

Despite their favorable characteristics, erythro-
cytes also represent a trade-off as they impart 
unfavorable characteristics, i.e., higher resistance 
to flow and gas diffusion, compared to cell-free 
hemoglobin (Betticher et  al. 1995). Mechanical 
stress and strain experienced by circulating eryth-
rocytes mandate cells that are sturdy yet flexible, 
thereby creating selection pressures on cell size, 
shape and elasticity.

 Size

Mammalian microvasculature is character-
ized by small capillary diameter and high cap-
illary density to reduce diffusion distance. 
Correspondingly, erythrocytes also downsize 
(~70 μm in amphibians, ~7 μm in humans and 
2 μm in deer mice). Eliminating the rigid nucleus 
and excess organelles not needed for gas transport 
allows cell downsizing, increases gas exchange 
capacity per cell, improves cell deformability 
and minimizes energy expenditure. Most ver-
tebrate species possess nucleated erythrocytes, 
while mammals possess non-nucleated eryth-
rocytes. Mammalian erythroblasts extrude their 
nuclei and organelles during maturation (Lee 
et al. 2004). Reticulocytes retain some ribosomal 
and mitochondrial material. Mature erythrocytes 
have stripped most  metabolic machinery except 
that for glycolysis and pentose phosphate shunt; 
waste products are packaged into cell membrane 
vesicles and expelled (Gifford et al. 2006). Aging 
erythrocytes gradually lose membrane and cyto-

Fig. 40.4 Hemoglobin-mediated interactions between 
NO and O2 exchange. AE-1 anion exchanger-1, H+ proton, 
Hb(II) deoxyhemoglobin (ferrous heme), Hb(II)NO nitro-
sylated deoxyhemoglobin (ferrous heme), Hb(II)O2 oxy-
hemoglobin (ferrous heme), Hb(III) methemoglobin 

(ferric heme), Hb(III)NO nitrosylated methemoglobin, 
NO2

− Nitrite, HNO2 nitrous acid, NO3
− nitrate. See text 

for explanation (under Erythrocytes as hemoglobin car-
rier: Erythrocyte as a source of bioactive NO)
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plasm, becoming smaller. Age-related changes 
such as glycation render key proteins, e.g., AE-1, 
immunogenic (Kay 2005), and mark the cell for 
destruction in the reticulo-endothelial system. 
Oxidative stress hastens erythrocyte senescence 
and apoptosis by modifying surface antigens or 
disrupting the cytoskeleton, leading to loss of 
plasticity and susceptibility to elimination.

 Shape

Erythrocyte shape is determined by membrane 
elasticity, surface area and cell volume. Most 
mammalian erythrocytes are oval or spindle- 
shaped. The biconcavity of human erythrocyte 
increases surface-to-volume ratio allowing 
greater deformation without altering surface area, 
minimizes total cellular electrostatic energy and 
promotes mechanical stability (Adams 1973). 
Since biconcavity distributes more cell mass to 
the periphery and increases the moment of iner-
tia compared to spherocytes, biconcave cells can 
better resist rotation during flow, which in turn 
minimizes turbulence, platelet scatter and induc-
tion of inflammation (Uzoigwe 2006).

Across vertebrates, average erythrocyte diam-
eter is 25–30% larger than the corresponding 
capillary diameter, suggesting beneficial effects 
of cell deformation (Snyder and Sheafor 1999). 
Compared to spheres, distortion of flowing eryth-
rocytes minimizes flow resistance and maximizes 
the membrane area in close proximity to capillary 
endothelium (Betticher et al. 1995). Human eryth-
rocytes can elongate threefold in linear dimension 
without changing surface area. Membrane bending 
and shear elasticity are attributed to spectrin, the 
principal cytoskeletal protein that associates with 
actin to form a hexagonal lattice (Mohandas and 
Chasis 1993). Deformation causes spectrin tetra-
mers to dissociate into dimers, allowing some mol-
ecules to uncoil and extend, while others fold and 
compress; dynamic tetramer dissociation–asso-
ciation permits reversible cell shape change as in a 
viscoelastic solid (An et al. 2002). Prolonged shear 
stress induces spectrin re-organization leading to 
irreversibly deformed cells, while supra-physiolog-
ical shear stress causes membrane failure.

 Distribution

Reaction velocity between O2 and hemoglobin 
is much faster in cell-free hemoglobin solutions 
than whole blood; lungs perfused with hemoglo-
bin solutions exhibit higher diffusing capacity 
than those perfused with erythrocyte suspen-
sions (Geiser and Betticher 1989). The higher 
diffusion resistance of erythrocyte suspension 
is attributed to (a) the erythrocyte membrane, 
plasma layer and a dynamic unstirred boundary 
layer surrounding the erythrocyte, and (b) sub-
optimal diffusion–perfusion matching along the 
erythrocyte–capillary interface. Capillary eryth-
rocytes flow at a slower rate than plasma, and 
their transit time is influenced by perfusion pres-
sure, vessel diameter and leukocyte traffic, lead-
ing to heterogeneous distribution of hemoglobin 
with respect to capillary surface and a lower 
efficiency of gas exchange (Hsia et  al. 1999). 
At baseline, all lung capillaries are perfused by 
plasma (König et al. 1993), but in regions where 
alveolar pressure exceeds intra-capillary pressure 
(zone 1), partially collapsed capillaries admit few 
erythrocytes; regional heterogeneity is worsened 
by local hypoxic vasoconstriction and leukocyte 
margination (Hogg et  al. 1988). Gas exchange 
limitations due to regional heterogeneity can be 
overcome only by local vasomotor regulation 
such as the intra-erythrocytic O2–NO interactions 
as described above.

 Production, Storage and Release

In lower vertebrates, erythropoiesis occurs 
mainly in pre-splenic tissue, spleen and kidney. 
In higher vertebrates, erythropoiesis shifts to 
liver and bone marrow, while the spleen increas-
ingly assumes lymphoid functions (Glomski and 
Tamburlin 1990; Glomski et al. 1992; Glomski 
et al. 1997). Competing pressures for O2 trans-
port and immune defenses drove these shifts 
as demands for hematopoiesis exceed splenic 
capacity. Hepatic erythropoiesis normally 
occurs in human fetuses, while extramedullary 
erythropoiesis occurs in liver, spleen and kid-
ney when bone marrow production is compro-
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mised (Fan et  al. 2018). Multiple production 
sites increase the versatility and reserve capacity 
of O2 transport. Benefits of a large erythrocyte 
mass are limited by the attendant increases in 
vascular resistance and blood viscosity and risks 
of endothelial cell injury and thrombogenicity. 
Athletic mammals (dogs, horses, diving seals) 
adapt to these competing selection pressures 
by evolving both a high vascular capacity and a 
dynamic hemoglobin reservoir in a large spleen 
that sequesters ~13% of total blood volume at 
a hematocrit of 80–90% (Cabanac et al. 1997). 
Under sympathetic and catecholamine stimula-
tion imposed by hypoxia, ischemia or exercise, 
splenic contraction reversibly augments circulat-
ing hemoglobin mass and O2-carrying capacity 
while avoiding resting polycythemia (Hsia et al. 
2007). Demand-driven reversible autologous 
blood doping contributes to the exceptional aer-
obic capacity and hypoxia tolerance of athletic 
mammals. In contrast, persistent erythrocyto-
sis in polycythemia rubra vera (Podoltsev et al. 
2018) and the artificially augmented blood vol-
ume and hemoglobin mass by autologous trans-
fusion in athletes (Cacic et al. 2013) incur risks 
of thromboembolism.

 Adaptation to Life Without 
Hemoglobin

Fish living in frigid oceans possess a low hema-
tocrit (15–18%) to counter the cold-induced 
increase in blood viscosity. Some Antarctic 
icefish species have lost their hemoglobin as 
a result of large-scale gene deletion (Sidell 
and O’Brien 2006); erythrocytes are absent or 
defunct. Myoglobin gene may also be inactivated 
in independent mutation events, resulting in pale 
blood and tissue (Sidell et al. 1997). Adaptation 
relies on a low metabolic rate, high O2 solubility 
in freezing water, antifreeze glycoproteins and 
wide-ranging compensatory responses includ-
ing large gills, scaleless skin, hypervolemia, car-
diac hypertrophy, high capillary density, large 
capillary lumens and elevated NO synthase lev-

els to facilitate vasodilatation and angiogenesis 
(Sidell and O’Brien 2006; Garofalo et al. 2009). 
Mammalian hemoglobin knockout is lethal; how-
ever, myoglobin- deficient mice exhibit a parallel 
set of cardiovascular compensation for maintain-
ing O2 transport, including upregulation of HIF’s, 
stress proteins, vascular endothelial growth fac-
tor and NO synthase (Meeson et al. 2001).

 Clinical Physiology 
and Pathophysiology

Baseline P50 of human adult hemoglobin (Hb A, 
26.7 mmHg) represents a trade-off among all O2 
transport steps from pulmonary uptake to cardio-
vascular delivery and peripheral utilization (Hsia 
2001). An increase in P50 (lower affinity) occurs 
when tissue O2 demands predominate over that for 
pulmonary O2 uptake. A decrease in P50 (higher 
affinity) occurs when demands for pulmonary O2 
uptake predominate over tissue O2 demands.

 Increased Metabolic Demand

During heavy exercise, elevated muscle tempera-
ture, lactate and CO2 production predominate, 
raising erythrocyte 2,3-BPG and shifting the 
ODC to a higher P50 favoring O2 unloading, while 
hyperventilation increases alveolar PO2; con-
sequently, pressure gradients (∆P) for both O2 
loading and unloading are balanced and O2 trans-
port is maintained (Fig.  40.3a). In healthy vol-
unteers, infusion of bisphosphonate reproduces 
the increase in P50 and lowers cardiac work dur-
ing exercise (Farber et al. 1984). In elite athletes 
at maximal exercise, cardiovascular O2 delivery 
and muscle utilization may exceed pulmonary 
capacity for O2 uptake, and the higher P50 may 
not be enough to offset tissue O2 deficit leading 
to exercise- induced arterial hypoxemia (Hopkins 
2006). Diverse pathological conditions causing 
fever, tissue hypoxia, ischemia and hyperme-
tabolism are also associated with elevated P50 to 
satisfy tissue O2 demands.

40 Respiratory Function of Hemoglobin: From Origin to Human Physiology and Pathophysiology
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 Adaptation to Ambient Hypoxia

Ambient hypoxia limits pulmonary O2 uptake. 
In response, hyperventilation increases alveolar 
PO2 but only to a limited degree; acidosis and 
elevated 2,3-BPG favor an increase in P50, while 
hypocapnia and alkalosis favor a reduction in P50 
(Fig. 40.3b). The net result of opposing responses 
depends on the severity and duration of hypoxia 
and the robustness of the overall O2 transport cas-
cade. In lowlanders during acclimation to moder-
ate HA, hyperventilation increases alveolar PO2, 
while acidosis and 2,3-BPG increase P50; these 
adjustments maintain sufficient ∆P’s for both O2 
loading and unloading (Hsia 1998). Serum eryth-
ropoietin increases transiently; iron utilization 
and reticulocyte counts also increase (Mairbaurl 
et  al. 1990). At extreme HA (>4000 m), exces-
sive hyperventilation leads to severe respiratory 
alkalosis that increases O2 affinity (lower P50) 
(West, 1983). In healthy fit subjects during a sim-
ulated ascent to Mt. Everest (barometric pressure 
253  mmHg) (Wagner et  al. 2007), standard P50 
(at pH 7.40, 37 °C) increased from sea level to 
the summit; the effect was balanced by progres-
sive hypocapnia and alkalosis such that in vivo 
P50 remained unchanged. The reduced O2 satura-
tion was balanced by an increased O2 extraction.

In chronic HA exposure, upregulated erythro-
poiesis leads to polycythemia and susceptibility to 
chronic mountain sickness in lowlanders living at 
HA and native Andean highlanders whose ances-
tors migrated to HA ~15,000 years ago (Gassmann 
et al. 2019). In contrast, hemoglobin concentration 
in Tibetans is often within the normal sea-level 
range (Simonson et  al. 2015) accompanied by 
higher ventilatory and exercise capacities at HA, 
brisk hypoxic ventilatory responses, larger lung 
volumes, higher O2 saturation and lung diffusing 
capacities, higher offspring survival at HA and a 
lower incidence of chronic mountain sickness com-
pared to Han lowlanders (Simonson et  al. 2015; 
Wu et al. 2005; Beall 2007). There is continuing 
debate as to whether the superior phenotypic adap-

tation in Tibetans is inherited or acquired. Animals 
indigenous to HA typically possess high O2 affin-
ity hemoglobins (lower P50) (Sillau et  al. 1976; 
Snyder 1985; Jurgens et al. 1988). A low P50 and 
absence of polycythemia or chronic mountain sick-
ness are considered hallmarks of genotypic adap-
tation (Beall 2007). The P50 is typically normal in 
Andeans and either normal or lower in Tibetans 
compared to ethnically matched lowlanders (Beall 
2007; Simonson et al. 2014). A large genome-wide 
association study found no preferential selection of 
HA adaptive genes among native Andeans (Gazal 
et al. 2019). In contrast, Tibetans inherited benefi-
cial HIF pathway genes from archaic Denisovans 
who lived in Siberia ~40,000 years ago, including 
a gain-of- function mutation in EGLN1 associated 
with higher O2 affinity (lower hypoxia sensitivity), 
an EPAS1 haplotype favoring anaerobic metabo-
lism, and a PPARA haplotype favoring reduced fat 
oxidation (Simonson et al. 2012; Ge et al. 2015). 
As the descendents of Denisovans migrated to the 
Tibetan Plateau, these favorable traits were pref-
erentially retained and likely contributed to their 
superior phenotypic features at HA.

 Hemoglobinopathy

More than 1,000 human hemoglobin mutations 
exist involving insertion, deletion or substitution 
of amino acids on the globin chain; most of these 
are asymptomatic. Clinically significant muta-
tions are classified into hereditary or acquired 
disorders of hemoglobin production, structure 
and/or function (Table 40.1). The major heredi-
tary forms are (a) sickle cell syndromes (Hb S), 
(b) α- and β-thalassemias, (c) unstable hemoglo-
bins, (d) high O2 affinity and (e) low O2 affinity 
variants.

Sickle cell, thalassemia and unstable hemo-
globins accelerate erythrocyte destruction lead-
ing to hemolytic anemia. Sickle cells with 
impaired deformability can obstruct microves-
sels, causing tissue hypoxia, acidosis and necro-
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Table 40.1 Clinical alterations of hemoglobin structure and function and related erythrocyte abnormalities

Disorder Etiology Manifestations
Reduced production

α-Thalassemia Deletion/mutation of α-globin genes Anemia, hemolysis, splenomegaly, 
iron overload, bone deformities, heart 
failure
Increased 2,3-BPG and P50

β-Thalassemia minor Heterozygous mutation/deletion of 
β-globin genes

β-Thalassemia major Homozygous mutation/deletion of 
β-globin
Destruction of bone marrow erythroid 
progenitors

Myelodysplastic syndromes Acquired reduction in α-globin gene 
expression

Anemia, neutropenia, 
thrombocytopenia

Excess production
Polycythemia Polycythemia rubra vera, hematological 

malignancy
Elevated blood viscosity, 
thromboembolism

Acquired—chronic hypoxemia, blood 
transfusion

Abnormal structure
Sickle cell anemia
(Hb S disease)

Amino acid substitution causing 
hemoglobin polymerization, erythrocyte 
distortion and rigidity

Hemolytic anemia, tissue necrosis, 
vaso-occlusive crises, increased 
2,3-BPG and P50

Spherocytosis Hereditary spherocytosis
Southeast Asian ovalocytosis
Acquired autoimmune hemolytic 
diseases

Hemolytic anemia
Increased 2,3-BPG and P50

Schistocytosis Microangiopathic hemolysis
Infection
Hematologic malignancy

Erythrocyte fragmentation

Altered function
Unstable hemoglobin variants Heinz body hemolytic anemia

G6PD deficiency
Hemolysis due to globin precipitation 
or oxidant and drug exposure

High O2 affinity variants Hereditary persistence of fetal 
hemoglobin (Hb F)

Often associated with sickle cell 
disease and thalassemia

Various amino acid substitutions that 
stabilize oxyhemoglobin conformation

Erythrocytosis, normal O2 saturation

Low O2 affinity variants Various amino acid substitutions that 
stabilize deoxyhemoglobin conformation

Cyanosis, low O2 saturation Normal 
hemoglobin level

Methemoglobinemia Congenital hemoglobin M or 
Cytochrome b5 reductase deficiency
Acquired—drug and toxin exposure

Cyanosis, normal hemoglobin level 
or mild anemia, responds to 
methylene blue

Carboxyhemoglobinemia Increased endogenous CO production, 
smoking, CO poisoning

O2 deficit, headache, dizziness, 
confusion, dyspnea

Post-translational modification 
of hemoglobin

Non-enzymatic glycation, e.g., 
Hemoglobin A1c

Marker of glycemic control

Deamination, e.g., hemoglobin 
Providence

Reduced P50, erythrocytosis

Amino-terminal acylation by aspirin-like 
diacyl esters

Reduced P50, no significant clinical 
manifestation

Amino-terminal carbamylation by 
cyanate

Marker of uremia and adequacy of 
dialysis
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sis. Erythrocyte deformability is also impaired in 
hereditary spherocytosis and ovalocytosis where 
abnormal cell shapes and mechanics predispose 
to hemolysis. Schistocytes are seen in microan-
giopathic hemolysis due to infection or malig-
nancy. In all hemolytic conditions, acidosis and 
increased erythrocyte 2,3-BPG reduce hemoglo-
bin O2 affinity (higher P50) to preserve O2 unload-
ing in the periphery.

Several hemoglobinopathies, e.g., sickle cell 
trait, hemoglobins C, E, F, thalassemias, and muta-
tions that alter erythrocyte cytoskeleton or mem-
brane surface proteins, confer survival advantage 
and protection from severe malaria infection; this 
is an important example of coevolution and trade-
off between the Plasmodium falciparum parasite 
and the human hosts native to malaria-endemic 
regions. Numerous mechanisms of protection 
have been proposed, including accelerated hemo-
lysis and splenic phagocytosis of infected eryth-
rocytes, inhibition of intra-erythrocytic parasite 
growth by O2- dependent hemoglobin polymer-
ization (Archer et al. 2018), induction of heme-
oxygenase-1 to catabolize heme and produce CO 
which protects the endothelium and preserves 
microvascular and blood–brain barrier integrity 
(Weinberg et al. 2008; Ferreira et al. 2011) and 
acquired antimalaria immunity (Williams et  al. 
2005), among others.

 Unstable Hemoglobins

Unstable hemoglobins predispose to erythro-
cyte oxidative damage and hemolysis. In the 
rare congenital Heinz body hemolytic anemia 
(Gallagher 2015), globin chain mutations cause 
structural alterations, leading to altered solubility 
and intracellular precipitates (Heinz bodies) that 
bind to erythrocyte membrane, impair membrane 
deformability, increase permeability and predis-
pose to hemolysis. More common is the X-linked 
recessive glucose-6-phosphate dehydrogenase 
(G6PD) deficiency (Frank 2005). G6PD medi-
ates the first reaction in the pentose phosphate 
pathway that reduces NADP+ to NADPH; the 
latter prevents intra-erythrocyte ROS buildup. 
As erythrocytes lack other NADPH-producing 

enzymes, mutations that cause G6PD deficiency 
promote ROS-induced damage to hemoglobin 
and hemolysis upon exposure to infection, cer-
tain drugs, toxins and fava beans. G6PD defi-
ciency also weakens erythrocyte membrane and 
shortens erythrocyte life span, rendering the cell 
an unsuitable host for the life cycle of P. falci-
parum, thereby conferring malaria resistance to 
individuals native to malaria-endemic regions 
(Cappadoro et al. 1998).

 Hemoglobin Variants with Altered O2 
Affinity

Human fetal hemoglobin (Hb F, P50 19.7 mmHg) 
is adapted to uterine hypoxia; Hb F also resists 
polymerization and sickling. Patients with sickle 
cell anemia and thalassemia often exhibit elevated 
Hb F, a hereditary trait that attenuates the compli-
cations of tissue hypoxia resulting from recurrent 
hemolytic crises (Akinsheye et al. 2011). Almost 
100 hereditary high-affinity hemoglobin variants 
are known, involving amino acid substitutions 
that stabilize oxyhemoglobin, leading to full O2 
saturation but reduced tissue O2 supply, which 
can stimulate Epo production with secondary 
erythrocytosis (Wajcman and Galacteros 2005).

Nearly 70 low-affinity hemoglobin variants 
are known, involving amino acid substitutions 
that stabilize deoxyhemoglobin. As pulmonary 
O2 loading is impaired and tissue O2 delivery is 
enhanced, patients can be asymptomatic or pres-
ent with cyanosis, arterial O2 desaturation, sec-
ondary reduction in erythropoiesis and chronic 
normocytic anemia (Yudin and Verhovsek 2019). 
Animal studies of low-affinity hemoglobin dem-
onstrate gain-of-function physiology with reduced 
left ventricular work, enhanced tissue oxygenation 
and utilization, and increased exercise capacity 
(Berlin et al. 2002; Shirasawa et al. 2003).

 Carboxyhemoglobinemia

Carbon monoxide (CO), a normal product of 
heme breakdown, binds heme with an affinity 
~200 times that of O2, forming carboxyhemo-
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globin (HbCO) and competitively displacing O2 
from heme-binding sites. In addition, CO binding 
to one heme increases O2 affinity of the remain-
ing heme-binding sites (Hlastala et al. 1976). CO 
poisoning causes tissue anoxia, nausea, vomit-
ing, dyspnea, chest pain, confusion, seizures, 
loss of consciousness and death. Hyperbaric O2 
therapy is often necessary to replace CO with O2 
on hemoglobin.

 Methemoglobinemia

An increase in methemoglobin containing non- 
O2- binding oxidized iron (Fe+3) may be heredi-
tary or acquired. Hereditary forms may results 
from deficiency of cytochrome b5 reductase 
enzyme in erythrocytes only (Type I) or in all 
cells (Type II) (Lorenzo et  al. 2011) or from 
Hemoglobin M disease, a variant methemoglobin 
that stabilizes oxidized Fe+3 (Mansouri and Lurie 
1993). Having one Fe+3 heme also increases O2 
affinity of the remaining Fe+2 hemes in the same 
hemoglobin tetramer, further reducing O2 deliv-
ery and resulting in “functional anemia” even 
when blood hemoglobin concentration is normal. 
Acquired methemoglobinemia is more common 
and associated with exposure to oxidant drugs 
and chemicals, including dapsone and other sul-
fonamides, chloroquine, nitrates, nitrite, inhaled 
NO, local anesthetics and aniline dyes. Patients 
appear cyanotic and may be asymptomatic or suf-
fer manifestations of tissue hypoxia. O2 satura-
tion should be verified with blood gas analysis 
(Stucke et al. 2006) as pulse oximetry values are 
falsely high and fail to improve following supple-
mental O2 administration. Methylene blue, ascor-
bic acid and riboflavin are the standard treatment 
for methemoglobinemia >30% or patients who 
remain symptomatic despite supplemental O2 
therapy (Cefalu et al. 2020).

 Post-translational Modification 
of Hemoglobin

 (a) Glycation: Glucose non-enzymatically reacts 
with the free amino group of globin produc-

ing glycated hemoglobin (HbAlc), a widely 
adopted marker of glycemic control in dia-
betic subjects. HbA1c has a higher intrinsic 
O2 affinity (lower standard P50 at pH  7.40) 
than Hb A (Coletta et al. 1988); HbA1c also 
alters erythrocyte metabolism to increase 
2,3-BPG which tends to increase P50 
(Solomon and Cohen 1989). These counter-
balancing actions result in little net change of 
baseline in vivo P50 among diabetic patients. 
An elevated HbA1c level can also lead to 
overestimation of arterial O2 saturation by 
pulse oximetry (Pu et al. 2012).

 (b) Deamination: Hemoglobin Providence is a 
rare hereditary variant where a β-chain aspar-
agine substitutes for lysine and is later deami-
nated to aspartic acid in vivo during the life 
span of the erythrocyte. These changes reduce 
hemoglobin affinity for 2,3-BPG, leading to 
high O2 affinity and secondary erythrocytosis. 
Hemoglobin Providence and several other 
hemoglobin variants interfere with HbA1c 
immunoassay, yielding falsely low values 
(Newman et al. 2017). Presence of hemoglo-
bin variants should be suspected in diabetic 
subjects when HbA1c level is inconsistent 
with other measures of glycemic control.

 (c) Acylation: Aspirin and similar diacyl esters 
can transfer the acyl group to the amino ter-
minal of hemoglobin resulting in increased 
O2 affinity (Bridges et al. 1975). In the pres-
ence of a high glucose concentration, aspirin 
also inhibits glycation of hemoglobin and 
prevents the associated conformational 
changes (Bakhti et  al. 2007). Functional 
impact of these interactions is considered 
minimal.

 (d) Carbamylation: Carbamylated hemoglobin 
(CarHb) is formed by non-enzymatic reac-
tion of hemoglobin with cyanate, a product 
of in vivo urea dissociation. CarHb level is 
dependent upon blood urea concentration 
and duration of urea exposure; higher levels 
are seen in chronic than acute renal failure 
(Stim et al. 1995). CarHb hinders hemoglo-
bin binding to 2,3-BPG and increases O2 
affinity. However, urea also directly alters 
hemoglobin structure by stabilizing 
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2,3-BPG-hemoglobin, which reduces O2 
affinity. Owing to the opposing effects, ure-
mic patients do not exhibit increased hemo-
globin O2 affinity (Monti et al. 1995). CarbHb 
is a marker for the adequacy of hemodialysis 
and correlates with neuropathic complica-
tions (Abdelwhab and Ahmed 2008). 
Carbamylation and glycation both involve 
free amino groups. In diabetic uremic 
patients, glycation of hemoglobin reduces 
CarHb at a given urea concentration, likely 
by decreasing the available free amino 
groups (Hammouda and Mady 2001).

 Conclusions

Ancestral hemoproteins arose to harness chemi-
cal energy from nitrogen- and sulfur-based 
redox reactions and only later pivoted to O2 
detoxification and eventually aerobic respira-
tion. As organismal O2 demands increased, 
intricate molecular interactions permit dynamic 
regulation of O2 uptake, storage and delivery 
by hemoglobin, coupled to that of CO2 and 
NO.  Erythrocytes greatly enhance the respira-
tory function of hemoglobin; both co-evolved 
with the microvasculature. The astounding 
number of hemoglobin variants attests to robust 
selection pressures for meeting the demands of 
O2 transport while minimizing trade-offs under 
various organismal and environmental con-
straints. Knowledge of the origin and physiol-
ogy of hemoglobin facilitates understanding 
of its respiratory functions, pathophysiological 
disturbances and the compensatory responses to 
guide clinical management of disease and pro-
vide a robust foundation for therapeutic explo-
rations, e.g., to correct specific mutations in 
hemoglobinopathies, manipulate allosterism to 
optimize O2 uptake and delivery in accordance 
with metabolic needs, develop effective hemo-
globin or erythrocyte substitutes, or engineer 
hematopoietic stem cells into mature erythro-
cytes with normal hemoglobin function.
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Acid-Base and Hydrogen Ion

Sheldon Magder and Raghu R. Chivukula

 Introduction

Hydrogen (H+) ion concentration [H+] in bio-
logical solutions is a very small number. In nor-
mal arterial blood, [H+] is 0.00000004, or better 
written as 40 × 10−9. Because it is such a small 
number, [H+] traditionally is given as a nega-
tive inverted logarithm which gives pH  =  7.4. 
The advantage of the pH notation is that the 
very small [H+] is easier to visualize over the 
very large range of possible values in chemical 
reactions. Furthermore, the electrodes that are 
used to measure [H+] have a logarithmic output. 
However, in the clinical setting, the range of 
changes in [H+] is linear, and the pH notation can 
obscure significant changes of [H+] that occur in 
the small range of biological values. The nor-
mal pH of human blood at body temperature is 
7.40 ± 0.02, and values between ~6.80 and ~ 7.80 
are compatible with life at least transiently. These 
observations highlight both how low and how 

tightly blood normal [H+] is controlled. If [H+] is 
used instead of pH, the concentration varies from 
0.00000038  mM to 0.00000042  mM, which is 
orders of magnitude less than most of the com-
monly measured serum electrolytes, although it 
is still in the range of vasoactive active peptides. 
By convention, blood pH values greater than 7.42 
are defined as an alkalemia and those below 7.38 
as an acidemia, although as will be seen, bio-
logical solutions are mainly alkaline solutions. In 
contrast to the terms acidemia and alkalemia, the 
terms acidosis and alkalosis refer to the process 
that created the acidemia or alkalemia.

Despite being such a small number, the [H+], 
with the odd exception, is maintained in a rela-
tively constant range in all living organisms 
extending from bacteria to humans. The reason 
why this is important biologically is that H+ only 
has a proton and no neutron in its nucleus and thus 
has the greatest charge density and field effect of 
any atom. Because of this, H+ has strong effects 
on surrounding charged substances. Thus, [H+] 
affects the binding of organic molecules as well 
as the function of many proteins by altering their 
tertiary structures. To deal with this, nature has 
evolved many processes to regulate [H+] in a tight 
range, but these processes often are disturbed in 
the critically ill. To understand what can disturb 
[H+] in disease, it is important to understand the 
normal determinants of [H+] in biological solu-
tions and how therapies can restore normal [H+]. 
This topic usually is discussed as acid–base 
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disorders, but from a physical– chemical point 
of view, it really is about regulation of [H+]. As 
already noted, biological solutions are almost 
always alkaline. Disease is just about more or 
less alkalinity.

Traditionally, pH and [H+] in biology have 
been analyzed based on the equilibrium equa-
tion for carbon dioxide (CO2) dissolved in water, 
the formation of carbonic acid (H2CO3), and its 
dissociation into H+ and HCO3

− (Adrogue et al. 
2009). When written in the logarithmic form of 
the Henderson–Hasselbalch equation and group-
ing of the constant that accounts for the solubility 
of CO2 in its gas form in water with the dissocia-
tion constants of the components of the reactions, 
the equilibrium of this system can be written as:

 
pH PCO HCO� � � � �K log / ]]2 3  

where K is the grouped constants. Based on 
this equation, an increase or decrease in PCO2 
indicates a respiratory acidosis or alkalosis, 
respectively, and an increase or decrease in 
HCO3

− indicates a metabolic alkalosis or acido-
sis, respectively. Empiric equations have been 
derived to determine whether the process is 
acute or chronic, compensated or uncompensated 
(Schwartz and Relman 1963). This equation is 
valid, and this approach describes the system. 
However, its limitation is that just examining 
the CO2/HCO3

− equilibrium fails to take into 
account other components of the solution that 
affect this equilibrium, as well as the role of other 
components of the solution including the spon-
taneous ionization (i.e., dissociation) of water, a 

potentially very large source of H+. This classi-
cal approach thus does not lead to a physiologi-
cal and physical–chemical understanding of the 
underlying chemical processes.

The late Peter Stewart went back to basic 
physical chemistry and identified the components 
of biological solutions that need to be taken into 
account to predict [H+] balance (Stewart 1978, 
1981, 1983; Magder and Emami 2015). In his 
analysis, [H+] is a dependent variable, and its 
value is determined by the composition of the 
fluid being studied. H+ is not an independent 
variable that can be moved from compartment to 
compartment. Instead, movement of other com-
ponents determines [H+]. The three independent 
determinants of [H+] are as follows: (1) the dif-
ferences in concentrations of strong positive 
and negative ions, which is called the strong ion 
difference [SID] (Fig.  41.1); (2) PCO2 and the 
weak volatile acid that it forms as in the stan-
dard approach; and (3) the concentration of non- 
volatile weak acids, of which the dominant one in 
plasma is albumin (Fig. 41.2). The effect of each 
of these components is based on not only their 
total mass in the body but also their concentra-
tions so that the total amount of water in the body 
also has an impact.

 Importance of Water

To understand the significance of [H+], it is best 
to start with pure water at standard temperature. 
The concentration of water molecules, i.e., [H2O] 
in “water”, is 55.3 moles. Compare this concen-

Fig. 41.1 Strong ions. 
Strong ions in water are 
almost completely 
dissociated. Thus, 
putting NaCl in water 
gives equal Na + and Cl−

S. Magder and R. R. Chivukula
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tration to that of [Na+] which is 0.140 moles in 
normal serum. Thus, water has a large amount of 
H+ atoms, but only a very small amount of the 
H2O dissociates into H+ and OH−. The disso-
ciation constant of H2O at standard temperature 
and pressure is 14 × 10−9, and [H+] is 100 × 10−7 
(pH 7.0). If a beaker of pure water is heated to 
body temperature, 36.7 °C, pH decreases to ~6.8. 
One might ask, is this solution acidic? The answer 
to this question is central to an understanding of 
[H+] and acid–balance and discussed next.

Acids have been defined as electron accep-
tors or proton donors; these definitions were 
created to deal with [H+] in all types of solu-
tions. However, the solvent in biology is water 
and thus the behavior of [H+] in water is what 
needs to be understood. This allows for the much 
simpler, and biologically useful, definition, cre-
ated by Arrhenius in the eighteenth century. He 
defined an acid solution as one in which [H+] is 
greater than [OH−], a neutral solution as one in 
which [H+] = [OH−], and an alkaline solution as 
one in which [OH−] is > [H+]. Thus, even though 
at a temperature of 36.6 °C, pure water has a 
pH of 6.8, it still is a neutral solution because 
[H+] equals [OH−]. What happened is that the 
dissociation of H2O increased at the higher tem-
perature, and both [H+] and [OH−] increased 
equally. This had to occur to maintain conser-
vation of mass and electrical neutrality, i.e., all 
positives need to match all negatives, and there 
are no other substances to allow the positive and 

negative charges to differ. This is called the prin-
ciple of electrical neutrality. The message here 
is that the values of [H+] or pH do not indicate 
whether the solution is acidic. As already noted, 
all bodily solutions, with exception of the fasting 
stomach and lysozymes, are alkaline, and when 
we say that the blood is acidic, it really is just 
less alkaline. This is true down to a pH of around 
6.6. In Arrhenius’ definitions, an acid is a sub-
stance that increases the [H+] of the solution and 
base in one that decreases [H+]. Despite the point 
that acid–base disorders are really about more or 
less alkalinity, this is too cumbersome a usage 
and goes against the long historically used ter-
minology. Accordingly, we still will continue to 
describe a pH less than 7.4 as being acidic, and a 
pH greater than 7.4 as being alkaline for biologi-
cal purposes.

 Importance of Strong Ions

A key factor was introduced in the last paragraph 
and that is the principle of electrical neutrality. 
This says that in a macro-solution, the concentra-
tion of all positive and negative charges must be 
equal. This is because a small difference between 
positive and negative charges creates a large 
electrical force that can change the dissociation 
of substances that are weakly associated such as 
carbonic acid, albumin, phosphate, and impor-
tantly, even H2O.

Fig. 41.2 The three 
independent 
determinants of [H+] and 
HCO3

−. The three 
independent factors are 
the SID, CO2, and weak 
acids (HA) which in 
blood is primarily 
albumin. H+ and 
HCO3- are dependent 
variables

41 Acid-Base and Hydrogen Ion
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A quantitative example of this force will help 
illustrate its importance (Fig.  41.3). Consider a 
sphere that has a radius of 1  mm and contains 
a solution with an ionic concentration difference 
of 1 × 10−7 Eq/L. Also remember that [Na+] and 
[Cl−] in normal blood are in the 10−3 range or 
1000 times greater than this. The volume of the 
sphere is 4.2 × 10−6 L, and the net positive charge 
is thus 4.2 × 10−6 × 10−7 = 4.2 × 10−13. One Eq is 
96,500 coulombs (coul) so that the charge on the 
sphere is 4.2 × 10–13 × 96,500 = 4.0 × 10−8 coul. 
The electrical potential of a sphere of radius r (in 
meters) carrying a charge of Q (coul) is given by 
Q/1.1 × 10−10r (volts), which results in 400,000 
volts! The value is huge, and thus, even this small 
difference in charge cannot be sustained in solu-
tion and must be discharged by changing the equi-
librium of weaker ionic substances. This means 
that the concentrations of ions that are strongly 
dissociated in the solution must be matched by 
the concentration of weaker charged ions. Strong 
positive ions include Na+, K+, Ca2+, and Mg2+, and 
strong negative ions include Cl− and SO4

−. The 
addition of NaCl to a beaker of pure water results 
in Na+ and Cl− ions but no NaCl (Fig. 41.1). The 
solution still is neutral because [Na+] and [Cl−] 
are equal. However, if the solution is made from 
solutions in which [Na+] and [Cl−] are not equal, 
[H+] and pH must change. The difference in 
concentration is called the strong ion difference 
[SID]. This occurs because the electrical force 
created by the difference in charge of the [Na+] 
and [Cl−] must be accommodated by a change in 
the balance of dissociation of water. If the [Na+] 

increases relative to the [Cl−], the solution must 
have more [OH−] to balance the charge from Na+, 
and it will have a lower [H+] (Fig. 41.4); the new 
solution thus will be less acidic (or more alka-
line). If [Cl−] increases relative to the [Na+], the 
solution will need to have a higher [H+] to bal-
ance the Cl− and a lower [OH−], and the solution 
will be more acidic (less alkaline) (Fig.  41.4). 
The change in [H+] with a change in [SID] of this 
simple system that only has strong ions requires 
a quadratic equation to solve two equations for 
the two unknown values ([H+] and [OH−]), i.e., 
the electrical neutrality equation and the water 
equilibrium equation. As already noted, almost 
all bodily solutions are alkaline, i.e., [OH−] is 
greater than [H+]. This primarily is because [SID] 
always is positive, i.e., [Na+] is greater than [Cl−] 
(Fig.  41.4). The advantage of having a positive 
[SID] is that it means changes in [H+] are much 
smaller for any change in [SID], and thus there is 
smaller effects from changes in [OH−] on molec-
ular structures while the concentrations of ionic 
elements can be regulated to maintain normal 
osmolality.

To appreciate the contribution of positive 
and negative ions in blood, it is useful to exam-
ine “Gamblegrams”, developed by the American 
physiologist James Gamble (Harvey 1979). In 
these figures, the concentrations of cations and 
anions are plotted as individual stacked columns 
(Fig. 41.5). Because of the principle of electrical 
neutrality, the cation and anion column heights 
must be identical. It is evident that strong cations 
are higher than strong anions, and the normal 

Fig. 41.3 Significance 
of electrical neutrality. 
See text for calculations. 
A charge difference 
between strong positive 
and negative ions of 
only 1 × 10–7 Eq in a 
sphere with a radium of 
1 mm is 400,000 volts 
and must be quickly 
discharged
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[SID] is approximately 40 mEq/L in plasma. The 
difference in strong ions is primarily made up of 
HCO3- and the ionic effect of weak acids, which 
is primarily albumin in plasma. [H+] and [OH-] 
are not seen on this graph because their concen-
trations are so much smaller. Under normal condi-
tions, the [SID] ~ [A-] + [HCO3-] in which A- is 
the concentration of the charge due to dissociated 
weak acid. Two common clinical conditions illus-
trate the significance of the [SID]. There currently 
is a lot of discussion about the hyperchloremic 

acidosis that is seen when too much normal saline 
is given (Magder 2014). What simply is happen-
ing is that a solution with equal [Na+] and [Cl−] 
is being added to plasma which normally has a 
[Na+] that is around 40 meq/L greater than [Cl−] 
(i.e., [SID] = 40] (Fig. 41.5). We normally con-
sume [Na+] and [Cl−] in almost equal amounts, 
and our bodies can handle it. However, when an 
excess load of [Na+] and [Cl−] is given, the kidney 
can rapidly excrete Na+, but the mechanisms for 
excreting Cl− are much slower. The [SID] thus is 

Cl- > Na Na+ > Cl-

Alkaline
solution

Smaller change in
[H+] for change in

SID

-1.0 x 10-6 +1.0 x 10-6

+1.0 x 10-6

0.8

0.6

0.4

0.2

-.8 -.6 -.4 -.2

Strong ion Diference (SID) (eq/L)

0 +.2 +.4 +.6 +.8

Fig. 41.4 Changes in H+ and OH− with change in con-
centration of Na+ relative to Cl− (strong ion difference). 
When the SID is negative, changes in Cl− match changes 
in H+, but when SID is positive, changes in H+ are much 
smaller than changes in Cl− (or Na+). The solution is also 

alkaline which is the case for almost all bodily solutions. 
To be able to display the changes, the SID is presented 
only for differences of 1 × 10−6 (micromolar), whereas in 
plasma, the difference in 40 × 10−3 (millimolar) and not 
seen on this scale
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Fig. 41.5 Gambelgrams of normal blood, lactic acidosis, 
hyperchloremia, hypoalbuminemia, and hyponatremia. 
Cations are on the left of each set and anions on the right. 
The [Na+] (light blue) is 140 mEq in all but the hyperhy-
dration (hyponatremia example). [Cl−] is in yellow. The 
standard is 102, and it is increased to 112  in the hyper-
chloremia example and 88 in the hyperhydration example. 

The baseline [HCO3
−] is 25 mEq/L, it is 14 in the lactic 

acidosis (increase of 10 mEq/L) and in the hyperchlore-
mic example, 30  mEq/L in hypoalbuminemia and 
21 mEq/L with the hyponatremia. The SID is 41  in the 
baseline, 31  in the hyperchloremia, 41  in the hypoalbu-
minemia, and 35 mEq/L in hyponatremia
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narrowed and [H+] is increased (actually, less of a 
 difference from [OH−]), and there is a metabolic 
acidosis (actually less alkalosis). The simple solu-
tion is to give less Cl−. As a simple quick guide-
line, a narrowing of the difference between [Na+] 
and [Cl−] is an acidifying process, and a widening 
of the difference between [Na+] and [Cl−] is an 
alkalizing process.

A second example is a dilutional acidosis. 
When the amount of pure water is doubled in 
a solution with different concentrations of Na+ 
and Cl−, the [Na+] and [Cl−] are equally diluted 
(Fig. 41.6). As a result, the [SID] is decreased and 
the solution becomes more acidic (or less alka-
line) because not as much [OH−] and other weak 
negative ions are needed to balance [Na+]. The 
same occurs in plasma when plasma is diluted by 
an increase in water, and a metabolic academia 
is the result. In the opposite direction, a loss of 
water and hemoconcentration produces an alka-
lemia. These occur without any action required 
by the kidney. As long as PCO2 remains constant 
as regulated by the brain, the HCO3

− will also 
go down with the dilution and increase with the 
hemoconcentration simply by the interaction of 
all the elements in the system and the need for 
electrical neutrality.

As noted, Na+ and Cl− are the dominant strong 
ions in plasma, but under pathological conditions, 
other relatively strong ions can become important. 

These are almost always negative ions. The two 
most common ones are lactate and the ketones, 
acetoacetate, and beta-hydroxy- butyrate, but there 
are many others, which are the well-known causes 
of the traditional wide-anion gap acidosis. These 
include salicylate, formate (derived from methyl 
alcohol), glycolate (from ethylene glycol), some 
amino acids, sulfates (renal failure), and iron 
(which acts by binding OH−). The effect on [H+] 
of any of the strong anions that cause a wide anion 
gap acidosis is the same as an increase in [Cl−].

 Importance of CO2

The amount of CO2 in the blood is a balance 
between production and clearance by the lungs 
(Jones 2008). The lungs can eliminate CO2 as fast 
as it is delivered by the circulatory system so that 
the concentration of CO2 remains in tight limits 
and the body normally is an open system for CO2. 
Furthermore, CO2 in the blood is directly propor-
tional to PCO2 in the gas phase so that PCO2 in 
blood can be used as an indication of dissolved 
CO2 and therefore indicates how fast and which 
way CO2 will move between two solutions. Thus, 
it can be said that when the cardiorespiratory 
systems are intact, CO2 is a controlled or inde-
pendent variable, and the total amounts of the 
concentration of all the other components of the 
CO2 equilibrium are fixed by PCO2. It is worth 
noting, however, that reaction time of dissolved 
CO2 with H2O or OH− to form H2CO3 is slow, 
in the order of 30 seconds, but this is reduced to 
milliseconds in the presence of the enzyme car-
bonic anhydrase, which is widely available in the 
body, but importantly, not everywhere.

The role of CO2 in the determination of [H+] 
is the same as in the classical approach, but it 
is important to consider how its equilibrium 
is altered by the [SID]. H2CO3 is a weak acid. 
Unlike Na+ and Cl−, it is equilibrium with mul-
tiple forms including PCO2, HCO3

−, and CO3
2−, 

although by far, HCO3
− is the dominant form by 

a ratio of ~24 to 1 at normal pH. The differen-
tiation of the activity of a strong and weak acid 
can be appreciated by considering the effect of 

Fig. 41.6 Dilutional effect on the SID.  Doubling the 
amount of water reduces the concentration of Na + and 
Cl- by half and thus the SID is half which will reduce the 
alkalinity of the solution (i.e., make it more acidic)
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creating a negative [SID] on the equilibrium of 
the CO2 system; all carbamate forms are driven to 
CO2. This property is the basis for the electrode 
measurement of [HCO3

−] in plasma; what actu-
ally is measured is “total” CO2, but because most 
of the total is in the form of HCO3

−, total PCO2 
is a close approximation of HCO3

−. On a blood 
gas sample, HCO3

− actually is not measured but 
calculated based on the measurement of PCO2 
and [H+] and the known equilibrium constants. 
Significantly, when [SID] is negative, adding 
CO2 has no effect on [H+] (or pH) of a solution 
because carbonic acid does not dissociate.

As long as central mechanisms keep PCO2 
constant, adding HCO3

−, for example in the 
form of NaHCO3

−, only very briefly increases 
plasma [HCO3

−] because the CO2 form is quickly 
blown off. However, if CO2 is given in the form 
of NaHCO3

−, the Na+ is left behind, widens the 
[SID], and alkalinizes the blood. This, too, will 
not last long. Because [Na+] in the body is a 
major determinant of the body’s osmolality, its 
concentration is tightly regulated and the Na+ is 
quickly excreted (if the kidneys are working). On 
the other hand, when CO2 is added to a solution 
with a positive [SID], and cannot be cleared by 
ventilation, [H+] always increases.

 Importance of Albumin

The third independent determinant of [H+] is 
the concentration of non-volatile weak acids 
(Fig. 41.7). To know the effect of a weak acid 
on the solution, it is necessary to know the 
total concentration of all species of the sub-
stance, including the un-dissociated and dis-
sociated species, the dissociation constant, and 
the most difficult part for a large molecule, its 
ionic activity (Fig.  41.8). It has been shown 
empirically by Figge and coworkers that weak 
acid activity in blood is dominated by albumin 
(Figge et  al. 1991; Figge et  al. 1992). They 
performed titration studies by adding differ-
ent amounts of albumin to blood samples and 
derived a linear equation that describes the 
ionic effect of a total concentration of albumin 
depending upon the [H+] (or pH). The conse-
quence of a decrease in [albumin] is an alkalin-
izing effect, and an increase in [albumin] is an 
acidifying effect. Thus, a decrease in [albumin] 
can off-set the acidifying effect of an elevated 
lactate. On the other side, hemoconcentration 
due to excess water loss can produce an aci-
demia by increasing [albumin] (Wang et  al. 
1986).

Fig. 41.7 Properties of 
weak ions
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 Approach to Identifying the Cause 
of a Disturbance of Blood [H+] (pH)

Stewart and others after him (Kellum et al. 1995; 
Jones 1990) presented a physical–chemical 
approach to determining the cause of a deviation 
of [H+] from normal reference values by calcu-
lating the difference in all major strong positive 
ions in blood, which include [Na+], [K+], [C2+], 
and [Mg2+] and the strong negative ions [Cl-], 
and [lactate-] and comparing the difference 
in positive and negative charge to the charge 
accounted for by [HCO3-], albumin (with the 
charge obtained from the Figge equation (Figge 
et al. 1992), and phosphate (with the charge, too, 
determined by a Figge equation) (Figge et  al. 
1992). They called this difference the strong ion 
gap [SIG]. If [SIG] is greater than [SID], there 
must be unmeasured anions which are the known 
substances in a wide anion gap. However, this 
approach is more complicated than necessary. 
The contributions of [K+], [C2+], and [Mg2+] are 
very small because their baseline values are low, 
and large deviations in their concentrations are 
fatal. The [SIG] approach also does not read-
ily identify the contribution of changes in [SID] 
due to dilution or concentration of electrolytes, 
changes in albumin, nor the change just related 
to [Cl-] and thus does not allow quantitative 
insight into the underlying pathological process 
and allow for targeted therapy. An alternative 
pragmatic bedside approach involves use of the 
base excess (BE) which that is calculated with all 
blood gas machines, but first this concept of BE 
needs to be explained.

 Base Excess: Direct Estimation 
of Metabolic Derangements 
in Acid–Base Status

Driven in part by the recognition during the 
Danish polio epidemic of 1952 that an isolated 
measurement of total CO2 in the blood could not 
distinguish between such processes as a meta-
bolic alkalosis and a respiratory acidosis, in the 
early 1950s, there was an interest in developing 
a way to separate these two processes, which led 
to the concept of base excess (BE), described first 
by Ole Siggaard-Anderson working in the labo-
ratory of Poul Astrup (Siggaard-Andersen 1962, 
1966). These investigators took blood samples 
from patients and fixed the value of PCO2 in the 
samples by inserting a tonometer to maintain a 
PCO2 of 40 mmHg. They then measured the pH 
at a PCO2 of 40 mmHg and titrated the solutions 
with a strong acid or base to bring the pH back to 
7.4. This was essentially a titration of the [SID] 
back to the normal value (i.e., eliminating any 
[SIG]). As such, BE is a direct measure of the 
net metabolic component of an acid–base dis-
order, independent of the effect of ventilation 
through control of pCO2. BE should be 0 under 
physiological conditions of pH 7.40, temperature 
37°C, and pCO2 40 mmHg. Samples with a pH > 
than 7.4 after PCO2 correction were said to have 
a base excess (BE) because an acid was neces-
sary to bring the pH back to 7.4. Samples with 
a pH < 7.4 after PCO2 correction were called a 
base deficit. Rather than using two terms, just BE 
is used, and when the solution has a metabolic 
acidosis and a base deficit, it is called a negative 
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Fig. 41.8 Factors that 
determine the charge 
related to a weak acid 
(the major A− is from 
albumin). The factors 
include (1) the total 
protein in all its form, 
(2) the dissociation 
constant, and (3) the 
ionic equivalent of the 
charged ion
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BE, which is the way we use it in this chapter. 
Siggaard-Anderson created a nomogram based 
on the PCO2 , pH, and bicarbonate of the samples 
they studied, which is still what is used in blood 
gas machines today (Siggaard-Andersen 1962). 
Some confusion arises around the term stan-
dard base excess versus base excess. This arose 
because of two misconceptions. It was initially 
thought that because only a blood sample was 
analyzed in a test tube, and without the interac-
tions with the larger interstitial space factors that 
could affect blood pH, adjustments needed to be 
made for the potential effect of electrolytes in the 
interstitial space. However, the [H+] in a solution 
only is affected by the substances in that solution 
at that time. The interstitial space has a differ-
ent [SID] and only can alter the [SID] and [H+] 
of blood by movement of substances over time, 
which would be a new condition. In the steady 
state, they can have different values. For example, 
[HCO3-] is lower in the interstitial space because 
the [Albumin] is lower than in plasma even 
though the [SID] is similar. Secondly, Siggaard-
Anderson used hemolyzed red cells because he 
wanted to include the buffering effect of hemo-
globin. However, the effect of hemoglobin on the 
SID is minimal because binding of strong ions to 
hemoglobin is minimal, and its own dissociation 
has a very small effect. Furthermore, when whole 
blood is tested, it is inside red cells and thus not 
part of the plasma space. There also is confusion 
of the term “standard” base excess which was used 
to avoid the need to have a hemoglobin value and 
instead used an assumed standard value. When 
examining the equations for BE, it can be seen 
that the hemoglobin effect on BE is very small 
and beyond the accuracy needed for use of BE 
for practical clinical purposes (Schlichtig 1997).

 BE Approach to Evaluation of 
Acid–Base Disorders (Table 41.1)

The initial approach to analyzing an abnormal 
pH in blood starts the same way as the traditional 
approach (Magder and Emami 2015; Fencl and 
Leith 1991). If pH is less than the normal refer-
ence value of 7.4, there is an acidemia, and if it 

is greater than 7.4, there is an alkalemia. The next 
step is to determine what processes are active, that 
is, the “-osis”. This, too, continues as with the 
traditional approach by determining if there is a 
respiratory component, metabolic component, or 
both. Evaluation of the respiratory component is 
based on the PCO2. If PCO2 is elevated, there is 
a respiratory acidosis; if the PCO2 is decreased, 
there is a respiratory alkalosis. These are processes 
and are independent of the actual pH. It is with the 
metabolic component that the physical–chemical 
approach differs from the traditional. Rather than 

Table 41.1 Step-wise acid–base analysis

1.  Assess the pH. pH > 7.42 = acidemia and 
pH < 7.38 = alkalemia.

2.  Assess the respiratory component of pH regulation. 
If PCO2 is greater than 42 mmHg, there is a 
respiratory acidosis. If PCO2 is less than 38, there is 
a respiratory alkalosis. .

3.  Assess the metabolic component of pH regulation. 
This is done by examining the BE. If BE is 
>0 mEq/L, there is a metabolic alkalosis. If BE is 
<0, there is a metabolic acidosis.

4.  Examine the causes of a metabolic disturbance by 
first looking for a Watereffect, [Cl−]effect, and 
albumineffect.

  (a)  Watereffect = 0.3 × ([Na+]-140).

  (b)  [Cl−]effect. First correct [Cl−] for hydration effect 
which already was accounted for in 4a by 
calculating the “effective” [Cl−] = [Cl−] × 140/
[Na+]. The [Cl−effect then = 102 – [Cl−]effective

  (c)  Albumineffect. This is done by using the equation 
for the difference of [Albumin] based on the 
equation by Figge et al. (Figge et al. 1992) 
from the reference value of 42 g/L. 
[Albumin]effect = (42- [Albumin]) × 25.

5.  Determine the presence of missing ions. Subtract 
the sum of the Watereffect, [Cl−]effect, and Albumineffect 
from the calculated BE obtained from the blood gas 
report. If BE is negative, there are missing anions 
which the standard wide anion gap acidosis. If BE 
is positive, there are unexplained cations, which 
currently are not well defined. This analysis does 
not include the initial lactate or normal phosphate 
because these would have been incorporated in the 
blood samples that were analyzed by Siggaard-
Anderson (Siggaard-Andersen 1962). The 
contribution of abnormal lactate is obtained by 
simply examining the serum lactate value, and the 
phosphate value can be obtained by another 
empiric equation derived by Figge et al. (Siggaard-
Andersen 1962). These can be calculated by a free 
APP called acid–base calculator (Magder).
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using [HCO3
−] to determine if there is a metabolic 

acidosis or alkalosis, the BE is used as first intro-
duced by Fencl and Leith (Fencl and Leith 1991). 
If BE is a positive value, there is a metabolic alka-
losis, and if BE is negative, there is a metabolic 
acidosis. The terms compensated and uncompen-
sated are not used. Instead, the effects of dilution of 
electrolytes and the  deviations of [Cl−] and [albu-
min] from their reference values are quantitated to 
determine if they can account for a deviation of BE 
from 0. If after accounting for these factors the BE 
still is negative, this indicates there are unmeasured 
anions. The differential diagnosis then is the same 
as for the classical wide anion gap acidosis. These 
also could be called a BE gap. There is surprisingly 
not a close correlation between BE gap and the 
anion gap because BE was produced by a titration 
with strong ions (Gilfix et  al. 1993). The advan-
tage of BE over the traditional use of [HCO3

−] to 
a metabolic acidosis is that it removes any effect 
from the change in PCO2 on [HCO3

−] and changes 
of [albumin] on the anion gap. We have chosen to 
leave [lactate−] out of initial assessment because 
the measurement may not always be available on 
the blood gas device, and the normal concentra-
tion of 1  mmol/L would have been included in 
Siggaard-Anderson’s initial studies as component 
of normal blood. This approach, too, allows the 
clinician to think of this component relative to oth-
ers. We also do not include phosphate in the initial 
analysis but evaluate it after when there are missing 
anions. It can be a significant contributor in patients 
with renal failure.

 How Are the “Water” (i.e., Dilutional 
Effects), [Cl-] Effects, and [Albumin] 
Evaluated?

 Water Effect

 1. As already discussed (Fig. 41.6), the effects 
of strong ions are dependent upon their con-
centrations. Accordingly, an increase in 
hydration, i.e., more water relative to solutes, 
or dehydration, less water relative to solute, 
changes [SID] and thus changes [H+]. To 

illustrate the importance of this effect, con-
sider the effects of a sudden 1 liter bolus of 
D5W on a 4 liter blood volume prior to any 
equilibration. The concentrations of all ionic 
species will fall acutely by 20%; [Na+] would 
fall from 140 mmol/L to 112, [K+] from 4 to 
3.2, [Cl−] from 105 to 84, and the SID would 
fall from ~39  mmol/L to ~31  mmol/L and 
result in an academia from a metabolic aci-
dosis which was caused just by the addition 
of water. Importantly, this change is driven 
entirely by chemical equilibria and would 
occur identically even in a beaker. Serum 
sodium concentration reflects total body 
water status. As such, the hydration (water) 
effect can be calculated by using the equa-
tion Watereffect = (0.3)*([Na+]-140).

 Chlorideeffect

 2. Chlorideeffect refers to a change in [Cl−] rela-
tive to [Na+] when there is either an increase 
or decrease in [SID] (Fig. 41.5). If [Na+] devi-
ates from the reference value as evaluated 
under the Watereffect, the first step is to account 
for hydration change on measured [Cl−] by 
assessing effective [Cl−] independent of the 
already considered dilutional component by 
the equation [Cl−]effective = [Cl−] * (140/[Na+]). 
The effect of a deviation of [Cl−] from the nor-
mal reference (we use 102 mE/L) then can be 
calculated as [Cl−]effect = 102–[Cl-]effective. The 
combined effects of hydration and actual 
change in the amount of Cl− effects can be 
rapidly estimated using the rule of thumb that 
[Na]-[Cl] = 40 mmol/L. Departures from this 
value indicate a change in hydration, change 
in actual [Cl−], or mixed effects on [SID]. As 
a clinical point, the importance of recognizing 
and avoiding hyperchloremic acidosis has 
recently been highlighted in several large 
observational studies in which hyperchlore-
mia is associated with renal injury and possi-
bly even death (Magder 2014) as well as a 
randomized trial suggesting increased renal 
injury (Self et al. 2018).
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 Proteineffect

 3. Changes in the Proteineffect, which is domi-
nated by albumin, alter the weak acid compo-
nent. To determine the effect of the ionic form 
of albumin on [H+], it is necessary to know the 
total concentration of ionized and non-ionized 
albumin, the dissociation constant of albumin, 
and the resulting ionic effect. The last two 
could only be derived empirically. This was 
done by Figge and coworkers who derived an 
equation to account for the ionic effect of 
albumin (Figge et  al. 1992). The potential 
effect of a deviation of BE from normal to a 
deviation in [Albumin] can be estimated by 
Albumineffect = 25 * (42-[albumin])11. As we 
already have seen, this relationship indicates 
that hypoalbuminemia produces an alkalosis 
and, conversely, that “correction” of hypoal-
buminemia produces a relative acidosis 
(Fig. 41.5).

 “Other Effects”

 4. The final step is to sum the Watereffect, [Cl−]effect 
and [albumin]effect and compare the sum to the 
calculated BE. If all the BE is not accounted for, 
there are unmeasured ions. Occasionally, posi-
tive ions are identified, especially in chronic 
obsrtructive lung disease (COPD) patients, and 
it is not clear what these are. Changes in the val-
ues of [Ca2+], [Mg2+], and [K+] usually are too 
low to explain this (Gilfix et  al. 1993). More 
commonly, there is an unexplained negative BE 
in which case there are unmeasured anions. 
These are the same as the standard wide anion 
gap acidosis and include ketoacids, methanol-
derived formate, ethylene glycol-derived glyco-
late, acetaminophen- associated pyroglutamic 
acid, salicylate, uremic toxins such as hippu-
rate, and SO4

3−. Accumulation of plasma weak 
acids can occur with paraproteinemias and with 
hyperphosphatemia. In this way, renal failure 
contributes to metabolic acidosis both through 
SID and Proteineffect effects. As a general rule, 
the presence of a significant residual BE should 
prompt evaluation for the offending species by 

toxicology screen, osmolar gap calculation, 
and/or specific assays as indicated by the clini-
cal situation.

To understand the significance of “others”, it 
is worthwhile considering the example of a lactic 
acidosis, especially because it is such a common 
problem in the ICU. Lactic acid has a dissocia-
tion constant, pKa, of 3.8 and thus is almost com-
pletely dissociated in body solutions, and it acts 
as a strong anion. Accumulation of lactate− by 
increased production and/or decreased clearance 
narrows the [SID] and increases [H+] (Fig. 41.5). 
As an example, an increase of [lactate−] to 11 
mMol/L decreases [SID] to 30 mmol/L and, as a 
result, decreases [HCO3

−] to 14 mmol/L because 
not as much HCO3

− is needed to balance the 
charge on Na+. The same would occur if [Cl−] 
rose from 105 to 115 mMol/L (Fig.  41.5). Yet, 
a magnitude of rise in [Cl−] of 10 mMol/L often 
is ignored clinically [Cl−] even though it has an 
equivalent effect on [H+] as a relatively severe 
lactic acidosis. It is not uncommon for clinicians 
seeing the fall in [HCO3

−] with a lactic acidosis, 
or for that matter with a [Cl−] acidosis, to try 
to correct the acidemia by giving NaHCO3, but 
this does not alter the acidosis and does not even 
affect the academia very much. The only way 
that an infusion of NaHCO3 can reduce [H+] (i.e., 
increase pH) is by raising the [Na+] by the same 
amount as the increase in [lactate−] and thereby 
restore the normal [SID]. If [lactate−] increased 
by 10 mmol/L and [Na+] starts at 140 mMol/L, 
the [Na+] would have to increase to 150 mMol/L 
for this to work. Thus, the increase in [Na+] can 
become toxic. Furthermore, if the kidneys are 
working, they will excrete the Na+ to maintain 
normal osmolality. The answer to the clinical 
problem is to treat the cause of the lactic acidosis.

It also is worth considering the quantitative 
effect of a change in [Albumin] to that of [lac-
tate−]. If the serum [Albumin] concentration falls 
from 4.5 g/dL to 2.0 g/dL (Fig. 41.1d), the amount 
of weak acid decreases from 11  mmol/L to 
5 mmol/L, which the resulting alkalosis is associ-
ated with a rise in bicarbonate to 30 mmol/L. This 
magnitude of a fall [Albumin] would negate the 
effect of an increase in [lactate−] of 7 mMol/L.
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 Summary

The advantage of the physical–chemical BE 
approach is that it identifies processes that are 
involved in an alteration in pH and [H+]. This can 
lead to targeted management, or in some cases, 
help avoid potentially unnecessary therapies, 
such as the frequently use of NaHCO3 infusion 
for a wide anion gap acidosis, dilutional acidosis, 
or hyperchloremic acidosis unless it was used to 
avoid use of Cl-. A dilutional acidosis is treated 
by restricting water. Acute hyperchloremic acido-
sis is treated by avoiding solutions that are high 
in [Cl-]. A hypo-albuminemic alkalosis should 
only be treated by correcting the underlying cata-
bolic state. Lactic and ketoacidosis are treated 

by reversing the underlying metabolic process. 
H+ and HCO3- are dependent variables in bodily 
solutions and are determined by the [SID], PCO2, 
and weak acids of which albumin is the primary 
player. H+ and HCO3- by themselves cannot be 
“added” to the solution.

 Case Examples

 Case 1

A 39-year-old man with type I diabetes presents 
with a 1-day history of abdominal pain and fatigue. 
He has been non-compliant with insulin therapy. 
Blood chemistry analysis gives the following:

pH
pCO2
mmHg

HCO3
−

mEq/L
BE
mEq/L

Albumin
g/L

Na+

mEq/L
Cl−

mEq/L
6.80 12 2 −30 42 140 103

Applying the above steps, the patient is found 
to be profoundly acidemic. pCO2 is <38 so that 
there is a respiratory alkalosis. BE is negative, 
indicating a metabolic acidosis. The components 
of the metabolic acidosis are Watereffect = 0, [Cl-
]effect = −1, [Albumin]effect = 0, and “other effects” 
= −29 mEq/L. In this case, the most likely cause 
of the “other” is ketoacids, but there also could 
be a lactate component, and if renal function is 
decreased, strong ions as a result of decreased 
renal clearance.

The patient is resuscitated aggressively with 
normal saline and treated with intravenous insu-
lin. The following day, blood chemistries reveal 
the following:

pH pCO2 HCO3 SBE Albumin Na Cl
7.23 28 12 −13 40 152 130

Again, applying a stepwise approach, we 
find the patient has an academia. There still is 

a respiratory alkalosis and a metabolic acidosis. 
The components of the metabolic academia are 
Watereffect = +3.6, [Cl-]effect = −17.7, [Albumin]
effect = +0.5, other effects = ~0. The data now 
indicate that the ketoacidosis has resolved, and 
the acidosis is explained but hyperchloremia 
which is a result of the resuscitation with a large 
volume of normal saline administration. There is 
also a minor metabolic alkalosis due to dehydra-
tion (increase in [Na+]).

 Case 2

A 55-year-old male presented to the emergency 
department with hepatic failure due to cirrhosis 
and respiratory failure. He was hypotensive and 
unresponsive. He was intubated and mechani-
cally ventilated, and 2 L of normal saline were 
administered for the hypotension. Blood chemis-
try revealed the following:
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pH pCO2 [HCO3
−] BE [Albumin] [Na+] [Cl−] [lactate−]

6.95 47 10 −22 22 128 115 5

The patient is acidemic. The elevated PCO2 
indicates a respiratory acidosis; his ventilator 
settings need to be adjusted. Of note, cirrhosis 
patients more often have a respiratory alkalosis, 
but in this case, he was unresponsive and has a 
depressed drive. There is a profound metabolic 
acidosis based on the negative BE. Partitioning 
the BE, we find a Watereffect = −3.60, [Cl-]effect 
= −23.8, and [Albumin]effect = +4.2. There is 1.2 
unexplained ion. The high [Cl-] is the dominant 
factor. The elevated value is much higher than 
can be explained by 2 L of saline and indicates 
that he likely has had a long-standing renal tubu-
lar problem. The elevated [lactate-] adds -4 the 
BE that leaves 9 unexplained. It previously has 
been shown that in liver failure patients, there 
can be unmeasured anions but is matched by 
the decrease in [Albumin] so that there is only 
1 unaccounted for anion which in this case was 
due to an elevated phosphate. Given the very high 
[Cl-], if further fluid resuscitation was needed, it 
would be best to use a solution of NaHCO3 in 5% 
dextrose in water to avoid giving any more Cl-.
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Use of Maintenance 
and Resuscitation Fluids

Sheldon Magder

 Introduction

The basics of the fluid physiology are discussed in 
Chap. 10 (Magder, Basics of Fluid Physiology). 
This chapter deals with the administration of 
intravenous fluids. This is divided between use 
of fluids for maintenance needs and use of flu-
ids for resuscitation. The parallel that I like to 
use is that of having a checking account and a 
savings account. Maintenance fluids are like a 
checking account and deal with the intake and 
output of fluids and electrolytes for normal daily 
needs. Resuscitation fluids are used to replenish-
ing stores that were lost during acute illness or 
to add to the reserve capacity of the system. I 
will begin with daily requirements of water and 
electrolytes and then discuss how these should 
be administered intravenously when oral intake 
is not possible. I then will discuss the charac-
teristics and potential problems with the differ-
ent solutions that can be used for resuscitation. 
Next, I will discuss some practical approaches. 
Finally, I will discuss important limits to what 
fluid administration can accomplish. Use of intra-
venous infusions of fluids to patients is common, 
but it is important to respect their use because it is 

increasingly evident that excess use of fluids, and 
fluids with incorrect compositions, can be harm-
ful (Boyd et al. 2011; Vincent et al. 2006; Santry 
and Alam 2010; Hjortrup et al. 2016; Kelm et al. 
2015; Perner et al. 2012; Wiedemann et al. 2006); 
equally important, inadequate administration of 
fluids, too, is harmful.

The approach taken in this chapter differs con-
siderably from a recent review published in the 
NEJM on maintenance intravenous fluids in the 
critically ill (Moritz and Ayus 2015). The authors 
considered the contents of the various solutions 
and their impact on the electrolyte balance of 
plasma. They emphasized the importance of the 
sodium ion (Na+) concentration in the infused 
fluid and the potential danger of producing hypo-
natremia with solutions that have concentrations 
of Na+ less than normal, especially in critically 
ill patients who often have disordered regula-
tion of concentration of Na+. I take the opposite 
approach. I first consider the daily requirements 
of water, Na+, potassium (K+), and glucose (mini-
mal amount) and consider these needs in the 
daily prescription of infused fluids. Adjustments 
are then made for individual patients when elec-
trolyte values are abnormal. The basic argument 
is that it is not the specific composition of the 
infused solutions that is important but rather the 
effect of the components of the infused fluid on 
the total amount of the substance in the appro-
priate amount of total body water. The volume 
of fluid infusion is usually small compared to 
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overall body water which thus dilutes whatever 
 substance that is infused. Furthermore, the body 
has many regulatory mechanisms that control the 
contents of infused substances, although these 
can fail. A key part of intravenous fluid manage-
ment is thus monitoring the composition of the 
essential components of body water and making 
adjustments to the infused water and the electro-
lytes it contains.

 Volume and the Generation of Blood 
Flow

As emphasized in Chap. 2 (Magder, Volume), 
under normal conditions almost 70% of blood 
volume simply rounds out vessel walls. Only 
approximately 30% of blood volume stretches 
the walls of vessels and produces the elastic 
recoil force that drives blood back to the heart. 
The portion of total blood volume stretching 
vascular walls is called stressed volume. In a 
standard size male, with a total blood volume of 
approximately 5.5  L, stressed volume is in the 
range of 1.3–1.4  L (Magder and De Varennes 
1998). Furthermore, with a hematocrit of 45%, 
plasma volume only is about 3–3.5  L; the rest 
of the blood volume is made up by the mass of 
red cells. A key point is that a volume an intrave-
nous bolus of more than 1–1.5 L is not likely to 
remain in the vascular space because the accom-
panying marked increase in capillary hydrostatic 
pressures will increase fluid filtration out of the 
vasculature (Table 42.1). Furthermore, if the fluid 
were not leaked, it would markedly decrease 
hemoglobin concentration. For example, if the 
total blood volume is 5.5 L, and the hematocrit 
(Hct) is 45%, an increase of plasma volume by 
a fluid infusion of 2 L would decrease the Hct to 
33, a 26% decrease. Assuming a systemic vas-
cular compliance of 150  ml/mmHg, mean sys-
temic filling pressure (MSFP) would go from 9 
to 22 mmHg.

Stressed volume can be increased rapidly 
without the addition of exogenous volume by 
two important mechanisms. Vascular smooth 
muscle in the walls of small veins and venules 
can contract and convert unstressed volume into 

stressed volume and thereby increase MSFP 
(Magder and De Varennes 1998; Deschamps and 
Magder 1992). Shortening vessel circumference 
occurs without a change in the vessel wall com-
pliance and is called a decrease in capacitance 
(Rothe 1983a). In animal studies, up to 18  ml/
kg of unstressed volume can be converted into 
stressed volume (Rothe 1983b), although 10 ml/
kg is likely a more common achievable upper 
value. This recruited volume is directly added 
to the stressed volume component in seconds. 
There are limits to the amount of recruitable vol-
ume, and these reserves frequently are depleted 
in the critically ill. Unfortunately, the unstressed 
reserve cannot be measured in an intact person 
because it does not create a measurable force; the 
reserve only can be predicted by considering the 
patient’s volume history.

A second intrinsic regulator of plasma vol-
ume is the interstitial space (Bhave and Neilson 
2011). This, too, can provide a rapid increase in 
plasma volume. Equally quickly, volume can be 
lost from the plasma space into the interstitial 
space and deplete plasma volume when capillary 
permeability is increased, as is the case in sep-
sis and SIRS, or when albumin is decreased as 
in nephrotic syndrome. To appreciate how large 
and rapid volume shifts can be, consider a patient 
who comes for outpatient dialysis and 4  L are 

Table 42.1 Key clinical points

1.  Na+ maintains water in the body and, consequently, 
fluid balance is really about Na+ balance

2.  Always consider the total amount of Na+ given and 
total body Na+ status and not the actual 
concentration of the fluid given

3.  Monitoring electrolyte concentrations and making 
adjustments to the infused water and its contained 
electrolytes are critical components of intravenous 
fluid management

4.  An infusion of a volume bolus of more than 
1–1.5 L the volume is unlikely to stay in the 
vascular space

5.  Unstressed vascular volume cannot be measured in 
an intact person because it does not create a 
measurable force; the reserve only can be predicted 
by considering the patient’s volume history

6.  Only stressed volume produces the force that drives 
fluid around the circulation

7.  Fluid responsiveness does not indicate fluid need
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ultra-filtrated in 3–4 hours. This volume is greater 
than normal plasma volume, yet the patient can 
get up after dialysis and leave the hospital. The 
normal exchange between the plasma and inter-
stitial spaces is dependent upon adjustment in 
tone of resistance vessels upstream and down-
stream from the capillaries, capillary surface 
area, the permeability of the walls of capillaries, 
the hydrostatic pressure across the walls, differ-
ences in oncotic pressure inside and outside the 
vessel, and the characteristics of the interstitial 
space (Levick and Michel 2010; Michel 1997).

 Clinical Administration of Fluids

 Assessment of Hydration, Na+ Balance, 
and Vascular Volume
Fluid management should start with an assess-
ment of three components of volume status: 
hydration, total body Na+, and intravascular vol-
ume (Table  42.1). Hydration is the simplest to 
assess once the definition of hydration is under-
stood, but this term frequently is misused (Fortes 
et  al. 2015; Hooper et  al. 2015; Gorelick et  al. 
1997; McGee et  al. 1999; Mange et  al. 1997). 
Hydration is defined as the amount of solute 
relative to solvent. In biological systems, the 
solvent always is water. For pragmatic bedside 
management, assessment of hydration is made 
simply by measuring the serum Na+ concentra-
tion, because as discussed in Chap. 10 (Magder, 
Fluid Physiology), Na+ is the major element used 
by the body to regulate volume. If Na+ concen-
tration is elevated relative to the normal refer-
ence value, there is more Na+ than water and the 
patient is dehydrated, whatever the total body 
volume. If Na+ concentration is less than the nor-
mal reference value, the patient is over-hydrated. 
Hydration has nothing to do with intravascular 
volume, interstitial volume, or total body Na+; it 
only indicates the relationship of solute, i.e., Na+, 
to solvent, i.e., water.

The next step is assessment of total body Na+. 
Excess total body Na+ is evaluated by examining 
the patient for edema, ascites, pleural effusions, 
or expanded intravascular volume. If any of these 
are present, all the extra water has approximately 

the same concentration of Na+ as in the serum, 
and thus total body Na+ is elevated. Na+ balance 
is not determined by the concentration of Na+; 
that is hydration. A reduction in total body Na+ 
is harder to assess. A decrease in a patient’s skin 
turgor can help, especially if it is followed seri-
ally (Laron 1957). The best test likely is knowing 
the patient’s volume history and whether there 
has been a process that could have depleted the 
interstitial volume. Of importance, the status of 
interstitial volume does not indicate the status of 
intravascular volume; intravascular volume can 
be normal with either an excess or deficiency of 
extracellular volume.

The third step is assessment of intravascular 
volume, more specifically stressed vascular vol-
ume because that is what stretches vascular wall. 
This usually is what most concerns clinicians 
because of its importance as a determinant of car-
diac output. Unfortunately, there are very limited 
tools to determine the adequacy of intravascular 
volume (Hooper et al. 2015; McGee et al. 1999). 
When intravascular volume is in excess, jugular 
venous pressure should be elevated and pulmo-
nary veins prominent on a chest X-ray, and pos-
sibly, there should be a third heart sound. There 
is not much more to help. The best test for iden-
tifying reduced intravascular volume is a postural 
increase in heart rate and decrease in blood pres-
sure (McGee et al. 1999), but this requires having 
the person sit up with at least their feet over the 
side of the bed, or preferably stand up, which is 
not feasible in most critically ill patients. Neck 
veins should be flat. Heart rate and blood pres-
sure are poor indicators (Hamilton- Davies et al. 
1997). The person might also complain of thirst 
(Vivanti et  al. 2008). Importantly, fluid respon-
siveness does not indicate reduced intravascular 
volume and fluid need (Table 42.1). Fluid respon-
siveness is the normal state, especially in the 
upright posture in which central venous pressure 
usually is below atmospheric pressure.

 Maintenance and Daily Needs
The dominant components of daily mainte-
nance fluids for someone with no oral intake are 
water, Na+, K+, and glucose. All numbers in the 
following discussion are adjusted for a 70  kg 
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male but easily can be scaled up or down based 
on body size (Table 42.2). With at least moder-
ate kidney function, the precise amounts are not 
critical because the kidney will make the fine 
adjustments.

Water Water is lost daily by evaporation from 
the skin, expiration of air that was humidified by 
the upper airway on inspiration, by urine which is 
used to get rid of wastes and regulates the con-
centrations of elements, and normally, by a small 
amount of loss from the gastrointestinal tract. 
Under normal conditions, without excess heat 
stress, high rates of ventilation, and in the absence 
of liquid stool, approximately 400  ml of water 
are lost through the skin and lungs per day in 
what are called insensible losses. With a urine 
output of approximately 60–70  ml/hr, another 
1600  ml is lost, for a total of around 2  L or 
~30 ml/kg in a 70 kg male. In the average patient 
without any oral intake, but functioning kidneys, 
this amounts to approximately 80 ml/hr of water 
per day. The requirement for water frequently 
needs to be adjusted based on hydrations status 
(Moritz and Ayus 2015), which is discussed 
below.

Sodium As already indicated in Chap. 10 
(Magder, Fluid Physiology), Na+ concentration is 
the major regulator of water in the extracellular 
space; K+ plays the same role in the intracellular 
space. However, because Na+ is in the extracel-
lular space, and easily can be absorbed and 
excreted from the body, it has evolved as the 

major determinant of the overall osmolality of 
the body. Thus total body water and total body K+ 
follow total body Na+. The key clinical point is 
that Na+ maintains water in the body and, conse-
quently, fluid balance is really about Na+ balance 
(Table 42.1).

International food guides recommend a daily 
intake of 2.3–3 g of Na+ per day, although most 
people eat a lot more. To put this in perspective, 1 
teaspoon of salt has 2.3 grams (g) of Na+. Grams 
are converted to mEq1 by dividing the of the 
weight in grams by the molecular weight of Na+, 
which is 23, and multiplying by 1000 to convert 
grams to milligram; 2.3 g is thus 100 mEq. An 
intake of 3 g per day equals 130 mEq or close 
to 2 mEq/kg per day (Table 42.2). A 1 liter bag 
of normal saline contains 154  mEq/L so that 
the equivalent of a bag of normal saline gives 
between 18% and 50% more than the daily rec-
ommended Na+. Thus, 80 ml/hr of 0.45% saline 
(“half normal”) provides the daily water need and 
greater than normal need for Na+. Use of a saline 
solution less concentrated than 0.45% can result 
in clinically significant hyponatremia, especially 
in children (Halberthal et al. 2001; McNab 2016). 
If Na+ is especially low, it could cause hemoly-
sis because it is too hypotonic. It is worth not-
ing that the frequently used maintenance fluid of 
100 ml/hr of normal saline gives close to 8.5 g of 
Na+ per day, which is more than three times the 
recommended daily requirement of Na+. It is the 
equivalent of giving a bottle of salted dill pickles 
with the juice!

When over-hydration or dehydration is pres-
ent, the total amount of infused Na+ and water 
needs to be modified by considering to the total 
Na+ balance and total body water. If a patient has 
a marked excess of Na+, as evidenced by edema, 
ascites, or pleural effusions, and is undergoing 
diuresis, daily Na+ intake should be reduced 
accordingly. Limiting Na+ intake is as important 

1 A mole indicates the amount of a substance but what is 
important in chemical reactions is how much the sub-
stance reacts, which is called equivalents. The values are 
close but equivalents are actually measured and the values 
reported in tests. mEq is 1000th of an equivalent.

Table 42.2 Composition of basic fluid needs: daily 
requirements (70 kg man)

Substance Per kg Daily
D5W in ½ NS
At 80 cc/hr

Water 30 ml/kg 2 L 2 L
Na+ <2 meq/kg 140 meq 154 meq
K+ 1.7 meq/kg 120 meq 40 meq
Glucose
(for brain)

100 g 100 g

The per kg and daily numbers are approximations based 
on food guides. This is provided pretty closely by 80 cc/hr 
of 2 L of ½ N saline in 5% dextrose in water (D%W). The 
Na+ is slightly higher and the K+ is much lower but safer 
for continuous infusion
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as giving a diuretic to reduce excess Na+ and to 
create negative Na+ balance (Bihari et al. 2012, 
2013). If edema is present, and Na+ concentra-
tion is elevated, free water still must be given 
to correct the osmolality and allow excretion of 
Na+. If Na+ concentration is low because of a 
water retaining process, it may be necessary to 
use 0.9% normal saline instead 0.45% saline to 
avoid worsening hyponatremia, but in this case 
the infusion should be reduced to ≤30 ml/hr to 
be consistent with daily Na+ need. A diuretic 
also is needed to excrete the excess Na+ because 
the edema indicates that there is excess total 
body Na+; it is just diluted by an even greater 
excess of water. The message is to always con-
sider the total amount of Na+ given and total 
body Na+ status and not the actual concentra-
tion in the given fluid. It also is worth noting 
that the diet of a normal healthy individual is 
always “hyponatremic.” Enteric formula feeds, 
too, given in the 1.8–2 L per day range, usually 
only provide 60–80 mEq of Na+ per day and are 
thus “hyponatremic” solutions. That is the bio-
logical norm.

Potassium The daily requirement of K+ is 4.7 g 
which is close to 120 mEq per day. However, this 
is based on oral intake and functioning regulatory 
systems in the gastrointestinal tract and kidneys. 
It is very risky to give this amount intravenously 
in maintenance fluids in critically ill patients 
because normal renal function is so often com-
promised. A safer amount is 20 mEq/L of mainte-
nance fluid. K+ then can be supplemented either 
orally or intravenously as needed based on the 
serum concentration of K+. Although K+ only is 
about 4 mEq/L in serum, the concentration of K+ 
inside cells is in the range of 120–140  mEq/L, 
and there is twice as much intracellular water 
compared to the extracellular water. There thus is 
at least 60 times more K+ inside than outside 
cells. When major tissue necrosis occurs, the 
large amount of released K+ must pass through 
the extracellular space to be excreted from the 
plasma. This is a major clinical problem when the 
kidneys are not working efficiently.

Chloride There are no specific guidelines for 
intake of Cl−. Intake of Cl− generally follows Na+ 
in the form of NaCl. However, the extracellular 
concentration of Cl− is about 2/3 that of Na+. This 
is accomplished in the body by regulation of Cl− 
intake in the gastrointestinal tract and by renal 
excretion of more Cl− than Na+. There thus needs 
to be a concern about excess Cl− intake when the 
kidneys are not functioning normally and NaCl is 
given intravenously. Although not known, from 
the above discussion it is likely that the amount 
of Cl− given is more important than the concen-
tration of Cl− in the administered solution. 
Accordingly, use of 0.45% saline with only 
77  mEq/L of Na+ and Cl− may not produce as 
large a stress to the system when used for mainte-
nance fluids as 0.9% saline or even lactated 
Ringer’s solution, which has a Cl− concentration 
of 109 mEq/L (Table 42.3) (Magder 2014).

To excrete Cl− in the urine, a strong positive 
ion must be excreted with it to balance its nega-
tive charge and to maintain electrical neutrality 
(Magder and Emami 2015). Since Cl− and Na+ 
usually are absorbed in equal amounts, more Cl− 
needs to be excreted than Na+ to maintain the nor-
mal difference of almost 40 mEq/L in plasma, and 
thus Na+ cannot be the cation to solve this problem. 
The serum concentration of K+ is far too low, and 
H+ has a million-fold lower concentration than Cl− 
so that it cannot perform this role. The problem 
is solved by enzymatic production of ammonium 
(NH3) primarily from the amino acid glutamine in 
renal tubular cells and the subsequent formation 
of the strong cation, NH4

+ (Pitts 1968; Sartorius 
et al. 1949; Weiner and Verlander 2013). There are 
two consequences of this. An enzymatic process is 
needed to make NH3/NH4

+. For this reason, excre-
tion of Cl− is slower than excretion of Na+, which 
can occur rapidly by channels and exchangers. 
When the enzymatic processes for cleaving NH3 
are not active, excretion of Cl− is greatly impaired 
and results in renal tubular acidosis.

Glucose The last major component of daily fluid 
needs is glucose (Table 42.2). The brain derives 
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energy primarily from glucose. It requires in the 
range of 100 g of glucose per day for this pur-
pose. When glucose is not available, the body 
must break down proteins for gluconeogenesis. 
Two liters of 5% dextrose in water satisfies the 
brain’s daily need and can reduce protein break-
down by over 50% (Tredget and Burke 1988; 
Gomez-Izquierdo et al. 2017; Long et al. 1976; 
Schricker et al. 2005). This still leaves a large gap 
for other bodily needs of proteins and glucose 
which must be met by enteral or parental nutri-
tion. Of note, in sepsis, the benefit derived by 
providing glucose does not occur (Long et  al. 
1976). Giving more sugar without the presence 
of appropriate hormones to metabolize it just 
leads to hyperglycemia and water loss by osmotic 
diuresis.

 Use of Fluids for Resuscitation

 Goals
As in any clinical action, it always is essential 
to start by asking: what is the objective of the 
therapeutic action? Volume is given in resuscita-
tion to restore lost reserves and to improve tissue 
perfusion by increasing venous return and conse-
quently cardiac output.

When vascular volume is lost by hemorrhage, 
diarrhea, vomiting, or excess evaporative losses, 
as well as by aggressive diuresis or inadequate 
volume intake, volume reserves in the intersti-
tial space and unstressed volume are recruited 
to restore MSFP.  This occurs by baroreceptor- 
induced activation of sympathetic nerve activity 

which results in contraction of splanchnic veins 
(Deschamps and Magder 1992; Rothe 1983a; 
Caldini et al. 1974; Mitzner and Goldberg 1975) 
in response to the decrease in blood pressure. 
An infusion of exogenous catecholamines, too, 
can recruit these reserves. If sympathetic tone is 
removed, capacitance increases and MSFP again 
falls. Cardiac output and blood pressure then fall 
too. The supply of vascular reserves is limited, 
and when reserves are sufficiently depleted, the 
body can no longer defend itself. Any further loss 
of volume results in a decrease in MSFP, cardiac 
output, and blood pressure. As already noted, 
loss of unstressed volume cannot be measured 
in an intact person and only can be predicted by 
the clinical history. In sepsis, even without an 
actual loss of total volume, capacitance increases 
because of relaxation of the venous vascular 
compartment in the same way that there is arte-
rial vasodilation (Magder and Vanelli 1996). 
This, too, reduces the stressed component of total 
vascular volume and lowers MSFP.  The conse-
quence of a loss of unstressed reserves is greater 
in mechanically ventilated patients because 
recruitment of unstressed volume is required to 
increase MSFP to overcome the increase in pleu-
ral pressure (Nanas and Magder 1992) (Chap. 
18). Thus, a first step in resuscitation is to restore 
reserves in unstressed volume and interstitial vol-
ume. It would be unusual for more than 10 ml/
kg of unstressed volume to be lost due to an 
increase in capacitance, so that no more than 1 
liter of fluid, and likely less, is needed to restore 
this vascular loss. A volume infusion of greater 
than 1 L likely is filling interstitial reserves, but 

Table 42.3 Composition of common intravenous solutions

Normal saline Lactated Ringer Hartman’s Plasma-Lyte-148
Cations Sodium 154 130 131 140

Potassium – 4 5 5
Calcium – 3 4 –
Magnesium – – – 3

Anions Chloride 154 109 111 98
Lactate – 28 29 –
Acetate – – – 27
Gluconate – – – 23
Osmolality 308 274 280 293

All values are mEq/L except osmolality which is mOsm/L
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this is important, too, because it allows a more 
normal autoregulatory adaptation in the microcir-
culation. It also is likely that even an extra 1 L of 
fluid in the large interstitial space will not have 
major negative consequences. I say this with-
out evidence, but anyone who has had a weight 
gain of 1 kg after a meal with a high Na+ content 
has retained 1 L of water with no consequences 
(unless they have congestive heart failure!). Of 
note, although restoration of reserves occurs in 
association with expansion of vascular volume, 
just filling reserves will be not be associated 
with a change in central venous pressure, car-
diac output, or blood pressure and therefore not 
measureable.

The second part of volume resuscitation is 
what most people think of as resuscitation, and 
that is, infusion of volume to increase cardiac 
output and to improve tissue perfusion. The only 
way that volume can do this is by increasing car-
diac output, and thus assessment of a change in 
cardiac output needs to be a major component 
of managing volume resuscitation. It is impor-
tant to appreciate the limit of what volume can 
do to increase cardiac output. To repeat, only the 
stressed component of total blood volume creates 
the force that drives blood around the circulation 
(Table 42.1). In a 70 kg male, stressed volume is 
in the range of 1.3–1.4 L. Even at peak exercise, 
with cardiac output in the 20–25  L/min range, 
stressed volume likely only increases by about 
6 ml/kg. Thus, increasing normal blood volume 
by 500 ml should provide a very large increase 
in MSFP; with a venous compliance of 150 ml/
mmHg, the increase in MSFP would be in the 
order of 6 to 7 mmHg, which is more than 50% 
above the normal value. It is unlikely that volume 
infusions of greater than this amount remain in 
the vasculature because the inevitable increase in 
capillary pressures will increase filtration from 
the vasculature. This especially is a problem in 
patients with distributive shock because they 
usually have increased capillary permeability, 
and the infused fluid is rapidly lost from the vas-
cular compartment. The infused volume likely 
just is keeping up with the losses and actually 
driving increased loses to the interstitial space. 
The decreased arterial resistance in distributive 

shock also means that a greater proportion of 
the arterial pressure is transmitted to capillaries 
(Mellander and Johansson 1968), and increasing 
MSFP by volume infusions means that the down-
stream venous pressure is increased too. Both of 
these factors further increase fluid filtration. Even 
worse, in septic shock the oncotic pressure of 
blood usually is decreased due to loss of albumin, 
and this, too, reduces the forces opposing the 
increased hydrostatic pressure. As discussed in 
Chap. 10 (Magder, Fluid Physiology), the inter-
stitial space normally has a low compliance, and 
because of this, the interstitial pressure quickly 
rises with increased fluid filtration. This decreases 
the hydrostatic pressure gradient for filtration 
and filtration slows. However, with about a 50% 
increase in interstitial volume, and an interstitial 
pressure above 4 mmHg, the interstitial compli-
ance markedly falls and capillary filtration occurs 
much more easily, and then there is a much more 
rapid loss of vascular volume (Bhave and Neilson 
2011). More intravenous fluids are then needed to 
maintain vascular volume and a viscous cycle is 
created. Furthermore, as also discussed in Chap. 
10 (Magder, Fluid Physiology), Na+ distributes 
throughout the whole extracellular space. This 
means that as the extracellular space increases, 
the distribution space for Na+ and other elements 
increase proportionally, and a progressively 
smaller portion of infused crystalloid remains in 
the vascular space. Fluid filtered into the pulmo-
nary interstitial space worsens oxygenation, and 
excessive filtration into the abdominal compart-
ment can produce an abdominal compartment 
syndrome.

There is an important limit to what volume 
can do. Once the flat part of the cardiac function 
curve is reached, further volume loading does 
not increase cardiac output and cannot alter tis-
sue perfusion. The fluid infusion then only raises 
central venous pressure, and the rise in pressure 
congests upstream organs such as the liver, gut, 
and kidney. A critical part of use of fluids for 
resuscitation is recognition of the limit of car-
diac filling and knowing when to stop the giv-
ing volume because more volume only will do 
harm. A simple indication of a volume limited 
right heart is the lack of an inspiratory fall in right 
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atrial pressure with a negative pressure inspira-
tory effort (Magder et al. 1992); similarly this can 
be identified by loss of inspiratory variations of 
the vena cava although primarily with the supe-
rior vena cava which requires transesophageal 
echocardiography (Charron et al. 2006). Another 
approach is to observe the response to a small 
volume bolus, or the equivalent, by lifting the legs 
up and determining whether there is a change in 
cardiac output (Monnet et al. 2006). It is impor-
tant to emphasize that the limit to right ventricu-
lar filling is sharp and in normal persons occurs at 
central venous pressures below 10 mmHg when 
the transducer is leveled at 5 cm below the ster-
nal angle or 12–14  mmHg when leveled at the 
mid-axillary line (Bafaqeeh and Magder 2004). 
Furthermore, although some patients may have 
an increase in cardiac output at higher values of 
central venous pressure, filtration will markedly 
increase with consequent congestion of upstream 
organs and tissues.

These complex interactions seem to create an 
unsolvable problem which sometimes is the case. 
Management requires carefully dosed use of flu-
ids combined with pharmacological therapy to 
restore vascular tone and maintain cardiac func-
tion. A number of studies are currently underway 
that are trying to determine the role of fluids ver-
sus norepinephrine, but it should be clear that just 
indiscriminately giving volume to septic patients 
is not beneficial and likely harmful (Boyd et al. 
2011). An important part of any protocol for fluid 
management in sepsis should include a determi-
nation of whether right heart function is volume 
limited, in which case giving more volume will 
not help and only can do harm.

 What Types of Fluids?

If the loss of volume is due to hemorrhage, the 
obvious resuscitation “fluid” should be blood, 
which most often is packed red blood cells with 
some crystalloid to account for the interstitial 
fluid that was recruited to maintain blood vol-
ume. When blood is not immediately available, 
and arterial pressure is very low, the temptation 
often is to infuse large amounts of other types of 

fluid. This must be avoided and the oxygen deliv-
ery equation must be considered. Oxygen deliv-
ery is the product of cardiac output, hemoglobin 
concentration, and arterial oxygenation (Chap. 
31). Once again, the way that a volume infusion 
corrects hypotension is by increasing cardiac out-
put. An infusion of a non-red cell solutions will 
decrease effective hemoglobin concentration by 
dilution. If the percent decrease in hemoglobin 
concentration is greater than the percent increase 
in cardiac output, O2 delivery will be decreased, 
despite an increase in arterial pressure. Second, 
the limit of the cardiac function curve must be 
remembered because once it is reached, a volume 
infusion cannot increase cardiac output and only 
can dilute the hemoglobin concentration. It thus 
has no place in the management because it only 
can make the patient worse.

 Crystalloid Solutions

The interstitial volume is primarily a crystal-
loid solution, and crystalloids should be used 
for resuscitating this compartment (Table 42.3). 
It is important to avoid increasing the interstitial 
oncotic pressure for this will increase fluid filtra-
tion by decreasing the oncotic pressure gradient 
across the vascular wall.

In distributive shock the equivalent of a crys-
talloid solution leaks from the vascular space 
into the interstitial space. This is due to increased 
vascular permeability and decreased colloid 
osmotic pressure because albumin is consumed 
as an acute phase reactant. Excessive loading of 
vascular volume also can contribute by increas-
ing the capillary hydrostatic pressure. The crys-
talloid options for resuscitation include 0.9% 
isotonic “normal” saline, lactated Ringer’s solu-
tion, or what are called “balanced” salt solutions, 
which have compositions close to that of normal 
serum (Table 42.3). Normal saline is inexpensive 
and readily available and still is the most widely 
used solution. The primary concern with normal 
saline is that it has a Cl− concentration equal to 
that of Na+. When used in large amounts, it cre-
ates a metabolic acidemia. There currently is a 
lot of discussion of how harmful this is and is 
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discussed next (Magder 2014; Kellum and Shaw 
2015; Kellum et al. 1998).

Because of the concerns of hyper-Cl− induced 
acidemia, it has been proposed to use crystalloid 
solutions that have reduced Cl−. Reduction of Cl− 
concentration requires replacing it with another 
anion to maintain electrical neutrality. The most 
common solution is lactated Ringer’s solution 
in which Na+ is reduced to 130 mEq/L and Cl− 
is reduced to 109  mEq/L (Table  42.3). There 
also are 4  mEq/L of K and 1.5  mEq/L of Ca2+ 
and 28 mEq/L of lactate to provide the missing 
anions. The lactate is quickly metabolized to CO2 
and water leaving behind a 28 mEq/L difference 
between positive and negative strong cation com-
pared to zero with normal saline. However, this 
initially still is an acidifying solution because the 
normal strong ion difference is around 40 mEq/L 
(see Chap. 41 acid base). When the lactate is 
metabolized to water and CO2 and the CO2 is blow 
off, the lactate has an alkalinizing effect. This 
solution also is a relatively hyponatremic solu-
tion which reduces the benefit of the lower Cl− 
concentration because what counts for pH is the 
difference between Na+ and Cl− (Traverso et al. 
1986). The hyponatremia of the solution can be 
an issue in patients with excess antidiuretic hor-
mone or salt wasting in neurosurgical patients. 
The Ca2+ in lactated Ringer solution has raised 
concern in patients receiving citrate or blood 
transfusions. Finally, concerns have been raised 
about the presence of K+ in patients with elevated 
K+ or renal failure, but this is not an issue because 
it is the concentration that counts and the K+ in 
lactated Ringer’s is in the normal range and will 
not increase the serum K+ above 4 mEq/L and the 
increase in total body K+ is very modest consid-
ering the very large intracellular amounts of K+. 
If anything, K+ has been found to increase more 
with the use of NaCl likely due to the effect of the 
high Cl− on renal function (O’Malley et al. 2005; 
Khajavi et al. 2008). On the positive side, there 
is evidence that the lactate in lactated Ringer’s 
solution can have an anti- inflammatory effect in 
patients with pancreatitis, but the mechanism is 
not obvious (Wu et al. 2011).

A third approach is to use solutions that are 
designed to match the components of normal 

serum. These are called balanced salt solutions. 
A common one is Plasma-Lyte which has a Na+ 
of 140, Cl− of 98, and Mg2+ of 1.5  mEq/L and 
makes up the anion difference with 23  mEq/L 
gluconate and 27 mEql/L acetate (Table 42.3). It 
may be asked why lactate, gluconate, and acetate 
are used rather than HCO3

− which is the normal 
anion that plays this role in plasma. The reason 
is that HCO3

− is in equilibrium with PCO2 which 
leaches out of plastic bags unless the plastic is 
very thick as is the case for bags used for continu-
ous renal replacement therapy. However, use of 
these would make the bags prohibitively expen-
sive for regular use.

The question arises as to whether the rise in 
serum Cl− concentration is clinically significant 
and is it worth using these other crystalloid solu-
tions. In observational studies on critically ill 
patients, the incidence of renal dysfunction was 
higher with Cl− rich solutions ((Shaw et al. 2012, 
2015; McCluskey et al. 2013; Yunos et al. 2012). 
In other studies, large amounts of saline solutions 
in patients undergoing abdominal surgery were 
associated with slower recovery of bowel func-
tion (Moretti et al. 2003; Chowdhury et al. 2012; 
Chowdhury and Lobo 2011).

More recently there has been a few random-
ized controlled trial which compared balanced 
salt solutions to normal saline for general man-
agement. SPLIT was a double-blind cluster 
randomized cross-over design that was carried 
out in four hospitals in New Zealand (Young 
et  al. 2015). During each block all patients in 
the hospital received either normal saline or 
Plasma- Lyte® for a 7-week periods. The primary 
endpoint was a doubling of serum creatinine or 
a serum level greater than 3.96  mg/dL with an 
increase of ≥0.5 mg/dL from baseline. There was 
no difference between groups, and a larger trial is 
now being conducted, but I would predict that it 
is unlikely to show much difference because the 
amounts of fluid given are not large enough to 
have an effect and there is no stratification by risk 
factors for renal or bowel dysfunction (Kellum 
and Shaw 2015).

The SALT group performed two studies. 
SALT-ED studied patients not admitted to the 
intensive care, whereas SMART studied patients 
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admitted to the intensive care unit. The endpoints 
were different. In SALT-ED, the primary endpoint 
was hospital free days at 28  days; in SMART 
the endpoint was a composite measure of renal 
dysfunction. In SALT-ED use of solutions other 
than saline did not alter hospital stay. There was 
a small decrease in markers of renal dysfunction, 
which was a secondary outcome. In SMART 
there was a significant reduction of markers of 
renal dysfunction. It is important to appreciate 
that these studies were not blinded. Even more 
important was that the protocol required that 
the control patients receive normal saline for 
all intravenous fluid needs. As described above 
under maintenance fluids, use of only normal 
saline at the rates used would have resulted in a 
marked excess of Na+ as well as Cl− and proto-
col essentially forced clinicians to continue using 
a Cl− rich solution even when Cl− was elevated. 
These studies thus may be more of an indication 
of the need to monitor Cl− use, as well as Na+ use 
and make intelligent individualized decisions at 
the bedside rather than indicating that these solu-
tions should always be used.

From my perspective, it seems that the conse-
quences of Cl− are minimal in most people when 
the volumes of normal saline are ≤2 L, but the 
risk likely is greater in those that have a reduced 
capacity to excrete Cl− such as patients with 
renal dysfunction from diabetes or hypertension. 
Patients receiving very large amounts of normal 
saline likely also are at greater risk because of the 
size of the Cl− load. Perhaps the evidence would 
be clearer if just these higher-risk patients were 
studied in randomized trials. The kidney and the 
gut all are particularly at risk because the excess 
Cl− must pass through their walls to be excreted. 
It has been noted in an editorial by Kellum and 
Shaw that greatest risk from the elevated Cl− and 
consequent acidemia is that it induces inappro-
priate clinical responses because the clinicians 
do not appreciate that only the Cl− is producing 
the acidemia and there is nothing more sinister 
(Kellum and Shaw 2015).

When patients have had a high Cl− load, and 
a significant acidemia, an approach to reduc-
ing Cl− concentration is to make a solution with 
NaHCO3 in dextrose and water. The HCO3

− com-

ponent is in equilibrium with CO2, and as long as 
there is spontaneous ventilation, the brain regu-
lates CO2, and the HCO3

− is blown off leaving 
the Na+ to widen the strong ion difference and to 
be excreted with the Cl− and to restore the normal 
Na+ Cl− difference.

 Colloids

In patients who have increased capillary filtration, 
preserving or even increasing colloid osmotic 
pressure is of major interest so as to try to main-
tain intravascular volume. The hope is that these 
substances stay in the vasculature and do not leak 
out. This can be done with the body’s natural pri-
mary colloid, albumin, or with synthetic colloids.

Albumin comes in two general forms: 4 or 5% 
solutions that have an oncotic pressure close to 
that of normal plasma or in concentrated solu-
tions of 20 or 25% that are hyperoncotic relative 
to normal plasma. The solvents are either normal 
saline or another crystalloid including balanced 
salt solutions. As discussed in Chap. 10 (Magder, 
Fluid Physiology), the hemodynamic actions of 
5% and 25% are very different and should not 
be lumped together. The 5% solution expands 
intravascular volume, whereas the 25% solu-
tion increases plasma oncotic pressure and either 
reduces capillary filtration or actually draws fluid 
from the interstitial space back into the vascula-
ture. Despite an initial meta-analysis that indi-
cated major harm (Offringa 1998), albumin has 
been shown to be safe (Finfer et al. 2004), except 
in patients with head trauma (Myburgh et  al. 
2007), and it is not associated with renal injury. 
The hyper-oncotic form of albumin has been 
shown to be especially useful in patients who 
have cirrhosis and spontaneous bacterial peritoni-
tis (Sort et al. 1999). This study was designed to 
determine if giving albumin would reduce renal 
failure but ended up demonstrating a reduction 
in mortality. In also has been shown that addition 
of doses of hyper-oncotic albumin to a continu-
ous intravenous infusion of furosemide in volume 
overloaded patients with acute respiratory distress 
syndrome reduced time on the ventilator (Martin 
et al. 2005).
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There also are a number of synthetic colloids 
including dextrans, gelatins, and starches. The 
primary ones that are still used, but to a much 
smaller extent than previously, are hydroxyethyl 
starches. These come in many molecular sizes, 
concentrations, and with many differences in 
the substitutions of the glucose molecules which 
have significant impacts on their actions (Treib 
et al. 1999), but these differences will not be dis-
cussed here. An important limitation to their use 
is that they can cause renal injury and increase 
bleeding if used inappropriately. They also are 
associated with pruritus post use (Myburgh et al. 
2012). Three large randomized trials in sep-
tic patients have shown that they cause harm or 
at least no mortality benefit, and their use has 
greatly decreased (Perner et  al. 2012; Myburgh 
et al. 2012; Brunkhorst et al. 2008). The reputa-
tion of starches also was sullied by the falsifica-
tion of data by a major investigator in the field 
(Wiedermann and Joannidis 2018). However, 
there has been an important misleading com-
ponent to this story in the literature. The three 
large studies that showed harm were all in septic 
patients who have a large capillary leak compo-
nent (Perner et  al. 2012; Myburgh et  al. 2012; 
Brunkhorst et al. 2008). The quantities of starch 
given were very large. In the study that showed 
the greatest harm, the fifth quintile group received 
250 ml/kg. This works out to 17 L in a 70 kg male 
(Brunkhorst et  al. 2008)! Since the rational for 
use of a starch is to give something that will stay 
the vasculature, and stressed volume normally 
only is about 1.3–1.5 L, clearly these solutions at 
high volumes are not staying in the vasculature. 
Likely, only a maximum of 1 L should be used to 
avoid harm and maximize benefit. These starch 
studies all were done with septic patients, most 
likely because septic patients have a high enough 
mortality to allow for sufficient power to identify 
a change in deaths, which is a hard endpoint, and 
produce a higher profile publication. However, 
this also produced an important publication bias 
because the potential for harm is greater in septic 
patients. Septic patients have increased vascular 
leak, and it is more likely that the starch would 
leak into the interstitial space. The more effec-
tive increase in vascular pressure would actually 

increase filtration. As these studies have shown, 
there is no value for use of starch solutions in 
patients with distributive shock. Thus, these large 
trials do not inform us on the use of starches in 
non-septic patients. It would have made far more 
sense to study routine operative patients with 
intact capillary function and who require smaller 
amounts of volume. However, these patients have 
a low mortality, which makes it difficult to find a 
hard clinical endpoint to demonstrate a convinc-
ing benefit.

A pilot, randomized, double-blind, nurse- 
driven study in patients following cardiac sur-
gery found that use of a pentastarch reduced use 
of catecholamines the morning after surgery by 
over 60% with no increase in bleeding and no 
difference in renal function between treated and 
non- treated patients (Magder et  al. 2010). Of 
importance, in the study, the amount of the starch 
solution was limited to 1 L, and fluid was given 
based on a strict flow-directed protocol in which 
more fluid was not given if a previous bolus 
failed to increase measured cardiac output. Half 
the subjects only required a total of 500 ml of the 
colloid. There are little other randomized trials of 
adequate size in non-septic subjects.

 Managing Hydration Status

Osmolality of body solutions normally is tightly 
regulated because it needs to be relatively constant 
to avoid swelling or shrinking of cells. This is 
reflected in the state of hydration, which is defined 
as the relationship of amount of solute to the 
amount of solvent, which is water. As previously 
indicated, Na+ is the primary solute used by the 
body to regulate normal osmolality. Thus, devia-
tions of Na+ concentration from the normal value 
indicate a deviation in the hydration state and need 
to be corrected. However, abnormalities in Na+ 
concentration should not be corrected too quickly 
because this can lead to cell damage, especially 
in the delicate neurons in the midbrain that are 
involved in regulating osmolality (Ayus et al. 1987; 
Adrogué and Madias 2000). The recommended 
rate of change is not more than 0.5 mEq per hour 
unless there are severe  consequences from the dis-
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order such as seizures in which case the value can 
be lowered by 1–2 mEq/ h for 2–3 hours.

For someone who is hypernatremic and has 
a functioning gastrointestinal tract, the simplest 
approach is to give pure water enterally, which 
could be by the patient drinking water, but more 
often through a gastric tube. If the enteral route 
cannot be used, the situation is more complicated. 
Infusion of a solution of 5% dextrose in water 
does not work in most patients because they 
become hyperglycemic, and once blood sugar is 
above 10 mmol/L, the kidney starts to spill the 
sugar, which increases water loss and further 
dehydrates the patient. Insulin can be added to 
control the blood glucose, but in practice this is 
hard to regulate. A better approach is to give ½ 
normal saline with a diuretic such as furosemide 
to maintain a diuresis. This is slower than giv-
ing oral water but will gradually correct the Na+ 
concentration. Whichever therapeutic approach 
is used, the patient most often will have a posi-
tive fluid balance, but it needs to be appreciated 
that the water is only correcting the Na+ concen-
tration. If it is considered that total body Na+ is 
in excess, a diuretic should be given to produce a 
natriuresis to lower total body Na+.

For someone who has a Na+ concentration 
lower than normal, the first question should be: Is 
Na+ concentration low because of too much water 
or is it low due to too little Na+? If the patient is 
thought to be total body Na+ depleted, the deficit 
in Na+ should be corrected with boluses of saline, 
and the maintenance fluid should be changed 
to normal saline instead of half-normal saline. 
However, the amount of Na+ should be based on 
daily needs. If the patient is hyponatremic, but 
has signs of increased total body Na+ as indicated 
by the presence of edema or fluid collections 
in the pleural or abdominal spaces, the primary 
approach is to restrict free water, both orally and 
in all intravenous solutions. Unless Na+ con-
centration is critically low, hypertonic solutions 
should be avoided because there already is an 
excess of Na+ in the body and especially if the 
patient has central nervous symptoms. In that 
case, a hypertonic solution of Na+ is required and, 
again, administered carefully to avoid too rapid a 
correction.

 Summary

The major points covered in this review are that 
the total amount of Na+ in the body dictates the 
amount of water in the body. Fluid balance thus 
is about Na+ balance. Elements such as Na+ K+ 
and Cl− only can be absorbed or excreted, and 
thus intake and output of Na+ in particular need 
to be followed. It is important to consider the 
fluid reserves in unstressed vascular volume and 
in interstitial space when planning fluid manage-
ment; they often need to be repleted. All fluid- 
filled compartments are connected in a dynamic 
equilibrium so that movement of fluids and elec-
trolytes across all spaces need to be considered 
when managing fluid balance. It is important to 
distinguish between the concentration and the 
total amount of substances. Finally, responses 
to fluid boluses only can be in the realm of the 
physiologically possible.
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Identifying and Applying Best 
PEEP in Ventilated Critically Ill 
Patients
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and Laurent J. Brochard

 Introduction

Positive end-expiratory pressure (PEEP) is an 
essential, life-saving component of the manage-
ment of acute respiratory distress syndrome 
(ARDS). In their first description of ARDS, 
Ashbaugh and colleagues in 1967 reported the 
benefits of positive end-expiratory pressure 
(PEEP) on oxygenation in patients with refrac-
tory hypoxemia (Ashbaugh et  al. 1967). PEEP 
can improve oxygenation through alveolar 
recruitment (Falke et  al. 1972) and can reduce 
atelectrauma (Webb and Tierney 1974), but it can 

also generate adverse events such as barotrauma 
(subcutaneous emphysema or pneumothorax) 
(Kumar et al. 1970), increase dead space (Suter 
et al. 1975), or increase right heart load and cause 
acute cor pulmonale (Mekontso Dessap et  al. 
2016). According to the current American and 
European guidelines, PEEP should be set at high 
rather than low values in patients with moderate 
to severe ARDS (Fan et  al. 2017). PEEP is 
undoubtedly life-saving in ARDS as demon-
strated in experimental studies, and all recom-
mendations indicate that PEEP should be used in 
(all) patients with ARDS.  Remarkably, PEEP 
also has been consistently shown to protect 
against ventilator-induced lung injury (Dreyfuss 
et al. 1988; Tremblay et al. 1997). However, after 
many years of experimental and clinical research, 
the best method to set PEEP is still debated, how-
ever, and different strategies have been tested to 
set PEEP based on a balance between alveolar 
recruitment and overdistension.

The lungs in patients with acute respiratory 
distress syndrome (ARDS) can be considered as 
having three compartments from non-dependent 
to dependent lung regions in a gravitational direc-
tion: aerated lung available for ventilation, also 
classically referred to as the baby lung; recruit-
able lung regions that are collapsed during expi-
ration, but potentially can be reopened during 
expiration with PEEP; and non-recruitable lung 
regions that do not even with high PEEP 
(Fig. 43.1). In the next section, we will discuss 
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how best to describe the relative magnitude of 
these three compartments.

 Classical Methods to Set PEEP: 
Compliance and PEEP-FiO2 Tables

 The Best Respiratory System 
Compliance

One of the first methods proposed to set PEEP 
was based on the compliance of the respiratory 
system (Suter et  al. 1975). The static compli-
ance of the respiratory system (Crs) can be cal-
culated at the bedside as follows: 

Tidal volume

Plateau pressure total PEEP−
.
 

It can also be
 

measured using a low-flow inflation pressure–
volume (PV) curve which shows the evolution of 
the quasistatic elastic pressure of the respiratory 
system (corresponding to the alveolar pressure 
when airways are open) over volume. Importantly, 
Crs is not linear throughout all lung volumes but 
rather has a sigmoid shape. Indeed, at low pres-
sure and low volume, Crs is low and the slope is 
flat until pressure reaches a so-called “lower 

inflection point”. Crs then increases abruptly 
with a steep slope until pressure reaches an 
“upper inflection point” at which Crs again 
decreases. The “lower inflection point” was ini-
tially thought to indicate the opening pressure of 
compressed alveoli. Therefore, setting PEEP 
above this point, i.e., in the steeper part of the 
slope where the compliance is higher, was pro-
posed to avoid repeated opening and closure of 
alveoli and to decrease ventilator-induced lung 
injury. We will see later in this chapter that this 
interpretation is now debated (see airway 
closure).

In 1975, Suter and colleagues found that the 
PEEP associated with the best oxygen transport 
(necessitating measurement of cardiac output) 
coincided with the best Crs (Suter et  al. 1975). 
PEEP set according to the best Crs was associ-
ated with better oxygenation and better Crs as 
compared to conventional ventilation settings in 
the 1990s (Amato et al. 1995). Different studies 
used a somewhat similar approach to set PEEP, 
and clinical trials found lower risk for baro-
trauma, shorter duration of mechanical ventila-
tion, and better survival (Villar et al. 2006; Amato 
et al. 1998). However, the precise way PEEP was 
set was not always the same, and more impor-

ARDS: 3 compartments

C = VT / DP

Baby Lung

Recruitable
Lung

Non
Recruitable
Lung

Fig. 43.1 Three compartments of lung regions in 
ARDS.  Typically, ARDS has three compartments from 
non-dependent to dependent lung regions in a gravita-
tional direction: the aerated lung is available for ventila-
tion, i.e., the baby lung, the recruitable lung regions are 
usually collapsed/partially aerated during expiration, but 
can be potentially be reopened during expiration with 

PEEP, and non-recruitable lung regions where the lung is 
hardly recruited with any PEEP. Compliance of the two 
lungs is like springs attached in series, and the relative 
“stiffness” of each part will explain the distribution of 
ventilation when PEEP is increased. Abbreviations: 
ARDS acute respiratory distress syndrome, PEEP positive 
end-expiratory pressure
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tantly, these studies tested multiple interventions, 
making difficult to know what was the specific 
effect of PEEP. Since then, a number of impor-
tant physiological points have been raised cau-
tioning the use of Crs to titrate PEEP.  This 
includes intratidal recruitment influencing the 
value of Crs (Jonson et al. 1999) and the recent 
description of airway closure as described later in 
this chapter (Chen et  al. 2018). In addition, a 
recent large randomized trial reported higher 
mortality when a high PEEP was set according to 
the best Crs compared to a lower PEEP strategy 
(Writing Group for the Alveolar Recruitment for 
Acute Respiratory Distress Syndrome Trial I 
et al. 2017).

It is important to move away from a simplistic 
view of Crs. First, the belief that recruitment did 
not occur above the “lower inflection point” of 
the PV curve (Maggiore et al. 2001) is not true, as 
alveolar recruitment occurs above this threshold 
along the whole PV curve. Second, Crs varies 
with PEEP but also varies with tidal volume 
(Suter et al. 1978). In some positive trials, tidal 
volume was lower in the best Crs arm than in the 
conventional ventilation arm (Amato et al. 1995, 
1998; Villar et  al. 2006). As low tidal volume 
ventilation is associated with better outcomes 
than large tidal volume ventilation (ARDSnet 
2000), it is not clear whether benefits reported 
depended on the PEEP level or the low tidal vol-
ume ventilation. Third, the best Crs may be asso-
ciated with tidal hyperinflation and may lead to 
alveolar overdistension, consequently increasing 
lung injury (McKown et al. 2018). Fourth, intra-
tidal recruitment “improves” compliance by add-
ing “infinite” compliance values of newly 
recruited values during the insufflation. If tidal 
recruitment must be avoided, then the best Crs 
may be very misleading. For example, ventilating 
a patient at zero end-expiratory pressure may 
achieve the highest tidal compliance due to a 
large amount of ongoing tidal recruitment during 
the insufflation (Jonson et  al. 1999; Hickling 
1998, 2001). Last, Crs may be influenced by the 
chest wall. In the current era of low tidal volume 
ventilation, setting PEEP according to the best 
Crs does not seem to be an ideal strategy. 
However, some of the problems discussed can be 

mitigated by ensuring that the improvement in 
compliance is not due to overdistention and by 
ensuring that it is not due to opening airways. 
Combination with EIT, which is discussed below, 
could serve this purpose.

 PEEP-FiO2 Tables and EXPRESS 
Approach

The PEEP-FiO2 table was initially designed as a 
compromise between the harmful effects of high 
FiO2 (Nash et al. 1967) and high PEEP. It allows 
keeping PEEP in a low range as long as FiO2 is 
below 60%, and increasing PEEP when FiO2 
requirements are higher. PEEP and FiO2 are both 
adjusted to maintain adequate oxygenation 
(ARDSnet 2000). PEEP-FiO2 tables were pro-
posed as a way to standardize PEEP settings in 
clinical trials (Brower et al. 2004). A high PEEP- 
FiO2 table was created to try to limit atelectrauma 
(Brower et  al. 2004; Meade et  al. 2008). 
Interestingly, PEEP levels from the high PEEP- 
FiO2 table have been found to increase according 
to ARDS severity (Chiumello et  al. 2014) and 
recently were found to be very similar to values 
that were required to reach a positive esophageal 
pressure at end-expiration (Beitler et  al. 2019). 
Although high PEEP-FiO2 tables were associated 
with better oxygenation than the low PEEP-FiO2 
table, duration of ventilation and mortality rates 
were not found to be improved in trials using this 
approach to set PEEP (Brower et al. 2004; Meade 
et  al. 2008). A rationale for this table can be 
found in the fact that there is some relationship 
between oxygenation and recruitment (Maggiore 
et  al. 2001; Ranieri et  al. 1991). An important 
limitation of the PEEP-FiO2 table approach is 
that it does not take into account the interaction 
of the response to PEEP and oxygenation: i.e., an 
unresponsive patient (potentially non recruitable) 
will receive higher PEEP. Response to PEEP in 
terms of oxygenation seems, however, to predict 
a favorable response to high PEEP in terms of 
outcome (Goligher et al. 2014). An improvement 
of PaO2/FiO2  >  25  mmHg after an increase in 
PEEP among patients with baseline PaO2/
FiO2 ≤  150  mmHg was associated with better 
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survival in a post-hoc analysis of two PEEP  trials, 
and this could potentially guide high or low PEEP 
setting (Goligher et al. 2014).

Oxygenation is influenced by lung recruitabil-
ity but also can be greatly modified by changes in 
cardiac output induced by PEEP and/or by a pat-
ent foramen ovale with intracardiac shunting, 
which is present in 20% of the patients (Suter 
et  al. 1975; Dantzker et  al. 1980; Mekontso 
Dessap et  al. 2010). Also important is that the 
link between oxygenation and VILI/mortality is 
not unidirectional. In large randomized con-
trolled trials, groups using more aggressive venti-
lation strategies can have better oxygenation with 
worse outcome (Writing Group for the Alveolar 
Recruitment for Acute Respiratory Distress 
Syndrome Trial I et al. 2017; ARDSnet 2000).

Another approach has been proposed in the 
EXPRESS study, setting PEEP independently of 
oxygenation (Mercat et  al. 2008). In order to 
“safely” maximize recruitment, PEEP was 
adjusted based on airway pressure and was kept 
as high as possible without increasing the maxi-
mal inspiratory plateau pressure above 
28–30 cmH2O, a value shown to limit the risk of 
distension-related lung injury. PEEP was there-
fore individually titrated based on plateau pres-
sure, regardless of its effect on oxygenation, 
which makes this method very simple to use at 
the bedside. The EXPRESS approach was shown 
to be associated with improved ventilator and 
organ-failure free days but did not alter 
mortality.

Finally, none of the RCTs that have compared 
high PEEP versus low PEEP with all these differ-
ent methods have been able to demonstrate a 
mortality benefit (Brower et  al. 2004; Meade 
et al. 2008; Mercat et al. 2008). This absence of a 
difference in survival across the RCTs testing 
two PEEP strategies may be explained by inclu-
sion of patients who have varying degree of 
hypoxemia in the above-mentioned trials but hav-
ing different needs for PEEP (Brower et al. 2004; 
Meade et al. 2008). In an individual-patient data 
meta-analysis including the first three trials com-
paring high to low PEEP (Brower et  al. 2004; 
Meade et al. 2008; Mercat et al. 2008), outcomes 
differed according to baseline hypoxemia (Briel 

et  al. 2010). Only patients with a PaO2/
FiO2  ≤  200  mmHg had shorter duration of 
mechanical ventilation and lower mortality (in 
the range of 5% absolute difference) with higher 
than lower PEEP, whereas those with a PaO2/
FiO2  >  200  mmHg had longer duration of 
mechanical ventilation with higher PEEP (Briel 
et  al. 2010). Importantly, none of the above- 
mentioned trials considered lung recruitability. 
Indeed, whereas high PEEP can increase oxygen-
ation and Crs in recruitable patients, oxygenation 
remained unchanged and Crs decreased in non- 
recruiters (Grasso et al. 2005). Unfortunately, the 
bedside reference method to assess recruitability 
remains to be determined, as discussed below. A 
more recent large multicenter trial found a worse 
outcome with use of high PEEP (Writing Group 
for the Alveolar Recruitment for Acute 
Respiratory Distress Syndrome Trial I et  al. 
2017). Four important points are worth noticed 
about this trial: (1) the low PEEP arm used values 
close to the high PEEP arm in other trials; the 
high PEEP arm was thus substantially higher 
than in other trials; (2) the use of aggressive 
recruitment maneuvers in the high PEEP arm was 
significantly associated with side effects, which 
may have contributed to a worse outcome; (3) the 
PEEP titration of the high arm was based on the 
best Crs (or lowest driving pressure), which, as 
we mentioned, may be misleading; (4) there was 
no control of patient-ventilator asynchrony, 
which may have introduced noise in the results, 
especially at high PEEP.

 Airway Closure: A Major Confounding 
Factor

As mentioned above, it may be important to 
understand the phenomenon of airway closure in 
ARDS because (1) it has been the source of 
errors in calculations of respiratory mechanics 
(Crs, driving pressure, etc.), and (2) it should be 
part of the measurements required to set PEEP. In 
a seminal study by Muscedere et al. in the 1990s, 
significant injury of small airways and alveoli 
was found when PEEP was set at lower than the 
so- called “lower inflection point” (Muscedere 
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et al. 1994). These injuries, in excised rat lungs 
 without the effect of perfusion, were interpreted 
as a consequence of repeated opening and clo-
sure of airways and alveoli during tidal breaths 
at low PEEP (≤4 cmH2O). This study also 
showed that applying a PEEP above the “lower 
inflection point” greatly reduced lung injuries. 
The presence of small airway injury and alveolar 
injury was confirmed by autopsy in ARDS 
patients who were ventilated at clinical PEEP 
level (~ 11 cmH2O) (Rouby et al. 1993; Morales 
et  al. 2011). Setting a PEEP slightly above the 
“lower inflection point” to reopen small airways 
and alveoli was then proposed as the “open lung” 
strategy by Amato et  al. in the mid of 1990s 
(Amato et al. 1995, 1998). The challenges were 
recognized soon. Firstly, the so-called “lower 
inflection point” could not be identified in many 
ARDS patients (Vieira et al. 1999), and a subjec-
tive definition frequently was used (Harris et al. 
2000; Gattinoni et al. 1987). Secondly, as men-
tioned earlier, alveolar recruitment “continues” 
above the “lower inflection point” (Jonson et al. 
1999). These findings, along with concerns 
about risk of overdistension, probably encum-
bered the application of the “open lung” 
strategy.

Recently, to our surprise, we found that 
approximately one-third of ARDS patients pres-
ent a complete airway closure requiring an air-
way opening pressure (AOP) greater than 5 
cmH2O, which was previously misinterpreted as 
“lower inflection point”. An example is given on 
Fig.  43.2. The average AOP was around 13 
cmH2O (Chen et al. 2018). We showed that the 
pressure volume behavior was explained by a 
complete occlusion of the airways, based on 
three findings: (1) the initial part of the low-flow 
(5  L/min) pressure-volume (P-V) curve (i.e., 
before reaching the AOP) in these patients was 
entirely superimposed with a P-V curve of a 
blocked ventilator circuit; (2) the absence of 
fluctuation at the initial part of P-V curve indi-
cates a lack of communication with alveoli 
(Fig. 43.2); (3) the esophageal pressure (a sur-
rogate of pleural pressure) at the initial part of 
P-V curve did not rise when airway pressure 
increased dramatically (Chen et  al. 2018). In 

addition, chest X-ray or computer tomography 
(CT) had shown that these patients still have 
“baby lung” which remained aerated below this 
pressure level. A question unresolved is the site 
of this complete airway closure. In healthy sub-
jects, airway closure occurs in small airways in 
which cartilage is absent (during a forced expi-
ration to reach residual volume, small airways 
diffusely close preventing a complete empty of 
lungs). In patients with ARDS, functional resid-
ual capacity can be remarkably reduced. Two 
potential mechanisms can facilitate diffuse air-
way closure in small airways. First, both alveoli 
and airways can be flooded by liquid with less 
functional surfactant. The surface tension 
increases, promoting the formation of liquid 
plugs in small airways (based on the Laplace 
Law). Indeed, a recent analysis showed that air-
way closure was associated with surfactant 
depletion (Coudroy et al. 2018). Second, pleural 
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Fig. 43.2 Airway closure and lower inflection point in 
P-V curve. Complete airway closure and AOP at the air-
way P-V curve. A low-flow (5 L/min) inflation was per-
formed to minimize the resistive pressure. In this case, the 
airway pressure represents the elastic pressure. The blue 
line is the P-V curve obtained in a patient, whereas the red 
line is the P-V curve obtained in a blocked circuit. The 
initial part of patient’s P-V curve completely superim-
posed with the circuit P-V curve and does not have any 
fluctuation. This suggests a complete occlusion of air-
ways. When airway pressure exceeded about 20 cmH2O, 
the lungs started to inflate with the presence of fluctua-
tions. AOP is identified as the elastic airway pressure at 
which gas volume delivered to a patient became 4  mL 
greater than the volume compressed in an occluded cir-
cuit, and 1 cmH2O greater than PEEP. Abbreviations: AOP 
airway opening pressure, P-V curve pressure-volume 
curve, PEEP positive end-expiratory pressure
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pressure can be increased due to increased intra-
abdominal pressure for instance, leading to lung 
compression. Therefore, it is likely, but not yet 
conclusively proven, that the complete airway 
closure occurs in small airways. Setting PEEP 
above the AOP can eliminate this phenomenon. 
Several studies confirmed the high prevalence 
of complete airway closure (Coudroy et  al. 
2018; Yonis et  al. 2018), which might explain 
the observations of the diffuse bronchiolar 
injury found in ARDS as aforementioned. The 
detection of airway closure is thus potentially 
important for reducing the repeated airway clo-
sure and reopening for each individual patient. 
Moreover, identifying airway closure is also 
important for respiratory mechanics measure-
ments. For example, estimating alveolar pres-
sure from airway pressure would be misleading 
when airway closure blocks the communication 
between alveoli and airway opening. 
Measurement of AOP at the bedside only 
requires performing a low-flow inflation maneu-
ver (i.e., use volume control mode with constant 
flow at 5 L/min) at 0–5 cmH2O of PEEP. One 
can then identify AOP from either the P-V curve 
(Fig.  43.1) or from pressure-time curve dis-
played on the ventilator by comparing with cir-
cuit compliance (see our video demonstration at 
https://rec.coemv.ca).

 Esophageal Manometry

 Estimating Transpulmonary Pressure 
with Esophageal Pressure

Esophageal pressure manometry has been shown 
to be useful for more than 50 years of research. A 
clinical application of esophageal pressure 
manometry is estimation of pleural pressure (Ppl) 
and using it to calculate transpulmonary pressure 
(PL), which is the distending pressure of the 
lungs. Esophageal pressure manometry is thus 
the reference technique to estimate the distending 
pressure of the lung at the bedside.

During positive-pressure mechanical ventila-
tion (i.e., no active spontaneous effort), pressure 
applied to the respiratory system by a ventilator 

both inflates the lung and moves the chest wall. 
The lung distending pressure, i.e., transpulmo-
nary pressure or PL, is calculated as follows:

 
P P PL aw pl� �

 
Two different methods have been proposed to 

estimate Ppl and thus PL: by it with use of directly 
measured esophageal pressure (Pes) (Talmor et al. 
2008) or y using the product of the airway pla-
teau pressure and the elastance ratio of chest wall 
to respiratory system (Chiumello et  al. 2014; 
Staffieri et  al. 2012). The latter technique does 
not directly use the absolute value of Pes but only 
the relative changes (elastance and ratio of elas-
tances). Both techniques are thus derived from 
esophageal pressure manometry, but it was 
recently shown that they do not measure the same 
thing.

 Guiding PEEP with Esophageal 
Pressure

 1. Absolute esophageal pressure

The lung collapse predominantly occurs in 
dependent lung along a gravitational direction 
(when supine), and the dependent collapsed lung 
contributes to intrapulmonary shunting and poor 
oxygenation. PEEP theoretically maintains posi-
tive transpulmonary lung distending pressure, 
i.e., PEEP minus Ppl, which should minimize col-
lapse in dependent regions.

The first method is based on the measured 
“absolute” value of Pes (Talmor et al. 2008). This 
method has an assumption that absolute Pes per se 
is used as a surrogate of Ppl and that PL then is 
directly calculated as follows:

 P P PL aw es= – .  

Using this measurement, PEEP can be simply 
titrated to make PL positive. Indeed, patients with 
ARDS exhibit high values of Pes at end expira-
tion, and values higher than PEEP are likely to be 
associated with persisting lung collapse. 
However, in a heterogeneous, injured lung, a 
large vertical gradient of Ppl (i.e., higher Ppl in 
more dependent lung) exists (Pelosi et al. 2001; 
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Yoshida et al. 2018). It was recently shown that if 
properly calibrated (i.e., minimal non-stressed 
volume), the absolute Pes accurately reflects local 
Ppl in the middle to dependent lung regions, adja-
cent to the esophageal balloon, independently of 
the mediastinal structures (Yoshida et al. 2018). 
Since collapse usually predominates in the mid to 
dependent lung regions in ARDS, setting PEEP 
using expiratory absolute Pes to prevent depen-
dent lung collapse is theoretically reasonable. A 
clinical trial (small, single-center) showed that 
setting PEEP to maintain a positive value of PL 
with esophageal pressure manometry had physi-
ological benefits in patients with ARDS (Talmor 
et al. 2008), but a larger multicenter phase 2 study 
showed no superiority of setting PEEP with 
esophageal pressure manometry over empirical 
PEEP setting according to high PEEP/FiO2 table. 
Again, the lack of assessment of recruitability 
may be an important limitation of this appealing 
technique used alone.

 2. Elastance Ratio of Chest Wall to Respiratory 
System

A second use of the esophageal pressure is 
based on the calculation of the elastance ratio of 
chest wall to respiratory system (Staffieri et  al. 
2012). This method has two assumptions: (1) the 
ratio of lung elastance to respiratory system elas-
tance (EL/ERS) determines the fraction of airway 
driving pressure consumed to inflate lung and (2) 
Ppl is zero at functional residual capacity. At 
functional residual capacity, lung is neither 
expanding nor collapsing, and thus PL must be 
zero: since Paw is zero, Ppl must be zero for PL 
being zero. Thus, PL is calculated as follows:

PL = Paw ×  [EL/ERS], and this method can be 
used to calculate the “lung plateau” pressure.

A recent study revealed that PL calculated 
from elastance ratio can serve as a good surrogate 
for inspiratory PL in the non-dependent lung 
regions where the lung is most vulnerable to 
ventilator- induced lung injury (Yoshida et  al. 
2018). This happens because the assumptions are 
true only in these regions, considering Ppl in non- 
dependent lung (but not in other lung regions) 
was the closest to zero at low PEEP levels (close 

to functional residual capacity). Thus, PEEP can 
be elevated until inspiratory PL calculated from 
elastance ratio (i.e., inspiratory PL in non- 
dependent lung) reaches a physiological limit 
around 25 cmH2O.  In a cohort study, setting 
PEEP with PL calculated from elastance ratio 
resulted in better oxygenation and avoided esca-
lation of care from conventional mechanical ven-
tilation to ECMO (Grasso et al. 2012).

 Electrical Impedance Tomography

 Guiding PEEP with EIT

Electrical impedance tomography (EIT) is a non- 
invasive, radiation-free monitoring tool that 
enables real-time, cross-sectional imaging of 
tidal ventilation at the bedside. Reconstructed 
EIT images represent relative impedance changes 
for each pixel (delta Z), compared to a convenient 
reference value taken at the beginning of data 
acquisition. The majority of impedance changes 
in a thorax is caused by an increase/decrease in 
intrapulmonary gas volume so that EIT is a 
proper tool to evaluate the distribution of 
ventilation.

 Decremental PEEP Steps

Delta Z in a region of interest represents regional 
tidal volume during tidal breaths, and therefore, 
regional (pixel) compliance can be measured in 
EIT as delta Z/driving pressure, assuming that 
driving pressure is equally distributed in the lung. 
By using regional compliance calculated with 
EIT, the amount of collapsed lung (and overdis-
tension) can be assessed at the bedside.

During decremental PEEP step following lung 
recruitment (e.g., PEEP 24 cmH2O to 4 cmH2O), 
lung collapse can be estimated by comparing 
regional (pixel) compliance at different PEEP 
levels to the lung after recruitment (Costa et al. 
2009). At each pixel, the best (pixel) compliance 
is achieved at the PEEP level where neither col-
lapse nor overdistension is present. A decrease in 
compliance at higher PEEP levels (before reach-

43 Identifying and Applying Best PEEP in Ventilated Critically Ill Patients



692

ing best compliance) is assumed to be caused by 
overdistension, and a decrease in compliance at 
lower PEEP levels (after passing best  compliance) 
is assumed to be caused by collapse. Cumulative 
lung collapse at each PEEP level is reported as 
the averaged sum of collapse of each pixel. This 
method can be helpful to set PEEP to minimize 
the amount of lung collapse and overdistension 
by choosing the value where lung collapse and 
overdistension curves cross-over.

 Center of Ventilation

Lung collapse in ARDS predominantly occurs in 
dependent lung regions and therefore the size of 
aerated lung available for ventilation, i.e., baby 
lung is usually limited to non-dependent lung 
regions. EIT can provide a functional informa-
tion of lung aeration and ventilation. Clinicians 
can easily visualize this inhomogeneous distribu-
tion of lung aeration at the bedside. PEEP, by 
recruiting the lung, shifts ventilation to non- 
dependent lung regions in EIT.

The center of ventilation can be used as an 
index to visualize the shifts in regional tidal ven-
tilation in the ventro-dorsal direction (Yoshida 
et  al. 2019). Here, the center of ventilation is 
defined as

 

COV
in the dorsal half of lung

in the whole lun
%� � � � ��

�

Z

Z

100

gg� �  

Where ∆Z represents change in impedance 
(Yoshida et al. 2019).

The center of ventilation has been defined dif-
ferently by different groups. Perhaps the best 
term could be the dorsal fraction of ventilation 
(using the calculation as mentioned above) 
(Yoshida et  al. 2019; Frerichs et  al. 2006; 
Blankman et al. 2014).

The range available for ventilation was 
defined as from 0% (most ventral) to 100% 
(most dorsal), such that homogeneous ventila-
tion is represented as the bulk of the imaged ven-
tilation at the axis mid-point (i.e., a 50% center 
of ventilation or 50% of dorsal fraction) 
(Fig. 43.3) (Yoshida et al. 2019). A simple visual 

tool based on the ventral- to- dorsal distribution 
of ventilation can alert the clinician about poten-
tially excessive as well as insufficient PEEP 
(Yoshida et al. 2019). At low PEEP, the center of 
ventilation/dorsal fraction reflects ventilation to 
non-dependent lung regions because of the lung 
collapse predominating in the dependent lung 
regions. PEEP will re-equilibrate the distribution 
of ventilation. When PEEP is excessive, overin-
flation occurs in non-dependent lung regions, 
and ventilation is shifted predominantly to 
dependent lung regions because the non-depen-
dent regions become hyperinflated, and the value 
of this dorsal fraction of ventilation increases 
(Yoshida et al. 2019). A recent study showed that 
when the center of ventilation/dorsal fraction 
indicates a shift to predominantly dorsal ventila-
tion, in the context of ARDS with relatively high 
PEEP, this strongly suggests that the PEEP level 
is excessive and should be reduced (Yoshida 
et  al. 2019). It constitutes an easy incentive to 
decrease PEEP.

 Direct Assessment of Lung 
Recruitability

 Rationale

Instead of focusing on gas exchange, the modern 
rationale for using PEEP is or should be to keep 
the lung as recruited as possible in order to mini-
mize repeated alveolar (and airways) repeated 
opening and collapse to prevent VILI. This ratio-
nale can be achieved only if the lungs are recruit-
able within a reasonable range of pressure. This 
is essential because the less that lung is recruit-
able, the higher the risk of lung injury when 
increasing PEEP.

 CT Scan

By using CT scan images, researchers have visu-
alized the lung recruitment and recognized the 
importance of lung recruitability—reaeration in 
the non-aerated/poorly aerated lung tissue (Vieira 
et  al. 1999; Gattinoni et  al. 1986, 2006; 
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Malbouisson et  al. 2001)—in the setting of 
PEEP. Applying a high PEEP in poorly recruit-
able lungs may not effectively reduce the “atelec-
trauma” in collapsed lung tissues and simply 
hyperinflate already opened lung tissue; by con-
trast, a similar level of PEEP can result in large 
recruitment without significant hyperinflation in 
highly recruitable lungs. In the first case, PEEP 
will increase the strain without any benefit, 
whereas in the second case, PEEP will minimize 

repeated opening and closure and prevent VILI 
(Caironi et al. 2010).

Despite its potential usefulness, lung recruit-
ability has never been assessed in clinical prac-
tice. The barrier is the lack of reliable and feasible 
tool for assessing lung recruitability at the bed-
side. The CT scan technique is a powerful tool 
for quantitative analysis on regional aeration in 
lung tissue, but the analysis is extremely time 
consuming, needs repeated measurements at two 
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Fig. 43.3 The distribution of lung aeration and center of 
ventilation in ARDS. Representative EIT images describ-
ing COV and distribution of overinflation and collapse 
were presented. COV was shifted to dependent lung at 
higher PEEP levels due to overinflation in non-dependent 
lung. Decreasing PEEP to 12 cmH2O was associated with 
homogeneous distributions (centered at approximately 
midpoint between dependent and non-dependent limits), 
corresponding to decreasing lung hyperinflation. Further 
decreases in PEEP (below PEEP 12 cmH2O) resulted in a 
progressive shift of ventilation into more non-dependent 
lung because lung collapse was progressively increased. 
Red dot line indicates 50% of COV. Note that at PEEP of 
16 cmH2O where respiratory system compliance reached 
its maximum, COV was still shifted to dependent lung due 

to overinflation in non-dependent lung. Abbreviations: 
COV center of ventilation, EIT electrical impedance 
tomography, PEEP positive end-expiratory pressure. 
(Adapted with permission of the American Thoracic 
Society. Copyright © 2020 American Thoracic Society. 
All rights reserved. From Yoshida et  al. (2019). The 
American Journal of Respiratory and Critical Care 
Medicine is an official journal of the American Thoracic 
Society. Readers are encouraged to read the entire article 
for the correct context at [https://www.atsjournals.org/doi/
abs/10.1164/rccm.201904- 0797LE?journalCode=ajrccm]. 
The authors, editors, and The American Thoracic Society 
are not responsible for errors or omissions in 
adaptations)
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fixed airway pressures, and increases radioactiv-
ity and transport risks for patients (Chen and 
Brochard 2015). Moreover, it remains controver-
sial on how to define lung recruitment using CT 
scan (Chen et al. 2016). For example, it has been 
debated whether one should include or exclude 
poorly aerated lung tissue (i.e., radiodensity 
within 100–500 Hounsfield Units) for quantitat-
ing lung recruitment and whether one should use 
“voxel-by-voxel” method or use “anatomically 
delineated” method (Chen et al. 2016; Chiumello 
et al. 2015; Amato and Santiago 2016).

Alternatively, oxygenation (such as PaO2/
FiO2) and compliance, which are available for 
every patient, are poor surrogate for the assess-
ment of lung recruitability and as a guide to set-
ting PEEP settings as already discussed. 
Therefore, it is necessary to have reliable but still 
feasible tools to measure lung recruitment 
directly.

 Pressure-Volume Curves, Lung 
Volume, and a Simplified Method

So far, the multiple pressure-volume curves tech-
nique remains the most feasible way to quantify 
recruited volume and differentiate lung recruit-
ability at the bedside (Chen et  al. 2017). This 
method is based on the quantification of the 
hysteresis- like behavior of the lungs. Briefly, by 
plotting two pressure-volume curves starting at 
different PEEP levels together, an upward shift in 
volume for a given elastic pressure is defined as 
lung recruitment. This technique was validated 
against CT scan (Lu et  al. 2006). Ideally, this 
technique can be used with measurements of 
lung volume (Dellamonica et  al. 2011) to test 
whether the increase in lung volume is predicted 
by the compliance. Increase in lung volume in 
itself can suggest if recruitment occurs when the 
increase in end-expiratory lung volume obtained 
is very large, suggesting recruitment (Dellamonica 
et al. 2011).

Because plotting multiple PV curves is still 
complex, we have recently described a simplified 
tool to assess alveolar recruitment at the bedside 
and validated it against the multiple pressure- 

volume curves: the recruitment to inflation ratio 
(R/I) (Chen et al. 2017). This simple tool requires 
only a one-breath maneuver with PEEP reduction 
and can be done within 10–15  seconds. Firstly, 
PEEP is reduced by 10 cmH2O in one breath, and 
the actual lung volume loss by reducing PEEP is 
measured as the difference in expiratory tidal vol-
umes between the breath with PEEP reduction 
and the preceding breath. In parallel, the lung vol-
ume loss (assuming a linear recoil process) that 
would occur in the complete absence of recruit-
ment with PEEP can be easily predicted: it is esti-
mated by the product of respiratory system 
compliance at lower PEEP and the effective 
change in PEEP. The effective change in pressure 
is thus the change in PEEP (10 cmH2O) in patients 
without airway closure; and is the difference 
between higher PEEP and AOP in patients with 
airway closure (see above). When the actual lung 
volume loss is greater than the predicted one, the 
difference is taken as the recruited volume gained 
by higher PEEP.  By knowing the recruited vol-
ume, one can then estimate that, for a given 
change in PEEP, the proportion of gas volume dis-
tributed into collapsed lung (recruitment) and 
“baby lung” (inflation/hyperinflation) (Chen et al. 
2019). In this way, one is able to balance the ben-
efit of lung recruitment and the risk of lung hyper-
inflation at the bedside. A video demonstration 
and detailed calculations can be found in an aca-
demic website (https://rec.coemv.ca).

This method is able to separate patients who, 
on average, will improve oxygenation and reduce 
dead space with higher PEEP, from patients who 
will not or much less improve oxygenation or 
worsen dead space and hemodynamics. No study, 
however, has so far used this technique to assess 
the effects on outcome.

 Global Integrative Clinical 
Approach

PEEP is an essential component in the manage-
ment of ARDS, but when too high, it also can be 
harmful. Therefore, clinicians need to be aware 
of the different aspects of the physiology of PEEP 
on gas exchange, mechanics, lung volume, and 
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circulation and should use all these parameters to 
carefully titrate PEEP at the bedside.

A few points must be highlighted. Any 
increase in PEEP will increase lung volume and 
increase plateau pressure, whether recruitment 
occurs or not. However, the lower the recruit-
ment for a given increase in pressure, the higher 
will be the negative hemodynamic effects of 
PEEP.  This will manifest as a drop in systolic 
and mean blood pressure, and often as an 
increase in PaCO2 by increasing dead space due 
to a reduction in alveolar perfusion under high 
alveolar pressure. These effects however will be 
more or less pronounced depending on the fluid 
status and the presence of right ventricular dys-
function. Before testing the effects of PEEP, 
checking that the patient is not fluid responsive 
is therefore clinically important, as it will facili-
tate the interpretation of hemodynamic changes 
with PEEP. This can be easily obtained by tran-
siently increasing tidal volume and following 
pulse pressure variation for instance (Teboul 
et al. 2019). Hyperinflation will usually manifest 
with substantial increases in driving pressure, 
but a small increase in driving pressure can be 
also present with recruitment, whether it is due 
to the chest wall or to minimizing tidal 
recruitment.

The PEEP level will depend on the severity of 
ARDS assessed by oxygenation and the amount 
of alveolar infiltrates. The more diffuse are the 
infiltrates, the higher is the loss of aeration and 
the higher is, a priori, the benefit of high PEEP.

Last, a factor playing a role in compressing 
the lung is the load represent by a fatty chest wall 
and represented by a high Body Mass Index 
(BMI) in obese patients. Obesity is associated 
with higher intrathoracic pressure and may 
require higher PEEP to counteract (Fumagalli 
et al. 2019; Coudroy et al. 2019).

Recommendations for titrating PEEP include 
the following: (1) always try to test PEEP at two 
(or three) different levels without changing 
another factor influencing oxygenation (FiO2, 
ventilation, vasopressor, fluids) and ten minutes 
at each step is sufficient (Taskar et al. 1995). (2) 
Check the fluid volume status first, to be able to 
interpret changes in oxygenation, blood pressure, 

and CO2. (3) When assessing the effects of PEEP, 
assess the effects on oxygenation, PaCO2, driving 
pressure (ideally lung driving pressure), and 
blood pressure at the same time. (4) Add a spe-
cific simplified measurement of recruitability. (5) 
Adapt the levels of PEEP tested according to the 
patient’s severity of illness, BMI, and pleural 
(esophageal) pressure.

This general assessment can give a consistent 
response (recruitment, respiratory mechanics, 
oxygenation, PaCO2, blood pressure) either in 
favor of high PEEP or against high PEEP. In the 
first case, PEEP should be increased using small 
tidal volumes, and higher limits should be dic-
tated by plateau pressure of the lung (transpul-
monary pressure) or driving pressure (ideally 
lung driving pressure). Again, morbidly obese 
patients may require higher PEEP because of the 
additional load on the chest wall (independently 
of the degree of lung injury). In a case against 
PEEP, PEEP should be set as low as possible 
(<10 cmH2O) based on acceptable oxygenation. 
When not all effects are consistent, clinical judg-
ment is needed and the decision on PEEP titra-
tion may depend on the context and the tolerance 
of PEEP.  In all cases, proning the patient must 
also be considered as an alternative method of 
recruitment (Guerin et al. 2013).
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Abbreviations

ARDS Acute respiratory distress syndrome
EELV End-expiratory lung volume (residual 

lung volume at PEEP)
FRC Functional residual capacity (residual 

lung volume at zero end-expiratory 
pressure)

PaCO2 Arterial partial pressure of carbon 
dioxide

PaO2 Arterial partial pressure of oxygen
PEEP Positive end-expiratory pressure
PP Prone position
SP Supine position

 Introduction

Prone position (PP) for acute respiratory distress 
syndrome (ARDS) in humans was first described 
in 1976 by Piehl et al. (Piehl and Brown 1976). 
Those authors found that this position increased 
the arterial partial pressure of oxygen (PaO2) 
and made it easier to suction respiratory secre-

tions, although several subsequent studies failed 
to show a survival benefit for this maneuver 
(Gattinoni et al. 2001; Guerin et al. 2004; Taccone 
et al. 2009; Voggenreiter et al. 2005). In 2006, a 
multicenter trial (Mancebo et al. 2006) evaluated 
the early application of PP in ARDS patients and 
found that PP was a safe and feasible maneuver 
and also showed a trend toward improved survival 
when applied early. The heterogenous results 
reported in the aforementioned studies could be 
related to variability in disease severity, the dura-
tion of the PP sessions, and the time interval from 
diagnosis to the application of PP. To better under-
stand the effect of PP on survival outcomes, Sud 
et  al. (2010) performed a meta-analysis, which 
showed that PP reduces mortality in patients 
with severe hypoxemia. This finding suggests 
that the correct and early application of PP in 
a well-defined group of patients could improve 
survival outcomes. Finally, in 2014, Guerin et al. 
(2013) evaluated a group of patients with severe 
ARDS (PaO2/FiO2 index <150) who received PP 
in the early phases of the syndrome and relative 
prolonged time in PP (16  hours). In that study, 
this approach was associated with improved sur-
vival. Those findings have been confirmed by two 
recent meta- analyses (Beitler et al. 2014; Munshi 
et al. 2017). Despite the strong evidence demon-
strating the survival benefit for PP, two recently 
published epidemiological studies found that PP 
remains underutilized in routine clinical prac-
tice (Bellani et al. 2016; Guerin et al. 2018). To 
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better understand how PP improves survival, it 
is important to evaluate and monitor the physi-
ological changes in the cardiopulmonary system 
that take place during PP. A better understanding 
of these changes could encourage a wider use of 
PP in clinical practice for the specific group of 
ARDS patients who would most benefit from this 
maneuver. The main objectives of this chapter 
are to explain the cardiopulmonary changes that 
occur during PP.

 Prone Position and Hemodynamics

In patients with ARDS, several factors including 
hypoxic vasoconstriction, vessel obliteration, and 
extrinsic vessel compression alter the distribution 
of pulmonary blood flow (Gattinoni et al. 2006). 
However, when patients are placed in PP, the 
vertical perfusion gradient may disappear, and 
perfusion to the dorsal regions seems to increase 
relative to the ventral regions (Glenny et al. 1991). 
Wiener et al. (1990) evaluated PP in animal mod-
els of ARDS, finding that regional perfusion in 
the lungs was more uniformly distributed in PP, 
mainly in nondependent regions. This finding 
suggests a redistribution of blood flow. Pappert 
et al. (1994) found that the improvement in oxy-
genation in patients with ARDS was associated 
with an improvement in ventilation/perfusion 
matching, suggesting that mechanisms other than 
gravity or hypoxic pulmonary vasoconstriction 
may be involved in influencing the redistribution 
of blood flow in PP (Gattinoni et al. 2006; Rialp 
and Mancebo 2002).

PP has several beneficial effects on hemody-
namics. Bull et al. (2010) found that pulmonary 
vascular dysfunction is independently associated 
with poor outcomes in ARDS patients; how-
ever, this dysfunction can be improved by plac-
ing patients in PP, which reduces the pulmonary 
vascular resistance (Guerin et al. 2014; Jozwiak 
et  al. 2013). In patients with severe ARDS, PP 
improves right ventricle failure by decreasing 
afterload while increasing preload (Vieillard- 
Baron et al. 2007; Jozwiak et al. 2016). Systemic 
venous return increases in PP due to (1) the trans-
fer of blood volume from the splanchnic compart-

ment and (2) higher intra-abdominal pressure, 
which increases the mean systemic pressure 
(Jozwiak et al. 2013, 2016). Other reported ben-
efits of PP on hemodynamics include an increase 
in cardiac output, with higher left ventricular 
afterload and improved oxygen transportation 
(Jozwiak et  al. 2013, 2016; Hering et  al. 2001, 
2002; Blanch et al. 1997). However, these poten-
tial benefits must be analyzed cautiously due to 
the potential influence of confounding factors 
(mainly positive end-expiratory pressure [PEEP] 
levels and volume status) (Guerin et  al. 2014; 
Jozwiak et al. 2013).

Lim et al. (1999) conducted an experimental 
study in an animal model of ARDS and compared 
gas exchange and the hemodynamic effects of 
lower versus higher PEEP in supine and prone 
positions. These authors found that higher PEEP 
levels decreased cardiac output in the supine 
position (SP). However when the animals were 
placed in PP, cardiac output increased by the 
same amount (or more) than obtained with SP at 
lower PEEP.

PP may also have adverse effects on hemody-
namics. The slight increase in mean arterial blood 
pressure due to compression of the abdominal 
arterial system in PP could negatively affect left 
ventricular afterload (Jozwiak et al. 2013; Hering 
et al. 2001, 2002). Decreased splanchnic perfu-
sion and higher renal vascular resistance second-
ary to an increase of intra-abdominal pressure 
have been described in patients in PP, although 
the effect on the organs does not appear to be 
harmful (Guerin et al. 2014; Hering et al. 2001).

 Prone Position and the Lung

Effects on Ventilation In ARDS patients, the dis-
tribution of altered alveolar tissue is heteroge-
neous and located preferentially in dependent 
lung regions (dorsal lung regions). In SP, the infla-
tion decreases along the vertical axis from nonde-
pendent to dependent regions (Pelosi et al. 1994; 
Gattinoni et  al. 2013). In supine paralyzed 
patients, the cephalic displacement of the dia-
phragm by intra-abdominal pressure primarily 
affects the dependent regions, leading to worse 
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dorsal lung ventilation. In addition, in SP, the 
shape of the lung (a cone) must adapt to match the 
cylindrical form of the chest wall, thus generating 
a large amount of distension in nondependent 
(ventral) regions. At the same time, gravitational 
forces compress the dependent regions (Gattinoni 
et al. 2013) (Fig. 44.1). By contrast, in PP, the dis-
tribution of aeration is more homogeneous (Pelosi 
et  al. 2001; Valenza et  al. 2005), and these two 
factors (gravity and lung shape) act in opposing 
directions (Fig. 44.1), leading to a more uniform 
alveolar inflation and more homogeneous distri-
bution of stress and strain (Gattinoni et al. 2013). 
Vieillard-Baron et  al. found that PP improves 
homogenization of tidal ventilation by reducing 
time-constant inequalities (Vieillard-Baron et al. 
2005). The diaphragm also plays an important 
role in PP, as the migration of the diaphragm sec-
ondary to the effect of the abdomen is more uni-
form and the dorsal portion of the diaphragm also 
moves better in the nondependent region of the 
lung (Rialp and Mancebo 2002). These effects 
improve ventilation of the dorsal lung zones. 
However, intra- abdominal pressure could coun-
teract the beneficial effects of PP.  In an experi-
mental animal model, Mure et  al. (1998) found 
that PP caused a significant decrease in both the 
alveolo- arterial PaO2 gradient and ventilation/per-
fusion heterogeneity in the presence of abdominal 
distension.

Effects on Respiratory Mechanics The respi-
ratory system is composed of two structures 
(lung and chest wall). Several studies have 
shown decreases in chest wall compliance in PP 
as compared to SP (Pelosi et  al. 1998; Guerin 
et al. 1999; Mentzelopoulos et al. 2005a) due to 
an increase in abdominal pressure and/or a cra-
nial diaphragm displacement in patients with 
high intra- abdominal pressure. When the patient 
is in PP, and recruitment in dependent zones is 
higher than the decrease in compliance of the 
thoracic cage, then overall respiratory system 
compliance will improve. However if pulmo-
nary recruitment is lower in PP and there is still 
a decrease in the compliance of the thoracic 
cage, the overall compliance of the respiratory 
system may remain unchanged or even decrease 
(Pelosi et al. 1998).

The effect of PP on transpulmonary pressure 
is still not clear. Mezidi et  al. (2018) evaluated 
the influence of PEEP and patient positioning 
on transpulmonary pressure but did not find any 
variation in transpulmonary pressure due to the 
position change, regardless of the specific PEEP 
strategy used (PEEP/FiO2 table vs PEEP titrated 
to reach a plateau pressure around 28 cmH2O). 
More studies are needed to explore variations in 
transpulmonary pressure in PP and the impor-
tance of this variation.

Supine

Prone

a b
Fig. 44.1 Distribution 
of alveolar size 
according to shape 
matching of the lung to 
the chest wall and 
gravity. Alveolar units 
are compressed by the 
weight of the pulmonary 
units from the levels 
above. (a) In supine 
position, both forces 
(matching shape and 
gravity) act in the same 
direction; (b) in prone 
position, the forces act 
in opposite directions
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Effects on Lung Volumes In ARDS patients, 
resting lung volume at zero end-expiratory pres-
sure (the functional residual capacity (FRC)) and 
the resting lung volume at PEEP (the end- 
expiratory lung volume (EELV)) are decreased 
(Chiumello et al. 2008). Two studies found sig-
nificant increases in FRC in ARDS patients 
placed in PP (Mentzelopoulos et  al. 2005a, b). 
However, reported data on variations in EELV 
when switching from supine to prone position are 
inconsistent (Pelosi et al. 1998; Mentzelopoulos 
et  al. 2005a, b; Pelosi et  al. 2003; Reutershan 
et al. 2006). These findings could be explained by 
differences in lung recruitability, the extent of 
lung volume alterations, differences in chest wall 
compliance, the influence of abdominal weight, 
and heart compression (Gattinoni et  al. 2013; 
Galiatsou et  al. 2006; Albert et  al. 2014; 
Nieszkowska et  al. 2004). Recently, Aguirre- 
Bermeo et al. (2018) evaluated variation in lung 
volumes with position switching using the nitro-
gen washout/washin technique. In that study, 
both EELV and FRC increased significantly (by 
18% in FRC and 17% in EELV) when the posi-
tion was switched from supine to prone. These 
increases in lung volumes could be due to a redis-
tribution of aeration in PP (a minor decrease in 
non-aerated lung tissue, a major decrease in 
poorly aerated tissue, and a major increase in 
well-aerated tissue). The variation of aeration in 
lung zones is thus considered to reflect better gas 
distribution within the lung and not recruitment 
per se (Chiumello et al. 2016).

Effects on Strain and Stress Considering the 
aforementioned modifications in respiratory 
mechanics and volumes in PP, it seems safe to 
presume that PP homogenizes lung strain and 
reduces lung stress. Aguirre-Bermeo et al. (2018) 
found that increases in lung volumes are accom-
panied by a significant decrease in dynamic lung 
strain, which could be another protective mecha-
nism provided by PP against ventilator-induced 
lung injury.

Effects on Gas Exchange The improvement in 
gas exchange in PP is associated with two main 
physiological effects: (1) a reduction in intrapul-

monary shunt due to aeration distribution (as 
described in the preceding paragraph). As a 
result, either perfusion is redirected to well- 
ventilated lung areas or lung ventilation increases 
in well-perfused lung areas. In both cases, the 
ventilation/perfusion ratio improves, thus poten-
tially modifying the gas exchange; and (2) there 
is a reduction in intrapulmonary shunt due to 
gravity. The effect of gravity increases along the 
dorsal to ventral gradient, reaching its maximum 
effect in ventral zones (exactly the opposite of 
what occurs in SP). This effect should decrease 
the intrapulmonary shunt in dorsal lung regions, 
which are now nondependent (Guerin et al. 2014; 
Roche-Campo et  al. 2011). However, improved 
oxygenation alone does not imply a lower death 
rate in ARDS patients. Albert et al. (2014) retro-
spectively analyzed data collected in the multi-
center study carried out by Guerin et al. (2013) 
and found that the better survival outcome among 
severe ARDS patients placed in PP was not asso-
ciated with improved oxygenation. In fact, 39 of 
43 patients (91%) in whom the PaO2/FiO2 index 
decreased 1  hour after prone positioning 
survived.

A decrease in arterial partial pressure of car-
bon dioxide (PaCO2) in PP could indicate lung 
recruitment, especially if this decrease is accom-
panied by a decrease in dead space. Gattinoni 
et al. (2003) performed a multicenter, retrospec-
tive analysis of patients with ARDS and found 
out that patients whose PaCO2 decreased in PP 
had better survival at 28 days.

 Prone Position Maneuver

Before considering the use of PP, the mechanical 
ventilator settings must first be optimized. The 
use of protective ventilation (low tidal volume 
and moderate PEEP levels to achieve plateau 
pressure ≤ 28 cmH2O) is essential given the pub-
lished evidence demonstrating that the combina-
tion of protective ventilation and PP improves 
outcomes (Munshi et al. 2017). However, PP is 
not appropriate for all ARDS patients. Guerin 
et al. (2013) found that PP improved survival only 
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in patients with a PaO2/FiO2 ratio < 150 mmHg in 
whom PP was applied early (within 24 hours from 
the ARDS diagnosis) and for a prolonged time 
(≥16  hours). The influence of early application 
in the outcomes could be because the increase in 
lung volumes is accompanied by a decrease in 
lung strain only in the early stages (<72 hours) of 
the diagnosis of ARDS, but not in late stages of 
ARDS (Aguirre-Bermeo et al. 2018).

In some cases, the decision to apply PP should 
be carefully considered and individualized 
according to the patient’s specific clinical char-
acteristics. Factors to consider include (1) con-
ditions that make it difficult to turn the patient 
to the prone position, such as external fixators, 
multiple pleural tubes, pericardial drainage, 
tracheotomy, and morbid obesity, and (2) clini-
cal conditions that are contraindications for PP: 
spinal cord injury with unstable vertebral frac-
tures, pelvic fractures, open abdominal cavity, 
hemodynamic instability, traumatic brain injury 
with intracranial hypertension, pregnancy, severe 
burns, and facial lesions.

The experience level of the clinical team may 
be important in preventing complications during 
and after the maneuver. The entire process (prep-
aration and turning) typically takes about 10 min-
utes. To perform the turning procedure safely, it 
is advisable to carefully follow the recommenda-
tions described below:

 1. Pre-maneuver: It is advisable to perform the 
following: (1) interrupt enteral nutrition, (2) 
perform preoxygenation, (3) ensure that all 
necessary materials are available and readily 
accessible, (4) hydrate the eyes and skin, (5) 
protect the eyes from erosion, and (6) apply 
skin protections. In addition, the mouth should 
be aspirated and bronchial secretions care-
fully suctioned.

 2. Performing the maneuver: each step should be 
initiated only when indicated by the coordina-
tor (i.e., the person standing at the head of the 
bed). The first step is to move the patient to 
the side of the bed. While either side can be 
used, the choice will depend on the location of 

the catheters, the mechanical ventilator, the 
dialysis machine, etc. To perform the maneu-
ver, the people assigned to the upper and 
lower limbs should lock their hands together 
beneath the patient’s body. Next, the patient 
should be placed in the lateral position. Then, 
the patient should be turned to the prone posi-
tion and moved to the center of the bed, after 
which the electrodes and the other monitoring 
cables and medical instruments should be 
reconnected.

 3. Post-maneuver. Protective cushions (face, 
chest, knees, feet) should be placed. Then, the 
patient should be put into reverse Trendelenburg 
(30°) with the arms placed in one of the fol-
lowing two positions: (a) swimmer’s (crowl) 
position (one arm raised with the head rotated 
toward the raised arm and the other arm posi-
tioned alongside the body) (Fig.  44.2) or (b) 
both arms positioned alongside the body. After 

Fig. 44.2 Patient in prone position with swimmer’s 
(crowl) position (one arm raised with the head rotated 
toward the raised arm and the other arm positioned along-
side the body)

44 Cardiopulmonary Monitoring in the Prone Patient
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turning the patient, the position (arms, head, 
neck) should be alternated (i.e., right to left or 
left to right) every 2 hours. It is important to 
take special care to monitor pressure points 
and to check the eyes. Supine positioning 
should be performed following the same steps 
and the same precautions and care.

 Monitoring in Prone Position

Monitoring can be divided into two phases.
Phase 1: Monitoring the maneuver: The level 

of experience of the clinical teams (physicians 
and nurses) with the maneuver directly influ-
ences the likelihood of complications occurring 
during maneuver. To avoid maneuver-related 
complications (extubation, drainage tube loss, 

hypoxemia, arrhythmias, etc.), we recommend 
the following:

• Develop an institutional protocol and check-
list for PP.

• Designate a coordinator (the person at the 
head of the bed) who is responsible for assign-
ing the responsibilities and positions of the 
other team members.

• Apply continuous peripheral oxygen satura-
tion monitoring using a finger pulse oximeter 
throughout the whole maneuver process.

• Reconnect electrodes and monitoring cables 
as soon as possible.

Phase 2: Monitor the effects of prone position-
ing: the main objectives of monitoring patients in 
PP are described in detail in Table 44.1.

Table 44.1 Summary of the effects of prone position and monitoring techniques

Physiologic 
variable(s)

Effect of prone 
position Monitoring technique Interpretation

Right ventricle Improves failure Echocardiography, 
thermodilution catheter.

Decrease in afterload and increase in 
preload.

Systemic 
venous return

Increase Echocardiography, 
thermodilution catheter, central 
venous catheter

Redistribution of splanchnic volume
Higher intra-abdominal pressure

Cardiac output Improvement Echocardiography, 
thermodilution catheter

Higher ventricular afterload

Intra-abdominal 
pressure

Increase Foley urinary catheter Affects left ventricular afterload
Alteration of splanchnic and renal 
perfusion (non-dangerous) effect

Lung 
ventilation

Redistribution of 
aeration

Thoracic computed 
tomography, electrical 
impedance tomography

Minor decrease in non-aerated lung 
tissue, a major decrease in poorly 
aerated tissue, and a major increase in 
well-aerated tissue

Respiratory 
system 
elastance

Increase or 
decrease

Ventilatory values, esophageal 
balloon catheter 
(transpulmonary pressure)

The variation depends on the effect of 
PP on lung elastance

Lung volumes 
(FRC and 
EELV)

Either no variation 
or an increase

Nitrogen washout/washin 
technique

Lung volumes vary depending on the 
time interval from ARDS diagnosis 
(increase in early phase)

Stress and 
strain

Decrease Pressure-volume curve, 
nitrogen washout/washin 
technique.

Could decrease depending on changes 
in lung volumes

Gas exchange Increase in PaO2 
and decrease in 
PaCO2

Blood gases Could increase PaO2 and decrease 
PaCO2 (if there is a decrease in dead 
space)

Abbreviations: ARDS Acute respiratory distress syndrome, EELV end-expiratory lung volume, FRC functional residual 
capacity, PaCO2 arterial partial pressure of carbon dioxide, PaO2 arterial partial pressure of oxygen, PP prone position
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 Summary

The use of prone position in patients with severe 
ARDS has been shown to increase survival. 
Prone position has several beneficial effects on 
the cardiopulmonary system, which may explain 
the better survival outcomes obtained with this 
technique. It is important to monitor the cardio-
pulmonary changes induced by prone position 
to better understand the beneficial effects of this 
maneuver and to use these data to adjust the 
mechanical ventilation settings.
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Obstructive Disease
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 Introduction

Respiratory illness is frequently accompanied 
by a derangement of the normal mechanics of 
the respiratory system. In this circumstance, 
coupling of the cardiovascular and respira-
tory systems can, in turn, precipitate additional, 
sometimes profound, alterations in circulatory 
function. Interventions such as mechanical venti-
lation undertaken to stabilize respiratory function 
can either attenuate or further exaggerate adverse 
interactions between the cardiovascular and 
respiratory systems. In this chapter, we review 
some aspects of normal respiratory mechanics, 
describe how they may be altered in obstruc-
tive lung disease, discuss the coupling of car-
diovascular and respiratory function, and briefly 
consider implications of the above for clinical 
management.

 Normal Respiratory Mechanics

In the normal lung during tidal breathing, it fre-
quently suffices to use a single compartment, 
linear model of respiratory mechanics (Bates 
2009). Within this approximation, lung infla-
tion is achieved by applying a total pressure, PT, 
across the respiratory system that instantaneously 
reflects the sum of an elastic component (the 
increase in volume, V, above functional residual 
capacity divided by respiratory system compli-
ance C) and a flow-resistive component (the flow 
rate, V , times airflow resistance, R), as described 
by the classical equation of motion (Marini and 
Crooke 3rd. 1993):

 P
V

C
VRt

T � �   (45.1)

When flow is zero (for example, at end- 
inspiration), the pressure across the respiratory 
system (the trans-respiratory system pressure) 
will be due solely to elastic distension with no 
flow-resistive component. Therefore, during 
mechanical ventilation, if a pause is instituted at 
end-inspiration, the pressure decreases from the 
peak inspiratory pressure (PIP), which reflects 
both flow-resistive and elastic components, to a 
lower, steady-state value called the plateau pres-
sure (Pplat), which reflects only the elastic compo-
nent (Dhand et al. 1995). The difference between 
PIP and Pplat therefore reflects the contribution of 
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the resistive term ( R V⋅  )  in Eq. 45.1 (Hess and 
Kacmarek 2002):

 
PIP plat� � �P R V

 
(45.2)

 Airflow Limitation in Obstructive 
Lung Diseases

Equations 45.1 and 45.2 suppose a simple lin-
ear relationship between flow and flow-related 
pressure (i.e., a fixed resistance). While this is a 
reasonable approximation for normal lungs and 
low flows, dynamic airflow limitation is often 
observed during the expiratory phase of tidal 
breathing in patients with obstructive lung dis-
eases. During airflow limitation, expiratory flow 
is not determined simply by the pressure driving 
flow (alveolar gas pressure, Palv, minus airway 
opening pressure, Pao) and a constant resistance 
to airflow (as might be measured during inspira-
tion) because the bronchial airways are collaps-
ible and can become sucked partially shut by a 
lowering of intraluminal gas pressure due to the 
Bernoulli effect. While this effect in principle 
could happen in normal lungs, the flow rates 
during passive exhalation are almost never high 
enough for this dynamic flow limitation phe-
nomenon to occur. However, in obstructive lung 
diseases, the smaller airway diameters result in 
faster velocities for a given airflow rate, that in 
turn exacerbate the Bernoulli-related lowering of 
intraluminal pressure and worsen airway collapse. 
Intraluminal pressure may be even further lowered 
below Palv by frictional pressure loss due to the 
narrowed airways and, in the cases of emphysema 
or even asthma, by reduced alveolar pressure for 
a given lung volume due to loss of lung parenchy-
mal elastic recoil. All these phenomena conspire 
together to limit maximal expiratory flow below 
that which might have been anticipated from the 
alveolar-to-airway opening pressure difference 
and inspiratory airflow resistance. The resultant 
inability to exhale quickly can lead to incomplete 
exhalation and consequent dynamic lung hyper-
inflation with elevated alveolar gas pressure, as 
discussed below. Because the Bernoulli effect 

also depends upon gas density, sometimes respi-
ratory gas mixtures containing a high proportion 
of helium are used to mitigate expiratory airflow 
limitation. Pedersen et  al. (Pedersen and Butler 
2011) provide a good overview of the quantitative 
relationships among flow, airway distensibility, 
gas density, lung elastic recoil pressure, and fric-
tional pressure losses during flow limitation and 
are summarized for any single airway as follows:

V P A
P V P P

tm
el L fr tm� � �

�� � � �2 ( )

�  
(45.3)

 

V P A
A

Cmax tm
aw

� � �
�

 

(45.4)

where A is the airway area; V Ptm� �  is the 

expiratory flow through the airway; Pel(VL) is the 
lung elastic recoil, which is a function of lung 
volume (VL); Pfr is the frictional pressure loss 
between the alveoli and the airway being sucked 
shut, which is a complex function of the airflow 
pathways upstream of that site and the maximal 

flow in Eq.  45.4, V Pmax ,tm� �  is determined by 

setting the derivative of Eq. 45.3 with respect to 
Ptm equal to zero and solving for the flow. Caw, 

the airway compliance, is
 

∂
∂
A

Ptm
 (Pedersen and 

Butler 2011). In addition, there is heterogene-
ity of severity of airflow obstruction among dif-
ferentially obstructed pathways (typical of most 
obstructive lung diseases) that contribute to non- 
uniform ventilation. In all, Vmax  results from the 
interactions across multiple pathways upon lung 
elastic recoil (a function of regional lung infla-
tion), frictional pressure loss (determined by 
local flow and airway caliber), bronchial wall 
compliance (which varies widely throughout the 
respiratory tree), and gas density.

 Heart-Lung Interaction in Health

The anatomic relationships that contribute to the 
coupling of pulmonary and cardiovascular func-
tion are outlined in Fig. 45.1.
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 Pleural Pressure and the Right Heart

Under normal circumstances, the heart pumps 
blood from the left ventricle into the systemic 
arterial circulation from where it drains into 
the systemic veins. The difference in pressure 
between the systemic veins (Psys) and the right 
atrium (Pra) drives the venous return (VR) – the 
passive return of blood to the heart. Over the nor-
mal range of Pra (Guyton et al. 1957), the venous 
return will be proportional to the pressure gra-
dient between the systemic veins and the right 
atrium and inversely proportional to the venous 
resistance (Rv):

 
VR

sys ra

v

�
�� �P P

R  
(45.5)

The upstream pressure driving venous 
return, the pressure in the systemic veins, var-
ies by location in the vascular tree, but it can be 
summarized in practice by a single value which 
is in most circumstances close to the pres-
sure experienced in the large abdominal veins 
(Fessler 1997) (see also Chap. 2). Psys is a func-

tion of the volume of blood in the venous sys-
tem, the venous compliance, and the pressure 
surrounding the veins (such as the abdominal 
pressure, Pab). In health, the downstream pres-
sure opposing venous return, Pra, is kept quite 
low (0–5 mmHg) by the action of the right ven-
tricle. Like the airways, veins are compliant 
and their diameter is a function of the transmu-
ral pressure. At sufficiently low Pra (and thus 
low pressure in the vena cava draining into the 
right atrium), the veins can close resulting in a 
situation in which further reductions in Pra do 
not augment flow (Guyton et al. 1957). In this 
regime, venous return is flow-limited and the 
phenomenon is analogous to airflow limitation 
in the airways. As Pra decreases during inspi-
ration, venous return reaches a maximum flow 
(Fessler 1997).

The outer surfaces of intra-thoracic structures 
such as the heart are exposed to the pleural pres-
sure. Changes in pleural pressure therefore affect 
transmural pressures across the heart and intra-
thoracic vessels. During spontaneous inspiration, 
the increasingly negative pleural pressure will 

Ppl
Palv

Pab

Pra Prv Pla Plv

Psys

Fig. 45.1 Simplified model of heart-lung mechanical 
coupling. The heart and great vessels are exposed to pleu-
ral pressure (Ppl). Intra-alveolar vessels of the pulmonary 
circulation are exposed to alveolar pressure (Palv). The 
return of blood from the systemic veins to the right atrium 
is driven by the pressure difference between the mean sys-
temic pressure (Psys) and the right atrial pressure Pra, but 

blood return is via vessels exposed on their outer surface 
to abdominal pressure (Pab). Extra-thoracic systemic ves-
sels are not exposed to Ppl. Pla is the left atrial pressure, Prv 
the right ventricular pressure, Plv the left ventricular pres-
sure, and the right and left heart volumes are constrained 
by the pericardium (rounded rectangle)
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result in an increase in right heart transmural 
pressure and a lower right atrial pressure which 
will augment venous return (up to the point of 
flow limitation) and right heart diastolic filling 
(Fessler 1997; Duke 1999).

Increases in Pra at a constant Psys decrease 
venous return so that the increase in Ppl asso-
ciated with positive pressure ventilation will 
decrease venous return. However, the clinical 
importance of this is somewhat tempered by the 
fact that increases in Pra often occur when Psys is 
not constant. For example, increases in the pleu-
ral pressure (Ppl) are transmitted to the surface of 
the heart and thereby increase Pra, but increased 
Ppl also results in displacement of the diaphragm 
and activation of various reflex mechanisms, all 
of which (Magder et al. 1983) act to increase Psys 
(Nanas and Magder 1992) to some extent (Fessler 
et  al. 1991). Even if increases in Pra occur at a 
constant (Psys – Pra), there may still be a decrease 
in venous return, and thus a decrease in cardiac 
output, which may be attributed to an increase in 
venous resistance from decreases in the radius of 
the vena cava (Fessler 1997).

 Pleural Pressure and the Left Heart

The left heart and proximal aorta are also 
exposed on their outer surfaces to pleural pres-
sure. The increasingly negative pleural pressure 
associated with lung inflation during spontane-
ous breathing will increase the transmural pres-
sure across the left ventricular wall (Magder 
et  al. 1983) and increase the left heart after-
load, thus increasing the left ventricular wall 
stress (which is proportional to the left heart 
transmural pressure according to the law of 
Laplace). Conversely, increases in pleural pres-
sure, for example as caused by positive pressure 
mechanical ventilation or the further addition of 
PEEP, will lower the left heart afterload by rais-
ing the pressure level of the heart and intratho-
racic aorta relative to the systemic circulation 
and decreasing the left ventricular transmural 
pressure and wall stress (Cassidy et  al. 1979; 
Cherpanath et al. 2013).

 Intra-pulmonary Vessels

In addition to the effect of changing pleu-
ral pressure on venous return, lung inflation 
impacts the pressure on intra-pulmonary vessels. 
Increasing lung volume has opposite effects on 
extra- alveolar and alveolar vessels (see chapter 
on pulmonary circulation by W. Mitzner in this 
volume). In the extra-alveolar vessels, diameter 
increases with increased lung volume due to 
parenchymal tethering; therefore, vascular resis-
tance decreases. The behavior of the intra-alve-
olar vessels is opposite. Since the intra-alveolar 
vessels are exposed to the alveolar pressure, the 
transmural pressure (and thus the radius) will 
decrease with lung inflation and the resistance 
will increase. The net effect is a U-shaped depen-
dence of total pulmonary vascular resistance 
on lung volume with the minimum occurring at 
functional residual capacity and increasing with 
lung volume thereafter.

In addition to changes in vessel diameter, 
alveolar pressure may directly impact right heart 
afterload in a manner determined by the relation-
ship between the pulmonary arterial pressure, the 
alveolar pressure (Palv), and the left atrial pres-
sure Pla (see Mitzner). In many circumstances, 
it is accurate to treat the flow in the pulmonary 
circulation, the right heart cardiac output, as 
being determined by the difference in pressure 
between the mean pulmonary artery pressure, 
the left atrial pressure, and the pulmonary vas-
cular resistance. But the downstream pressure 
is the left atrial pressure only if that pressure is 
greater than the alveolar pressure. If alveolar 
pressure exceeds pulmonary venous pressure, it 
is the alveolar pressure that determines pulmo-
nary vascular flow. The circumstance in which 
Pla no longer affects pulmonary vascular flow has 
been termed a “vascular waterfall” (Permutt et al. 
1962). The waterfall analogy is based on the fact 
that flow over the top of a waterfall is indepen-
dent of the height of the riverbed downstream. 
Under waterfall conditions, increases in Palv will 
directly decrease right heart cardiac output. This 
is yet another example of a flow limitation-like 
phenomenon.
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In sum, in a spontaneously breathing patient, 
lung inflation will increase venous return to the 
right heart and decrease the resistance of the 
extra-alveolar vessels while increasing the resis-
tance of the intra-alveolar vessels and, above 
FRC, increasing total pulmonary vascular resis-
tance. Inflation will also increase the left heart 
afterload. In a mechanically ventilated patient, 
the positive intrathoracic pressure may result in a 
decrease in venous return to the right heart and a 
decrease in left heart afterload.

 Heart-Lung Interaction 
in Obstructive Disease – 
The Spontaneously Breathing 
Patient

In the setting of obstructive lung disease, reduced 
expiratory flow related to abnormal airways 
resistance, lung compliance, or airflow limita-
tion may prolong the time required for complete 
exhalation of each breath. When airflow obstruc-
tion is substantial, the allowed expiratory time 
(TE) may be insufficient for complete exhalation 
(Leatherman et  al. 2004). In this circumstance, 
there will be a residual pressure gradient between 
the alveolus and the airway opening at end- 
expiration; the positive alveolar pressure at end- 
expiration is referred to as auto-PEEP, distinct 
from any extrinsic or set PEEP that may be deliv-
ered as part of mechanical ventilation (Marini 
and Crooke 3rd. 1993). The risk of auto-PEEP 
will thus be determined by the tidal volume (VT), 
the expiratory time (TE), and the factors determin-
ing expiratory flow rate discussed above (Pride 
et al. 1967; Dawson and Elliott 1977; Mead et al. 
1967). The presence or absence of flow limitation 
and attendant auto-PEEP has significant conse-
quences for cardiovascular function.

 Auto-PEEP and Hyperinflation

An underlying contributor to respiratory failure 
in obstructive lung disease is the increased ten-
dency to airway closure. Airway closure, usu-

ally limited to small airways when it occurs, is 
promoted by a combination of increased smooth 
muscle tone (in the case of asthma) (Austen and 
Lichtenstein 1974), inflammation, increased 
mucus production, and decreased lung elas-
tic recoil (Calverley 2003). Airway closure or 
narrowing will decrease the maximal expira-
tory flow and increase the time required for 
complete exhalation and thus the risk of auto-
PEEP and attendant dynamic hyperinflation. 
Hyperinflation counteracts the threat of airway 
closure by increasing parenchymal traction on 
airways (providing outward radial pull), but 
this occurs at the cost of decreased inspiratory 
capacity, decreased respiratory system compli-
ance, and positioning of the inspiratory muscles 
into a geometrically unfavorable arrangement 
(Loring et al. 2009). The consequent mechani-
cal disadvantage can lead to increased respira-
tory effort – larger negative inspiratory pleural 
pressure  – and a greater tendency to inspira-
tory muscle fatigue (Pedersen and Butler 2011; 
Calverley 2003; Permutt 1973).

In the setting of very severe obstructive lung 
disease or during exacerbations of milder dis-
ease, the maximal expiratory flow can be reached 
during tidal breathing (Pellegrino and Brusasco 
1997). Resultant auto-PEEP presents an inspira-
tory load in so much as pleural pressure must 
be lowered below the positive end-expiratory 
alveolar pressure in order to initiate inspiratory 
flow. This inspiratory load increases the work of 
breathing and may result in respiratory distress. 
Hyperinflation also increases pulmonary vascu-
lar resistance, which increases right ventricular 
afterload, and if auto-PEEP exceeds left atrial 
pressure, it further increases right heart after-
load. Despite the increasingly negative pleural 
pressure required during inspiration, there is a 
net increase in mean intrathoracic pressure and 
thus a decrease in venous return. The decrease 
in venous return and increase in right heart 
afterload are the major hemodynamic derange-
ments during acute obstructive disease. The 
primary intervention for spontaneous breathing 
patients is to reduce airflow obstruction with 
pharmacotherapy.
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 Pulsus Paradoxus

Under normal circumstances, cardiac output and 
blood pressure are slightly lower during inspi-
ration than during expiration. This effect of the 
negative intrathoracic pressure associated with 
spontaneous inspiration arises from the increase 
in left heart afterload during inspiration and, to 
a lesser extent, from the increase in right ven-
tricular volume and ventricular interdependence. 
Left ventricular afterload is best described as 
intraventricular pressure relative to pleural pres-
sure (Magder et  al. 1983; Buda et  al. 1979) 
so that increasingly negative pleural pressure 
directly increases afterload. The transmission 
of negative pleural pressure to the right atrium 
will increase the gradient for venous return and 
thus can increase right ventricular volume which 
may impede left ventricular filling due to the 
constraint of the pericardium (Duke 1999). In 
exacerbations of obstructive lung disease, respi-
ratory effort can increase leading to an increase 
in the amplitude of pleural pressure cycles and 
an exaggeration of the normal inspiratory fall 
in cardiac output, a phenomenon termed pul-
sus paradoxus (Hamzaoui et  al. 2013). Pulsus 
paradoxus is an exaggeration of the normal 
hemodynamic effect of inspiration. Increasingly 
negative inspiratory pleural pressure results in an 
increase in left ventricular transmural pressure 
and thus its afterload which results in a decrease 
in LV stroke volume (Magder et  al. 1983). In 
addition, the increasingly negative pleural pres-
sure when transmitted to the right atrium leads 
to an exaggerated increase in venous return. At 
the same time, the large lung volumes typically 
encountered will increase right ventricular after-
load (Burton and Patel 1958). The simultaneous 
increase in venous return and right ventricular 
afterload can lead to an exaggerated increase in 
right ventricular volume (RV), which may limit 
left ventricular (LV) stroke volume due to the 
pericardial constraint and shift of the interven-
tricular septum. The degree to which this occurs, 
and the magnitude of the associated decrease in 
LV stroke volume, will depend on the degree of 
pleural pressure lowering (and thus augmenta-
tion of venous return) as well as the ability of the 

LV to expand in the pericardial space. The abil-
ity of the LV to expand will depend on starting 
ventricular volumes and the compliance of the 
pericardium (Hamzaoui et al. 2013).

 Heart-Lung Interaction in Severe 
Obstructive Disease – 
The Mechanically Ventilated Patient

During positive pressure mechanical ventilation, 
alveolar pressure remains above atmospheric 
pressure throughout the respiratory cycle. The 
positive alveolar pressure will directly increase 
right heart afterload in regions of the lung in 
which Palv exceeds the pulmonary venous pres-
sure (Howell et al. 1961). Hyperinflation is pres-
ent in lung regions (Gattinoni and Pesenti 2006) 
with regional lung volume above the regional 
functional residual capacity resulting in a net 
increase in pulmonary vascular resistance. For 
both reasons, mechanical ventilation may result 
in an increase in right heart afterload. In addition 
to the effects on right heart afterload, mechanical 
ventilation can exaggerate the effects of alveo-
lar hyperinflation on venous return. During a 
mechanically supported inspiration, the intratho-
racic pressure increases resulting in an increase 
in Pra and potentially a decrease in the gradient 
between the Psys and the Pra [13]. The combina-
tion of decreased preload and increased afterload 
may lead to drastically reduced cardiac output 
and hemodynamic compromise.

 Therapeutic Strategy

Minimization of hyperinflation and consequent 
reduction of cardiac output are the primary hemo-
dynamic objectives in ventilation of the patient 
with severe obstructive disease (Leatherman 
2015). This can, of course, be accomplished by 
attempts to reverse the airflow obstruction by 
treatment with bronchodilators, steroids, and 
potentially bronchoscopy to minimize mucus 
plugging. However, an immediate intervention 
is to decrease the respiratory rate – even at the 
cost of some decrease in minute ventilation and 
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thus increase in hypercarbia. Indeed, reductions 
in hyperinflation and auto-PEEP may, paradoxi-
cally, reduce dead space (as Palv is lowered below 
the pulmonary venous pressure). Hyperinflation 
may also be lessened by decreasing the inspira-
tory time (and thus increasing the expiratory 
time). In volume-controlled ventilation, this may 
be accomplished by increasing the inspiratory 
flow rate, though this does come at the cost of 
increased peak inspiratory pressures (Tuxen and 
Lane 1987).

In contrast to the situation in hypoxemic 
respiratory failure, extrinsic positive end-expira-
tory pressure is of lesser importance in the man-
agement of acute obstructive disease (Davidson 
et  al. 2016). External PEEP may reduce the 
inspiratory load presented by hyperinflation and 
auto-PEEP (Marini and Dynamic 2011). This is 
less relevant in ventilated patients who are not 
spontaneously initiating breaths. Other than the 
possibility of offsetting the inspiratory thresh-
old load, PEEP has variable effects (Caramez 
et  al. 2005) on hyperinflation which depends 
on the degree of flow limitation. External PEEP 
below the level of auto-PEEP should not affect 
expiratory flow, as in the presence of flow limi-
tation the expiratory flow will be, by definition, 
independent of the downstream pressure. In the 
absence of the flow limitation, pressure applied 
at the airway opening should be rapidly trans-
mitted to the alveolar level and therefore should 
still not affect expiratory flow but may contrib-
ute to worsening hyperinflation (Tuxen 1989). 
Classically, then there is a threshold effect of 
PEEP on hyperinflation. As long as the extrinsic 
PEEP is set below the auto- PEEP, there should 
be no effect on lung volume. Once extrin-
sic PEEP exceeds auto-PEEP, however, it can 
worsen hyperinflation and its attendant hemo-
dynamic effects.

 Conclusion

The normal interaction of the heart and respira-
tory system includes the effects of intrathoracic 
pressure on venous return, the consequence of 
lung inflation for extra-alveolar and intra- alveolar 
vessels, the effect of intrathoracic pressure on 

right and left heart afterloads, and the effects of 
all of the above on ventricular interaction. During 
airflow obstruction, the combination of hyperin-
flation and auto-PEEP results in exaggeration of 
these normal interactions with the effect of lim-
iting cardiac output. The therapeutic strategy in 
acute obstructive disease therefore prioritizes 
reduction of hyperinflation in order to minimize 
hemodynamic compromise.
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Evaluation and Management 
of Ventilator-Patient Dyssynchrony

Enrico Lena, José Aquino-Esperanza, 
Leonardo Sarlabous, Umberto Lucangelo, 
and Lluis Blanch

 Introduction

In order to effectively unload inspiratory muscles 
and provide a safe ventilation (enhancing gas 
exchange and protecting the lungs), the ventila-
tor should be in synchrony with patient’s respi-
ratory rhythm. The complexity of such interplay 
leads to several concerning issues that clini-
cians should be aware and able to recognize. 
Patient-ventilator dyssynchrony may induce sev-
eral deleterious effects ranging from dyspnea, 
anxiety and delirium, and potential cognitive 
alterations to prolonged mechanical ventilation, 
diaphragm injury, and patient self-inflicted lung 

injury (P-SILI) due to vigorous inspiratory effort 
leading to high stress (elevated transpulmonary 
pressure) and strain (global or regional lung over-
distension) (Telias et al. 2018).

Research has shown that patients ventilated 
for more than 24 h who are able to trigger the 
ventilator have a high incidence of asynchrony 
during assisted mechanical ventilation (Thille 
et al. 2006). Asynchronies are common through-
out mechanical ventilation, occur in all mechani-
cal ventilation modes, and might be associated 
with outcome (Blanch et  al. 2015) especially 
when they occur in clusters (Vaporidi et  al. 
2017).
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For educational and research purpose, asyn-
chronies have been classified according to the 
phase of the respiratory cycle in which they occur 
and are as follows: inspiratory or pressurization 
phase, cycling off to the expiratory phase, and 
during expiration phase. Table 46.1, reproduced 
with permission of Subirá et  al. (2018), shows 
this approach. Nevertheless, from a clinical point 
of view (Aquino Esperanza et  al. 2020; Pham 
et al. 2018), an approach centered on the condi-
tion that leads to the mismatch between the 
patient and the ventilator may help better under-
stand the underlying mechanism and help design 
new treatment strategies. We will focus primarily 
on this classification but also will describe others, 
such as reverse triggering, separately.

 Classification

During mechanical ventilation, the control of 
breathing becomes complex with feedback sig-
nals from chemoreceptors (central and periph-
eral) and mechanoreceptors with vagal and free 
afferent inputs from the lung, chest wall, and 
respiratory muscles (Georgopoulos and Roussos 
1996). Additionally, pain, anxiety, or endotox-
ins can directly influence respiratory centers. A 
high respiratory drive can result from increased 
metabolic demands, altered gas exchange, and/or 
intense mechanical stimuli through lung recep-

tors (Brochard et al. 2017). On the contrary, a low 
respiratory drive can be due to either a primarily 
depressed central nervous system, by high levels 
of sedation, or an excessive ventilatory support 
(Aquino Esperanza et al. 2020; Pham et al. 2018).

Based on the appropriateness of the level of 
assistance provided by the ventilator, asynchro-
nies could be considered as over-assistance, 
when the respiratory drive is low, or insufficient 
assistance, when the patient’s respiratory drive is 
high.

 Over-Assistance (Low Respiratory 
Drive)

 Ineffective Efforts
Ineffective triggering (IE) is the most frequent 
type of dyssynchrony (Thille et al. 2006; de Wit 
2011). It is defined as an inspiratory muscle effort 
that is not followed by a ventilator breath. This 
asynchrony occurs when the patient’s attempt to 
initiate a breath does not reach the ventilator’s 
trigger threshold. In other words, the ventilator 
fails to detect the patient’s inspiratory efforts 
and the patient’s breathing frequency is differ-
ent from that of the ventilator. These patients 
often seem calm and not dyspneic. The main 
causes are delayed cycling, over-assistance, and 
hyperinflation. All of these lead to intrinsic posi-
tive end- expiratory pressure (PEEPi). Decreased 
respiratory drive by other mechanisms such as 
sedation increases the occurrence of IE. Of note, 
a deeper level of sedation with propofol has been 
associated with higher frequency of IE during 
pressure support ventilation (Vaschetto et  al. 
2014). For diagnostic purposes, a decrease in air-
way pressure (Paw) waveform in association with 
an increase in flow during expiration is highly 
suggestive (Figs.  46.1 and 46.2). Confirmatory 
evidence can be obtained with the use of esopha-
geal pressure (Pes) measurement or a catheter 
dotted with electrodes to measure the electro-
myographic activity of the diaphragm (EAdi). 
These can show a negative deflection in Pes or an 
increase in the EAdi signal that is not followed by 
a mechanical breath.

Table 46.1 Classification of asynchronies according to 
the phase of respiratory cycle

Inspiratory 
period

During the transition 
from
inspiration to 
expiration

Expiratory 
period

Trigger delay
Inspiratory 
flow 
mismatching
Short cycling
Prolonged 
cycling
Reverse 
triggering

Double triggering 
due to short cycling 
or reverse 
triggering
Expiratory muscle 
contraction due to 
prolonged cycling

Ineffective 
inspiratory 
effort
Auto- 
triggering
Expiratory 
muscle 
contraction

From Subirá et al. (2018). Reproduced with permission of 
the American Association for Respiratory Care.

E. Lena et al.



717

 Delayed or Prolonged Cycling
Delayed cycling occurs when mechanical insuf-
flation continues after neural inspiration has 
ceased or even during active expiration. If the 
ventilator breath is longer than the patient’s neu-
ral inspiratory time, the patient may actually fight 
the ventilator, recruiting expiratory muscles in an 
attempt to force expiration.

In pressure support ventilation mode (PSV), 
the ventilator cycles to expiration when flow 
decreases to a set percentage of peak inspiratory 
flow. Insufflation tends to be longer with higher 
levels of pressure support and with increased air-
flow resistance. Additionally, higher levels of 

pressure support result in a higher peak flow that 
may shorten neural inspiratory time (Fernandez 
et  al. 1999) further contributing to a mismatch 
between a long mechanical insufflation and a 
short neural inspiratory time. In this scenario, 
delivered inspiratory flow decreases very slowly 
with mechanical inspiratory time (Ti) potentially 
exceeding neural Ti due to the flow cycling 
mechanism. This over-insistence results in hyper-
ventilation, hypocapnia, respiratory alkalosis, 
and reduced respiratory drive which leads to fur-
ther dyssynchrony and perpetuates the mecha-
nism (Gilstrap and Davies 2016). It also needs to 
be appreciated that non-respiratory mechanisms 
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Fig. 46.1 Ineffective effort: tracings of airflow, airway 
pressure, and tidal volume in a mechanically ventilated 
patient on pressure support ventilation mode. Ineffective 
inspiratory efforts are present during expiratory periods. A 
decrease in airway pressure (green arrow) together with 
an increase in airflow (red arrow) not followed by a venti-

lator breath during expiration is suggestive of an ineffec-
tive inspiratory effort. This asynchrony occurs when the 
patient’s attempt to initiate a breath does not reach the 
ventilator’s trigger threshold. An example of prolonged 
cycling (see Fig.  46.3 for further details) could also be 
observed (brown arrow)
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such as airway leaks can induce prolonged 
cycling. Thus, attention should be paid to the 
cuff, the mechanical circuit, and the integrity of 
the endotracheal or tracheostomy tube.

Detection of prolonged cycling can be quite 
problematic when only ventilator waveforms are 
used (Fig.  46.3), but it can be easily detected by 
comparing mechanical insufflation with the  duration 
of inspiratory effort as assessed by Peso or EAdi.

 Insufficient Assistance (High 
Respiratory Drive)

 Flow Starvation
Inspiratory flow mismatching occurs when 
the ventilator fails to meet the patient’s flow 

demand. Inadequate flow delivery is most com-
mon when ventilator flow delivery is set inappro-
priately low, or the combination of tidal volume 
(VT) and Ti does not result in adequate flow 
during acute respiratory failure, or when inspira-
tory flow demands are high and vary from breath 
to breath (Flick et al. 1989; Marini et al. 1986). 
Inspiratory flow mismatching is more frequent 
in modalities in which it is impossible for the 
patient to modify the flow, such as volume con-
trol-continuous mandatory ventilation (Gilstrap 
and Davies 2016). MacIntyre et al. (1997) dem-
onstrated that inspiratory flow mismatching 
could be improved by increasing ventilator flow 
delivery or, when subjects were ventilated with a 
flow limited strategy, by using the variable flow 
pressure-limited breath. It is particularly impor-
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Fig. 46.2 Ineffective effort: tracings of airflow, airway 
pressure, and tidal volume in a mechanically ventilated 
patient on pressure support ventilation mode. Other exam-
ples of ineffective inspiratory efforts are present during 
expiratory periods. A decrease in airway pressure (green 

arrow) together with an increase in airflow (red arrow) not 
followed by a ventilator breath during expiration is sug-
gestive of an ineffective inspiratory effort. This type of 
asynchrony occurs when the patient’s attempt to initiate a 
breath does not reach the ventilator’s trigger threshold
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tant to track inspiratory flow mismatching dur-
ing lung-protective ventilation because vigorous 
inspiratory efforts could promote pulmonary 
edema by increasing the transvascular pressure 
gradient (Kallet et  al. 1999), tidal recruitment 
associated with  pendelluft flow (lung volume 
redistribution), and consequent regional lung 
over-distention, which can occur in flow- and 
pressure-limited breaths in volume control-
continuous mandatory ventilation and volume 
control decelerated flow, as well as in pres-
sure control-continuous mandatory ventilation 
(Yoshida et  al. 2017). Sometimes, if the effort 
made by the patient is high enough, a second 

mechanical breath can be triggered (double trig-
ger and breath stacking) (Figs. 46.4 and 46.5).

 Short or Premature Cycling
Premature or short cycling occurs when the neu-
ral time is greater than the ventilator’s inspiratory 
time.

The ventilator ends flow delivery, but the 
patient’s inspiratory effort continues. If the 
patient’s effort exceeds the trigger threshold, it 
can activate another breath, generating a double 
trigger (Fig. 46.6). Activation of inspiratory mus-
cles during mechanical deflation (lengthening) 
results in an eccentric contraction of the dia-
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ventilated patient on pressure support ventilation mode. In 
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decreases to a set percentage of peak inspiratory airflow. 
Prolonged or delayed cycling (red arrow) occurs when 
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mechanical inflation during neural expiration is uncom-
fortable and patients may exhibit expiratory muscle 
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phragm (Gea et  al. 2009) which is potentially 
injurious to the respiratory muscles.

 Double Trigger and Breath Stacking
Double triggering consists of a sustained inspi-
ratory effort that persists beyond the ventilator 
inspiratory time, cessation of inspiratory flow, or 
the beginning of mechanical expiration. A second 
ventilator breath consequently is triggered, which 
may or may not be followed by a short expiration, 
in which all or part of the volume of the first breath 
is added to the second breath, a phenomenon called 
breath stacking (Fig. 46.7) (Blanch et al. 2015; de 
Wit 2011; Gilstrap and MacIntyre 2013; Kallet 
et  al. 2006). The delivered volume accumulated 

during the two breaths without normal exhalation is 
very high and can potentially double VT of normal 
breaths in volume-targeted modes (de Haro et al. 
2018). Therefore, high VT from double triggering 
might result in hyperinflation and high transpulmo-
nary pressures leading to pulmonary barotrauma, 
excessive stress and strain, and increased inflam-
matory response (Yoshida et al. 2017).

Importantly, double triggering can originate 
from different underlying conditions, such as 
those where a high respiratory drive exists (flow 
starvation and premature cycling) or when a 
reverse trigger occurs with a diaphragmatic con-
traction strong enough to trigger a second 
mechanical breath.
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Fig. 46.4 Flow starvation: tracings of airflow, airway 
pressure, and tidal volume in a mechanically ventilated 
patient on pressure-limited ventilation mode. Example of 
inspiratory flow mismatching (also named flow starva-
tion) which occurs when the ventilator fails to meet the 
patient’s flow demand. In this case, ventilator airflow is 
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inspiratory flow demands. Inspiratory effort continues 
during mechanical insufflation and it is strong enough to 
trigger a second mechanical breath (red arrow), which 
occurs without expiration and leads to breath stacking 
(green arrow). Notice that the tidal volume in breath 
stacking is almost double with associated elevated airway 
pressure
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 The Entrainment Phenomenon: 
Reverse Triggering

Reverse triggering (RT) is a recently identified 
type of dyssynchrony, in which ventilator insuffla-
tions trigger diaphragmatic muscle contractions 
through activation of the patient’s respiratory 
center in response to passive insufflation of the 
lungs. It is a consequence of respiratory entrain-
ment which occurs when the patient’s respiratory 
center is harmonized with the rhythm of the ven-
tilator. Entrainment most often occurs when tidal 
volumes and respiratory rates are similar to the 
subject’s own respiratory rate and tidal volume 
(Flick et  al. 1989). The possible explanation is 

that flow and pressure applied by the ventilator 
activate stretch receptors in the upper airways, 
lungs, and chest wall. Feedback from these 
receptors causes the respiratory control center 
to match the phase and frequency of the external 
stimulus, producing a repetitive respiratory pat-
tern (de Vries et al. 2019). The ventilator seem-
ingly “triggers” the patient. The resulting neural 
and muscular activity is a “reverse- triggered” 
effort.

During reverse triggering, the patient’s inspira-
tory effort starts after and usually persists beyond 
the machine breath. Because the patient’s inspira-
tory muscles are still active at the beginning of 
expiration, they impede the elastic recoil of the 
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Fig. 46.5 Flow starvation: tracings of airflow, airway 
pressure, and tidal volume in a mechanically ventilated 
patient on volume assist-control ventilation mode. 
Inspiratory flow mismatching (also named flow starva-
tion) occurs when the ventilator fails to meet the patient’s 
flow demand. Inspiratory flow is set inappropriately low 
to fulfill patient’s demand. Inspiratory effort continues 

during mechanical insufflation (green arrow in airway 
pressure waveform) in each breath, and sometimes it is 
strong enough to trigger a second mechanical insufflation 
(red arrow) without expiration and consequent breath 
staking (brown arrows). Notice that the tidal volume in 
breath stacking is almost double with associated elevated 
airway pressure
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respiratory system from increasing the alveolar 
pressure that is needed for expiration, and the peak 
expiratory flow is reduced (Fig.  46.8) (Murias 
et  al. 2016). When the patient’s effort is suffi-
ciently deep and long, the decrease in airway pres-
sure can trigger a second ventilator breath with a 
nil or very short expiratory time (Akoumianaki 
et al. 2013; Delisle et al. 2016) (Fig. 46.9).

 Assessment of Asynchronies

Detection of asynchronies can be made by differ-
ent techniques. These include analysis of wave-
forms provided on the ventilator screen of flow 

time, pressure time, and integrated volume; the 
addition of esophageal tracings obtained by an 
esophageal balloon-tipped catheter; diaphrag-
matic electromyography, which is commercially 
available on some ventilators; and, more recently, 
automated algorithms (Subirà et al. 2018).

The inspection of waveforms can provide clues 
for the existence of dyssynchrony. It is notewor-
thy that the ability of clinicians to  properly iden-
tify them by visual inspection is partially 
influenced by their expertise and the type of dys-
synchrony. Moreover, the sole analysis of breath- 
to- breath waveforms shows a very low sensitivity 
and a low positive predictive value (22% and 32% 
respectively). Even trained physicians were able 
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Fig. 46.6 Short or premature cycling: tracings of airflow, 
airway pressure, and tidal volume in a mechanically ven-
tilated patient on pressure support ventilation mode. In 
this mode, each breath is patient triggered and cycling 
from inspiration to expiration occurs when airflow 
decreases to a set percentage of peak inspiratory airflow. 
Short or premature cycling ensues when mechanical 
insufflations end before neural inspiration. Therefore, 
patient’s inspiratory muscles are still active at the begin-
ning of expiration and impede the elastic recoil of the 

respiratory system. A short cycle is identified as an inspi-
ratory time less than one-half the mean inspiratory time 
(red arrow in flow waveform and green arrow in airway 
pressure waveform). Identification of short-cycled breaths 
sometimes requires monitoring the esophageal pressure or 
electrical activity of the diaphragm. Notice the small 
delivered tidal volume during the short-cycled breath, 
which is added to the previous delivered breath because of 
an insufficient expiration time (asterisk)
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to recognize less than one-third of asynchronies. 
By contrast, negative predictive values by this 
method were high and were achieved in over 90% 
of cases. Addition of the esophageal pressure trac-
ings can help ameliorate the process and favor a 
better recognition. Unfortunately, this minimal 
invasive manoeuver is not routinely utilized in 
mechanical ventilated patients and it requires 
experience for properly placing and understand-
ing how to interpret the tracing.

EAdi is commercially available in Servo I 
(Maquet, Sweden) ventilators in Neurally 
Adjusted Ventilatory Assist (NAVA) mode and 
provides a reliable insight into patient’s inspira-
tory and expiratory time and can be used to detect 
asynchronies. Supporting ventilation based on 

EAdi signal should improve the response of the 
ventilator and synchrony, given that the signal 
reflects closely the neural time of the control of 
breathing. Moreover, a direct comparison of 
asynchronies detections in patients of intensive 
care unit using waveforms analysis or EAdi dur-
ing the weaning phase showed that double, pre-
mature, and late cyclings, as well as asynchrony 
index, were more frequently detected utilizing 
EAdi (Rolland-Debord et al. 2017). Unfortunately, 
NAVA is only available in Servo I ventilators, and 
careful adjustments for correct positioning must 
be made by periodically checking for catheter 
displacement.

More recently, automated detection algo-
rithms have been developed and validated utiliz-
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pressure, and tidal volume in a mechanically ventilated 
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ration occurs when the tidal specified volume is delivered. 
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trigger threshold inducing a second mechanical breath
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ing the continuous analysis of the flow-time and 
pressure-time tracings in order to detect asyn-
chronies. There are several different algorithms 
that have different performances. BetterCare™ 
system is one which can be adapted to any venti-
lator. It has been validated for the automated 
detection of ineffective efforts during expiration 
with high positive and negative predictive values 
compared either to expert’s judgment or to physi-
ological measurements obtained by EAdi (Blanch 
et  al. 2015; de Haro et  al. 2018; Blanch et  al. 
2012). There are many other programs such as 
VentMAP platform, NeuroSync index, and oth-
ers. We believe that, given the pattern of appear-
ance of patient-ventilator asynchronies over time 
which recently have been shown to occur in clus-
ters rather than fixed time intervals, automated 

software detection and prediction, as well as 
intelligent alarms, will be more helpful and more 
accurate for improving patients care during 
mechanical ventilation than visual inspection of 
the waveforms at fixed periods. Visual inspec-
tions are time-consuming and the absence of 
events during the observational period does not 
mean that they do not appear at other times.

 Management – A Clinical Approach

Identifying asynchronies requires careful atten-
tion to patients and their ventilator waveforms. 
Table 46.2, from Subirá et al. (2018), summarizes 
the different approaches that can be used to cor-
rect each type of asynchrony. Although sedation 
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and analgesia are often used to treat asynchro-
nies, this approach raises various concerns. Deep 
sedation is actually an independent risk factor for 
ineffective inspiratory efforts (Chanques et  al. 
2013). Furthermore, deep sedation is associated 
with longer mechanical ventilation duration and 
ICU stays (Barr et al. 2013). Importantly, a recent 
investigation has shown that sedatives, whether 
alone or combined with opioids, do not result in 
better patient-ventilator interaction than opioids 
alone, in any ventilatory mode, and that opioid 
administration in elevated doses (alone or with 
sedatives) with lowered the Asynchrony Index 
without depressing consciousness (de Haro 
et al. 2019). Adjusting ventilator settings seems 
to be a better approach than use of narcotics. 

Chanques et al. (2013) found that in subjects with 
asynchronies who were treated with increased 
sedation- analgesia and either adjustments or no 
adjustments in ventilator settings, asynchronies 
only significantly decreased in those who had 
ventilator setting adjustments. Opioids can help 
bring about better patient-ventilator interaction 
because they can reduce active expiration, reduce 
the activity of the respiratory control center, and 
reduce the central perception of dyspnea and 
anxiety. It is essential to detect dyspnea caused 
by low assistance and to adjust the breathing fre-
quency to ensure that each inspiratory effort is 
followed by a ventilator breath, while at the same 
time evaluating the potential for lung injury and 
newly elevated TV.
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pressure, and tidal volume in a mechanically ventilated 
patient on volume assisted-control ventilation mode. 
Reverse triggering results in an ineffective effort (red 
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sure). Ventilator insufflations trigger diaphragmatic mus-

cle contractions in response to passive insufflations of the 
lungs; if patient’s inspiratory effort is greater than the trig-
ger threshold, a second breath (double cycling) could be 
developed (blue arrow) with associated breath stacking 
(green arrow) due to high tidal volumes
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 Clinical Consequences

Some studies (Thille et  al. 2006; Blanch et  al. 
2015; Vaporidi et  al. 2017; Beitler et  al. 2016) 
have reported that asynchronies are more com-
mon than expected and are associated with poor 
prognosis. In one study, subjects with an ineffec-
tive triggering index greater than 10% required 
longer duration of mechanical ventilation (De 
Wit et  al. 2009). Moreover, Thille et  al. (2006) 
reported that mechanical ventilation duration 
and incidence of tracheostomy were greater in 
subjects who had an asynchrony index greater 
than10%. Furthermore, in a recent analysis of 
ventilator waveforms that covered more than 
80% of total ventilatory time, ICU and hospital 
mortality were higher in subjects who had an 
asynchrony index greater than 10% (Blanch et al. 
2015). Excessive effort and discomfort often are 
treated with sedatives or even neuromuscular 
blockers. However, avoiding patient-ventilator 
interactions by these approaches is not neces-
sarily helpful because both of these increase the 
risk of respiratory muscle weakness and atrophy 
(Powers et al. 2009; Levine et al. 2008), which 
can lead to prolongation of weaning, increased 
dependence on the ventilator, and a longer ICU 
stay. The average proportion of asynchronies dur-

ing mechanical ventilation may be less important 
for outcomes than the intensity or period in which 
they occur. Recently, Vaporidi and colleagues 
(2017) pointed out the importance of clusters of 
ineffective inspiratory efforts compared to global 
incidence over a long period of time. By analyz-
ing 24-h recordings obtained from 110 subjects 
on the first day of PSV or PAV, they found that 
clusters of IE (more than 30  in a 3-min period) 
were often present. Unlike the overall incidence, 
the duration and power of clusters were associ-
ated with prolonged mechanical ventilation and 
increased mortality. This investigation highlights 
the importance of variability of ineffective efforts 
over time within patients and underscores the 
need for continuous monitoring of airway pres-
sure and air flow.

 Conclusion

Mechanical ventilation is a life-saving support-
ive treatment in critically ill patients. However, 
adverse effects associated with mechanical ven-
tilation can also prolong ICU stay and affect out-
come. Asynchronies can inflict lung injury, cause 
discomfort, increase dyspnea, prolong ventilator 
use and ICU stay, and even increase mortality. 

Table 46.2 Summary of various approaches to correct each type of asynchrony

Asynchrony Action
Inspiratory flow mismatching
Short or prolonged cycling
Double triggering
Double triggering due to 
reverse triggering
Expiratory muscle contraction 
due to prolonged cycling
Ineffective inspiratory efforts
Auto- triggering
Expiratory muscle contraction 
during expiration

Increase gas flow; decrease respiratory drive, and assess adequacy of analgesia and 
sedation; check for dyspnea
Increase or decrease inspiratory period; check cycling off in pressure support; use 
proportional modes
Increase ventilator inspiratory time; try pressure support, titrating flow termination 
criteria to improve synchrony, or proportional modes; consider paralyzing agents if 
tidal volume is too elevated (> 8 mL/kg) in ARDS or in patients with risk factors 
for developing lung injury
Decrease sedation; check breathing frequency; consider paralyzing agents if tidal 
volume is too elevated (> 8 mL/kg) in ARDS or in patients with risk factors for 
developing lung injury
Reduce inspiratory period by checking cycling off and tidal volume; check for 
comfort
Check trigger sensitivity and excessive air trapping; check for excessive assistance 
(excessive set frequency and/or inspiratory time during controlled modes or 
excessive pressure support ventilation level); counterbalance auto-PEEP by using 
external PEEP; check for dyspnea; consider proportional modes
Check trigger sensitivity; check for leaks and water in the ventilator circuit
Check for excessive assistance; check for air trapping and auto-PEEP

From Subirá et al. (2018). Reproduced with permission of the American Association for Respiratory Care.
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The evidence suggests that increasing sedation is 
not the answer, and even the use of proportional 
modes of ventilation does not provide a definitive 
solution to fully synchronizing ventilator breaths 
with the patient’s respiratory activity. To improve 
patient-ventilator interaction, we must deepen 
our understanding of the principles of respiratory 
physiology and respiratory system mechanics 
and improve our ability to apply these concepts 
in individual patients.
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Cardiopulmonary Monitoring 
in the Patient with an Inflamed 
Lung

Tommaso Tonetti and V. Marco Ranieri

 ARDS as an Inflammatory Disease

The acute respiratory distress syndrome (ARDS) 
is a complex and high-mortality disease, which is 
invariably characterized by three main elements: 
(a) lung inflammation, (b) diffuse alveolar dam-
age (edema, hemorrhage, hyaline membranes), 
and (c) severe impairment of gas exchange 
(Thompson et  al. 2017). Since its original 
description in 1967 (Ashbaugh et al. 1967), four 
different (and partly conflicting) definitions have 
been used, but in the present decade, the current 
Berlin definition has gained widespread consen-
sus (ARDS Definition Task Force et  al. 2012). 
It defined ARDS based on the ratio of the arte-
rial partial pressure of oxygen to the fraction of 
inspired oxygen (PaO2/FiO2 ratio, with the for-
mer measured in mmHg) measured at the clinical 
level of positive end-expiratory pressure (PEEP). 
The level of hypoxemia defines three mutually 
exclusive categories of ARDS: mild (200 < PaO2/
FiO2 ≤ 300), moderate (100 < PaO2/FiO2 ≤ 200), 

and severe (PaO2/FiO2 ≤ 100) (ARDS Definition 
Task Force et  al. 2012). ARDS can be consid-
ered primary if the pathogenic insult is directed 
to the lung (e.g., infective pneumonia, aspiration 
of gastric content) or secondary if it develops as 
a consequence of other conditions (e.g., sepsis, 
trauma).

 Pathophysiology of ARDS

 Exudative Phase
Whatever the initial causative disease, the lung- 
damaging chain of events starts with the activa-
tion of alveolar macrophages through the TLR 
pathways (or similar pattern recognition recep-
tors), leading to the so-called exudative phase 
of ARDS (Thompson et al. 2017). This phase is 
mainly characterized by damage of epithelial and 
endothelial monolayers, causing barrier function 
loss, exudative flooding of the alveoli, and forma-
tion of hyaline membranes.

In particular, activated alveolar macrophages 
release proinflammatory mediators and cyto-
kines, such as complement proteins, tumor 
necrosis factor (TNF), transforming growth fac-
tor (TGF)- β, interleukin (IL)-1β, IL-6, IL-8, and 
IL-17. These recruit neutrophils and monocytes 
to the alveolar and interstitial spaces. The accu-
mulation of inflammatory cells further increases 
epithelial damage and starts a positive feedback 
circuit that further increases mediator produc-
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tion and cell recruitment. Moreover, neutrophils 
in the alveolar space release reactive oxygen 
species, elastases, and other proteinases, which 
increase cell damage and basement membrane 
degradation.

Epithelial cells are particularly damaged dur-
ing neutrophil-mediated inflammation, not only 
due to the release of the abovementioned media-
tors, but also due to damage of intercellular tight 
junctions. Indeed, massive neutrophil activation 
in the alveolar space leads to the onset of wide-
spread epithelial injury which is caused by sepa-
ration of previously adjacent monolayer cells 
(Fanelli and Ranieri 2015). Moreover, the epi-
thelial cell monolayer has the important function 
of stabilizing the alveolar content, by producing 
surfactant and ensuring an active resorption pro-
cess, known as alveolar fluid clearance (AFC). 
This process is particularly impaired in ARDS 
lungs, due to different mechanisms: on one hand, 
hypoxia and hypercapnia lead to endocytosis of 
the basolateral Na/K ATPases; on the other hand, 
two of the previously listed inflammatory media-
tors, TGF-β and IL-8, specifically inhibit AFC 
by inducing internalization of membrane sodium 
channels (ENaC) (Peters et  al. 2014) and by 
desensitization/deregulation of the β2-adrenergic 
receptor (β2-AR) (Roux et  al. 2013), respec-
tively. Moreover, viral proteins of some strains 
of influenza virus which are important causative 
agents of pneumonia and ARDS also can inhibit 
(directly and indirectly) the activity of ENaC 
(Lazrak et al. 2009).

On the other side of the basement membrane 
lie the second leading “actors” of alveolar func-
tion and stability: the endothelial cells. The alve-
olar capillary endothelium constitutes the first 
barrier against fluid extravasation. Endothelial 
activation by TNF, vascular endothelial growth 
factor (VEGF), histamine, and other mediators 
causes structural alterations in vascular endothe-
lial cadherins (VE-cadherins), which lose part of 
their inter-cellular adhesive properties and thus 
favor paracellular fluid transfer and leukocyte 
diapedesis. Other leukocyte mediators can even 
induce VE-cadherin endocytosis, thus creating 
inter-endothelial cell gaps that further increase 
edema formation and leukocyte transfer into 

the alveolar space (Fanelli and Ranieri 2015). 
Moreover, endothelial activation and expres-
sion of tissue factor favor platelet adhesion and 
coagulative pathway activation, with increasing 
microvascular injury, subsequent microthrombi 
formation, intra-alveolar coagulation, and hya-
line membrane formation (Thompson et  al. 
2017). Recently, the renin-angiotensin system 
has been put under scrutiny as a relevant pathway 
mediating pulmonary vascular permeability, epi-
thelial cell survival, and activation of fibroblasts. 
The angiotensin-converting enzyme 2 (ACE2) 
reduced lung injury in several experimental 
models of ARDS, and it has been identified as 
a receptor for severe acute respiratory syndrome 
coronavirus (SARS-CoV) (Kuba et al. 2005).

The activation of the abovementioned mecha-
nisms results in alveolar flooding and capillary 
obstruction/disruption, which in turn leads to 
increased alveolar dead space and/or right-to-left 
venous admixture, producing the hallmark altera-
tions of gas exchange found in ARDS.

 Proliferative Phase
In order for the host to survive ARDS, the exu-
dative phase must be followed by a proliferative 
phase, usually beginning approximately 72 hours 
after the initial insult and lasting for about 7 days. 
In this process, fibroblasts replace the already 
disrupted basement membrane with a provisional 
matrix mainly composed of fibrin and fibronectin 
(Thompson et al. 2017). Progenitor cells of mes-
enchymal, epithelial, and endothelial lineage pro-
vide new cellular elements for all the components 
of the alveolar structures. The new epithelial cells 
again provide AFC, while the new endothelial 
cells restore capillary integrity. Key actors in 
these processes are again the neutrophils, which 
activate β-catenin signaling in epithelial cells, 
leading to expression of genes involved in cell 
proliferation. (Fanelli and Ranieri 2015; Zemans 
et al. 2011)

 Fibrotic Phase
In some ARDS patients, the “healing” prolifera-
tive phase may be followed by an “injurious” 
fibrotic phase; this transition has been linked to 
prolonged mechanical ventilation and increased 
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mortality (Thompson et  al. 2017; Cabrera- 
Benitez et al. 2014). Since this phase is usually 
a direct consequence of ventilator-induced lung 
injury, it will be discussed in the next paragraph.

 ARDS Phenotypes: 
The “Hyperinflammation”

Analysis of biological subphenotypes recently 
offered new insights into the inflammatory 
response in ARDS. Indeed, a retrospective analy-
sis of two randomized clinical trials (the ARMA 
(Acute Respiratory Distress Syndrome Network 
et  al. 2000) and the ALVEOLI (Brower et  al. 
2004) trials) showed the existence of two distinct 
subphenotypes in ARDS: a less-inflammatory 
one and the so-called “hyperinflammatory” phe-
notype, characterized by higher plasma concen-
trations of IL-6, IL-8, soluble TNF receptor-1, 
and plasminogen activator inhibitor-1; moreover, 
this phenotype is associated with increased needs 
for mechanical ventilation (higher total minute 
ventilation) and signs of shock (higher heart rate, 
lower systolic blood pressure, lower bicarbonate, 
and lower coagulative protein C concentration) 
(Calfee et  al. 2014). By analyzing the receiver- 
operator characteristic curve, the authors further 
determined that the hyperinflammatory pheno-
type can be predicted with just three variables 
(IL-6, soluble TNF receptor-1, vasopressor use), 
thus suggesting a possible way of monitoring and 
prognosticating ARDS. Interestingly, phenotypes 
were strongly associated with prognostic mark-
ers, such as ventilator-free days, organ failure- free 
days, and mortality. Moreover, the authors found 
that patients with the hyperinflammatory pheno-
type who were treated with higher PEEP tended 
to have a lower mortality than those treated with 
lower PEEP, whereas higher PEEP exerted the 
opposite effect (i.e., higher mortality) in patients 
with low-inflammatory phenotype (Calfee et al. 
2014). More recently, the same group tried 
the same subphenotypes in the populations of 
another randomized clinical trial, the FACCT 
trial on fluid and catheter strategies in ARDS 
(Wiedemann et al. 2006; Louise et al. 2006); in 
that study they were able to show differences in 

mortality based on the fluid management strat-
egy; patients with the hyperinflammatory phe-
notype had higher mortality when treated with a 
conservative fluid strategy, whereas patients with 
the less inflammatory phenotype showed higher 
mortality with a liberal fluid strategy (Famous 
et al. 2017).

In summary, present evidence on ARDS sub-
phenotypes underlines not only the wide phe-
notypic variability of the syndrome but also 
the great importance of inflammation (and its 
intensity) in determining the prognosis and the 
response to therapy of ARDS patients.

 Ventilator-Induced Lung Injury 
and Inflammation

ARDS, especially in its moderate and severe 
forms, usually requires considerable ventilatory 
support, which normally is delivered in the form 
of invasive mechanical ventilation. Despite being 
one of the most important and effective support-
ive therapies practiced in intensive care units, 
mechanical ventilation also is responsible for 
at least a part of the lung damage occurring in 
ARDS patients.

Indeed, at least since the 1970s, mechanical 
ventilation has been associated with collateral 
effects, ranging from macroscopic lung ruptures 
to more subtle, but equally dangerous, lesions 
that develop more slowly in the course of the 
disease.

The terminology “ventilator-induced lung 
injury” (VILI) was first introduced in 1993, and it 
has since gained a wide consensus. It indicates a 
complex pathophysiological entity, characterized 
by histologic alterations similar to those found 
in the ARDS lungs: inflammatory cell infiltrates, 
hyaline membranes, increased vascular perme-
ability, and pulmonary edema. Although this type 
of damage was first described in ARDS, several 
experimental studies have shown that injurious 
ventilatory regimens may damage epithelial and 
endothelial cells and induce lung inflammation 
and edema (by altering the alveolar-capillary 
barrier) even in previously healthy lungs (Slutsky 
and Ranieri 2013; de Prost et al. 2011).
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 Evolving Definitions 
and Pathophysiology of VILI: 
From “Barotrauma” to “Ergotrauma”

The terminology used in the VILI literature has 
evolved since the 1970s, paralleling new dis-
coveries in the etiology and pathophysiology. 
This evolution is summarized in Table 47.1. As 
shown, the first described entity was barotrauma, 
or “damage due to excessive pressure” (Kumar 
et  al. 1973). Typical manifestations of baro-
trauma were different forms of gas leaks inside 
the body (pneumothorax, pneumomediastinum, 
subcutaneous emphysema, and gas embolism) 
(Zimmerman et  al. 1974; Marini and Culver 
1989). Since the most used ventilator mode was 
volume control, and normocapnia was the abso-
lute target of mechanical ventilation, pneumotho-
rax was a very frequent and deadly complication.

During the 1980s, the focus progressively 
shifted toward volutrauma, or “damage due to 
excessive volume.” This was based on a series of 
experiments in which rats were ventilated with 

the same high airway pressures (45 cmH2O) but 
with either high or low volumes which were 
obtained by ventilating the animals with our 
without the chest and abdomen strapped. These 
experiments showed that damage developed only 
in the rats ventilated with high volume and high 
pressure, whereas those ventilated with low vol-
ume and high pressure did not show signs of lung 
damage (Dreyfuss et al. 1988).

Barotrauma and volutrauma and their rela-
tionship can be explained in more modern terms 
by the concepts of transpulmonary pressure (also 
known as lung stress) and lung strain (Tonetti 
et al. 2017). Indeed, only a part of the total air-
way pressure delivered by a ventilator is needed 
to inflate the lungs (the transpulmonary pres-
sure), while the rest is used to lift the chest wall. 
The relationship between transpulmonary pres-
sure and total airway pressure is linear in an indi-
vidual subject, but the slope of this relationship 
is widely variable inter-individually; it averages 
0.7 (i.e., on average the transpulmonary pressure 
is 70% of the airways pressure), but it ranges in 

Table 47.1 Historical perspective on VILI

Definition Years Experimental evidence Clinical evidence References
Barotrauma 1970s Rats ventilated with peak 

pressures up to 45 cmH2O 
developed pulmonary 
edema within 20 minutes; 
ventilation at 30 cmH2O 
induced edema within 
60 minutes

High incidence of 
pneumothoraces and other forms 
of gas leaks in ventilated ARDS 
patients

de Prost et al. 
(2011), Kumar 
et al. (1973), 
Zimmerman et al. 
(1974), Marini and 
Culver (1989)

Volutrauma 1980s High pressure ventilation 
(45 cmH2O) is harmless if 
the volume is low (chest 
strapping), while it causes 
lung damage if the volume 
is high (no strapping)

Ventilating ARDS patients with 
tidal volume of 6 ml/kg IBW 
reduces mortality by ~9% 
compared to 12 ml/kg

Acute Respiratory 
Distress Syndrome 
Network et al. 
(2000), Dreyfuss 
et al. (1988)

Atelectrauma/
biotrauma

Late 
1990s–
early 
2000s

Ventilation of rat lungs with 
zero PEEP and high volume 
causes abnormal release of 
inflammatory cytokines; 
PEEP application causes 
less cytokine liberation

Patients treated with lung 
protective ventilation (higher 
PEEP and low tidal volume) had 
lower inflammatory cytokines in 
BAL and plasma compared to 
patients ventilated with 
conventional strategies

Tremblay et al. 
(1997), Ranieri 
et al. (1999)

Ergotrauma 2010s Respiratory rate, inspiratory 
flow, and PEEP can cause 
VILI per se and 
synergistically with 
inspiratory pressure and 
volume

Only retrospective evidence: 
correlation of mechanical power 
with worse outcome

Cressoni et al. 
(2016), Collino 
et al. (2019), Serpa 
Neto et al. (2018), 
Zhang et al. (2019)
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the population from 0.2 to 0.8, making it very dif-
ficult to predict lung stress from airway pressure 
readings (Chiumello et al. 2008). Moreover, vol-
ume is more precisely defined in terms of lung 
strain, i.e., normalized to the functional residual 
capacity (the lung resting volume). Lung stress 
and strain are related by a proportionality con-
stant called lung-specific elastance, which corre-
sponds to the transpulmonary pressure needed to 
double the lung volume from its resting position; 
this pressure seems to be species-specific and 
corresponds to 12 cmH2O in humans (Chiumello 
et al. 2008).

The clinical relevance of volutrauma was 
definitely proved by the ARMA trial, in which 
ARDS patients were randomly assigned to ven-
tilation with lower (6 ml/kg) or higher (12 ml/kg) 
tidal volume; tidal volume was normalized to a 
surrogate measure of lung dimensions (the ideal 
body weight), and the results showed an almost 
10% difference in mortality favoring the lower 
tidal volume group (Acute Respiratory Distress 
Syndrome Network et al. 2000).

During the 1990s, the focus of VILI research 
shifted to a new mechanism of lung injury, which 
can be possibly active at low lung volumes: the 
atelectrauma, or “damage due to cyclic open-
ing and closing of lung units.” The theoretical 
foundations of atelectrauma lie in the model of 
stress and strain amplification at the interfaces 
of different elasticity regions (Mead et al. 1970). 
This theoretical model found experimental con-
firmation in a rat model in which ventilation with 
moderate tidal volume and high PEEP was less 
injurious (in terms of inflammation and cyto-
kine release) when compared to low or even zero 
PEEP (Tremblay et al. 1997). Similar results were 
obtained in a clinical study that compared lung 
protective ventilation (based on higher PEEP and 
lower tidal volumes) and conventional ventilation 
(higher volumes and lower PEEP); patients in the 
lung protective ventilation group had significantly 
lower levels of cytokines and other inflammation 
markers both in plasma and in the bronchoalveo-
lar lavage (Ranieri et al. 1999). Nevertheless, the 
hypothesis was subsequently tested in a number 
of randomized clinical of patients with ARDS 
patients, but they failed to show any benefit in 

survival from high recruitment strategies in 
comparison to low recruitment (i.e., high cyclic 
opening and closing) (Brower et al. 2004; Meade 
et  al. 2008; Mercat et  al. 2008). The debate on 
the relevance of atelectrauma in the framework of 
VILI is still open, and more compelling evidence 
is needed (Gattinoni et al. 2018; Del Sorbo et al. 
2019).

In the last few years, the theory of ergotrauma, 
or “damage through excessive energy/power,” is 
gaining consensus. The ergotrauma theory starts 
from experimental and clinical evidence that not 
only pressure and volume but also other “basic 
elements” of mechanical ventilation such as 
respiratory rate (Hotchkiss et  al. 2000), strain 
rate (i.e., the inspiratory flow) (Protti et al. 2016), 
and PEEP (Dreyfuss and Saumon 1993) can be 
lung-damaging factors. By conceptually and 
mathematically combining all these elements, it 
appears evident that the energy per unit of time 
(i.e., the mechanical power) delivered by the ven-
tilator to the lung parenchyma may explain VILI, 
in the same way as repeated delivery of energy 
cycles can cause fatigue and ruptures in other 
materials (Gattinoni et al. 2016). Interestingly, in 
different series of animal experiments, a thresh-
old value of mechanical power for the onset of 
VILI in healthy lungs (i.e., ~13  Joules/minute) 
has been identified (Cressoni et al. 2016; Collino 
et al. 2019); moreover, recent retrospective clini-
cal data show that mechanical power is associ-
ated with mortality and other outcome variables 
in ventilated patients (Serpa Neto et  al. 2018; 
Zhang et al. 2019). Although conceptually com-
pelling and of interest, prospective evidence on 
ergotrauma is still lacking, and more robust trials 
are needed to confirm whether mechanical power 
is the root cause of VILI.

 Mechanotransduction and Ventilator- 
Induced Lung Injury

Whichever the root physical mechanism of 
VILI (barotrauma, volutrauma, atelectrauma, 
ergotrauma), the second important element 
to clarify is how the physical stimulus causes 
 biological damage. As already stated, very high 
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pressure and volume can simply rip off lung tis-
sue from the supportive matrix and lead to the 
typical barotrauma epiphenomena such as gas 
leaks, pneumothorax, and pneumomediastinum.

Lower intensity forces, especially if cycli-
cally repeated, do not usually cause macroscopic 
lesions; however, they can directly injure epithe-
lial and endothelial cells at the microscopic level. 
This includes stress failure of plasma membranes 
and their junctions, eventually leading to necro-
sis and consequent inflammation and neutrophil 
infiltration.

Another even more subtle mechanism takes 
place only in intact cells and involves the indirect 
transduction (hence the term “mechanotransduc-
tion”) of physical forces into biological signals 
through the mediation of intracellular biochemi-
cal pathways (Uhlig 2002). These pathways are 
very complex and have not been completely 
described. As explained in detail below, activa-
tion of these pathways tends to favor inflam-
mation and cell apoptosis, in comparison to the 
direct cellular injury that usually causes cell 
death by necrosis (see above).

Lung epithelial cells have at least three “mech-
anosensors”: integrins, cytoskeleton proteins, and 
ion channels (Gattinoni et al. 2003); one of the 
most studied pathways is the one involving Ca2+ 
channels. Experimental stretching of alveolar 
epithelial cells yields an increase in the intracel-
lular Ca2+ concentration, both from extracellular 
influx and by liberation from intracellular reser-
voirs (Frick et al. 2004); increased Ca2+ intracel-
lular concentrations can activate transcription 
pathways and mediate epithelial cell contraction 
(Dudek and Garcia 2001). Moreover, stretch-
induced Ca2+ signaling also has been observed in 
lung endothelial cells (Winston et  al. 1993); an 
intracellular Ca2+ increase in endothelial cells can 
alter vascular permeability by inducing contrac-
tile elements and alter intercellular gaps. Indeed, 
inhibiting stretch-activated ionic channels or 
prevention of contraction of actin/myosin com-
plexes reduced endothelial permeability (Parker 
et al. 1998; Parker 2000).

Other mechanosensors, such as integrins and 
cytoskeleton proteins, when stretched, can indi-
rectly activate genetic transcription through the 

NF-kB pathway or through protein kinases of 
the MAPK family (such as ERK1-2) (Correa-
Meyer et al. 2002). Both alveolar macrophages 
and alveolar epithelial cells, when subjected 
to unphysiological strain, can release IL-8 and 
metalloproteinases (Gattinoni et al. 2003). The 
latter are involved in extracellular matrix remod-
eling, whereas IL-8 is the most potent chemo-
kine for attraction of neutrophils. The MAPK 
kinases also are essential in cell death/survival 
pathways (Lionetti et al. 2006); the importance 
of MAPK pathways has been shown in experi-
mental settings, where protective ventilation 
was related to less activation of MAPKs and 
significant decrease in apoptotic cells (Fanelli 
et al. 2009).

Another mechanism activated by high inspira-
tory pressure is related to the impairment of nitric 
oxide production, which in turn impairs cAMP- 
dependent alveolar fluid clearance (see also the 
first paragraph) (Frank et al. 2003).

 Biotrauma and Inflammation

As described above, physical stimuli lead to 
inflammation and immune system activation, 
either directly through microscopic cellular 
tears or indirectly by mechanotransduction. The 
theory of biotrauma or “damage through exces-
sive mediator release and immune system over- 
activation” developed in the 1990s and built on 
previous observations that ventilation with high 
inspiratory pressures induced neutrophil infil-
tration in the lung (Tsuno et  al. 1991) and that 
animals with neutrophil depletion had less severe 
lung injury (Kawano et al. 1987).

The first experimental study explicitly inves-
tigating the biotrauma hypothesis was performed 
on excised and un-perfused rat lungs in 1997 
(Tremblay et al. 1997). The authors were able to 
show a significant increase in TNF-α, IL-1β, and 
IL-6 in bronchoalveolar lavage and macrophage 
inflammatory protein-2 (MIP-2) in the lungs 
ventilated with high tidal volume (40 ml/kg) and 
zero PEEP, when compared to lungs ventilated 
with more “protective” settings (Tremblay et al. 
1997).
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Two years later, a randomized clinical trial 
showed that patients ventilated with a strategy of 
low tidal volume and PEEP titration based on the 
pressure-volume curve had lower bronchoalveo-
lar lavage concentrations of polymorphonuclear 
cells, TNF-α, IL-1β, soluble TNF-α receptor 55, 
and IL-8; moreover, they had lower concentra-
tions of IL-6 and IL-1 receptor antagonist both 
in plasma and bronchoalveolar lavage (Ranieri 
et al. 1999). Further, in a post hoc analysis of the 
trial, the authors showed a significant correlation 
between the plasma concentration of inflamma-
tory markers and the development of multisystem 
organ failure (Ranieri et al. 2000).

Consequently, the biologic alterations encoun-
tered in VILI are very similar to those described 
in the exudative phase of ARDS.  Although the 
specific mechanisms that recruit leukocytes dur-
ing the early phases of VILI have not been clearly 
elucidated, alveolar macrophages certainly play 
a fundamental role in activating inflammation 
by releasing TGF-β and IL-8, and there is clear 
evidence that type II alveolar epithelial cells can 
produce chemokines such as MIP-2 (Vanderbilt 
et al. 2003). The resulting polymorphonucleated 
cell recruitment into the alveolar space further 
increases inflammation and the release of other 
mediators (such as TNF-a, IL-6, and IL-1b).

The increased alveolar-capillary permeability 
(inherent to ARDS or caused by VILI) allows 
for systemic dissemination of mediators that 
can lead to multiorgan failure through multiple 
mechanisms such as increased apoptosis and may 
favor the dissemination of bacteria and endotoxin 
into the circulation (Nahum et al. 1997; Murphy 
et al. 2000).

 VILI, Inflammation and Fibrosis

An important complication of ventilated ARDS 
patients is the development of lung fibrosis. This 
process usually happens late in the course of 
ARDS (Thompson et al. 2017; Thille et al. 2013) 
and is probably a consequence of VILI (Slutsky 
and Ranieri 2013). Nevertheless, there is evi-

dence that the fibrotic process may start earlier 
during inflammation (Marshall et al. 2000).

The biochemical cascade leading eventually 
to fibrosis can be initiated by mechanical stretch 
(another example of mechanotransduction) or 
by the release of matrix-metalloproteinases and 
chemotactic factors by neutrophils (Cabrera-
Benitez et  al. 2014). Cyclic mechanical stretch 
seems to be a key factor. Stretched murine alveo-
lar type II epithelial cells increase their produc-
tion of the short fragment hyaluronan (sHA), 
which in turn activates signaling pathways that 
lead to epithelial- mesenchymal transition (EMT) 
(Heise et  al. 2011). EMT is the cellular pheno-
typical switch from epithelial to mesenchymal 
cells (fibroblasts and myofibroblasts) and is fun-
damental for the development of VILI-associated 
lung fibrosis (Cabrera-Benítez et al. 2012). Other 
mechanisms involve the activation and prolif-
eration of resident alveolar fibroblasts and the 
recruitment to the lung of circulating fibrocytes 
(Cabrera-Benitez et  al. 2014). Together with 
neutrophils, macrophages may also play a role, 
especially when their phenotype shifts to M2 
(Cabrera-Benitez et al. 2014).

Already in the 1990s, pulmonary fibrosis 
was recognized as an important complication of 
ARDS, and it was linked to mortality and worse 
outcome (Martin et al. 1995). Subsequent clini-
cal studies underlined the importance of TGF-β 
and procollagen type III (PCIII) levels in lung 
lavage in determining the evolution toward fibro-
sis and death (Marshall et al. 2000; Madtes et al. 
1998; Steinberg et al. 2006). In this respect, some 
authors talk about a “fibrosis paradox,” in that 
fibrosis is part of the repair process and it leads 
to increased duration of ARDS and worsens out-
come; indeed patients who die of ARDS almost 
always show signs of fibrosis, whereas survivors 
usually do not show any signs of it (Cabrera- 
Benitez et al. 2014). For all these reasons, fibrop-
roliferation may be a relevant biomarker of VILI 
and may become a target for future therapies.

In Fig.  47.1, we schematically represent the 
mechanical and biological pathways leading to 
VILI.
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 Biological Modulation 
of the Inflamed Lung

Present treatment of ARDS is based on ventila-
tory strategies aimed at minimizing VILI: “gen-
tle” ventilation with low tidal volumes, moderate 
levels of PEEP, avoidance of patient-ventilator 
dys-synchronies, and minimization of lung inho-
mogeneity through the use of prone positioning 
are all recommended interventions (Fan et  al. 
2017). A conservative fluid management strat-
egy also has proved to be of benefit (Wiedemann 
et al. 2006). In the most severe cases, the use of 
extracorporeal gas exchange techniques may be 
useful to further reduce the burden of mechani-
cal ventilation and to ensure viable gas exchange 
(Fan et al. 2016; Rozencwajg et al. 2019).

Instead, modulation of the immune system, 
although very intriguing and promising from a 
conceptual point of view, to date has failed to 
deliver significant results. Indeed, use of glu-
cocorticoids in ARDS has shown no benefit for 
the reduction of mortality and only has resulted 
in moderate improvements in oxygenation, air-
way pressures, and radiological presentation 
(Steinberg et  al. 2006). Many other treatments 
aimed at modulating the inflammatory response 
such as neutrophil elastase inhibitors, statins, 

nonsteroidal anti-inflammatories, angiotensin- 
converting enzyme inhibitors, β-agonists, and 
antioxidants have been tested in different clini-
cal trials in the last decade, with disappointing 
results (Boyle et al. 2013).

At the beginning of the 2010s, recombinant 
interferon-1β proved to be safe and effective 
in reducing mortality in phase I and II trials on 
ARDS patients. The anti-inflammatory effects of 
IFN-1β seem to be related to increased expres-
sion of the enzyme CD73 on several cell types; 
this in turn increases the conversion of adenos-
ine monophosphate to adenosine, a potent anti- 
inflammatory molecule which favors stability 
of the alveolar epithelial-endothelial barrier and 
thus limits edema formation. More recently, how-
ever, a phase III trial of this molecule failed to 
deliver the expected results in terms of mortality 
reduction, and the trial was prematurely inter-
rupted (Bellingan et al. 2017).

 Future Perspectives

A promising treatment, though still under evalu-
ation, is based on infusion of mesenchymal stro-
mal cells (MSCs). Several mechanisms have 
been advocated to explain the lung-protective 
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role of MSCs. It may include secretion of solu-
ble factors, such as keratinocyte growth factor, 
angiopoietin-1, IL-1 receptor antagonist, IL-10, 
prostaglandin E2, and antimicrobial peptide 
LL-37; moreover, MSCs can interact with injured 
cells, thus promoting edema clearance and repara-
tive processes (Fanelli and Ranieri 2015). Indeed, 
preclinical data show that infusion or tracheal 
instillation of this type of cell reduces vascular 
and alveolar permeability, increases clearance of 
edema, and shows anti- inflammatory and anti-
microbial properties (Thompson et  al. 2017). A 
recent published phase IIa trial confirmed safety 
of a single intravenous dose of MSCs in mod-
erate and severe ARDS patients (Matthay et  al. 
2019), but more trials are underway, and results 
are expected in the next few years.

Finally, in the recent observation that ARDS 
patients can be classified into two phenotypes 
with very different natural histories, degrees of 
inflammation, outcome, and response to treat-
ment should inspire researchers in targeting 
future trials to patients who are more likely to 
respond to the tested treatment, thus reducing 
the possibility of a “negative” trial (Calfee et al. 
2014; Famous et  al. 2017). Moreover, at least 
theoretically, this approach should help design 
innovative therapies that target mediators and 
mechanisms that are significantly more activated 
in the worse outcome group of patients.
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Ventilation During Veno-Venous 
Extracorporeal Membrane 
Oxygenation

Jacopo Fumagalli, Eleonora Carlesso, 
and Tommaso Mauri

 Introduction

Veno-venous extracorporeal membrane oxygen-
ation (VV-ECMO) is an advanced medical sup-
port that is being increasing used in patients with 
severe hypercapnic and/or hypoxic respiratory 
failure. VV-ECMO can replace the ventilatory 
and/or the oxygenation function of the native 
lung. ECMO currently is being used as rescue 
therapy when it is believed that the underlying 
pathology is potentially reversible.

In 1979, following initial enthusiasm derived 
from the development of the technology neces-
sary to allow gas exchange through an external 
biocompatible membrane, the National Institute 
of Health (NIH, Bethesda, MD, USA) endorsed 
the first randomized clinical trial to compare 
ECMO treatment to conventional mechanical 
ventilation in patients with severe hypoxemic 

respiratory failure (Zapol et  al. 1979). 
Technological limitations of the extracorporeal 
devices limited the benefit of the technique (90% 
mortality in both ECMO and conventional 
mechanical ventilation groups). In this pivotal 
NIH trial, a high fraction of inspired oxygen 
(FIO2) was considered one of the iatrogenic 
causes of direct lung injury in patients undergo-
ing mechanical ventilation. For this reason, the 
only real difference in ventilator management 
between the ECMO and control group was mag-
nitude of FIO2. Other ventilator parameters were 
not different between the groups. Furthermore, 
the tidal volumes were high, 10–15 mL/Kg IBW, 
as were the inspiratory pressures of 40–50 
cmH2O.

Around that time, the first evidence of the 
potential injurious effects of mechanical ventila-
tion appeared (Kolobow et al. 1987), and the con-
cept of ventilator-induced lung injury (VILI) was 
introduced. From then on, there were large efforts 
to identify the causes and to prevent VILI. During 
that time, a pioneering group at the NIH led by 
Dr. Kolobow proposed taking advantage of 
ECMO to reduce respiratory rate, tidal volume, 
and airway pressure, and thereby minimizing 
lung damage (Gattinoni et al. 1979). Today, the 
concept that patients treated with VV-ECMO 
might benefit from ultra-protective ventilation 
seems more obvious; however, data supporting 
the proper management of mechanical ventila-
tion during ECMO are limited and clear rationale 

J. Fumagalli · E. Carlesso 
Dipartimento di Fisiopatologia Medico-Chirurgica e 
dei Trapianti, Università degli Studi di Milano,  
Milan, Italy
e-mail: eleonora.carlesso@unimi.it 

T. Mauri (*) 
Dipartimento di Fisiopatologia Medico-Chirurgica e 
dei Trapianti, Università degli Studi di Milano,  
Milan, Italy 

Dipartimento di Anestesia, Rianimazione ed 
Emergenza, Fondazione IRCCS Ca’ Granda Ospedale 
Maggiore Policlinico, Milan, Italy
e-mail: Tommaso.mauri@unimi.it

48

http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-030-73387-2_48&domain=pdf
https://doi.org/10.1007/978-3-030-73387-2_48#DOI
mailto:eleonora.carlesso@unimi.it
mailto:Tommaso.mauri@unimi.it


742

frequently missing. This chapter focuses on 
 current mechanical ventilation settings adopted 
during ECMO support, the rationale behind dif-
ferent approaches, and the potential use of ECMO 
to allow ultra-protective mechanical ventilation 
and an early transfer to spontaneous breathing.

 Principles of Gas Exchange During 
VV-ECMO in Acute Respiratory 
Failure

During VV-ECMO (Combes et al. 2014), blood 
is drawn from the patient’s venous system by a 
venous cannula and then driven by a mechanical 
pump through an artificial lung, which oxygen-
ates the blood and removes the carbon dioxide 
(CO2). The arterialized blood is then returned to 
the patient central venous system and flows 
through the patient’s lungs. Thus, gas exchange 
occurs in series in the membrane lung (ML) first 
and subsequently in the natural lung (NL).

Blood oxygenation by the extracorporeal sys-
tem is dependent on the intrinsic characteristics 
of the ML, the ratio between extracorporeal flow 
and native cardiac output, the hemoglobin con-
centration, and the hemoglobin oxygen satura-
tion in the venous blood. Potential technical 
shortcomings such as recirculation need to be 
considered. Therefore, VV-ECMO requires a 
high enough extracorporeal blood flow to match 
the total oxygen demand of the patient. 
Conversely, CO2 removal by the artificial lung is 
relatively independent from extracorporeal blood 
flow, but it is tightly correlated with the gas flow 
ventilating the artificial lung. Venous blood con-
tains about 55 mL of CO2 per 100 mL of blood, 
which is mainly in the form of bicarbonate ions. 
This implies that 500 mL of blood contains the 
total minute CO2 production of an adult. By 
maintaining an adequate pCO2 gradient between 
blood flowing through the artificial lung and the 
sweep gas flow, removal of a significant propor-
tion of venous CO2 content is achieved. Thus, 
CO2 removal is controlled by sweep gas flow set-
tings; the higher the sweep gas flow and the CO2 
tension in the incoming ECMO blood flow, the 
higher the CO2 clearance.

The NL can be approximated to a three com-
partment model characterized by high, normal, 
and low (or nil) ventilation/perfusion (VA/Q) 
ratio, following gravitational distribution 
(Gattinoni and Pesenti 2005). The compartment 
with high VA/Q ratio is usually located in the 
non-dependent part of the lung and includes 
over- and normally inflated alveoli, presence of 
microthrombi, and vasoconstriction. In the mid-
dle part of the lung, regions with normal and low 
VA/Q ratios coexist; percentages of alveoli with 
lower VA/Q increase progressively to the depen-
dent regions. The most dependent lung regions 
are characterized by compressed, virtually 
recruitable regions that can be kept open by an 
adequate amount of positive end-expiratory pres-
sure (PEEP) and collapsed, unrecruitable, alve-
oli. Dead space and shunt coexist and are strictly 
bonded: the higher the shunt, the higher the VA/Q 
ratio of the ventilated regions and the higher the 
dead space. In this setting, ECMO can reduce 
hypoxemia by increasing the oxygen content of 
the mixed venous blood and thus reducing the 
effect of shunted blood, and at the same time, by 
allowing decreased minute ventilation by the 
mechanical removal of CO2. Thus, gas exchange 
is dissociated from the ventilator requirement of 
the NL, and this can allow the clinician to apply 
the most protective ventilatory strategy to the 
patient lung. Although ventilation is virtually not 
required any more to remove CO2, lung inflation 
still might be required to contribute to oxygen-
ation which could decrease the requirement for 
extracorporeal blood flow, which in turn directly 
influences cannula size and negative drainage 
pressure.

Thus, ECMO might be considered not only as 
a technique to rescue moribund patients but also 
as the only therapy that, in patients with the most 
severe respiratory distress, can dramatically 
decrease the load of mechanical ventilation in the 
NL, and minimizing VILI in all of its aspects 
(Slutsky and Ranieri 2013) including barotrauma 
(injury due to high pressure), volutrauma (high 
volume), atelectrauma (cyclic opening and clos-
ing), biotrauma (inflammation secondary to 
mechanical injury), and the recently introduced 
ergotrauma (injury due to the mechanical power 
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applied to the lung, including volume, pressure, 
respiratory rate, and inspiratory flow) (Gattinoni 
et al. 2016).

 Mechanical Ventilation Strategies 
During VV-ECMO

 Ventilatory Strategy During the Early 
Phase of VV-ECMO

The optimal lung management of the natural lung 
during VV-ECMO is controversial with many 
different approaches being described (see 
Table 48.1). In a recent survey, only 30% of the 
centers participating reported an explicit mechan-
ical ventilation protocol (Marhong et al. 2014).

Controlled ventilation modes are indicated in 
patients with severe ARDS in order to closely 
control tidal volume and inspiratory pressure and 
to reduce self-inflicted lung injury secondary to 
patients’ uncontrolled respiratory drive (Brochard 
et al. 2017). Volume or pressure targeted assist- 
control ventilation are the most frequently used 
modes used in ARDS patients (Esteban et  al. 
2002). Some authors suggest use of pressure con-
trolled ventilation (PCV) during the first days of 
ECMO support and use of predefined threshold 
values of plateau and driving pressures not to be 
exceeded (Camporota et  al. 2015). Moreover, 
during PCV, lung recruitment and de-recruitment 
can be easily monitored by continuously moni-
toring increases or decreases in tidal volume.

There is general agreement for the benefit of 
reducing tidal volume, and driving pressure, pla-
teau pressure, and FIO2 after starting 
VV-ECMO.  In an international retrospective 
analysis from high volume ECMO centers, dur-
ing the first 3  day of ECMO, Schmidt et  al. 
reported that tidal volume was decreased from 
6.3 (before ECMO) to 3.9  ml/kg, plateau pres-
sure from 32.2 to 26.6 cmH2O, and driving pres-
sure from 19.0 to 13.7 cmH2O (Schmidt et  al. 
2015). In an international survey from all ELSO- 
registered centers, medical directors, and ECMO 
program coordinators, 66% of centers had 
adopted controlled ventilatory modes as initial 
ventilatory management of ECMO patients 

(Marhong et al. 2014). Tidal volume was usually 
limited to less than 4 mL/kg PBW in 34% of the 
centers, whereas 47% used tidal volumes between 
4 and 6  mL/kg PBW.  Serpa Neto et  al., in a 
pooled individual patient analysis from nine 
observational studies (545 patients), reported that 
during the first day of ECMO, tidal volume was 
reduced from 6.0 to 4.0 ml/kg PBW, plateau pres-
sure from 31.1 to 26.2 cmH2O, and FIO2 from 0.9 
to 0.7. Driving pressure, too, was reduced from 
17.7 to 13.7 cmH2O; this was the only ventilation 
parameter that showed an independent associa-
tion with in-hospital mortality (Serpa Neto et al. 
2016). The value of tight limitation of inspiratory 
plateau pressure during the first days of ECMO is 
supported by evidence of increased mortality risk 
at increasing levels of plateau pressure in 
A(H1N1) ARDS patients undergoing ECMO 
(Pham et al. 2013). Based on this observational 
evidence, a large randomized clinical trial com-
paring ECMO to conventional mechanical venti-
lation was undertaken to determine if there is a 
survival benefit with use of ECMO by prevention 
of VILI (EOLIA study) (Combes et  al. 2018). 
This recently published trial took 9 years to com-
plete and participation of 100 centers and enroll-
ment of 240 patients. Use of VV-ECMO in the 
treatment group allowed a decrease in minute 
ventilation from 12 to less than 5 L/min, primar-
ily due to a reduction of tidal volume (from ≈6.0 
to ≈3.4  mL/kg). This was associated with a 
reduction in plateau pressure from 30 to 24.5 
cmH2O and thus a reduction of the driving pres-
sure by ≈5 cmH2O because PEEP was unchanged. 
With use of these settings, there was a trend 
toward reduction of mortality in ECMO patients 
compared to conventional mechanical ventila-
tion. Interestingly, in the control group, a large 
percentage (28%) underwent ECMO as rescue 
support with similar reduction of ventilation.

There is less agreement on the appropriate 
PEEP setting during ECMO. The basic debate is 
between use of a strategy that gives complete 
lung rest by applying low levels of PEEP and 
allowing the lung to collapse, or applying an 
open lung strategy with higher PEEP levels (15–
20 cmH2O) to maintain open recruitable lung 
regions combined with very low tidal volumes to 
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prevent over-stretching the lung (Table  48.2). 
Low tidal volume ventilation adopted during 
ECMO might produce reabsorption atelectasis of 
regions with a low VA/Q ratio, since, despite a 
high oxygen saturation of mixed venous blood, a 
positive PO2 gradient remains at the alveolar–
capillary interface. Patients managed with low 
tidal volume ventilation and low PEEP levels 
during ECMO might develop a progressive 
decrease in respiratory system compliance attrib-
utable to this reabsorption atelectasis (Gattinoni 
et al. 1980). In the opposite direction, high levels 
of PEEP could be adopted during ECMO to 
maintain static aeration with minimal ventilation, 
or slightly lower PEEP might be sufficient if a 
plateau pressure of 25–28 cmH2O is reached dur-
ing residual tidal ventilation. Such open lung 
strategies during ECMO could be particularly 
useful when the ratio of extracorporeal flow to 
the patient’s own cardiac output is not enough to 
achieve the desired degree of mixed venous and, 
consequently, arterial oxygenation. On the other 
hand, the open lung strategy could be associated 
with higher risk of barotrauma and right heart 
failure and need to be converted from VV to VA 
ECMO to unload the right ventricle. By contrast, 
adopting a lung rest strategy, the native lung does 
not contribute to gas exchange, and higher extra-
corporeal blood flow is required, and it might 
require insertion of a second drainage cannula or 
tolerating very high negative drainage pressure 
that could induce hemolysis, cavitation, and air 
embolisms. Moreover, in ARDS patients, 
increased pulmonary arterial pressure is com-

mon, and diffuse alveolar collapse might result in 
further loading of the right heart and lead to right 
heart failure with the need to convert to 
VA-ECMO.  The Extracorporeal Life Support 
Organization recommends a PEEP of 10 cmH2O 
during ECMO support (Extracorporeal Life 
Support Organization 2017). In the CESAR trial, 
which showed survival and cost benefits of refer-
ral to an ECMO center for severe ARDS patients, 
the ventilation protocol targeted a lung rest strat-
egy (Peek et al. 2009). For patients enrolled in the 
ECMO group, PEEP was progressively decreased 
to 10 cmH2O, respiratory rate to 10 breath/min, 
FIO2 at 30%, and tidal volume to reach a maxi-
mum peak inspiratory pressure of 20 
cmH2O.  However, detailed ventilation parame-
ters were not reported in the study. In the EOLIA 
trial, the PEEP levels adopted in both the treat-
ment and control group were in the intermediate 
range (10–12 cmH2O) and were not changed sub-
stantially between before and after ECMO initia-
tion (Combes et  al. 2018). The Karolinska 
workgroup during the 2009 influenza A/H1N1 
severe respiratory failure pandemic reported an 
approach that shifted toward the total lung rest 
strategy (Holzgraefe et al. 2010). At arrival to the 
ECMO referral center, VV-ECMO was promptly 
started and mechanical ventilation was set with a 
PEEP between 5 and 10 cmH2O, FIO2 below 
50%, and pressure control ventilation with a 
maximum peak airway pressure of 25 
cmH2O. Despite maximal extracorporeal support 
in this approach, they had to accept a median 
arterial oxygen saturation around 85% which 
likely was similar to the patients’ mixed venous 
oxygen saturation. Hypoxic pulmonary vasocon-
striction in 4 patients was treated by switching to 
VA-ECMO. This approach however did not avoid 
barotrauma, which occurred in 3 of the 4 patients. 
Reviewing the pragmatic approaches proposed 
by different study protocols and the heteroge-
neous reported PEEP values, it seems reasonable 
to translate knowledge deriving from research in 
ARDS patients to severe ARDS treated by 
ECMO.  Titrating PEEP according to improved 
oxygenation or to minimize lung collapse accord-
ing to electrical impedance tomography or the 
CT scan represents a valuable option in order to 

Table 48.2 Potential advantages and disadvantages of a 
total rest vs. open lung ventilatory strategy during ECMO

Total rest strategy Open lung strategy
PRO:
  Minimize overdistention
  Lower airway plateau 

pressure

PRO:
  Minimize 

atelectrauma
  Lower Vt/EELV 

ratio
CON:
  Atelectrauma
  Right ventricular failure
  Higher intrapulmonary 

shunt

CON:
  Overdistention
  Lower venous 

return

Vt Tidal Volume, EELV End-Expiratory Lung Volume
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minimize lung stress and strain and to maximize 
the contribution of NL to gas exchange 
(Franchineau et al. 2017). Furthermore, although 
there is still insufficient evidence, Schmidt et al. 
reported a higher survival rate among patients 
treated with higher PEEP levels during 
VV-ECMO support (Schmidt et al. 2015).

Setting of respiratory rate during VV-ECMO 
is another controversial issue. Natural lung con-
tributes minimally to CO2 clearance during 
ECMO, for this reason, and to minimize dynamic 
strain rate, during the early phase of extracorpo-
real support, very low respiratory rates are usu-
ally adopted. Furthermore, low respiratory rate 
might contribute to the protection from excessive 
mechanical power. However, trials generally 
have reported only a slight decrease in respira-
tory rate after ECMO institution, and values 
between 15 and 25 breath/min are frequent. This 
approach does not have a clear rationale and 
might be attributable to the attempt to maintain 
mean airways pressure when applying a low 
PEEP strategy.

Whether to perform or the timing for tracheos-
tomy in patients with severe ARDS is another 
unanswered question. Compared to oro/nasal- 
tracheal intubation, tracheostomy decreases air-
ways resistance and dead space, improves patient 
comfort, and allows a decrease of sedatives. 
However, similar to setting high respiratory rate, 
optimization of airway dead space and resistance 
contribute minimally to optimization of ventila-
tion. Still, use of tracheostomy is very high in 
ECMO patients (about 37%) (Combes et  al. 
2018), and its timing is extremely variable among 
centers, usually being occurring between days 6 
and 10 from initiation of mechanical ventilation.

Limiting FIO2 during ECMO to reduce direct 
oxygen toxicity on the lung and generation of 
reabsorption atelectasis was one of the original 
hypotheses for the potential advantage of ECMO 
compared to conventional mechanical ventilation 
(Kobayashi et  al. 2001). All ECMO trials have 
reported a substantial reduction of FIO2 after 
institution of the extracorporeal support. A 
marked FIO2 reduction implies that when the 
native lung is still contributing to arterial oxygen-
ation, high extracorporeal blood flows is neces-

sary. This would support the argument that an 
open lung strategy might provide adequate oxy-
gen delivery from the NL with lower FIO2 frac-
tion as compared to a total lung rest strategy.

The pathophysiological rationale for prone 
positioning of patients with ARDS, was that it 
allowed more homogenous distribution of aera-
tion, (Langer et al. 1988) and the prone position 
was eventually shown to decrease mortality 
(Guérin et  al. 2013). Prone positioning during 
ECMO has been used to improve ventilation per-
fusion matching in the NL, and thus improving 
arterial oxygenation as well as possibly reducing 
the extent and the duration of extracorporeal sup-
port (Kimmoun et al. 2015; Masuda et al. 2014). 
Moreover, in patients with extremely low com-
pliance values, prone position could reduce 
regional lung stress associated with the minimal 
residual ventilation during ECMO.  A recent 
descriptive study (Lucchini et al. 2018) reported 
no displacements of vascular lines nor other com-
plications (dislodgment or compression) related 
to the maneuver. However, this approach only 
should be considered in centers with adequate 
training.

Monitoring of the NL function during 
VV-ECMO is of paramount importance to assess 
the clinical course of the lung disease. However, 
arterial blood gas analysis is strongly affected by 
the presence of the ML and NL in series and may 
not always be accurate. Some authors suggest 
that improvement of intrapulmonary shunt of the 
NL strongly predicts the weaning success from 
ECMO.  In a large cohort of ARDS patients 
treated with VV-ECMO, Mols et al. reported suc-
cessful weaning from ECMO when at least 80% 
of total oxygen delivery was provided by the 
patient NL (Mols et al. 2000). However, to assess 
intrapulmonary shunt, a pulmonary artery cathe-
ter is required and FIO2 must be set at 100% on 
both supports temporarily to minimize the contri-
bution of regions with very low VA/Q value 
(Zanella et al. 2016). A pulmonary artery catheter 
also can be useful to assess the ratio of cardiac 
output to extracorporeal flow which during 
ECMO is one of the main determinants of arterial 
oxygenation. Daily assessment of respiratory 
mechanics and repeated lung imaging studies 
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(ultrasound, electrical impedance tomography, 
CT scan, or chest X-rays) also can add useful 
information on the course of the patient undergo-
ing ECMO to the clinician.

 Assisted Mechanical Ventilation 
During VV-ECMO

During the earliest phase of ARDS, controlled 
mechanical ventilation with high levels of seda-
tion and muscle paralysis might cause diaphrag-
matic atrophy due to inactivity (Levine et  al. 
2008). Muscles wasting and un-physiology of 
controlled ventilation can prolong mechanical 
ventilation and cause difficult weaning from the 
respiratory support. Early application of assisted 
ventilation modes might decrease the degree of 
muscle atrophy and favor patient reconditioning 
to spontaneous breathing. However, in contrast to 
controlled ventilator modes, achieving protective 
assisted mechanical ventilation setting may rep-
resent a real challenge for the intensive care phy-
sician and the respiratory therapist. High tidal 
volume and high levels of transpulmonary pres-
sure due to uncontrolled inspiratory effort are fre-
quent in ARDS patients breathing spontaneously. 
Similarly, the high respiratory rate and severely 
impaired lung mechanics make it difficult to 
obtain a good patient–ventilator interaction, and 
multiple asynchronies might be present. To iden-
tify the optimal timing to switch the severe ARDS 
patient undergoing ECMO from controlled to 
assisted ventilation mode is crucial. Lung func-
tion has been traditionally used as guide. It has 
been proposed not to change to a spontaneous 
mode when intrapulmonary shunt fraction is 
>40% and/or respiratory system compliance is 
below 20 mL/cmH2O. The risk of worsening lung 
injury up to plasma leak and intra-alveolar bleed-
ing has been described (Yoshida et  al. 2017). 
Moreover, during switch from controlled to 
assisted ventilation, hemodynamics should be 
carefully monitored because volume overload 
with left heart failure or increased workload to 
right heart with consequent right ventricular 
 failure are not uncommon (Lemaire et al. 1988). 
However, the Karolinska ECMO group reported 

a case series of severe ARDS patients managed 
with minimal sedation and pressure support ven-
tilation with low tidal volumes throughout the 
whole period of extracorporeal support with a 
low mortality rate (24%) (Lindén et al. 2000).

It has been recommended to use appropriate 
short acting sedatives after a period of clearance 
of long-lasting drugs that accumulate in the sys-
tem. Heunks et al. also proposed a partial muscle 
paralysis protocol to decrease pharmacologically 
patient’s muscle effort during mechanical venti-
lation (Doorduin et al. 2017) albeit not in a popu-
lation treated by ECMO.

In terms of monitoring, esophageal manome-
try can be useful during spontaneous breathing to 
assess patient’s inspiratory effort and intrinsic 
PEEP level and easily detect the presence of 
asynchronies (Mauri et  al. 2016a). Electrical 
impedance tomography can reveal occult pen-
delluft phenomenon that could increase injury as 
well as asynchronies (Yoshida et al. 2013). The 
use of monitoring tools together with a careful 
knowledge of the intensive care unit mechanical 
ventilator settings (trigger level, cycling criteria, 
inspiratory ramp, etc.) are helpful for adapting 
the ventilator settings to the patient’s requirement 
and minimizing potential injurious ventilation 
pattern.

Closed loop-ventilation modes, automatically 
adjusting some ventilator settings to the patient’s 
respiratory drive, might minimize asynchronies 
and increase successful switch to assisted mode. 
Neurally adjusted ventilator assist (NAVA) has 
been suggested as a useful option for closed loop 
assisted ventilation and as a monitoring tool of 
patients’ neural respiratory drive and effort. 
During NAVA, because the inspiratory trigger 
based on diaphragm electromyography is highly 
accurate, risk of missed efforts and auto- 
triggering is minimized. Moreover, ARDS 
patients can develop double-triggering when 
pressure support ventilation is applied, because 
the cycling-off criteria are reached very early 
during inspiration due to the low lung compli-
ance and increased airways resistance. During 
NAVA, cycling-off criteria are independent of the 
patient’s lung mechanics, and this should pro-
mote patient–ventilator synchrony, reduce 
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double- triggering, and early and delayed cycling 
(Mauri et  al. 2011). It could also be used as a 
monitoring tool to assess patient’s response to 
decreasing sweep gas flow during the ECMO 
weaning process (Karagiannidis et  al. 2010). 
Manipulation of CO2 elimination by regulating 
sweep gas flow acts as an external modulator of 
the patient’s respiratory drive. In the pivotal study 
on extracorporeal CO2 removal by kolobow and 
gattinoni, incremental rates of CO2 removal in 
awake healthy lambs led to progressively decreas-
ing minute ventilation up to complete apnea 
(Kolobow et  al. 1977). Recently, our group 
reported that in patients recovering from ARDS 
undergoing ECMO, modulating the amount of 
CO2 removed from the artificial lung, it is possi-
ble to decrease patient’s respiratory drive and 
effort (Mauri et  al. 2016b). Indeed, extracorpo-
real CO2 removal might be considered as a strat-
egy to modulate patient respiratory effort during 
the weaning from respiratory support (Scaravilli 
et al. 2016).

The newest frontier of application of VV 
ECMO is for the treatment of awake spontane-
ously breathing patients and avoidance of intuba-
tion and mechanical ventilation. This approach 
has been proposed for use in both patients with 
acute on chronic respiratory failure as a bridge to 
lung transplant or for chronic obstructive pulmo-
nary disease, and in pure acute respiratory failure 
(ARDS) (Crotti et al. 2017) with around a 50% 
clinical success rate. However, the effect of CO2 
removal on a patient’s respiratory drive is not 
always predictable, especially in ARDS patients, 
in whom factors other than the plasma CO2 lev-
els, such as afferent signaling arising from 
inflamed pulmonary parenchymal, can increase 
respiratory drive. In these cases, extracorporeal 
CO2 removal with full ECMO support is not suf-
ficient to reduce inspiratory effort and to keep 
transpulmonary pressure within a safe range 
(Mauri et  al. 2016c). Furthermore, spontaneous 
breathing activity of awake patients responds to 
multiple conditions such as awakefulness, sleep, 
fever, and changes in sedation which result in 
variable respiratory patterns in the presence of a 
constant ECMO support (Crotti et  al. 2018). 
Based on these considerations, this approach 

likely should be reserved for highly selected can-
didates and only performed in experienced 
centers.
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Vasopressor Support for Patients 
with Cardiopulmonary Failure

Daniel De Backer and Pierre Foulon

 Introduction

Vasopressors are an essential part of our resusci-
tation strategies. The rationale for their use is 
based on the preservation of perfusion pressure to 
the organs. For most organs, blood flow is con-
sidered to be constant over a broad range of pres-
sures, but it is only when blood pressure decreases 
below a critical threshold (autoregulation thresh-
old) that perfusion becomes dependent on inflow 
pressure. Organs can become dependent on 
inflow pressure at different autoregulation thresh-
olds, and this autoregulation threshold is affected 
by age and disease. In addition, while most 
organs are dependent on mean arterial pressure 
(MAP), the heart also depends on diastolic pres-
sure. For the left ventricle, coronary artery pres-
sure equals left ventricular parietal pressure 
during systole so that perfusion of the left ven-
tricle only depends on diastolic arterial pressure 
(DAP). For the right ventricle, the situation is 
more complex as its coronary perfusion depends 
upon the instantaneous pressure difference 
between systemic arterial pressure, on the one 
hand, and pulmonary artery pressure during sys-
tole and right atrial pressure during diastole, on 
the other. Accordingly, it is difficult to determine 
a universal autoregulation threshold.

There are numerous observations reporting 
that both the severity and duration of hypotension 
are associated with organ dysfunction and 
increased risk of death (Maheshwari et al. 2018; 
Vincent et  al. 2018; Dunser et  al. 2009a). 
However, the determination of the target blood 
pressure for a given patient condition is far from 
easy. Indeed, there are a lot of factors that inter-
fere with tissue perfusion including arterial pres-
sure, organ interstitial pressure, and venous 
outflow pressure. In addition, vasopressors do not 
uniformly affect organ perfusion pressure due to 
the variable density of receptors across the vascu-
lar beds. Finally, when considering the optimal 
target pressure, one should also consider that 
vasopressor agents are associated with adverse 
effects that are often dose dependent (Dunser 
et al. 2009b; Auchet et al. 2017). Targeting higher 
(or “more normal”) levels of blood pressure may 
expose the patient to higher doses of vasopres-
sors and hence to higher risks of adverse events 
(Asfar et al. 2014). Finally, blood pressure is only 
one of the components of organ perfusion, and 
sometimes raising blood pressure may be associ-
ated with a decrease in cardiac output due to the 
increase in left ventricular afterload. Accordingly, 
the target blood pressure should be individually 
estimated, taking into account indices of organ 
perfusion (including the heart and brain!) and the 
risks of adverse events associated with vasopres-
sor therapy.
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 Differences Between Various 
Agents

Vasopressors can be categorized as adrenergic 
and non-adrenergic vasopressor agents.

 Adrenergic Vasopressor Agents

Adrenergic vasopressor agents exert their pres-
sive effect through stimulation of alpha- 
adrenergic receptors present on endothelial cells. 
Differences between adrenergic agents arise due 
to the additional stimulation of beta-adrenergic 
and dopaminergic receptors. Beta-adrenergic 
receptor stimulation increases not only cardiac 
inotropy but also chronotropy and improves not 
only splanchnic perfusion but also increases cel-
lular metabolism (accelerated glycolysis through 
stimulation of NaKATPase, thermogenic effects, 
etc.). Phenylephrine is a pure alpha-adrenergic 
agent and results in an increase in blood pressure 
and also in a slight decrease in cardiac output due 
to the uncompensated increase in left ventricular 
afterload. Norepinephrine combines strong alpha 
stimulation with a weak beta stimulation so that 
cardiac output is usually preserved or slightly 
increased together with the pressive effect. 
Epinephrine is a strong alpha- and also beta- 
adrenergic agent. While, at a first glance, this 
combined increase in arterial pressure and car-
diac output may appear attractive, the excessive 
beta stimulation often results in increased heart 
workload (Ducrocq et al. 2012), arrhythmias, and 
even hyperlactatemia (Myburgh et al. 2008).

Finally dopamine is a less potent agent having 
combined alpha- and beta-adrenergic effects. 
This agent also stimulates dopaminergic recep-
tors. The beneficial effects of dopaminergic stim-
ulation on splanchnic and renal circulations seem 
to be relatively limited (De Backer et al. 2003), 
but the central effects should not be neglected as 
it may downregulate some aspects of the 
hypothalamo- pituitary axis (van den Berghe and 
de Zegher 1996). The excessive beta-stimulation 
is also associated with tachycardia and an excess 
in arrhythmic events (De Backer et al. 2010).

 Non-adrenergic Vasopressor Agents

Non-adrenergic vasopressors include vasopressin 
derivatives and angiotensin. Interestingly, 
although the receptors at endothelial surface dif-
fer from the alpha receptor, the downstream 
intracellular mechanisms are quite similar. 
Accordingly, differences between the various 
vasopressor agents arise due to the sensitivity of 
the surface receptors (downregulation may occur 
for one but not another subtype, especially after 
exposure to a vasopressor agent of that type), 
density of receptors along the vascular system, 
which determines the regional effects of these 
agents, and concomitant stimulation of other 
receptors such as beta receptors for adrenergic 
vasopressors, V2 receptors for vasopressin deriv-
atives, AG 1–7 receptors for angiotensin II.

 Vasopressin Derivatives
Vasopressin derivatives exert their pressor effect 
through stimulation of the V1 receptor. V2 recep-
tor stimulation results in various actions. On the 
renal collecting duct, it results in an antidiuretic 
action which is a cAMP-dependent process; on 
endothelial cells, it results in vasodilation through 
generation of nitric oxide (NO); and on platelets, 
it results in platelet aggregation. Stimulation of 
other vasopressin receptors (V3 and octreotide) 
usually is not relevant with vasopressin deriva-
tives used as vasopressors.

Arginine vasopressin, often referred to as 
vasopressin, has been the most investigated. It 
acts on V1 and V2 receptors and results in potent 
arteriolar and venular constriction. The hemody-
namic profile is relatively similar to that of nor-
epinephrine, except that it has no inotropic effect. 
However, at high doses, vasopressin results in 
significant splanchnic vasoconstriction and 
sometimes even ischemia so that doses higher 
than 0.04 are usually not recommended.

Terlipressin has a higher V1 affinity compared 
to vasopressin, but it still exerts some V2 agonist 
effect. Given its long half-life (6 h), this agent is 
more difficult to manipulate and is given either as 
a bolus of 0.5–1 mg every 6–8 hours or as con-
tinuous infusion of 20–160 μg/h. Selepressin is a 
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selective V1 agonist, still currently in its experi-
mental phase.

Vasopressin derivatives have interesting prop-
erties on the kidney. Due to their higher density 
on efferent than afferent arterioles, vasopressin 
derivatives result in improved glomerular filtra-
tion pressure (independently of the effect on sys-
temic pressure). Accordingly, urine output often 
increases, despite the intrinsic antidiuretic effect 
of the agent (Patel et al. 2002). Being deprived of 
V2 stimulation, selepressin may even result in a 
more negative fluid balance (Russell et al. 2017). 
Vasopressin derivatives may improve renal func-
tion in patients with vasodilatory shock (McIntyre 
et al. 2018). Vasopressin seems also to be associ-
ated with less episodes of atrial fibrillation but 
may increase the risk of digital necrosis (McIntyre 
et al. 2018).

 Angiotensin II
Angiotensin II is a potent vasopressor agent 
(Udhoji and Weil 1964) which was recently rein-
troduced for the therapy of hypotensive patients 
(Senatore et  al. 2019). Angiotensin constricts 
arterioles and venules. The higher distribution of 
its receptors in the splanchnic area also carries a 
risk of splanchnic hypoperfusion, especially in 
hypovolemic states (Aneman et  al. 1997). The 
absence of inotropic capacity may also be of con-
cern in patients with cardiac dysfunction. On the 
other hand, angiotensin can improve renal perfu-
sion. It also may blunt the increase in vascular 
permeability (Victorino et al. 2002).

The effects of angiotensin administration on 
tissue perfusion are far from obvious. While it 
can increase perfusion pressure to the organs by 
increasing MAP, angiotensin impairs microvas-
cular perfusion by direct vasoconstriction and 
by increasing adhesion of circulating cells to the 
endothelium (Piqueras et  al. 2000). Of note, 
administration of angiotensin-converting 
enzyme inhibitors improved microcirculation in 
experimental sepsis (Salgado et al. 2011) and in 
patients with cardiogenic shock (Salgado et al. 
2013). In a small-sized randomized trial, admin-
istration of angiotensin II was associated with 
an increase in MAP (Khanna et al. 2017), and 
clinical experience within strict inclusion crite-

ria did not demonstrate obvious detrimental 
effects (Busse et al. 2017).

 Impact on Outcome

In patients with septic shock, norepinephrine was 
associated with an improved outcome compared 
to dopamine (De Backer et  al. 2012). Similar 
results were observed in patients with cardio-
genic shock (De Backer et al. 2010). In the peri- 
operative period, continuous intravenous infusion 
of norepinephrine was associated with lower 
occurrence of postoperative organ dysfunction 
compared to ephedrine boluses (Futier et  al. 
2017). Compared to epinephrine, norepinephrine 
administration was associated with a trend to a 
lower mortality in patients with cardiogenic 
shock (Levy et al. 2018). Confirmatory data were 
obtained during a shortage of norepinephrine in 
the United States (Vail et al. 2017). Substitution 
of norepinephrine by other vasopressor agents 
was associated with a transient increase in mor-
tality rate in septic shock patients which resolved 
after return to the preferential use of norepineph-
rine in these units (Vail et al. 2017).

Vasopressin derivatives have been mostly 
investigated as an add-on to adrenergic vasopres-
sors (mostly norepinephrine) in order to limit the 
potential adverse effects observed at high doses 
of norepinephrine. Two large-scale randomized 
trials were performed in patients with septic 
shock, and none of these reported an improve-
ment in outcome with vasopressin compared to 
norepinephrine (Russell et al. 2008; Gordon et al. 
2016). Similar results were observed with terlip-
ressin, a more selective V1 agonist (Liu et  al. 
2018). In a meta-analysis that incorporated lower 
quality trials, there was nevertheless a signal that 
addition of vasopressin derivatives may improve 
outcome compared to norepinephrine (McIntyre 
et al. 2018). Interestingly, the incidence of arryth-
mias and acute kidney injury was lower with 
vasopressin derivatives, but incidence of digital 
necrosis was higher. The impact of vasopressin 
derivatives on outcome has not been investigated 
in other types of shock, nor as the first-line agent 
in septic shock.
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To date, there has been no adequately powered 
study to evaluate the impact of angiotensin on 
outcome. The ATHOS-3 trial compared the addi-
tion of angiotensin to placebo in patients with 
distributive shock who were mostly septic and 
were already receiving adrenergic vasopressors 
(mostly norepinephrine) with or without vaso-
pressin (Khanna et al. 2017). As expected, angio-
tensin was more effective than placebo to raise 
MAP up to 75 mmHg. However, this trial did not 
test whether increasing the doses of ongoing 
vasopressors would have allowed patients to 
reach the target MAP.  This trial also was not 
powered to evaluate differences in patient rele-
vant outcomes. However, there was a non- 
significant trend toward a decreased mortality at 
day 28 (46% in angiotensin vs 54% in placebo, 
p = 0.12) that deserves confirmation in a phase III 
trial. Similarly, a post-hoc analysis of the patients 
with acute kidney injury requiring renal replace-
ment therapy at inclusion indicated that angioten-
sin was associated with a better renal recovery 
compared to placebo-treated patients (Tumlin 
et al. 2018). There are at this stage no recent data 
on the use of angiotensin in other types of shock.

Altogether, these data suggest that norepi-
nephrine is the vasopressor of choice, in septic 
shock (Rhodes et al. 2017) as well as in cardio-
genic shock (van Diepen et al. 2017). Vasopressin 
derivatives may safely be considered as a second- 
line agent in patients with septic shock (Rhodes 
et al. 2017).

 Effects of Vasopressors on Left 
Ventricular Function

The effects of vasopressors on left ventricular 
function are multiple.

On the one hand, cardiac output and function 
may be impaired by vasopressor administration. 
Cardiac output decreases mostly as a result of the 
increase in left ventricular afterload. This is 
mostly observed in patients with impaired car-
diac function. A nice illustration of this phenom-
enon is the observation that some patients 
demonstrate signs of sepsis-associated myocar-
dial dysfunction only after blood pressure correc-

tion (Vieillard-Baron et al. 2008; Boissier et al. 
2017). Another potential mechanism is an adren-
ergic cardiomyopathy, which results from exces-
sive beta-adrenergic stimulation. In a recent trial 
in patients with cardiogenic shock, epinephrine 
was associated with an increased incidence of 
refractory shock and rescue use of extracorporeal 
life support compared to norepinephrine (Levy 
et al. 2018).

On the other hand, vasopressors may exert 
beneficial effects on cardiac function (De Backer 
and Pinsky 2018; Foulon and De Backer 2018). 
Adrenergic agents that combine some beta- 
adrenergic properties to their alpha-adrenergic 
actions improve myocardial contractility. In addi-
tion to this effect, other effects may also increase 
myocardial contractility (Hamzaoui et al. 2018). 
First the restoration of coronary perfusion pres-
sure can be useful in cardiogenic shock, espe-
cially when it is of ischemic origin, but even also 
in septic shock. Another mechanism is the Anrep 
effect, which represents the increase in contrac-
tility in response to an increase in arterial pres-
sure. Finally, the increase in vascular tone is 
associated with an increase in arterial elastance, 
which in turn may improve ventriculo-arterial 
coupling (Guarracino et al. 2014). Administration 
of norepinephrine was associated with an increase 
in stroke volume only in patients who had 
impaired ventriculo-arterial coupling at baseline 
and who improved their ventriculo-arterial cou-
pling with the correction of hypotension (Guinot 
et al. 2018).

Finally, vasopressors also induce venular con-
striction. This results in an increase in mean sys-
temic pressure and hence, potentially, results in 
the gradient for venous return. This effect is also 
associated with an increased resistance to venous 
return. The net effect on cardiac output is variable 
and depends on cardiac function and the presence 
of preload responsiveness.

Differences between agents on left ventricular 
function have not been well studied. It is likely 
that most effects, including an increase in venous 
return due to venular constriction, an increase in 
resistance to venous return, and an increase in left 
ventricular afterload, are shared by most vaso-
pressors, but adrenergic agents that exert beta 
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effects can contribute to beneficial effects on con-
tractility and also some adverse effects including 
an increase in myocardial oxygen consumption 
and an increased risk of arrythmias. Finally, it is 
likely that the beta effects vanish over time with 
desensitization of adrenergic receptors, while 
most of the other effects remain. Nevertheless, 
great caution should be applied when considering 
angiotensin II in patients with ventricular dys-
function. In a systematic review of the clinical 
experience with this agent, the most common 
serious side effect was exacerbation of left ven-
tricular dysfunction, and it was sometimes fatal 
(Busse et al. 2017).

Altogether, the effects of vasopressors on left 
ventricular function are very variable. In patients 
with severely impaired cardiac function, vaso-
pressors can further compromise cardiac function 
predominantly through the increase they induce 
in left ventricular afterload. This may lead to a 
decrease in cardiac output. In patients with rela-
tively preserved cardiac function, vasopressors 
may increase cardiac output and even contractil-
ity, but this effect is expected to occur primarily 
at initiation of their use, but later on, the impact 
of their increase in left ventricular afterload may 
predominate.

Accordingly, in patients treated with vaso-
pressors, one should always cautiously follow 
left ventricular function and keep in mind that 
initial beneficial response does not guarantee a 
sustained positive effect.

 Effects of Vasopressors in Right 
Heart Failure: (Fig. 49.1)

In patients with right heart failure (RHF), what-
ever its cause, the maintenance of right coronary 
artery perfusion is critical. Right ventricular per-
fusion can indeed be impaired by several mecha-
nisms. First, right ventricular dilation leads to an 
increase in right ventricular tension which can 
impair right ventricular perfusion. Second, the 
decrease in arterial pressure combined with the 
increase in right atrial/ventricular pressures 
decreases right ventricular coronary perfusion 
pressure. This effect is even more crucial in 
patients with pulmonary hypertension as right 
ventricular pressure increases in parallel to pul-
monary artery pressure. Accordingly, the systolic 
contribution of right coronary artery perfusion 
will decrease proportionally to the increase in 
pulmonary artery pressure (van Wolferen et  al. 
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2008). Finally, the decrease in cardiac output also 
contributes to the decrease in coronary artery 
blood flow.

In these conditions, it may appear worth-
while to increase systemic arterial pressure in 
order to restore coronary artery perfusion pres-
sure. The use of vasopressors can nevertheless 
be associated with two important drawbacks. 
First, some adrenergic vasopressors increase 
pulmonary artery pressure (PAP) and hence 
right ventricular afterload. Second, most vaso-
pressor agents also constrict the venular system. 
This may be associated with an increase in pre-
load which may not be well tolerated in an 
already-dilated right ventricle. The consequent 
increase in right atrial pressure could potentially 
limit the improvement in coronary artery perfu-
sion pressure from the systemic constriction. 
Finally, the vasoconstricting actions of the drugs 
could decrease venous return and thereby 
decrease cardiac output.

Large-scale randomized trials addressing 
these issues are lacking. A landmark experimen-
tal trial nevertheless provided a lot of informa-
tion. In canine experimental pulmonary 
embolism, randomized to volume expansion, iso-
proterenol, and norepinephrine when systemic 
blood pressure fell to 70 mmHg. All control ani-
mals, as well as all animals treated with volume 
expansion or isoproterenol died. All animals 
treated with norepinephrine survived and 
remained hemodynamically stable for 1  h 
(Molloy et al. 1984). Longer-term outcome was 
not evaluated. Based on that study, guidelines 
suggest the use of norepinephrine to support 
blood pressure in patients with right heart failure 
(Price et  al. 2010). Norepinephrine improved 
right ventricular performance by increasing 
blood pressure and improving right ventricular 
perfusion and/or by a direct increase in contrac-
tility. We thus conclude that in a canine model of 
pulmonary embolism and shock, norepinephrine 
may be the drug of choice for acute resuscitation. 
Nevertheless, there are concerns about adrener-
gic vasopressors that may raise pulmonary vascu-
lar resistances more than systemic vascular 
resistances. Interestingly, this effect disappears 
when these agents are infused directly into the 

left atrium, suggesting a direct effect on pulmo-
nary circulation rather than an indirect effect due 
to blood redistribution between left and right cir-
culations (Pearl et al. 1987). Vasopressin deriva-
tives may be associated with less impact on the 
pulmonary circulation (Price et  al. 2010). In a 
recent trial in patients after cardiac surgery, nor-
epinephrine and terlipressin increased MAP to 
the similar extent, but terlipressin was associated 
with a lower MAP compared to norepinephrine 
(Abdelazziz and Abdelhamid 2019). However, 
these effects may be model dependent as other 
studies have failed to report differences in pulmo-
nary vascular resistance (Leather et al. 2002). In 
the subset of patients in the VASST study that 
compared vasopressin and norepinephrine in sep-
tic shock, PAP remained unchanged with norepi-
nephrine infusion as well as with vasopressin 
(Gordon et al. 2012).

Accordingly, the main focus should be preser-
vation of perfusion pressure of the right ventricle, 
differences between agents being perhaps 
overstated.

 Conclusions

Vasopressor agents should be used to correct 
hypotension in patients with shock, but the exact 
target pressure level needs to be individualized. 
Norepinephrine is the first-line vasopressor agent 
but vasopressin derivatives can be considered in 
vasodilatory shock as well as in patients with 
right heart failure. Angiotensin II appears to be a 
promising agent but more data are needed to bet-
ter position this agent.
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Cardiogenic Shock Part 1: 
Epidemiology, Classification, 
Clinical Presentation, 
Physiological Process, 
and Nonmechanical Treatments

Sheldon Magder

The heart has a central role in maintaining normal 
body function, and, when it fails, and cardiogenic 
shock develops, the consequences are devastating. 
Even after many years of new innovations, and 
improvement in-hospital mortality, the death rate 
from cardiogenic shock over the past two decades 
remains high. Overall survival at 1 year still only 
is around 50–60% in many studies (Vahdatpour 
et al. 2019; Hochman et al. 1999), although it is 
somewhat lower in some recent studies (Goldberg 
et al. 2016). In the SHOCK-IABP 2 trial, approxi-
mately 65% of patients were alive at 6  years 
(Thiele et al. 2018). However, in a recent report 
from the CathPCI registry, which dealt specifi-
cally with re- vascularized patients, in-hospital 
mortality actually increased from 27.6% in 2005 
to 30.6% in 2013 (Katz and Sabe 2019). The mor-
tality was accounted for by more patients having 
diabetes, hypertension, dyslipidemias, previous 
percutaneous balloon angioplasty, and dialysis. 
An indication that we are doing things better 
comes from a decade-long population study 
which reported 10-year trends in outcomes of 
patients hospitalized with ischemic heart disease. 
Although there was no reduction of the incidence 
of cardiogenic shock, mortality decreased 
(Goldberg et  al. 2016). The improved outcome 

was associated with earlier identification and 
aggressive therapy.

 Definition

A general definition of shock is that it is a condi-
tion in which cardiac output is inadequate for the 
metabolic needs of tissues resulting in tissue dys-
function and multiorgan failure. In cardiogenic 
shock, the specific cause of inadequate organ per-
fusion is impairment of the ability of the heart to 
eject the blood returning to it. Precise definitions 
of cardiogenic shock have varied in large thera-
peutic clinical trials on the management of  car-
diogenic shock, but in general, the definitions 
include a cardiac index (CI) <2.2 L/min per m2, 
systolic pressure <90 mmHg for ≥30 minutes, or 
use of pharmacological and/or mechanical devices 
to maintain a systolic pressure ≥90  mmHg. 
Usually, signs of organ dysfunction are required 
and include arterial lactate >2 mMol/L, urine out-
put <30  ml/h, altered mental status, and cool 
extremities. Based on the criteria of inadequate 
tissue perfusion, it is possible to have cardiogenic 
shock with a systolic pressure >90  mmHg; this 
occurred in approximately 5% of patients in the 
SHOCK registry (Menon et al. 2000a).

A problem when discussing cardiogenic shock 
is that almost all of the large randomized 
 intervention studies and registries dealing with 
cardiogenic shock have involved primarily patients 
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with ischemic heart disease and, more specifically, 
left ventricular (LV) dysfunction (Hochman et al. 
1999; Goldberg et al. 2016; Menon et al. 2000b; 
Berg et al. 2019; Harjola et al. 2016; Jeger et al. 
2008). Furthermore, in more than 80% of cases, 
the cause of cardiogenic shock was an acute myo-
cardial infarction (AMI) (Vahdatpour et al. 2019; 
Thiele et al. 2019). Accordingly, statistics derived 
from these studies are affected by the management 
of the underlying coronary artery disease in car-
diac care units. The studies thus heavily involve 
treatments that are specific to myocardial ischemia 
and its primary treatment, which is restoration of 
coronary flow by early revascularization of a cul-
prit coronary artery lesion.

CardShock was a prospective observational 
study by a consortium of European centers. It 
aimed at providing a more general picture of 
patients presenting with cardiogenic shock by 
identifying differences in patients presenting with 
an acute coronary syndrome versus those without 
(Harjola et al. 2015). They observed 219 patients 
over 15 months. Of these, 81% still had an acute 
coronary syndrome, but shock was due to a ST 
elevation myocardial infarction (STEMI) in only 
148 (68%). In another 19 patients (9%), the cause 
of shock was a mechanical complication of an 
AMI including myocardial rupture, severe mitral 
insufficiency, or ventricular septal defect, and the 
rest were due to other causes. Thus, although this 
study tried to obtain a broader view of cardiogenic 
shock by including general intensive care units 
and emergency department patients, the popula-
tion still was biased toward acute coronary syn-
dromes because the majority of the data came 
primarily from the coronary care units and cathe-
terization laboratories of the nine tertiary care 
referral hospitals in the study. In CardioShock, in-
hospital mortality was 37% compared with >50% 
in SHOCK (Harjola et al. 2016; Hochman et al. 
2006) indicating how the selection criteria affect 
outcome statistics. Mortality was higher in 
patients without an acute coronary syndrome, 
likely because of the contribution to this group of 
patients with mechanical cardiac complications 
that are hard to repair. In a recent survey of 16 
centers with more generalized cardiac care units 
in the USA and Canada, only 30% of patients 
with cardiogenic shock had an acute coronary 

syndrome (Berg et al. 2019). In this study, mortal-
ity related to mixed shock was 39%, shock related 
to an acute myocardial infarct (AMI) was 36%, 
and shock that was not related to an acute isch-
emic event was 31%. The percentage of cases of 
shock with AMI also has been decreasing, and, 
importantly, mortality in the patients without AMI 
is lower (Shah et al. 2018). Caution thus must be 
used when generalizing outcomes from studies 
that predominantly have patients with acute isch-
emic events. However, these patients still make up 
a large proportion of the patients with cardiogenic 
shock, and they are well characterized. It thus is 
worthwhile discussing these patients in greater 
detail, which is done in the next section.

 Cardiogenic Shock with Acute 
Coronary Syndromes

It was estimated that in 2006 there were 500,000 
ST-segment elevation AMI in the USA, and an 
even greater number was observed in a European 
study (Westaby et al. 2011). It has been estimated 
further that the incidence of cardiogenic shock 
among patients hospitalized with an AMI is 
5–10% (Hochman et al. 1999), which gives a pre-
diction of over 50,000 cases of cardiogenic shock 
per year from an AMI in the USA (Westaby et al. 
2011). It now is well accepted that early revascu-
larization improves outcome in patients with car-
diogenic shock. The primary evidence comes 
from the Should we emergently vascularize 
Occluded Coronaries in cardiogenic Shock 
(SHOCK) trial (Hochman et al. 1999). The ratio-
nale for this study was that ischemia becomes a 
self- perpetuating syndrome in that acute deterio-
ration of cardiac pump function results in further 
ongoing myocardial ischemia due to increasing 
myocardial wall tension as the heart dilates 
because it fails to adequately eject. This increases 
myocardial oxygen (O2) demand and also 
decreases coronary perfusion, which decreases O2 
supply. The result is further oxygen-supply imbal-
ance and increased myocardial damage unless 
perfusion is reestablished. The median time to 
revascularization in SHOCK was 1.4 hours from 
time of randomization. It is worth noting that the 
primary outcome, which was 30-day mortality, 
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was not significantly reduced by revasculariza-
tion, so by a strict evidence- based definition, the 
study was negative. However mortality was sig-
nificantly decreased at 6 months from 63.1% to 
50.3%. Furthermore, hospital mortality has 
decreased steadily since the SHOCK trial, and 
this is believed to be due to early revasculariza-
tion, which has become the standard of care.

Subsequent observations support the SHOCK 
trial hypothesis that early revascularization 
improves outcome by preventing further cardiac 
deterioration. In a US National Hospital Discharge 
Survey with data from 1979 to 2003 (Fang et al. 
2006), the incidence of cardiogenic shock associ-
ated with an AMI decreased by 50% (3.9–1.7), 
whereas primary percutaneous coronary interven-
tion (PPCI) increased from 0% to 28%. 
Importantly, the in-hospital mortality from cardio-
genic chock decreased from 84% to 43% (Fang 
et al. 2006). The implication of these observations 
is that early revascularization reduces the number 
of patients with an AMI who would subsequently 
go into shock and those who develop shock have a 
better outcome than previously. Another important 
observation was that patients who survived the ini-
tial cardiogenic shock had a similar long-term 
prognosis as those who had an AMI without shock 
(Hochman et al. 2006; Singh et al. 2007).

Further insight into the importance of early 
revascularization comes from a Swiss registry 
called the Acute Myocardial Infarction in 
Switzerland (AMIS). They collected 10-year data 
on 23,696 patients who had an acute coronary 
syndrome from 1997 to 2006 (Jeger et al. 2008). 
In 70% of cases, shock occurred after admission; 
this indicates that there is time to try to prevent 
shock after patient arrival at the hospital. The 
overall incidence of cardiogenic shock was 
12.9% at the start of the study but decreased to 
5.5% by the end. How this occurred provides 
insight into what likely was happening and what 
can be done. In the first years of the study, 30% of 
all cases of cardiogenic shock occurred at the 
time of admission, but of significance, in those 
with an acute coronary syndrome, shock only 
was present in 2.3% of cases on admission, and 
eventually 10.6% had shock during their hospital 
stay. Of importance, over the course of the study, 
approximately the same percent presented with 

cardiogenic shock, but the number of AMI 
patients who developed shock after admission 
dramatically dropped. Consequently the inci-
dence of shock dropped from 10.6% to 2.7% 
indicating that there were few cases of shock 
after admission. The overall shock mortality, too, 
dropped from 62.8% to 47.7%. Also of signifi-
cance, over this period, primary percutaneous 
coronary intervention (PPCI) use rose from 7.6% 
to 65.9% of patients. Together these data support 
the argument that the early revascularization pre-
vents later cardiogenic shock. It also is notewor-
thy that shock-related mortality seemingly was 
paradoxically higher, although only moderately, 
in non-STEMI patients than in the STEMI 
patients (58.0% versus 52.5%). This perhaps was 
due to less use of PPCI in these patients because 
of the lack of ST elevations (Westaby et al. 2011). 
In summary, these studies indicate that in patients 
with shock from an acute coronary artery event, 
revascularization greatly reduces mortality and 
improves long-term outcomes. The data even 
suggests that if cardiogenic shock is present, 
revascularization should be attempted even with-
out ST elevations, as long as other factors have 
been ruled out. However, an important caveat is 
that patients >75 years of age did not benefit from 
early revascularization in SHOCK, and this rea-
soning should not necessarily apply to them.

Despite these advances, the mortality in 
patients with cardiogenic shock in association 
with an acute coronary syndrome remains high. 
This partially can be attributed to a distinction 
between two types of patients. One type can be 
called “acute transient” ischemia. These patients 
respond to reperfusion, and stunned myocardium 
rapidly recovers. They also respond to vasopres-
sors and inotropes after PPCI.  In contrast, the 
second type has refractory ischemia, likely 
because there is a larger area of injury that cannot 
easily be re-vascularized. These patients do not 
recover sufficient cardiac muscle function to 
maintain adequate cardiac function. Refractory 
ischemia is more likely to occur when there is a 
left main stenosis, three-vessel disease, a previ-
ous myocardial infarction, a large anterior myo-
cardial infarct, or previous aorto-coronary bypass 
surgery (John et al. 2007). Another term that has 
been used is “profound shock.” It is characterized 

50 Cardiogenic Shock Part 1: Epidemiology, Classification, Clinical Presentation, Physiological Process…



762

by a systolic arterial pressure <75 mmHg despite 
support with inotropes and/or use of an IABP, 
cerebral dysfunction, and respiratory failure. In 
one non-randomized study, patients with pro-
found shock who required ECMO had a mortal-
ity of 22% compared to 74% in those who did not 
receive ECMO, although selection bias likely 
was a factor for the differences in mortality (Sheu 
et  al. 2010). Improved strategies are needed to 
more quickly identify these patients at greater 
risk and consideration of earlier mechanical sup-
port (Singh et al. 2019).

 Cardiogenic Shock Without 
an Acute Coronary Syndrome

In CardioShock, 9% of patients had shock in 
association with an AMI, but the primary cause 
of shock was thought to be a mechanical problem 
and not the coronary artery occlusion (Harjola 
et  al. 2016). Causes of shock in the 28% of 
patients who did not have an acute coronary syn-
drome were worsening chronic heart failure 
(11%), nonischemic mechanical problems (6%), 
stress-induced cardiomyopathy (Tako-Tsubo; 
2%), and a viral cardiomyopathy (2%). It is note-
worthy that the clinical presentation was similar 
in patients with an acute coronary syndrome and 
without.

In a report from the Critical Care Cardiology 
Trials group, 25% of cases had biventricular fail-
ure, and 9% had right ventricular (RV) failure. In 
19% of cases, shock was not related primarily to 
myocardial ischemia but was due to an uncon-
trolled arrhythmia, a severe valve problem, and in 
7% the cause was known. This study specified a 
group whom the authors called “mixed” shock. 
These patients had both a low CI and distributive 
shock based on an inappropriately low systemic 
vascular resistance (SVR) (Berg et al. 2019). The 
mixed group had the highest hospital mortality. 
Of note, their cardiovascular comorbidities were 
similar to the other cardiogenic shock patients. 
The distributive shock group is especially diffi-
cult to manage and likely will need different 
strategies than patients with a normal or elevated 
SVR.  Furthermore, early revascularization may 
not be a good approach in this group because they 
may be at increased risk from intravascular inter-
ventions, such as infection of a stent or a mechan-
ical support device if the distributive 
hemodynamics is due to a bacterial infection. 
Because of their special nature, they are dis-
cussed in detail below.

It recently has been recommended that cardio-
genic shock be viewed as a continuum (Baran 
et al. 2019) with the hope that this will allow ear-
lier recognition and treatment of people at risk 
(Fig. 50.1). It also is hoped that this approach will 

E : cardiac arrest with ongoing CPR and/or
ECMO

D : worsening signs and failure to respond
to the treatment being used

C : classic CS; hypotension, increased lactate,
signs of organ dysfunction, on vasopressors
and inotropes – excludes ECMO

B : relative hypotension, tachycardia, but
adequate tissue perfusion

A : “At risk” but signs/symptoms present

E
Extremis

D
Doom

C
Classic cardiogenic shock

B
Beginning cardiogenic shock

A
At risk for cardiogenic shock development

Fig. 50.1 Pyramid of stages of cardiogenic shock. (Based on Baran et al. (Baran et al. 2019); see text for discussion)
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provide better classification of subjects in clinical 
trials. Based on this classification, the first stage 
is “At Risk”; it describes patients who do not yet 
have signs or symptoms of cardiogenic shock but 
who have had a large AMI, a prior infarction, or 
have acute on chronic heart failure symptoms. 
The second is “Beginning cardiogenic shock”; 
this includes patients who have relative hypoten-
sion and tachycardia but still do not have signs of 
tissue hypoperfusion. The third is “Classic car-
diogenic shock”; it describes patients who are 
hypoperfused and require pharmacological or 
mechanical support, including extracorporeal 
membrane oxygenation (ECMO), to prevent fur-
ther deterioration. The fourth is “Deteriorating/
doom”; these patients have the criteria for 
“Classic cardiogenic shock,” but it is getting 
worse. The fifth is “Extremis”; these patients 
require multiple interventions for the ongoing 
cardiopulmonary resuscitation.

A number of scoring systems have been devel-
oped for predicting outcomes in cardiogenic 
shock. These have the potential to guide early 
interventions and to allow comparisons of sub-
jects among clinical trials. Currently, the ORBI 
score is considered to be the best for predicting 
the development of in-hospital cardiogenic shock 
for those in Stages A and B (Thiele et al. 2019). 
The score was developed from 6838 patients in 
the Observatoire Regional Breton sur l’infarctus 
registry (Auffret et  al. 2018, 2016) and gives a 
prediction that subsequently was validated from 
2208 patients in the RICO database (obseRvatoir 
des Infarctus de Côte d’Or) (Zeller et  al. 2004) 
(Table 50.1). The score can be calculated with an 
online calculator (https://www.orbiriskscore.
com/).

Currently, only one score has been validated 
for survival of patients with developed cardio-
genic shock (Stages C to E) (Pöss et al. 2017). It 
is based on patients in the IABP-SHOCK II trial 
(Thiele et  al. 2012) and was validated with the 
IABP SHOCK II registry and CardShock 
(Harjola et al. 2015). The score is based on six 
variables and divides patients into low-, interme-
diate-, and high-risk groups with predicted 
30-mortality of 20–30%, 40–60%, and 70–90%, 
respectively (Fig. 50.2).

A validated score called SAVE score has been 
developed for outcome with ECMO (Schmidt 
et  al. 2015). It is based on the European Life 
Support Organization (ELSO) registry with 3846 
patients (Wengenmayer et al. 2019) and was vali-
dated with an Australian database of VA-ECMO 
patients. An online calculator also is available for 
this scoring system (http://www.save- score.
com/) (Table  50.2). Another ECMO score was 
developed at single center but with no external 
validation. It uses only three variables: pH, lac-
tate, and HCO3

−. It is called PREDIT-VA-ECMO 
and uses an online calculator based on the vari-
ables from the logistical regression analysis 
(https://www.predict- va- ecmo.org/). Of note, 
when normal pH, lactate, and HCO3

− at 6 hours 
are put into the calculator, the mortality is 32%.

A term that overlaps with cardiogenic shock, 
but is useful clinically, is acute heart failure. This 
can be divided further into “forward failure” or 
“backward failure”; these classifications allow 
more targeted therapy for the primary 
 pathophysiological presentation. In forward fail-

Table 50.1 Orbi score

Variable Points
Age >70 years old 2
Previous stroke/TIA 2
Presentation with cardiac arrest 3
Anterior AMI 1
>90 min from medical contact to pPCI 2
Killip class II on admission 2
Killip class III on admission 6
Heart rate >90/min on admission 3
SBP <125 and PP <45 mmHg on admission 4
Glycemia >10 mmol/l on admission 3
Left main is the culprit lesion 5
Post PCI TMI flow <3 5

Risk category
Category Score Observed CS incidence
Low 0–7 1.3
Low to 
intermediate

8–10 6.6

Intermediate to 
high

11–12 11.7

High >13 31.8

Based on the ORBI risk score by Auffret et al. CS cardio-
genic shock, pPCI primary percutaneous coronary inter-
vention, TIA transient ischemic attack (https://www.
orbiriskscore.com/)
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ure, the dominant signs and symptoms are related 
to a low cardiac output. These include decreased 
sensorium, lack of energy, cool clammy and cya-
notic extremities, decreased renal function, and, 
at the extreme, rising lactate, which are a criteria 
for cardiogenic shock. In backward failure, the 
dominant signs and symptoms are related to fail-
ure of the heart to keep up with the rate of return-
ing blood and consequent congestion of proximal 
tissues. This can occur with a normal or at least 
adequate forward flow but also can occur with 
decreased forward flow. When the primary prob-
lem is in the left heart, the patient has dyspnea on 
exertion and, when more severe, dyspnea at rest, 
orthopnea, paroxysmal nocturnal dyspnea, signs 
of pulmonary edema on examination and on 

chest X-ray, and, eventually, hypoxemia, hyper-
carbia, and acidemia. On the right side, the signs 
are peripheral edema, ascites, hepatic dysfunc-
tion, and renal failure. Renal failure and hepatic 
failure are common to both forward and back-
ward failure. With forward failure, splanchnic 
organs fail because the heart does not provide 
adequate blood flow. In backward failure, the 
high venous pressures congest these organs and 
eventually compromise their arterial inflow, and 
then forward and backward components merge.

A recent consensus classification of cardio-
genic shock tried to take these aspects of forward 
and backward failure into account by classifying 
cardiogenic shock based on volume status and 
peripheral perfusion by introducing the terms 

Score Risk categories

Variable Points

1

2

1

1

2

2

9

Age >73 years

Category Points

0–2

3/4
5–9

Low

Intermediate

High

History of stroke

Glucose >10.6 mmol/l (191 mg/dl)*

Creatinine >132.6 µmol/l (1.5 mg/dl)*

Arterial lactate >5 mmol/l*

TIMI flow grade <3 after PCI
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Pairwise log-rank test:
3/4 vs. 0-2 p < 0.0001
5-9 vs. 0-2 p < 0.0001

Score 5–9

Score 3/4

Score 0–2

Fig. 50.2 IABP Shock II Risk Score and survival prediction. (From Pöss et al. (2017). See text for details. Used with 
permission of Elsevier)
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warm and cold shock and euvolemic and hyper-
volemic shock in a 2 × 2 (Baran et al. 2019).

Cold-dry shock indicates that the patient is 
euvolemic and filling pressures are low. A poten-
tial limit to this definition is that it likely implies 
RV limitation because pure LV failure should 
always have a wet component if it is the cause of 

the low cardiac output and RV limitation (see 
Chap. 3 on RV function). When LV filling pres-
sure (left ventricular end-diastolic, left atrial, or 
pulmonary artery occlusion pressure [Ppao]) is 
elevated, the condition is called cold-wet shock; 
this is said to be classic cardiogenic shock. Warm 
cardiogenic shock has been recognized more 
recently (Hochman 2003). Again, there are dry 
and wet types of warm cardiogenic shock. In 
warm-dry shock, there are no signs of excess vol-
ume, systemic vascular resistance is low, and CI 
is increased, but flow likely still is not adequate 
for tissue needs; cardiac filling pressures are nor-
mal or decreased. These findings likely are a con-
sequence of inadequate tissue perfusion and 
consequent tissue injury, which leads to the 
release of cytokines and a generalized inflamma-
tory state. It is not clear whether this should really 
be classified as cardiogenic shock. In reality, it is 
a distributive shock with an inadequate cardiac 
response. This specific group will be discussed in 
more detail later. The inflammatory response to 
shock also can contribute to myocardial depres-
sion as seen in sepsis (Chap. 52) (Parillo 1993; 
Parker et  al. 1987). The warm-wet group is a 
mixed group with a low CI, low systemic vascu-
lar resistance, but an elevated left ventricular end- 
diastolic pressure. They have what was called 
above backward failure plus a distributive 
picture.

These definitions likely do not add much to 
the simple forward/backward designation used 
above. In a review of the hemodynamic profiles 
of patients in the SHOCK registry, Ppao was the 
same in all four subtypes of patients with LV fail-
ure identified in the study (Menon et al. 2000b). 
This suggests that it is more likely that there was 
a failure to recognize increased pulmonary 
venous pressures as discussed latter under “con-
gestion.” Part of the problem, too, likely was fail-
ure to distinguish primary RV failure from RV 
limitation that was a result of the primary LV fail-
ure.  Another group that may not have been rec-
ognizes is  generalized cardiac failure due to a 
global cardiac process; this too would have 
spared the lungs. In the latter two groups, the RV 
becomes the limiting factor for cardiac output, 
and marked LV failure can be hidden because the 

Table 50.2 Survival after veno-arterial ECMO score 
(SAVE score)

Parameter Score
Diagnostic cause
   Myocarditis 3
   Refractory VT/VF 2
   Post heart or lung transplant 3

   Congenital heart disease −3
   Other causes leading to shock 0

Age
   18–38 7
   39–52 4
   53–62 3

   ≥63 0

Weight (Kg)
   <65 1
   65–89 2

   ≥90 0

Acute organ failure pre-ECMO (can be more than one)
   Liver failure −3
   Renal failure −3
   Central nervous system dysfunction −3
Chronic renal failure −6
Duration of intubation prior to initial of ECMO (hr)

   ≤10 0

   11–29 −2
   >30 −4

Peak inspiratory pressure ≤20 cmH2O 3

Pre-ECMO cardiac arrest −2
Diastolic pressure before 
ECMO ≤ 40 mmHg

3

HCO3
− before ECMO ≤15 −3

Constant value to add to all SAVE scores −7
Total SAVE scores −35-17

Hospital survival by risk class
Score Risk class Survival (%)
>5 I 75
1 to 5 II 58

−4 to 0 III 42

−9 to −5 IV 30

≤ −10 V 18

Based on the SAVE score (http://www.save- score.com/)
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RV does not provide enough flow to raise the LV 
end-diastolic pressure sufficiently to produce 
pulmonary congestion. The LV also looks small 
on an echocardiogram so that its dysfunction is 
not appreciated.

This chapter primarily deals with failure of the 
LV, either from a primary LV process, or in the 
context of a global cardiomyopathy; primary fail-
ure of RV is discussed in Chap. 3. However, it is 
important to remember that cardiac output is 
determined by the interaction of cardiac function 
and return function (Chap. 2), and this interaction 
occurs at the right atrium. Thus a low cardiac out-
put in cardiogenic shock eventually must always 
involve elevation of right atrial and RV diastolic 
pressures.

 Presentation of Shock

As already noted, shock only is present at admis-
sion in approximately 2% of patients who develop 
cardiogenic from an acute ischemic event. In the 
SHOCK trial, the time from the onset of symp-
toms to the development of shock criteria was 
5.0  hours (interquartile 2.2–12.0  hours), and in 
36% of cases, shock was not yet evident at 
24  hours. Similarly, in the SHOCK registry, 
median onset was 6.0 hours after presentation of 
symptoms and 4.0 hours after admission; shock 
on admission only was present in 10–15% of 
STEMI. Mortality was higher in patients who pre-
sented <24  hours than in those who presented 
>24 hours (63% vs. 54%), although both rates still 
were high. The median time to shock in patients 
with left main stenosis only was 1.7 hours, right 
coronary lesions 3.5 hours, and circumflex occlu-
sions 3.9 hours, but somewhat surprisingly, it was 
11  hours in those with left anterior descending 
occlusions. Perhaps the later presentation of 
shock in those with left anterior descending 
(LAD) occlusions is because it is an easier condi-
tion to identify so that these patients got treated 
before shock developed. If shock then develops, 
this may indicate that there likely is an additional 
process. Another possibility is that right coronary 
and circumflex obstructions have a greater effect 
on RV and thus LV output, whereas the LAD 

lesion produces greater pulmonary edema as the 
presenting problem. Patients with non-STEMI 
present with shock much later than those with 
STEMI. In GUSTO-IIb, the average presentation 
of shock in non-STEMI was 76 hours (Global Use 
of Strategies to Open Occluded Coronary Arteries 
in Acute Coronary Syndromes (GUSTO IIb) 
Angioplasty Substudy Investigators 1997), and in 
PURSUIT, it was 94 hours (Hasdai et al. 2000a). 
This data supports the hypothesis that the initial 
occlusion is compensated for a while and then 
there is a progressive decrease in the patient’s sta-
tus as organ dysfunction develops. This fits with 
the underlying premise of the SHOCK trials that 
ischemia becomes a self- perpetuating syndrome 
of deteriorating pump function. The inadequate 
forward flow leads to multiorgan dysfunction and 
injury with subsequent hormonal and cytokine 
release, which negatively feed back on the heart. 
The larger the initial damage, the faster the dete-
rioration. It also makes it clear that early stabiliza-
tion of the hemodynamics is critical. In patients 
with coronary occlusions, this means early revas-
cularization, and in those without them, it may 
mean that mechanical support should be started as 
soon as there is evidence of shock, or even if the 
shock risk score is high. However, it also is worth 
considering the alternative hypothesis. The pro-
gressive deterioration could be because of over-
treatment, including too much fluid, excessive 
inotropes, and excessive use of vasopressors in an 
attempt to “normalize” hemodynamic values.

 Congestive Component

Menon et al. performed a detailed analysis of the 
clinical presentation of patients presenting with 
cariogenic shock that was based primarily on LV 
failure in the SHOCK registry (Menon et  al. 
2000b). They identified four groups: group A had 
no hypoperfusion or pulmonary congestion; B 
had no hypoperfusion but had pulmonary con-
gestion; C had hypoperfusion but no congestion; 
D had both hypoperfusion and pulmonary 
 congestion; this group represents the more classi-
cal picture of cardiogenic shock and accounted 
for 64% of patients. These groups are similar to 
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the cold/wet classification described above and 
the forward-backward failure classification. 
Somewhat surprisingly, although they were able 
to identify four different patterns of patient pre-
sentations, there only were small differences in 
the hemodynamics among the four groups, 
including cardiac index (CI) and Ppao (Menon 
et al. 2000b). Group C, which made up 28% of 
subjects, is particularly noteworthy. This group 
was said to have no pulmonary congestions based 
on chest X-ray and lack of rales on auscultation, 
but 50% of the group had a Ppao of at least 
20  mmHg. Mortality also was highest in this 
group. The authors appropriately argue that the 
elevated Ppao makes it less likely that the lungs 
were “sparred” by failure of the RV to produce 
adequate forward flow. No information on arte-
rial blood gases was provided, but 73% were 
mechanically ventilated. My takeaway from this 
is that chest X-ray and physical exam were poor 
indicators of the pulmonary congestion that 
likely was present.

 Distributive Component

The expected physiological response to a fall in 
cardiac output with primary LV dysfunction is 
peripheral vasoconstriction and an increase in 
systemic vascular resistance (SVR). Yet, of the 
210 out of 302 patients in SHOCK in whom SVR 
could be measured, half had a low SVR (Kohsaka 
et  al. 2005). In the SHOCK registry, the small 
group that maintained their arterial pressure 
despite having signs of hypoperfusion had the 
best outcome. This indicates that maintenance of 
appropriate normal vasomotor tone is associated 
with a better outcome (Menon et al. 2000a) and 
presence of a low SVR is a predictor of worse 
outcome (Kohsaka et  al. 2005). A normal or 
lower than normal SVR in shock, or “distribu-
tive” hemodynamics, is becoming increasingly 
recognized in patients with cardiogenic shock 
and indicates that there not infrequently is a gen-
eralized systemic inflammatory response syn-
drome (SIRS). Manifestations include 
temperature abnormalities (both high and low), 
elevated white cell count, compliment activation, 

and increased C reactive protein. The presence of 
these impacts 90-day outcomes (Berg et al. 2019; 
van Diepen et  al. 2013, 2017). Some of the 
inflammatory states could have been induced by 
cardiac arrest before the onset of the shock state. 
In the SHOCK study, 33% of revascularized 
patients were resuscitated before randomization 
(Hochman et al. 1999). A significant proportion 
of patients also had clear signs of infection. The 
incidence of an inflammatory state was related to 
prolonged use of an IABP and multiple central 
venous catheters (Kohsaka et al. 2005). It is hard 
to know if this was causal or just associative. In 
many patients, the distributive state likely was 
due to tissue injury from the low flow state.

The expression of components of a general-
ized inflammatory process explains why the orig-
inal paradigm that cardiogenic shock only occurs 
when there is greater than 40% loss of the myo-
cardium (Hasdai et  al. 2000b; Hochman Judith 
et  al. 1995) is not consistent with observations 
from recent shock trials (Hochman 2003). For 
example, in SHOCK mean EF was in the 30% 
range. This still should have been adequate for 
tissue needs. Many patients also often have fur-
ther recovery of cardiac function over time, and 
85% of survivors in SHOCK were New  York 
Heart Class 1 or 2 by 1  year (Hochman et  al. 
2001).
Nitric oxide (NO) released from the inducible 
form of the enzyme NO synthase has been pro-
posed to be a mediator of the vasodilation in the 
cases of cardiogenic shock that have a distributive 
hemodynamic pattern (Russell 2006). Interest in 
NO evolved from the hypothesis that NO has a 
major role in septic shock based on studies in rats 
and mice. However, there is no good evidence that 
NO plays a role in human sepsis (see Septic 
Shock, Chap. 52). Indeed, a clinical trial in which 
septic patients were randomized to receive an NO 
synthase (NOS) inhibitor (the enzyme responsible 
for producing NO) was stopped prematurely 
because of evidence of harm (Lopez et al. 2004). 
In a small pilot study in patients with cardiogenic 
shock, use of the NOS inhibitor NG-nitro-L-
arginine methyl ester (L-NAME) dramatically 
increased arterial pressure and produced a marked 
reduction in mortality (Cotter et  al. 2003). This 
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was followed by a large, multicenter, double-
blind, randomized trial called TRIUMPH in 
which the NO synthase inhibitor L-NG-
monomethyl arginine (L-NMMA; tilarginine) 
was given to patients with cardiogenic shock 
(Alexander et  al. 2007). Despite the obstructed 
coronary arteries being successfully opened, mor-
tality remained high, and if anything, mortality 
was higher in the L-NMMA group. A lesson 
learned from this study is that raising blood pres-
sure should not by itself be a target for therapy. Of 
importance, there are two constitutive forms of 
NOS that regulate normal distribution of blood 
flow, inhibit platelet aggregation, and play a role 
in neuro-regulation and a third form of NOS that 
is induced during inflammation (Moncada and 
Higgs 1993). Nonspecific NOS inhibitors block 
all three isoforms of NOS and thus likely interfere 
with normal blood flow regulation. NO also 
decreases coagulation, and thus NOS inhibitors 
are pro-coagulants. Probably most importantly, it 
is likely that inducible NOS does not have a sig-
nificant role in larger animals and humans, and 
use of a nonspecific NOS inhibiter just blocked 
the beneficial constitutive forms of NOS (Mehta 
et al. 1999). This is discussed in more detail in the 
Septic Shock chapter (Chap. 52).

 Physiology and Pathophysiology

Under normal conditions, there is a tight relation-
ship between output from the heart (cardiac out-
put) and the energy needs of the body. O2 is the 
final electron receptor in the extraction of energy 
from food sources, and, as such, there is a tight 
relationship between cardiac output and O2 con-
sumption (VO2). VO2 is dependent upon how 
much blood is delivered to tissues and how much 
O2 is extracted. VO2 can be calculated from the 
product of cardiac output and the amount of 
extracted O2 (Fig. 50.3). Delivery of O2 to tissues 
is dependent upon the concentration of hemoglo-
bin (Hb) available to carry O2 and the Hb satura-
tion. The O2-carrying capacity of Hb sets the 
upper limit for the amount of O2 that can be 
extracted in the peripheral circulation and thus 
limits the maximum amount of O2 that can be 
extracted to compensate for decreased blood 
flow. There is a physiological limit, though, to how 
much increasing Hb can be helpful because at 
hematocrit values much above 55–60% blood vis-
cosity increases exponentially. This increases 
vascular resistance and the risk of thrombosis in 
small vessels. To obtain a quantitative sense for 
the role of O2 extraction, it is worthwhile consider-

VO2 = Q x (CaO2 - CvO2)

Q

QQ Already low
“limit”

Preload Afterload

Stroke volume

Contractility

Q

Pra

PraPraPra

HR

Hb x Sat(%) x K

PO2

Fig. 50.3 Variables that can potentially improve oxygen 
delivery to tissues. (Based on the Fick principle, oxygen 
(O2) consumption (VO2) equals the product of cardiac out-
put (Q) and difference between the arterial (CaO2) and 
venous O2 content (CvO2). O2 content is the product of the 
hemoglobin (Hb) concentration, Hb saturation, and a con-

stant for the amount of O2 bound to each Hb molecule. 
Saturation is determined by the partial pressure of O2 
(PO2.). Cardiac output is determined by stroke volume and 
heart rate. Stroke volume is determined by preload, after-
load, and contractility. Cardiac function curves are shown 
below each variable and indicate how they improve Q)
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ing the normal ranges of cardiac output and 
extraction. In healthy young males of normal body 
size, cardiac output can go from 5 L/min to 20 to 
25  L/min at peak exercise, a four- to fivefold 
increase. At rest, Hb is ~150  g/L and Hb O2- 
carrying capacity is about 190 mlO2/L. Resting 
O2 extraction is about 25%, which gives a mixed 
venous O2 saturation in the range of 70–75% of 
the Hb O2 capacity and a mixed venous O2 con-
tent of 142  mlO2/L.  At peak exercise, mixed 
venous O2 content can be as low as 25 mlO2/L. The 
reserves for O2 extraction thus normally are very 
large. Yet, an AMI can severely compromise O2 
delivery to organs. If cardiac output falls to 2.5 L/
min, and Hb is only 100 g/L, the mixed venous 
saturation would have to fall to 22  mlO2/L to 
maintain a normal resting VO2. This value is 
lower than the mixed venous O2 content at peak 
exercise in a normal young male. This also is an 
average extraction value from all tissues, which 
during exercise is driven by working muscles. 
Other tissues may not be able to extract enough 
O2 to reach this level. Thus, a decrease of cardiac 
output in this range cannot be tolerated for long, 
especially if Hb is compromised.

The two determinants of output from the heart 
are the amount of volume put out per beat, which 
is stroke volume, and the number of ejections per 
minute, which is heart rate (Fig. 50.3). The heart 
rate component is easy to evaluate and remedy 
but with a few caveats (Chap. 7). If the patient 
has a sinus bradycardia, simply pacing the ven-
tricle will usually not work unless the sinus rate 
is very low. This is because the patient’s own 
atrial beats march through the paced ventricular 
beats, and when atrial contraction occurs during 
ventricular systole, cannon “a” waves are pro-
duced. These atrial contractions pump blood in a 
retrograde direction and interfere with RV and 
LV filling. This does not occur with atrial trig-
gered pacing because the presystolic atrial con-
tractions maintain normal presystolic filling. On 
the other hand, if the heart rate is too fast, dia-
stolic filling is reduced, which compromises the 
stroke return and forward stroke volume. It is 
very important to distinguish two conditions. 
One needs to whether  the tachycardia is caused 
by the heart failing to generate an adequate stroke 

volume and the resultant inadequate tissue perfu-
sion triggering a reflex increase in sympathetic 
activation of heart rate? Or, is the tachycardia 
caused by a primary rhythm problem which 
reduced diastolic filling time and reduced cardiac 
filling (and ejection time) and that is what low-
ered cardiac output? In the former case, it is very 
risky to lower the heart rate; the CVP also likely 
is elevated. In the latter case, the CVP is more 
likely not elevated because the rapid rate is inhib-
iting filling and lowering heart rate might be 
helpful (Magder 2012a).

The most significant clinical problem in car-
diogenic shock is failure to generate an adequate 
LV stroke volume. The three determinants of the 
stroke volume are preload, contractility, and 
afterload. By definition, in cardiogenic shock, LV 
filling pressures are elevated, afterload is most 
often decreased (but not always), and the primary 
problem is inadequate contractile function. I say 
primarily, because cardiac failure also can occur 
from inefficient mechanical function as a result 
of  tricuspid, mitral, or aortic valve insufficien-
cies, valvular stenosis, shunting as occurs with a 
ruptured ventricular septum, or the development 
of dyskinetic-aneurysmal regions of the heart 
that balloon out during systole. However, the pri-
mary problem in forward cardiogenic failure 
most often is inadequate contractile force.

The best way to understand failure of the 
development of contractile force in cardiogenic 
shock is by the use of Sagawa’s concept that the 
ventricles generate systolic pressure by what he 
called a time-varying elastance (Fig. 50.4). This 
is discussed for the LV in Chap. 4 and for the RV 
in Chap. 3. Elastance is a measure of the stiffness 
of a substance. Its units are force per length. In 
the heart, the force is given by pressure and the 
length by the volume so that the units are pres-
sure per volume. The inverse of elastance is com-
pliance, i.e., change in volume for a change in 
pressure. (Compliance is sometime referred to as 
capacitance because this is the equivalent electri-
cal term. However, in a “hydraulic” analysis, the 
term capacitance is used for total volume at a 
given pressure and includes stressed and 
unstressed volume, which does not exist in an 
electrical system (Chap. 2).
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In the Sagawa concept, the heart walls cycle 
from resting state with a low elastance during 
diastole to a high elastance state during systole. 
The changing elastance can be studied with a 
pressure-volume graph in which the slope of a 
line is elastance. The rise in elastance during sys-
tole increases the pressure in the volume con-
tained in the ventricle (Fig. 50.4). If the aorta is 
clamped, and volume is not ejected, the final 
pressure for a starting volume is the correspond-
ing pressure-volume point on the final elastance 
line in the cardiac cycle. The greater the initial 
volume, the greater the final pressure point. When 
the aortic valve can open, pressure initially rises 
without a change in volume until LV pressure is 
greater than aortic pressure. Ejection then occurs 
and continues to the maximal end-systolic line 
(Fig. 50.5). When systole ends, elastance of the 
cardiac muscle relaxes back to the resting dia-

stolic elastance. The aortic valve closes and the 
mitral valve is not yet open, so that the pressure 
falls with no change in volume; this volume is the 
end-systolic volume.

The increase in ventricular elastance during 
systole occurs when calcium ion (Ca2+) is released 
into the cytoplasm and activates the interaction of 
actin and myosin. It ends when the cytoplasmic 
Ca2 is taken up again by the sarcoplasmic reticu-
lum. The Ca2 release occurs during the plateau 
(phase 3) of the ventricular action potentials 
(Chap. 7), and thus the cycle time for the chang-
ing systolic ventricular elastance is fixed by the 
length of the plateau phase of the LV action 
potential plateau. The maximum elastance 
reached in this fixed cycle time is determined by 
how quickly the elastance can increase. This in 
turn is dependent upon how much and how fast 
calcium ion (Ca2+) can be released into the cyto-
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Fig. 50.4 Sagawa’s concept of time-varying elastance of 
the left ventricle with no ejection. Pressure is plotted 
against volume. In this example from a dog heart, the 
aorta is clamped and contractions are isovolumetric. 
Contractions are initiated from different diastolic vol-
umes. After the onset of contraction, at any given time, the 
pressures always fall on a strait pressure-volume 
line. Times in msec are marked for each line. The final 
line, in this example at 160  msec, indicates the end- 
systolic pressure-volume relationship (ESPVR) which 

indicates the maximum elastance (Emax) during the time 
available for systole. The passive filling curve gives the 
elastance during diastole. The left side shows normal LV 
function. The right side shows depressed LV function. At 
a lower ESPVR (i.e., flatter curve), a lower pressure is 
reached in the time available. The top shows the timing of 
tension development (brown, peaked curve) during the 
plateau of the action potential. The time is the same in 
both cases, but the peak elastance is lower with the 
reduced function
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plasm in the available time, and the velocity of 
stiffening of the sarcomeres, which is dependent 
upon the rate of turnover of actin-myosin binding 
sites. This process can be modified by neuro-
humeral mechanisms that modify the phosphory-
lation states of intracellular enzymes which 
regulate these mechanisms. Based on this analy-
sis, a decrease in the contractile force generated 
by the heart can be considered essentially as fail-
ure to generate a sufficient maximal elastance 
during the time available for systole.

At low LV diastolic volumes, the slope of the 
LV pressure-volume relationship (diastolic elas-
tance) is low, although it is steeper than that of 
the RV.  The diastolic slope becomes exponen-
tially steeper at higher diastolic volumes, mean-
ing that the chamber becomes less compliant. In 
the body, the steep portion of the diastolic filling 
curve for the whole heart usually is determined 
by the pericardium, which limits right heart out-
put and thus LV output, but even without a peri-
cardium, the ventricular walls become stiffer at 

higher volumes. Passive diastolic stretch of car-
diac muscle differs from the length-tension curve 
of skeletal muscle. Muscles generate maximal 
force at the length at which the overlap of actin 
and myosin is optimal. Skeletal muscle can be 
stretched beyond this optimal length, and when 
that happens, the generated force during contrac-
tion decreases. This would not be a great charac-
teristic for cardiac muscle because it would mean 
that, after some peak filling pressure, the force 
generated by the ventricles would decrease and 
cause volume to back up. In the LV this would 
result in pulmonary edema. Thus, cardiac muscle 
evolved so as not to stretch beyond the optimal 
length of its length-tension relationship, at the 
single sarcomere level. This occurs because of 
the characteristics of the sarcomere structures; a 
primary factor for this likely is the titin content 
(Granzier et al. 1997).

On the pressure-volume graph (Fig.  50.5), 
systole starts at the end-diastolic volume and 
pressure; this represents the preload. There is a 
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Fig. 50.5 Pressure volume loop of the ejecting heart with 
normal and depressed cardiac function. The left shows a 
normal pressure vs volume relationship. Preload, effective 
afterload, and the end-systolic pressure (ESP) versus vol-
ume (ESV) relationship (ESPVR) are marked. See text for 
details. The right side shows the initial effect of a decrease 

in the ESPVR because of an ischemic injury. The stroke 
volume falls and ESP and ESV rise. On the subsequent 
beats, volume accumulates in the ventricle so that the LV 
end-diastolic pressure (LVEDP) markedly rises especially 
when it is on the steep part of diastolic filling curve
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period of isovolumetric contraction until the aor-
tic valve opens. The pressure at which the valve 
opens gives a good indication of the afterload on 
the LV. Afterload is related to the tension faced 
by the ventricle after it begins to shorten. During 
systolic ejection, arterial pressure rises, but the 
LV radius decreases so that tension stays approx-
imately constant. This can be considered a quasi- 
isotonic contraction. Ejection continues until the 
volume reaches the end-systolic elastance rela-
tionship (ESPVR), which, as already indicated, is 
the maximum elastance (Emax) that can be 
reached during the cardiac cycle. The slope of 
ESPVR is the best indicator of the contractile 
state of the LV. When measurements are made in 
situ with high-precision instruments in non- 
ejecting isolated hearts, the relationship is linear 
(Sagawa 1978). The significance of this relation-
ship is that the pressure for a given volume can 
never be greater than the values on this elastance 
line. Unfortunately, ESPVR cannot be evaluated 
easily in intact persons because of a number of 
technical reasons, and it should only be used for 
a conceptual framework. A key technical factor is 
that a change made in in  vivo studies, such as 
occlusions of the vena cava to obtain different 
preloads, also affects the right heart and its dia-
stolic interaction with the LV.  The change in 
blood return to the left heart also is out of synch 
with what is happening hemodynamically in the 
right heart because of “buffering” by the pulmo-
nary venous compartment which can continue to 
supply additional volume to the LV for a few 
beats. This can affect septal motion (Magder and 
Guerard 2012). Other technical problems are the 
difficulty of accurately measuring LV volume, 
that the real stress is total energy and not just lat-
eral pressure which does not include kinetic 
energy, and inertial components that can be sig-
nificant as the flow accelerates (Honda et  al. 
1994; Beyar and Sideman 1984). These factors 
can make the end-systolic elastance line appear 
curvilinear at higher pressures, but in reality this 
does not represent what is occurring at the sarco-
mere level (Kass et al. 1987). Despite these limits 
to the precise clinical measurement of Emax, the 
concept Emax still indicates the limit to what the 
heart can do, and the small differences from lin-

earity have small effects on measured stroke vol-
umes. I will use the term end-systolic 
pressure-volume relationship (ESPVR) to differ-
entiate what is measured from the true theoretical 
term Emax. The implication of Emax line is that 
a decrease in contractile function is really a fail-
ure to reach a normal Emax in the time available 
in the cardiac cycle. When that happens, cardiac 
output only can can increase by  an increase in 
preload if ventricular filling is not limited, an 
increase in heart rate, or a decrease in afterload.

Because of the difficulty in obtaining the 
pressure- volume plot, cardiac function is most 
often considered in terms of a Starling cardiac 
function curve. This plot treats all the pulmonary 
vascular structures as one unit and plots the out-
put from the whole unit at the aorta in relation-
ship to the preload of the unit which is defined as 
right atrial pressure (Pra). The derivation from 
the pressure-volume relationship is shown in 
Fig. 50.6. Note the sharp plateau of this function 
curve which is due to reaching the limit of RV 
filling. An increase in heart rate or contractility or 
a decrease in afterload shifts the curve upward, 
and a decrease in heart rate or contractility or an 
increase in afterload shifts it upward (Fig. 50.6); 
they all look the same. The advantage of this plot 
is that Pra and cardiac output can be fairly easily 
obtained  at the bedside, but pressure volume 
points cannot.

The pressure-volume analysis illustrates the 
importance of Starling’s law, which is that the 
initial stretch of the myocardium determines the 
amount ejected. In the pressure-volume plot, it 
can be seen that whatever volume was ejected by 
a ventricle has to be exactly the same as the vol-
ume that filled the ventricle as long as there is no 
change in heart rate, contractility, or afterload 
(Fig. 50.5). The importance of this can be appre-
ciated by considering the following. If the RV 
puts out a stroke volume of 101 ml per beat, and 
the LV 100 ml, a 1% error, at a heart rate of 70  b/
min a total blood volume of 5 L, would be in the 
lungs in one and half hours. The matching of the 
two ventricles therefore must be perfect over 
time. I will come back to this issue when I dis-
cuss the use of inotropic therapies with mechani-
cal cardiac assist devices.
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On the pressure-volume relationship, a 
decrease in contractile function is seen as a 
decrease in the slope of the ESPVR (Figs. 50.4 
and 50.5) and indicates that the rate of rise to 
Emax is decreased. As already pointed out, the 
consequence is that, for the same preload, i.e., 
end-diastolic pressure-volume value, stroke vol-
ume is reduced unless there is a decrease in after-
load or an increase in heart rate. Consequently, 

the end-systolic volume increases. Because the 
next cycle starts from a higher end-systolic vol-
ume, on the subsequent beat, the return of blood 
raises the end-diastolic pressure-volume value to 
a higher value.

A decrease in the slope of ESPVR has impor-
tant consequences for changes in afterload. When 
the slope of ESPVR is flatter than normal, an 
increase in the pressure at aortic valve opening, 
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Fig. 50.6 Derivation of left ventricular cardiac function 
curve from the pressure-volume relationship. The top 
shows a normal LV pressure-volume (P-V) relationship. 
Heart rate, afterload (dotted line), and contractility 
(ESPVR) are kept constant, and preload (end-diastolic 
pressure – numbers 1–4) is progressively increased. Each 
increase in end-diastolic volume is exactly matched by the 
increase in stroke volume as per Starling’s law. The right 
side shows the Starling function curve for the left heart 

with cardiac output (Q) plotted against left atrial pressure 
(Pla). (Most often this function is plotted as Q versus right 
atrial pressure, but Pla is used here to understand the 
direct link.) When the steep part of the diastolic P-V curve 
is reached, increasing Pla no longer increases Q because 
there is no change in diastolic volume. The bottom shows 
what happens when ESPVR is depressed. The function 
curve is shifted downward and the plateau occurs at lower 
cardiac output
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i.e., an increase in afterload, produces a greater 
reduction of stroke volume. On the other hand, it 
also means that a reduction in LV afterload pro-
duces a greater increase in stroke volume 
(Fig. 50.5).

 Limitation to Filling

An increase in preload increases stroke volume 
because there is more time to get to Emax. 
However, the consequence is an increase in LV 
end-diastolic pressure; the magnitude of the 
increase in LV end-diastolic pressure depends 
upon the slope of the LV passive filling curve and 
the starting volume at the onset of diastole (i.e., 
end-systolic volume), because the passive filling 
curve is curvilinear and gets steeper at higher 
volumes. If the patient starts off with decreased 
diastolic compliance (i.e., a steeper diastolic fill-
ing curve), the rise in diastolic filling pressure 
with an increase in volume is greater and so is the 
risk of pulmonary congestion. On the other hand, 
it also means that a decrease in LV afterload pro-
duces a greater decrease in LV end-diastolic 
pressure.

When just examining the pressure-volume 
relationship, it would seem that if there is a sud-
den decrease in stroke volume because of a 
decrease in the slope of the ESPVR, and the 
stroke return does not change on the next beat, 
end-diastolic volume will increase by the same 
amount as with the previous stroke return, and 
the stroke volume would be back to the same 
value that it had before the rise in afterload. 
However, the same amount of blood does not 
return. To understand why, it is necessary to con-
sider Guyton’s plot of the venous return and car-
diac function curves (Magder 2012b; Guyton 
1955), which was discussed in Chap. 2.

To review some basic points, this graph plots 
two functions: cardiac and return functions. The 
cardiac function describes a set of cardiac out-
puts from the LV for a given Pra at a constant 
heart rate, constant afterload, and constant con-
tractility. The return function describes the return 
of blood back to the heart from the large periph-
eral venous reservoir. It gives a set of venous 

returns for a given set of Pra at a constant stressed 
volume, constant venous compliance, and con-
stant venous resistance. The venous return is 
related to the blood flow through the tissues 
which, as discussed previously, is related to met-
abolic activity. Pra is common to both functions 
so that the working cardiac output, working 
venous return, and working Pra are given by the 
intersection of the two functions.

To emphasize again, the primary event in car-
diogenic shock is depression of Emax (Figs. 50.5 
and 50.6) (Kass et al. 1989). The consequence of 
the decrease in cardiac function is that, for the 
same venous return function (note “function” not 
flow), cardiac output is lower and Pra higher. 
This is true whether the problem is a pure LV 
problem, RV problem, or both because the car-
diac function curve considers the heart as a whole 
beginning at the right atrium and ejecting from 
the aorta. The pattern also would be the same if 
there were a decrease in heart rate or an increase 
in afterload. However, the magnitude of the 
depression of the cardiac function curve with 
these other processes is much less than what is 
seen with the major loss of contractility (Emax) 
in cardiogenic shock, except for extreme brady-
cardia. Heart rate and afterload also can be more 
readily corrected by reflex adjustments in the cir-
culation, but the ischemic heart has minimal 
reserves.

Venous return can be separated into venous 
return-cardiac function for the RV and LV 
(Fig. 50.7). In this case, the volume reservoir for 
the LV is the stressed volume in the pulmonary 
venous compartment, and the return flow to the 
LV is based upon the pulmonary venous compli-
ance, pulmonary venous resistance, and left atrial 
pressure. However, this does not add much to the 
overall understanding of how the whole system 
works because the systemic venous compliance 
is seven times greater than that of the pulmonary 
circuit (Lindsey et al. 1957), and thus the  systemic 
vascular volume dominates the overall process. 
More importantly, separating the two ventricles 
misses the key role of the RV in determining the 
filling of the pulmonary venous reservoir for the 
stroke return to the LV. However, this relationship 
is of importance in the generation of pulmonary 
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edema because just as a decrease in cardiac func-
tion increases Pra, a primary decrease in LV 
function must be associated with an increase left 
atrial pressure, and the effect on left atrial pres-
sure is greater than the increase in Pra because 
the LV diastolic compliance is much lower than 
that of the RV (Sylvester et al. 1983a).

It now is possible to explain why the return of 
blood per beat and, consequently, why the stroke 
volume are lower, when ESPVR suddenly 
decreases or afterload increases (Fig. 50.8). The 
rise in LV end-diastolic pressure reduces the 
pressure difference from pulmonary veins to the 
LV. Volume accumulates in pulmonary veins, and 
pulmonary venous pressure rises. By the same 
reasoning, pulmonary arterial pressure increases 
which increases RV afterload. This increases RV 
end-diastolic pressure, which increases Pra. The 
rise in Pra decreases the pressure difference for 
venous return, and a new steady state flow occurs 
with a lower venous return and lower cardiac out-
put as seen in the Guyton plot of cardiac function 

and venous return (see Chap. 2). The effect is 
greater when RV filling is limited already and the 
heart is functioning on the flat part of the cardiac 
function curve.

 Clinical Consequences of the Above 
Analysis

The fall in cardiac output with a pure LV event 
tends to be milder than that of a right-sided or 
combined RV and LV process, at least in the ini-
tial stages (Sylvester et al. 1983a). The previous 
analysis indicates why a fall in cardiac output due 
to a fall in cardiac function ultimately requires a 
rise in Pra to reduce venous return. Thus, for a 
pure left-sided event, the sequence is as follows. 
Enough volume must accumulate in the compli-
ant pulmonary vessels to raise the afterload on 
the RV sufficiently to raise Pra, which decreases 
venous return. The amount of volume that needs 
to accumulate in the pulmonary veins to suffi-
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Fig. 50.7 General model of the circulation at the end of 
diastole with normal function. The pressure in the sys-
temic venous compliant region (Cvs) is MSFP. This pres-
sure drives volume through the venous resistance (Rvs) to 
the RV which actively pumps blood into the pulmonary 
artery (PA) and thereby lowers Pra for the next cycle. The 
PA blood is emptied into the pulmonary venous compliant 

region (Cvp), which empties into the LV, which actively 
pumps the blood into the aorta. The blood returns to the 
Cvs through the systemic vascular resistance. The left side 
figure shows the interaction of the return function and car-
diac function which give the working cardiac output and 
right atrial pressure (Pra)
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ciently to lower cardiac ouput by a rise in Pra 
generally will produce severe pulmonary edema 
before Pra increases sufficiently to lower venous 
return and cardiac output (Fig.  50.7). It thus is 
likely that the person starts to effectively “drown” 
first and the disturbance of gas exchange and bur-
den on the respiratory muscles cause the cardio-
vascular collapse. Hypoxic pulmonary 
vasoconstriction also might increase the load on 
the RV and further contribute to the fall in cardiac 
output (Sylvester et al. 1983b).

There are useful clinical lessons from this 
analysis. A patient who presents acutely with a 
very low cardiac output and high Pra likely has 
one of the following: right-sided ventricular dys-
function (e.g., RV infarct), chronic heart failure 
with chronic renal retention of volume, or a rup-
tured ventricular septum that is shunting LV 

blood to the RV. Myocardial rupture and tampon-
ade also should be considered; they could be 
increasing pericardial pressure.

In modeling studies of decreased ventricular 
function, but without reflexes, another cause of a 
decrease in cardiac output with just a severe 
decrease in Emax of the left heart became appar-
ent (Magder et al. 2009). The volume that must 
inevitably accumulate in the pulmonary circuit 
because of the high LV diastolic pressure reduces 
total systemic stressed volume. This can be phys-
iologically significant because stressed volume 
normally only is 1.3–1.4  L (Magder and De 
Varennes 1998). The decrease in MSFP decreases 
venous return. In the modeling study, Pra actually 
fell as did RV and consequently LV stroke vol-
ume (Magder et  al. 2009). In the intact person, 
recruitment of unstressed into stressed volume 
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Fig. 50.8 Explanation of why an increase in afterload or 
decrease in contractility reduces steady state stroke vol-
ume. The top left starts with the LV P-V relationship with 
(#1) the starting stroke volume (SV). The afterload (open-
ing pressure of aorta) is abruptly increased; on the first 
beat, end-systolic volume is increased because there is 
less time to reach the ESPVR and SV is decreased (#2). 
On the next beat, the LV diastolic pressure increases 
because the return starts from a higher diastolic pressure, 
but the return to the LV from the pulmonary vasculature is 
reduced due to the higher downstream pressure and SV is 

still reduced from the starting value (#3). The rise in LV 
ESP also increases left atrial pressure and shifts the pul-
monary pressure versus flow (Q) curve upward (pulmo-
nary = pulmonary vasculature, PA = pulmonary artery). 
The third panel on the top shows the P-V of the RV. The 
rise in PA increases the afterload on the RV and decreases 
its SV.  The bottom shows the cardiac function-venous 
return curve. The increase in afterload depressed the car-
diac function curve so that it intersects the venous return 
curve at a higher Pra and lower Q
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and other reflex adjustments (Deschamps and 
Magder 1992) make this less likely, but a fall in 
MSFP still could happen in someone with mini-
mal unstressed volume reserves. Giving volume 
though likely is not a good solution because it 
will just increase pulmonary flooding.

Guyton’s venous return-cardiac function plot 
also brings up a point that was first identified by 
Ernest Starling in his studies on cardiac responses 
to filling and loading of the LV (Patterson et al. 
1914; Starling 1918). An arrested heart is the 
extreme of cardiac dysfunction, and in this state, 
because there is no flow, Pra equals MSFP; it 
never can be higher. Thus, Pra (and central 
venous pressure) higher than the normal range of 
MSFP, which is 8–10 mmHg, only can occur if 
there has been an expansion of intravascular vol-
ume, either by retention of fluid over time by the 
kidneys or by iatrogenic administration of fluid.

As an example, we recently observed a patient 
who presented with severe cardiogenic shock, 
likely from a viral cardiomyopathy in association 
with a severe diarrheal disease. His clinical status 
deteriorated very rapidly over a few days, and he 
presented to another hospital in extremis. He was 
transferred to our institution for implantation of an 
LV assist device (Impella CP®– 3.5 L/min) and a 
possible RV assist device. On presentation his RV 
was massively dilated, and the LV was moderately 
dilated with an ejection fraction <15% (Fig. 50.9). 
Pra was over 20 mmHg and Ppao equaled Pra. The 
chest X-ray showed mild pulmonary edema, and 

he only had mild hypoxemia. Based on the previ-
ous discussion, we assumed that he must have 
received a large amount of intravenous fluids as 
part of his initial resuscitation to account for the 
high Pra (Fig. 50.10). However, the initial manag-
ing physicians were adamant that they had not 
given a lot of intravenous fluids and the records 
supported their claim. The patient himself was a 
physician and confirmed that not a lot of fluid had 
been given. However, he then informed us that he 
was at fault! Because of the diarrhea, he had con-
sumed 4 L of Gatorade®, which combined with 
his renal shutdown explained the expanded vascu-
lar volume and right ventricular distention. With 
the increase in his LV forward flow by the support 
from the Impella®, his kidneys quickly began to 
work; he had a vigorous diaeresis and lost over 5 L 
within hours. His Pra fell and so did his Ppao. 
Shortly after insertion of the Impella®, the normal 
septal curvature returned and RV volume 
decreased. An RV assist device never ended up 
being necessary. The Impella® was removed after 
5 days, and he made an excellent recovery.

 Management

 Monitoring

A patient-centered approach to management of 
shock requires feedback of responses to thera-
peutic choices. Good monitoring tools are nec-

Prior to Impella LP 3.5 Shortly after insertion 1 week later

Fig. 50.9 Trans-echocardiograms (short axis) from the 
case in the text demonstrating LV failure from cardiomy-
opathy. The first panel is before insertion of the Impella®. 
The septum is flattened (large blue arrow), the RV is 
markedly enlarged (double headed blue arrow), and the 
LV is dilated (double-headed red arrow). The middle 

panel shows the same view shortly after insertion of the 
Impella®. The normal septal curvature has returned, the 
RV size is reduced, and so is the LV. The third panel is 
1  week later. There is further reduction of the RV and 
reduction in the end-systolic LV indicates the improved 
ejection fraction. See text for further details
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essary to accomplish this. This should include 
an intra-arterial catheter and a central venous 
line because infusion of vasoactive drugs usu-
ally is required acutely. In moderate, or “pre- 
cardiogenic shock” cases, a central venous O2 
saturation measurement (ScvO2) can be helpful 
if Hb is close to normal and there is not a 
peripheral distributive state. A ScvO2 of >55% 
indicates that it is very likely that the cardiac 
index is >2.2  L/min/m2 (Jain et  al. 1991). In 
more complex cases, a cardiac output measure-
ment becomes important considering that the 
primary problem is a lack of peripheral perfu-
sion. The more critically ill the patient, the 
more reliable the device needs to be, and the 
more reliable the device, the more invasive it 
tends to be. Although use of a pulmonary artery 
(PA) catheter remains controversial (Baran 
et al. 2019), its use in cardiogenic shock still is 
recommended in most reviews (Vahdatpour 
et  al. 2019; Thiele et  al. 2019; Westaby et  al. 
2011; Baran et  al. 2019; van Diepen et  al. 
2017), and it still is widely used (Allen et  al. 
2008; Hernandez et  al. 2019; Pandey et  al. 

2016; Basir et al. 2019). The limitation of pre-
vious studies of its use is that the studies either 
were just observational (Connors Jr. et al. 1996) 
or just examined the presence of the catheter 
rather than studying an algorithm that required 
use of a PA catheter.

Use of a PA catheter can be considered under 
two categories: (1) diagnostic and classification 
and (2) management of hemodynamic drugs and 
fluids. The recently identified very important 
group of patients who have cardiogenic shock 
and a low SVR and distributive picture cannot be 
identified without a flow measurement. There 
currently are noninvasive devices for the mea-
surement of cardiac output, but the more critical 
the condition, the less accurate they become; thus 
outside of trending, these devices are not ade-
quate for obtaining an accurate cardiac output, 
and the PA catheter remains the gold standard. 
The basic PA catheter also is the cheapest device. 
The PICO® device placed in a femoral artery is a 
reasonable alternative choice, but the space avail-
able in the groin may be limited in patients 
assisted with mechanical devices.
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Fig. 50.10 General model of the circulation at the end of 
diastole with RV and LV limitation –the link between LV 
failure and RV failure. The compartments are the same as 
in Fig.  50.7. In this example, LV function is markedly 
depressed much as was the situation for the case in 
Fig. 50.9. Consequently, LV diastolic pressure (LVEDP) 
is increased, as is pulmonary venous pressure, PA dia-

stolic (and systolic) pressure, and RV diastolic pressure. 
The RV becomes volume limited, and in diastole, the 
pressures are the same in all regions. Adding volume only 
increases MSFP, but does not change RV output, and does 
not change forward cardiac output. The added vol-
ume only increases capillary filtration and worsens organ 
congestion
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Diagnostic value of PA catheter
Diagnostic value of the PA catheter was the basis 
for the development of the original floatation 
catheter by Swan and Ganz (Swan et  al. 1970; 
Forrester et  al. 1971). They noted that patients 
with an AMI could be in pulmonary edema 
because of an elevated Ppao as an indicator of 
elevated left atrial pressure but have a normal 
Pra/CVP. Furthermore, the chest X-ray alone is 
not a good indicator for the presence of an ele-
vated left atrial pressure, because resolution of 
the chest X-ray pattern often lags behind changes 
in pulmonary capillary pressure and, sometimes, 
because of the quality of the image. Thus, the 
classification of the “dry” and “wet” cardiogenic 
shock cannot be made reliably without a Ppao 
measurement.

The second diagnostic value of the PA cath-
eter as already noted is determination of a low- 
resistance distributive component to the shock. 
In the face of deceased blood pressure, if the 
cardiac output is normal or, even more so, ele-
vated, the systemic vascular resistance must be 
decreased, and it is not even necessary to cal-
culate the resistance value. Thus, this state too 
requires a flow measurement to make the diag-
nosis, to monitor its evolution, and to adjust 
vasoactive and inotropic therapies. Intelligent 
management of a low cardiac output in 
which  the central problem is cardiogenic 
shock, requires a measurement of cardiac 
output!

A third diagnostic value of the PA catheter is 
measurement of the pulmonary artery pressure 
and the relationship of the pulmonary diastolic 
pressure to the Ppao. This is especially impor-
tant in nonischemic cardiogenic shock such as 
post-cardiac surgery. A minimal pressure drop 
from the pulmonary diastolic pressure to Ppao 
indicates that pulmonary vascular resistance is 
not elevated (except for some possible precapil-
lary increase from hypoxic vasoconstriction), 
and the LV dysfunction likely is the major cause 
of the elevated PA pressure. In severe cases, 
right atrial pressure and Ppao often are equal as 
occurred in the case discussed above. This 
occurs because the increased pulmonary pres-
sure and backup of volume in the lungs drive the 

RV to the steep part of its passive diastolic fill-
ing curve and result in right heart limitation 
(Fig. 50.10). The RV then becomes the limiting 
factor for cardiac output. This is seen as the flat 
part of the cardiac function curve (Fig. 50.6). In 
this situation, lowering Pra does not decrease 
cardiac output until the ascending part of the 
cardiac function curve is reached (Fig.  50.6). 
Often, paradoxically, reduction in vascular vol-
ume increases cardiac output. This can occur 
because RV wall stress is decreased and also 
because the reduction of the high Pra decreases 
left atrial pressure, which decreases pulmonary 
artery pressure and the afterload on the RV. The 
improvement in oxygenation also might con-
tribute further by reducing hypoxic vasocon-
striction. If pulmonary arterial systolic pressure 
is elevated, and there is a significant pressure 
gradient from the pulmonary diastolic pressure 
to the Ppao, pulmonary vascular resistance must 
be elevated, and there likely is a chronic compo-
nent. If the cardiac output is low, it also is likely 
that there is limitation of RV filling. Use of ino-
tropes and an attempt at RV volume reduction 
should be tried first, but an LV mechanical assist 
might be necessary. The RV should be decom-
pressed before an RV assist device is implanted 
because otherwise the RV device might just 
worsen pulmonary edema.

Management value of PA catheter
In an analysis of patients with cardiogenic shock 
who were enrolled in the CardShock, observa-
tional, prospective, multicenter European regis-
try, the PA catheter provided no survival benefit 
although patients receiving a catheter had more 
interventions (Sionis et  al. 2019). The problem 
with this study, as well as many studies before it, 
is the lack of a protocol with a physiologically 
based algorithm for the management of patients 
with cardiogenic shock. As for specific examples, 
the studies fail to consider different management 
plans for patients with distributive shock, fail to 
indicate when to stop giving fluids based upon 
reaching the plateau of the cardiac function 
curve, and fail to track responses of cardiac out-
put to drug therapies and alter therapy 
accordingly.
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The PA catheter has great potential for guid-
ing fluid management as also discussed in Chap. 
22 on hemodynamic monitoring. CVP values that 
are in the normal upper range of greater than 
10  mmHg (assuming leveling 5  cm below the 
sternal angle) (Magder and Bafaqeeh 2007) make 
it unlikely that more fluid will help, and there is a 
greater likelihood of harm, such has hepatic, 
bowel, and renal dysfunction. However, the cath-
eter is best used with a “responsive” approach 
(Magder 2012b, 2016; Potter et al. 2013). If the 
clinician hypothesizes that fluids may increase 
cardiac output, the next step should be to observe 
whether the fluid bolus actually increased cardiac 
output. If it did not, and there was evidence of an 
adequate fluid bolus based on a rise in CVP, giv-
ing more volume will not be helpful, and 
the  added volume only will contribute to the 
overloading of the patient. Similarly, if the physi-
cian hypothesizes that giving an inotrope, such as 
dobutamine, might improve the clinical situation 
by increasing cardiac output, it behooves the cli-
nician to determine whether cardiac output actu-
ally rises when dobutamine is given. If it does 
not, either the dose should be increased or another 
drug tried.

 Volume

Current treatment recommendations for cardio-
genic shock start with giving a fluid bolus (Thiele 
et  al. 2019; Shah et  al. 2019). However, fluid 
should be used with caution in cardiogenic shock 
(Vahdatpour et al. 2019) and are likely not needed 
as the first step for a number of reasons. First, 
normal physiological increases in cardiac output 
do not occur through the addition of exogenous 
volume. Instead, cardiac output occurs by 
increases in heart rate and contractility. Second, 
most people presenting with cardiogenic shock 
should not be volume depleted. The shock most 
often is caused by an acute ischemic event, and 
their volume status likely is normal at the onset. 
One group presenting with cardiogenic shock are 
those who have decompensated chronic heart 
failure (Lee et  al. 2011). They are even more 
likely to already be overloaded. The recommen-

dation for giving fluids may come from the man-
agement of septic shock, because in that condition 
there is significant capillary leak and intravascu-
lar volume depletion. Accordingly, some fluid 
might be considered in patients who present with 
“mixed” shock, but this should only be done with 
small aliquots, perhaps 250  ml at a time, and 
careful monitoring. It is worth emphasizing that 
in SHOCK Ppao in the 20 mmHg plus range was 
present in all groups. CVP also was in the 
12–14 mmHg range, which is on the higher side, 
especially because patients with RV dysfunction 
were excluded. Once the sharp break of the dia-
stolic pressure-volume relationship of the RV is 
reached, the RV diastolic pressure rises steeply 
with more volume, and the consequent septal 
shift can further compromise LV as was shown in 
the case above. This is particularly important 
when the infarct affects the septum. One could 
even go as far as to say that volume given to 
patients in shock may have contributed to 
increased morbidity and mortality some studies. 
Others, too, have suggested the same (Hochman 
2003). It is noteworthy that, as already discussed, 
pulmonary congestion seemed to not have been 
always recognized (Menon et al. 2000b).

There is evidence that “decompressing” the 
RV can be beneficial. Atherton et  al. applied 
lower body negative pressure to normal sub-
jects, a group of patients with compensated 
(treated) heart failure, and a group with 
uncompensated heart failure (Atherton et  al. 
1997a, b). The lower body negative pressure 
decreased LV volume in the normal subjects 
and patients with  compensated heart failure 
but increased LV size in those with decompen-
sated heart failure, indicating that they had RV 
interference with left-sided filling. The impli-
cation of these studies is that early use of 
diuretics to bring Pra into a more normal range 
can be useful early in shock. Monitoring car-
diac output can be very useful for guiding this 
therapy and avoiding a decrease in cardiac 
output by excessive fluid removal. Once again, 
if the heart is functioning on the flat part of its 
function curve, decreasing the wasted preload 
should not decrease cardiac output (Westaby 
et al. 2011).
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 Pharmacological Approaches

The primary management of cardiogenic shock is 
the judicious use of pharmacological agents to 
increase cardiac and circulatory performance. 
However, there are only limited physiological 
processes that can be targeted to increase circula-
tory performance. These include increasing car-
diac contractility and heart rate, altering systemic 
vascular resistance, and lowering pulmonary vas-
cular resistance when there is a need to assist the 
RV. It also is important to make sure that Hb and 
O2 saturation are adequate. One must always 
remember that pressure is not flow, and the pri-
mary clinical objective in shock is to provide 
adequate flow to the tissues. I purposely use the 
word “adequate” rather than normal. It is possi-
ble that overzealous attempts to increase flow and 
pressure may have caused harm. As a compari-
son, no physician would try to restore Hb to the 
normal value after a large hemorrhage; the same 
likely should apply to hemodynamic parameters. 
Adequacy of blood flow should be assessed by 
following measures of tissue perfusion, which 
include blood lactate, venous saturation, wake-
fulness, and renal function. It likely also is impor-
tant to provide an adequate perfusion pressure to 
appropriately match flow to tissue needs, but the 
appropriate value for pressure is still not well 
established. Raising arterial pressure raises the 
afterload on an already weakened LV and also 
raises myocardial O2 demand in patients who 
likely have limited coronary reserves for O2 
delivery. Furthermore, a rise in arterial pressure 
without a rise in cardiac output only can be clini-
cally helpful if the flow becomes redistributed to 
areas of greater metabolic need, but this also 
means that flow to some other areas must decrease 
(Magder 2014).

Epinephrine (Epi)
Epinephrine (Epi) is a catecholamine that has 
almost equal effects on alpha- and beta- adrenergic 
receptors with some variability in receptor affin-
ity that is dependent upon the dose used (Russell 
2019). It has potent effects on cardiac output and 
arterial resistance. Its half-life is short, and thus it 
is used generally as an infusion. It is the primary 

agent used to revive an arrested heart. In that situ-
ation, it is given as a bolus, usually of 200–
1000 mc intravenously. Boluses often are given 
as well when flow and pressure are drifting down 
and the patient is pre-arrest, but one must be cau-
tious about causing myocardial damage 
(contraction- band necrosis) and inducing arrhyth-
mias. When used as an infusion, a low to moder-
ate dose is 0.14 mcg/kg/min (~10 mcg/min) and a 
high dose is 0.60  mcg/kg/min (~ 40  mcg/min). 
Higher doses often are given, but it is hard to 
know what these large doses are doing, or if they 
even are causing harm (Levy et al. 2018). Epi is 
best used with a measurement of cardiac output 
or at least a surrogate of flow, which should be 
the primary determinant of the rate of infusion. 
More often, only pressure is monitored and the 
appropriate targets for this are not currently 
established. Epi is a very effective agent, but it 
gives course adjustments rather than fine tuning. 
It also causes metabolic disturbances such as a 
rise in lactate, a fall in potassium, and hypergly-
cemia. It also can be very arrhythmogenic. The 
rise in lactate can sometime confuse physicians 
and lead to unnecessary increases in therapy. In 
the markedly depressed heart, it likely is the best 
agent in the short run, although a prospective 
study which is discussed further below showed 
harm when it was the primary agent (Levy et al. 
2018). This was also seen in meta-analysis on the 
use of Epi although the analysis was primarily 
based on observational data (Léopold et al. 2018).

An observation by the author is that Epi in 
some patients seems to have a greater effect on 
the RV than the LV, especially in the presence of 
an LV assist device. In this situation, if the output 
from the LV assist device is not increased, the 
infusion of Epi can result in pulmonary edema 
because the LV does not keep up with increased 
filling from a better functioning RV.  Although 
mechanical devices have a “preload” response 
(Lim et  al. 2017), they do not have the precise 
match of inflow to outflow that occurs with the 
Frank-Starling mechanism.

Norepinephrine (NE)
Norepinephrine (NE) has a dominant alpha- 
adrenergic effect, but it still has a significant 
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beta-adrenergic component and thus also can 
increase cardiac output. This is in contrast to 
phenylephrine which has no beta-adrenergic 
activity and thus likely is not useful in cardio-
genic shock because it does not increase cardiac 
function (Thiele et al. 2011a, b; Magder 2011). 
Furthermore, phenylephrine increases venous 
resistance, and if it fails to recruit unstressed vol-
ume into stressed volume, it decreases venous 
return and cardiac output (Thiele et  al. 2011b). 
Of interest, it was observed that mortality 
increased in patients with septic shock when 
there was a shortage of norepinephrine and phen-
ylephrine was substituted as the primary vaso-
pressor (Vail et al. 2017). Phenylephrine can be 
helpful in the rare situation of someone who has 
an ischemic LV but who also has dynamic out-
flow tract obstruction. In this situation, it might 
be necessary to add phenylephrine to Epi or NE 
to increase the arterial pressure which increases 
LV volume and thereby reduce the dynamic out-
flow tract obstruction.

An underappreciated effect of NE, as well as 
Epi, is that they decrease vascular capacitance 
and thus raise MSFP.  This increases venous 
return and cardiac output if the heart is function-
ing on the ascending part of the cardiac function 
curve. The beta-agonist component also decreases 
venous resistance, which increases venous return 
and contributes to their effect on cardiac output. 
Dobutamine, too, decreases venous resistance 
and produces a small reduction on venous capaci-
tance, which contributes to its effect on cardiac 
output.

In the past, an expression evolved for use of 
NE that was a play-on-words of its old trade 
name which was levophed®. It was said: “levo-
phed leaves then dead.” This was based on the 
use of high doses of NE in patients in cardiogenic 
shock in whom the low blood pressure is due to a 
low cardiac output and increased SVR. Clearly, 
raising the resistance more cannot help. To 
emphasize the point again, pressure is not flow 
and if only pressure is increased without a change 
in flow, it is unlikely that increasing the NE dose 
has any clinical benefit. In that situation, NE only 
is acting as phenylephrine. NE has a less potent 
effect on cardiac output compared to Epi, and if 

used alone, and it does not increase cardiac out-
put, the patient will not survive (Annane et  al. 
2007). However, as already discussed, it is 
becoming increasingly evident that many patients 
in cardiogenic shock have a distributive state 
with a low SVR. In these cases, NE is the ideal 
agent. The maximal useful dose of NE is not 
known. Just because it raised pressure is not a 
useful indicator of outcome. It is quite likely that 
high doses interfere with the distribution of blood 
flow and compromise flow to vital regions. Of 
note, NE has a minimal effect on pulmonary vas-
cular resistance (Datta and Magder 1999). I have 
begun to limit norepinephrine doses to 
50–60 mcg/min, but I know of no data to back up 
this statement!

Epi versus NE
There have been ongoing debates about the 
advantages of Epi versus NE for the treatment of 
cardiogenic shock. Currently, NE is the favored 
drug. However, most of the comparative studies 
are in patients with heart failure (Bayram et al. 
2005) or multiple types of shock (Russell 2019; 
De et al. 2010; Myburgh et al. 2008). There only 
is one small, but frequently referenced, random-
ized trial that compared the use of Epi to NE in 
cardiogenic shock (Levy et  al. 2018). It took 
place over 4  years, and only 57 patients were 
recruited before the study was stopped because of 
concerns of a higher rate of refractory shock in 
the Epi group. Despite its small size, this study 
will be reviewed in detail because it gives impor-
tant insights into the problems doing these kinds 
of studies and whether it is the agent or a protocol 
that is the cause of the problem.

In this blinded randomized study, the endpoint 
was CI over the first 24 hours, but the clinical tar-
get for titration of the drugs was blood pressure. 
Mean blood pressures were identical in both 
groups and hovered a little above 70 mmHg; this 
is a tribute to the effectiveness of bedside nurses. 
There was no difference in CI over the 24 hours, 
although CI was higher at 2 and 4 hours from the 
onset of the study in the Epi group. This occurred 
because heart rate was higher in the Epi group, 
but stroke volume was the same. A rather striking 
observation was that CI rose in both groups in 
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parallel at 12 hours likely indicating that the pro-
cess was resolving. Death rate at 28  days was 
48% in the Epi group and 24% in the NE group, 
which not surprisingly was not significant given 
the small numbers, but the results do raise con-
cerns. A major safety concern raised by the study 
was development refractory shock based on 
echocardiographic findings (not defined), a rise 
in lactate, and worsening of SOFA-based organ 
dysfunction which occurred in 37% of the Epi 
group but only in 7% of those receiving 
NE.  However, the difference in this score was 
solely determined by the difference in lactate, 
and, as the authors of the study had previously 
shown, the lactate rise with Epi is due to its action 
on skeletal muscle Na+-K+ ATP pump and not due 
to ischemia. The lactate actually may have the 
advantage of providing fuel for the heart and in 
this setting does not require treatment (Brooks 
2020).

What should we learn from this study? First, 
studies like this are hard to do – 4 years for 57 
patients. A larger study in sepsis did not show 
evidence of differences between Epi alone versus 
NE plus dobutamine, or Epi alone versus NE in a 
group of mixed shock patients, but with a low 
percentage of patients with ischemic heart dis-
ease. Perhaps the difference is that patients with 
ischemic heart disease are more sensitive to the 
O2 supply-delivery balance than nonischemic 
patients, and Epi may worsen this balance in 
some patients. However, a more important issue 
might be that this kind of study uses a fixed drug 
protocol. It did not take into account the thera-
peutic goal of the therapy and did not readily 
allow adaptations to the patient’s condition such 
as tapering Epi down when cardiac output was 
adequate. There also likely were unfortunate 
clinical reactions to the Epi-induced rise in lac-
tate, which by itself was harmless. Epi gives a 
quick response, which can be critical in the early 
stages. The patients in this study were beyond 
that phase. It also is important to know if the pri-
mary clinical decision was based on a need to 
have more flow or a higher arterial pressure. 
Cardiac output was measured but was not 
included in the clinical algorithm. A proper clini-
cal approach should start by first considering 

whether the primary problem is the pump (i.e., 
heart) or the SVR, especially because of the 
increasing recognition of a distributive compo-
nent in many patients with cardiogenic shock. 
NE is a better drug for a low SVR, whereas Epi 
has stronger pump effects as was seen in the Levy 
trial (Levy et al. 2018). Dobutamine often is less 
effective when the CI index is severely depressed, 
and Epi may be needed at that early stage to 
improve pump function, but it then can be 
switched to dobutamine as heart function 
improves. When perfusion is restored, NE likely 
is a better choice because it does not have the 
metabolic effects of Epi and allows for a gentler 
titration. This type of individualized care is very 
difficult to put into a randomized trial, and the 
fixed required regiment likely exacerbated differ-
ences between the drugs. Other important indi-
vidual characteristics that should affect the choice 
of drugs include how resistant the patient is to the 
agent being used. Another important issue is 
whether the protocol pushed for too high a blood 
pressure. A higher pressure could help coronary 
flow to obstructed regions, but it also increases 
the afterload on the heart and increases the myo-
cardial O2 demand of the wounded ventricle. 
Long-term management likely will involve after-
load reduction. As suggested above, perhaps the 
best approach is not to aim for “normal” values 
but rather “adequate” values based on overall 
organ function. Does it matter that the patient still 
needs some support after the first 24  hours? It 
was quite striking that CI at 24 hours was almost 
identical with Epi and NE. This seems to indicate 
that the venous return and cardiac output were 
being regulated according to metabolic need as 
the patients stabilized, whether or not they were 
on a drug and whichever agent was used.

Dobutamine
Dobutamine is primarily a beta-agonist that acts 
on both beta-1 and beta-2 receptors. Its D-isomer 
also has some alpha effects (Ruffolo Jr. and 
Messick 1985). Its primary role should be to 
increase an inappropriately low cardiac output. If 
it fails to do so, its peripheral dilating effect may 
decrease arterial pressure, and it often needs to be 
combined with NE to maintain a chosen blood 
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pressure target. It acts directly on beta-adrenergic 
receptors. This differs from the action of dopa-
mine which acts by increasing the release of NE 
from sympathetic nerve terminals (Nash et  al. 
1968; Maekawa et  al. 1983). Thus dopamine 
requires that there be adequate NE stores to be 
released but dobutamine does not. It also means 
that dopamine increases myocardial NE, which 
can increase myocardial ischemia, whereas dobu-
tamine decreases myocardial NE because there is 
less need for sympathetic activity (Maekawa 
et al. 1983).

Dobutamine’s effects on cardiac output tend 
to be milder and more variable than that of Epi 
and changes in doses usually are made in larger 
steps. In some patients, it has minimal effects. Its 
half-life also is short so that if its effects are 
undesirable, it wears off quickly. An approach for 
the patient in cardiogenic shock is to start with 
2.5–5 mcg/kg/min and reassess cardiac output, if 
measured, in 10 min. If cardiac output does not 
increase by at least 10%, the dose can be doubled 
and the response reassessed. If the response still 
is not satisfactory, double the dose again (now 
20 mcg/kg/min), and if the response is not ade-
quate, discontinue the dobutamine and choose 
another agent (most likely Epi). If the patient is 
stabilizing but still requires inotropic support, 
this agent is likely better than Epi because of its 
more moderate metabolic effects, but this is not 
established with data.

Dopamine
Dopamine is a drug with mixed and complicated 
effects because it has five different receptors and 
also can interact with adrenergic receptors 
(Marinosci et al. 2012). As indicated above, it can 
release NE from sympathetic fibers in the heart 
and worsen ischemia (Nash et al. 1968). At low 
doses, ≤2.5 mcg/kg/min dopamine acts on dopa-
minergic receptors. These primarily are in the 
kidney where dopamine can increase natriuresis 
in a volume replete patient, but it does not alter 
renal function (i.e., creatinine clearance) (Kellum 
and Decker 2001). From 2.5 to 10 mcg/kg/min, it 
has mixed beta- and alpha-adrenergic properties, 
and above 10 mcg/kg/min, it has more dominant 
alpha properties, but these ranges are not precise, 

which makes it a difficult drug to use. Importantly, 
in a multicenter randomized trial of the use of 
dopamine versus NE, side effects were more fre-
quent and mortality was higher in the cardiogenic 
shock subgroup treated with dopamine (De et al. 
2010).

Milrinone
Milrinone is a phosphodiesterase inhibitor that 
inhibits the breakdown of cyclic AMP and 
thereby increases intracellular Ca2 and myocar-
dial contractility. It also produces vasodilation 
peripherally. Because it has a half-life in the 4–5- 
hour range, typically a bolus is given which 
should be in the range of 50  mcg/kg, but less 
should be used if the patient’s blood pressure is 
low. An infusion is then given in the range of 
0.25–0.75  mcg/kg/min. It has been argued that 
the beneficial effect of milrinone and its prede-
cessor, amrinone, on cardiac output only is due to 
its vasodilatory effect and the reduction of ven-
tricular afterload (Wilmshurst et  al. 1983). 
Accordingly, it has been called an inodilator. 
However, it has potent direct effects on the heart, 
and this effect can be seen at doses that do not 
decrease blood pressure (Jaski et al. 1985). Some 
patients even respond with an increase in arterial 
pressure, but most often arterial pressure falls, 
and NE may be necessary to support arterial pres-
sure. Another important component of its action 
is that it decreases pulmonary vascular resistance 
and thus reduces the afterload on the RV. This is 
especially important when the RV is volume lim-
ited, and the only way to increase RV output is by 
increasing cardiac contractility or decreasing pul-
monary artery pressures. Milrinone does both. It 
likely decreases venous resistance and thereby 
increases the venous return function (Hirakawa 
et  al. 1992). Milrinone is less arrhythmogenic 
than Epi, but it still can increase arrhythmias. A 
retrospective two-center cohort study found that 
both dobutamine and Epi increased in-hospital 
mortality in patients with septic shock, whereas 
milrinone did not (Sato et al. 2019).

Milrinone is primarily cleared by the kidney, 
and thus caution must be exercised in patients in 
renal failure. In general, higher blood concentra-
tions are well tolerated, but they can result in 
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persistent hypotension, and doses should be 
reduced in the presence of renal failure (Chong 
et al. 2018).

Vasopressin is a small peptide hormone (9 
amino acids) that acts on two receptors. It is pri-
marily secreted in response to a low osmolality, 
and at concentrations of 0.9–6.5 pmol/L, it acts 
on V2 receptors to regulate the permeability to 
water in the kidney’s collecting ducts (Landry 
and Oliver 2001). It also is secreted in response 
to a decrease in the pressure of the carotid baro-
receptor at higher concentrations, 9–187 pmol/L, 
and by acting on V1 receptors it induces contrac-
tion of vascular smooth muscle (Landry and 
Oliver 2001). The effect of exogenous vasopres-
sin is markedly increased in patients with hemor-
rhagic and septic shock, but it has little effect on 
normal subjects; it seems to require decreased 
baroreceptor activity for its vasopressor effects 
(Cowley Jr. et al. 1974; Braunwald and Wagner 
Jr. 1956). It initially was thought that it would not 
have much effect in cardiogenic shock, but clini-
cal experience shows that it is very effective in 
distributive shock post-cardiac surgery (Hajjar 
et al. 2017). Although there are no direct confir-
matory studies of its efficacy in patients with car-
diogenic shock, it still commonly is used. As with 
phenylephrine, it has no significant effect on car-
diac output. Importantly, vasopressin increases 
the response to NE (Landry and Oliver 2001). 
Although a randomized trial that tested the use of 
vasopressin versus NE in septic shock failed to 
find a benefit, in a secondary analysis there was a 
benefit in subjects who were receiving lower con-
centrations of NE (≤15 mcg/min) (Russell et al. 
2008). Perhaps vasopressin is acting through an 
NE “sparing” effect by reducing the need for very 
high doses of NE and making the NE that is being 
given more effective. The normal vascular 
response to a decrease in baroreceptor pressure is 
peripheral vasoconstriction, which is greater in 
the peripheral muscle beds compared to the 
splanchnic bed (Deschamps and Magder 1992; 
Hainsworth and Karim 1976). High doses of 
exogenous NE reduce this specificity, and use of 
vasopressin reduces the need for these high 
doses. Typically vasopressin is infused at doses 
in the range of 0.01–0.04  units per min; larger 

does should not be used because of the risk of 
bowel ischemia.

Sodium bicarbonate (NaHCO3)
Sodium bicarbonate (NaHCO3) is often infused 
when patients are severely acidemic based on the 
belief that acidemia reduces vascular responsive-
ness to catecholamines. The evidence for this is 
poor, and the decrease in vascular response is 
likely a result of the underlying process produc-
ing the acidemia. For example, there is no evi-
dence of reduced catecholamine responsiveness 
in patients who are acidemic from hypercapnia. 
There now have been two randomized trials that 
have shown that infusion of NaHCO3 in patients 
with severe acidemia does not alter catechol-
amine responsiveness nor outcome and thus 
NaHCO3 has little place in the management of 
cardiogenic shock (Cooper et  al. 1990; Jaber 
et al. 2018; Magder and Samoukovic 2019). The 
reasons why it likely is ineffective are given in 
Chap. 41 on acid-base.

 Role of Ventilation in Cardiogenic 
Shock

The details of heart-lung interaction are dis-
cussed in Chap. 18. Here we discuss issues 
directly relevant to cardiogenic shock. 
Spontaneous inspiratory efforts with negative 
pleural pressure swings normally produce an 
inspiratory increase in venous return to the RV 
and then to the lungs. The amount that can return 
is limited by the collapse of the vena cava at 
around atmospheric pressure where they enter 
the thoracic cavity. This collapse occurs because 
when the pressure inside floppy veins becomes 
less than the pressure surrounding them, outflow 
becomes limited (Permutt and Riley 1963). This 
has a protective action for the lungs because it 
limits inspiratory overfilling of the LV and 
 production of excessive pulmonary capillary 
hydrostatic pressures. The greater the CVP before 
the onset of inspiration, the greater the potential 
“bolus” that can be delivered to the lungs with 
each breath. Thus elevation of CVP increases the 
potential venous return with inspiration. 
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Secondly, respiratory drive is typically increased 
in shock because of lactate acidemia, hypoxemia, 
and central drive from activation of pulmonary 
afferents from an increase in pulmonary water. 
The increased respiratory effort creates a greater 
reduction in pleural pressure with each breath, 
and more breaths per minute, which further can 
increase the inspiratory fluid bolus to the lungs. 
The lungs become increasingly more congested, 
work of breathing goes up, and respiratory failure 
can ensue. Negative pleural pressure also 
increases the afterload on the LV (Magder et al. 
1983), and the more marked the inspiratory fall in 
pleural pressure with increasing pulmonary con-
gestion, the greater the effect. The increased LV 
diameter with dilation from the inspiratory after-
load also increases myocardial oxygen demand.

If spontaneous breathing with negative pleural 
pressure swings can exacerbate pulmonary edema 
in cardiogenic shock, it should be evident that the 
positive pressure breathing could be therapeutic, 
mainly because it will decrease this inspiratory 
increase. This indeed was demonstrated by Bersten 
et al. who applied a continuous positive pressure 
mask (CPAP) to patients with acute heart failure 
and reduced the time to stabilization (Bersten et al. 
1991). The most likely major effect of the positive 
pressure is that it shifts the heart to the right relative 
of the venous return function and thus decom-
presses the right heart. It might be thought that this 
would decrease venous return, but in someone who 
is in shock with pulmonary edema, most often the 
venous return curve intersects the flat part of the 
cardiac function curve, in what can be called 
wasted preload (i.e., steep part of the diastolic pas-
sive filling curve or plateau of the cardiac function 
curve). Thus the positive pressure inflations 
decrease diastolic wall tension without necessarily 
changing stroke volume. In a sense, the positive 
pleural pressure acts like the historical rotating 
tourniquets or phlebotomy. The positive pressure 
also recruits atelectatic lungs, which improves lung 
compliance, and reduces the inspiratory effort. It 
thereby decreases the inspiratory increase in right 
heart filling and inspiratory afterload on the LV. The 
assist component likely is better when an inspira-
tory assist is combined with positive end- expiratory 
pressure (i.e., BiPAP versus just CPAP). Reduction 

of atelectasis and the consequent improvement in 
oxygenation also can decrease hypoxic vasocon-
striction. Finally, the improvement in ventilation 
and decrease in PCO2 decrease patient anxiety, and 
the decrease in the work of breathing decreases the 
blood flow needs of the respiratory muscles. This 
has been shown to result in an increase in blood 
flow to other parts of the body (Rutledge et  al. 
1985; Hussain et al. 1990a, b).

Although positive pressure ventilation has 
benefits in cardiogenic shock, there is the poten-
tial for harm. Use of excessive transpulmonary 
pressure can potentially produce nonzone III 
conditions in the lung in which case alveolar 
pressure becomes the load on the RV.  If exces-
sive, this reduces RV function and worsens the 
shock. To avoid this, tidal volume should be kept 
in the 6  ml/kg range, and the driving pressure 
should be less than 15 cmH2O. Another potential 
problem is that if the pleural pressure is increased 
too much, vascular volume needs to increase to 
maintain the needed pressure difference from 
peripheral veins to the right atrium, and the con-
sequent rise in venous pressures can compromise 
upstream organs such as the kidney, bowel, and 
liver. The excess volume also can be a potential 
problem when weaning positive pressure ventila-
tion (Lemaire et al. 1988). In these cases, positive 
pressure ventilation must be reduced in steps to 
give time for the excess volume to be excreted 
because otherwise the depressed LV will have 
trouble handling the rise in venous return with 
the decrease in pleural pressure.

 Summary

The primary problem in cardiogenic shock is that 
delivery of O2 and metabolites and the clearance 
of the products of metabolism are insufficient for 
normal organ function. The fundamental require-
ment in cardiogenic shock is to restore a suffi-
cient cardiac output for tissue needs. This does 
not necessarily mean that the flow has to be nor-
mal; flow just needs to be enough to prevent pro-
gressive deterioration. It is even possible that 
efforts to try to restore complete normality, at 
least in the acute phase, are harmful. It needs to 
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be remembered that pressure is not flow and that 
too much emphasis on an arterial pressure target 
can lead to increased stress on the injured heart, 
as well as increase the heart’s energy require-
ments when the delivery of this energy already is 
compromised. Careful hemodynamic monitor-
ing, especially with some measurement of car-
diac output, should be an essential part of the 
rational management and choice of therapeutic 
devices in patients with cardiogenic shock. This 
approach allows for individualized treatment of 
patients based on the details of their own 
pathophysiology.
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Cardiogenic Shock Part 2: 
Mechanical Devices 
for Cardiogenic Shock

Sheldon Magder and Gordan Samoukovic

 Introduction

For many years use of mechanical support devices 
for cardiogenic shock was largely confined to the 
intra-aortic balloon pump (IABP) and large para-
corporal devices implanted centrally through a 
sternotomy or thoracotomy (Kirklin and Naftel 
2008). Over the last two decades, there has been 
rapid development of more portable devices for 
both shorter- and longer-term management. There 
also has been increasing development of tech-
niques for peripheral implantation of devices, 
which allow rapid insertion for rescue therapy and 
early support. These devices have the potential to 
make major changes in the approach to cardiogenic 
shock although it also must be emphasized that this 
potential is not yet established by major studies.

There are four general physiological approaches 
to the use of mechanical circulatory devices for 
supporting the circulation in cardiogenic shock 
(Fig. 51.1) (Burkhoff et  al. 2015; Mandawat and 
Rao 2017). (1) The device can decrease the left 

ventricle (LV) afterload and thereby ease LV ejec-
tion while at the same time increasing diastolic 
pressure and coronary perfusion; this is done with 
the IABP (Fig. 51.1 #1). (2) The device can decom-
press or off-load the LV by propelling blood out of 
the ventricle. These devices are considered left 
ventricular assist devices (LVADs). One such sys-
tem is Impella Recover® micro-axial devices 
(Abiomed, Aachen, Germany) in which a pump is 
positioned across the aortic valve; it draws blood 
from the LV and injects it into the aorta (Fig. 51.1 
#2a). These devices can be inserted percutaneously 
or by cutdown on a vessel and positioned with fluo-
roscopic and echocardiographic guidance depend-
ing upon the size of the device. The other approach 
is to surgically implant a conduit in the LV and 
drain blood into an external device such as the 
CentriMag® (Levitronix, Waltham, MA, USA) 
that pumps the blood back into the aorta (Fig. 51.1# 
2b). (3) The device can decompress the LV by 
reducing its filling. This is accomplished by 
advancing a catheter though a large vein to the right 
atrium and then puncturing the intra-atrial septum 
to pass the catheter into the left atrium (Fig. 51.1 
#3). Blood is drawn from the left atrium by an 
external pump and returned to the arterial vascula-
ture through a peripheral arterial cannula; this is the 
basis of TandemHeart® p-VAD (CardiacAssist 
Inc., Pittsburgh, PA, USA). (4) The device can take 
over the total function of the heart and lungs and 
maintain systemic perfusion and oxygenation by 
draining blood from the venous circulation, pass-
ing it through an extracorporeal circuit with a 
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 membrane oxygenator, and then returning the 
blood back into the arterial system through either 
central or peripheral cannulation (ECMO) 
(Fig. 51.1 #4). This has become much more feasi-
ble with the development of the compact Maquet 
Cardiohelp® system (Maquet Cardiopulmonary 
AG, Hirrlingen, Germany) hybrid pump oxygen-
ator. In addition, RV support can be added to the 
LV devices. To do this the device draws blood from 
the right atrium and pumps it into a cannula posi-
tioned in the pulmonary artery (TandemHeart 
RA-PA, LivaNova, London, UK) or by Impella 
RP® device (Abiomed, Danvers, MA, USA) which 
is inserted through a large vein and positioned 
across the pulmonary artery.

 IABP

The earliest cardiac support device (Scheidt et al. 
1973; Kantrowitz 1990; Moulopoulos et al. 1962) 
was the IABP, and it still is widely used (Khera 

et al. 2015; Khera et al. 2016; Kapur and Esposito 
2015). It is not difficult to insert, unless the 
patient has significant peripheral vascular dis-
ease. It also is much less costly than the other 
devices discussed later. Its use markedly 
decreased following the IABP-SHOCK 2 trial, 
which failed to demonstrate any benefit with the 
addition of an IABP to standard care (Thiele 
et al. 2012). To appreciate the potential clinical 
role of IABP, it is necessary to understand what it 
actually does physiologically. The IABP consists 
of an inflatable balloon that surrounds a catheter 
inserted through a femoral artery and is advanced 
to just below the takeoff of the left subclavian 
artery. In this position the device is below the 
takeoff of vessels perfusing the brain, thus 
 theoretically (but never studied) reducing stroke 
risk, but it also is high enough in the aorta avoid-
ing obstruction of renal blood flow. The balloon 
typically has a volume of 40  ml, which is less 
than the normal stroke volume. Inflation is syn-
chronized to either the “T” wave of the ECG or 

Fig. 51.1 Four main types of left ventricular support. 1. 
Intra-aortic balloon pump. 2a. Trans-aortic LV pump 
(Impella®) – percutaneous or vascular cutdown. 2b. Pump 
surgically implanted directly on the ventricle with return 
of blood to the aorta. 3. Withdrawal of blood from percu-
taneously inserted catheter in the left atrium and returned 

to peripheral artery (TandemHeart®). 4. Complete cardiac 
support with extracorporeal membrane oxygenator. Blood 
is withdrawn form a catheter placed centrally, passed 
through an oxygenator, and returned to the distal aortal 
through a femoral cannula. See text for more details
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the dicrotic notch of the aortic pulse pressure so 
that the IABP augments diastolic pressure and 
potentially increases coronary perfusion 
(Fig. 51.2). Deflation of the balloon occurs just 
before the onset of systole and thereby increases 
the “volume- space” available in the aorta. This 
transiently decreases the aortic pressure just 
before the onset of LV ejection and consequently 
reduces LV afterload, which potentially can 
increase the ejected stroke volume. Timing of 
inflation and deflation can be manipulated to 
maximize the effect of the IABP. No pharmaco-
logical agent can do the same as the IABP, that is, 
decrease LV afterload, but at the same time 
increase diastolic coronary perfusion pressure. 
Why then is there limited proven clinical benefit 
of the IABP (Thiele et al. 2013)?

First, consider the potential range of coronary 
flow. Coronary flow reserves are the largest of all 
vascular regions in the body, and so is the myo-
cardial ability to extract O2 as demonstrated by 
low hemoglobin O2 saturations in the coronary 
sinus (Magder 1986); coronary flow can increase 
almost fivefold from the coronary flow at resting 
cardiac output to the flow at maximal exercise. 
However, the increase in coronary flow cannot 
occur when epicardial coronary arteries are 
severely narrowed. Thus, when a proximal coro-
nary artery stenosis is present, augmenting dia-
stolic pressure with an IABP has the potential to 
maintain coronary perfusion and reduce myocar-

dial ischemia in a failing heart. By the same argu-
ment, the IABP is unlikely to have a benefit when 
the proximal coronary stenosis has been relieved 
as was the case in SHOCK-IABP. Over 90% of 
patients were successfully revascularized before 
insertion of IABP, and thus they had no need for 
an increased coronary perfusion pressure (Thiele 
et al. 2012). Furthermore, if mean blood pressure 
is low in cardiogenic shock, and especially if 
there is a distributive component to the shock, the 
diastolic augmentation usually is small, and there 
likely is little IABP augmentation of coronary 
flow in these patients (Kolyva et al. 2010).

The second potential benefit from an IABP is 
reduction of LV afterload and an increase in 
stroke volume. However, in general, the IABP 
has a minimal effect on stroke volume. The after-
load reduction on stroke volume is very depen-
dent upon the slope of the LV end-systolic 
pressure-volume relationship, which generally is 
steep, even in moderate shock. Another limitation 
is that deflation of the balloon typically decreases 
the end-diastolic pressure only by 5–10 mmHg, 
which is a very small reduction compared to nor-
mal variations in systolic arterial pressure (Kapur 
et al. 2015). Consequently, stroke volume is only 
increased by a few mL on each beat, if at all. 
Larger balloons have been used, but they only 
produce a small further decrease in afterload and 
are associated with more peripheral complica-
tions (Kapur et al. 2015).

Fig. 51.2 Example of arterial pressure and proper pres-
sure measurement with IABP. The dotted lines and box 
indicate the period of balloon inflation (note that there is a 
time delay between fluid-based pressure measurement 
and the electrical ECG signal). The augmented diastolic 
pressure is raised by the balloon, and systolic and end- 

diastolic pressures are lowered. It is thus preferable to 
titrate vasopressor therapy to the augmented diastolic 
pressure than the mean (dashed line) as long as the aug-
mented diastolic pressure is greater than the systolic pres-
sure as in this example. If not, the mean needs to be used 
because the augmented is not adding much
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It is also worth considering how a left-sided 
device can increase cardiac output. In the steady 
state, the heart only can pump out what comes 
back to it. Therefore, there must be either an 
increase in the upstream mean systemic filling 
pressure (MSFP) or a decrease in right atrial 
pressure (Pra) (see cardiogenic shock part 1). 
Inflation of the balloon essentially adds a tran-
sient 40  mL to increase in arterial volume, but 
this volume rapidly becomes distributed through-
out all vascular compartments and would add 
very little to MSFP which is determined by the 
large volume in the compliant veins. Furthermore, 
during balloon deflation, the volume is essen-
tially “lost.” Any potential increase in stroke vol-
ume thus must occur from a decrease in Pra 
(Fig.  51.3). This only can occur if there is a 
decrease in LV diastolic pressure, leading to a 
subsequent decrease in left atrial pressure, and 
pulmonary artery pressure and finally increased 
RV output and a reduction in Pra. It is more likely 
that when an IABP increases stroke volume, this 
occurs because of an increase in coronary perfu-
sion through a tight coronary arterial stenosis and 
thereby improves overall cardiac contractile 
function, and that is what lowered Pra.

The afterload reducing effect from the IABP 
often is further limited because vasopressors are 
titrated to maintain a mean arterial pressure, 
which was reduced by the IABP. The vasopressor 
infusion then offsets the potential benefit of the 
afterload reduction from balloon deflation. For 
this reason, in patients with an IABP, as long as 
the diastolic augmented pressure is greater than 
the systolic pressure, vasopressors should be 
titrated based on the augmented diastolic pres-
sure and not the mean arterial pressure (Fig. 51.2).

Although the IABP has little benefit in patients 
without a major limitation to coronary flow, it can 
be very effective in patients who have severe 
acute mitral insufficiency or rupture of the intra-
ventricular septum following an acute myocar-
dial infarction. In these patients, the LV afterload 
reducing effect can be very significant. From the 
reasoning above, the benefit is likely more related 
to the reduction of LV end-diastolic pressure 
(LVEDP) and the consequent reduction in pul-
monary edema than any increase in stroke vol-

ume. This is because at higher LVEDP, the LV 
diastolic pressure-volume relationship becomes 
very steep (Fig.  51.3). In that situation, a very 
small reduction in end-diastolic volume poten-
tially can have a very large effect on LVEDP and 
thus on pulmonary capillary pressure.

 Devices that Support Ventricular 
Outflow

 General Principles
Devices supporting cardiac output can either act 
as volume displacement pumps, in which case 
the device provides an alternating vacuum to fill 
the device and a pressure to eject the blood from 
the ventricle, or a continuous flow device, which 
has a constant pressure difference between the 
inflow and outflow. Currently, 98% of devices are 
continuous flow pumps. This is because they can 
be more compact and have lower energy con-
sumption, a lower hemolytic risk, and lower costs 
(Hosseinipour et al. 2017). There are three types 
of continuous flow devices: centrifugal, axial, 
and combined (Fig. 51.4). The advantage of axial 
pumps is that they can be smaller, but a disadvan-
tage is their relationship of the pressure differ-
ences to flow as discussed below. Axial pumps 
usually have higher rotations per minute (RPM), 
which can result in more hemolysis, especially 
when compared to the new magnetically levitat-
ing centrifugal pump such at the HeartMate III™3 
(St. Jude Medical, Minnesota, USA). However, 
these are primarily implanted for long-term use 
(Mehra et  al. 2019). Small-sized micro-axial 
pumps such as the Impella® family inserted per-
cutaneously are the most commonly used pumps 
for the short-term acute usage.

The interaction of mechanical devices with 
the native circulation and the heart itself is very 
complex. It is highly dependent upon design fea-
tures of the pump but also on the functional status 
of the patient’s heart and circulation. Much of the 
literature on flow dynamics of mechanical 
devices is based on isolated models under con-
trolled conditions, often without inclusion of a 
right heart and the equivalent of the vasculature’s 
large venous compliance. Furthermore, to obtain 
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consistent results, studies on patients supported 
with mechanical devices usually are done when 
patients are in a relatively stable hemodynamic 

state. However, in acute cardiogenic shock the 
patient’s circulation is constantly changing as the 
patients intrinsic function improves or worsens. 

P
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Fig. 51.3 An increase in cardiac output (Q) with an 
improvement in LV function ultimately requires a 
decrease in Pra (right atrial pressure or CVP). In (a) 
reduction in LV afterload, for example, by an IABP 
requires a fall in left atrial pressure (LA); a fall in PA (pul-
monary artery pressure), which decreases RV afterload; a 
fall in RV end-systolic pressure; and a decrease in Pra. On 
the venous return-cardiac function curve, the improved 
pump function shifts the cardiac function upward, and it 
intersects the venous return curve at a lower Pra. The same 

would occur with an increase in heart rate or contractility. 
In (b), the RV is working on the flat part of its function 
curve, and Pra is high. Pra is transmitted to the LV so that 
Pra and LA are the same. Lowering LV afterload or 
increasing LV output cannot increase stroke volume 
because more blood cannot come back to the LV. This is 
because LA pressure is determined by the Pra and Pra 
does not change because the PA is not reduced because 
the LA is not reduced. Thus, RV stroke volume does not 
change, nor can that of the LV

Outflow to aorta

Outflow to aorta

Axial flow pump Centrifugal flow pump

Inflow from LV

Inflow from LV

Fig. 51.4 Principle of axial flow pump (left) versus cen-
trifugal. In the axial pump, flow comes out in a straight 
line. In the centrifugal pump it comes off the side. See text 

for details. (From Lim et al. (Lim et al. 2017) Used with 
permission of Elsevier)
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The device settings, the patient’s blood volume, 
intrinsic vascular tone, use of exogenous vasoac-
tive drugs, and even the level of sedation and its 
effect on the patient’s metabolic activity all con-
stantly change.

It is important to begin with a fundamental 
feature of continuous flow pumps and to first 
consider the condition in which there is no LV 
contraction. These pumps generate flow by cre-
ating kinetic energy and torque. The energy pro-
duced by the pump produces flow that is inversely 
related to the pressure difference across the 
pump. To produce the continuous flow, this pres-
sure difference is always present, even when the 
ventricle is not contracting. However, even 
though flow is continuous, fluctuations in the 
pressure across the pump still exist. Some of this 
is because a beating RV returns blood to the LV 
with pulsatility, but even without RV activity, 
small pulsations in the pressure generation by 
the pump still occur. To understand why, it is 
important to understand the inverse relationship 
of flow to the pressure difference across the 

pump (Hosseinipour et al. 2017). In axial pumps, 
the relationship of the pressure difference, also 
called the pressure head, versus flow generated 
by the device, is almost a straight line with a 
negative slope (Fig. 51.5). The greater the pres-
sure difference, the lesser the flow. Centrifugal 
pumps have a flatter pressure head, which means 
that at lower values of flow, flows can increase 
with little change in the pressure difference 
(Fig.  51.5). For the device to pump, it draws 
blood from the LV and displaces it into the aorta 
so that the proximal pressure must decrease and 
the distal pressure, that is, the pressure in the 
aorta, must increase. As the pressure difference 
increases, flow decreases, and the proximal pres-
sure increases. This again increases the flow 
these actions result in flow oscillations that are 
relative to rates of emptying and filling of the 
LV. The pump is programed to compensate for 
changes in the pressure difference by changing 
the power (Watts) driving the pump. This is dis-
played on the monitor and is used to calculate an 
estimate of the pump flow based on the known 

Fig. 51.5 Comparison of axial (left) and centrifugal 
(right) pumps. The relationship of pressure difference 
(ΔP) to pump flow (x-axis) is linear in an axial pump but 
has an initial “flat head” in a centrifugal pump. As a con-
sequence for the same ΔP, a centrifugal pump has a 

higher flow variation (circled B) than the axial pump (cir-
cled A). Increasing the pump RPM shifts the ΔP relation-
ship upward so that there is a greater mean flow. See text 
for more details (Lim et al. 2017)
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flow-RPM relationship to the pressure difference 
for each device. However, this estimate is less 
accurate at lower levels of flow, especially in 
axial devices. Even though electrical fluctuations 
are seen on the monitor, there may be no observ-
able fluctuation in the arterial pressure because 
the fluctuating current is compensating for a 
range of pressure differences.

When the heart begins to contract, things get 
much more complicated. During ventricular dias-
tole, the LV pressure is low compared to aortic 
pressure. Because of the large pressure flow from 
the pump is low. Because the device crosses the 
aortic valve, unlike the native LV, the distal end 
of the device senses arterial pressure throughout 
the cardiac cycle, thus including diastolic pres-
sure. As arterial pressure falls during diastole, 
pump flow increases (Fig. 51.6). The magnitude 
of this increase depends on the magnitude of the 
aortic pulse pressure. With the onset of systole, 
the LV cavity pressure rises rapidly, and the pres-
sure difference between the LV and aorta 
decreases, and pump flow increases. The pump 
flow adds to the aortic pressure. This offsets some 
of the increase in flow from the pump because of 
the now small but increasing pressure difference 
from the LV to the aorta (Fig. 51.7). There only 
should be a small effect from the further increase 
in afterload on the native ventricular flow, and 

this only exists after the aortic valve opens, unless 
the native heart is providing most of the flow, and 
the maximum end-systolic pressure-volume line 
is very flattened. If the aortic value does not open, 
the rise in aortic pressure only affects the flow 
from the device. Because of its flatter pressure 
head, a centrifugal pump produces greater varia-
tion in its outflow than an axial pump. This is 
because the flat pressure head allows more flow 
over the same pressure difference (Figs. 51.5 and 
51.6). It has been argued that arterial pressure 
fluctuations are important for organ function, 
especially in the case of durable mechanical 
devices (Mehra et al. 2019), but this is not well 
established, and it does not seem to be an issue 
with short-term use.

The pressure sensitivity of axial versus cen-
trifugal pumps is potentially important when LV 
diastolic volume is low. Because of its steep pres-
sure difference versus flow relationship, at low 
LV diastolic pressures, an axial pump may greatly 
increase suction in the LV to try to maintain flow. 
This can potentially produce collapse of the ven-
tricular walls around the inflow to the device, 
which is called latching, and produce hemolysis, 
arrhythmia, and transient limitation of flow. This 
is much less of a problem with centrifugal pumps 
because their flat pressure head does not result in 
these abrupt suction events. However, this also 

Fig. 51.6 Theoretical ventricular pressure, aortic pres-
sure, pressure head, and pump flow over time. On the left 
there is enough developed LV pressure (Pvent) to open the 

aortic valve. On the right the aortic valve does not open, 
and there is minimal aortic pulsatility
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may imply that centrifugal pumps are less effec-
tive at decompressing a dilated LV, which is 
important when there is an acutely injured myo-
cardial because decompression of the heart has 
been shown to reduce infarct size (Saku et  al. 
2016, 2018; Kapur et al. 2019).

High arterial pressure reduces flow from the 
devices because the isovolumetric phase is longer 
and the time before the pressure gradient is mini-
mized and shortened as a result of LV ejection. 
The effect of variations in arterial pressure on 
flow when there are native LV contractions is 
milder with centrifugal pumps because of their 
flatter pressure head; this can lead to higher sys-
tolic pressures because they continue to eject 
with the same force despite the pressure rise. The 
effect of afterload on forward flow from LVADs 
has been estimated to be three to four times 
greater than for ejection by the native heart (Lim 
et  al. 2017), and when present, the native heart 
needs to increase its output to maintain the same 
cardiac output. This afterload effect on the native 

LV function likely is much more significant for 
patients with long-term use of LVADs. Because 
these patients are ambulatory, they have greater 
needs for variations in their native cardiac out-
puts and potential for greater pressure swing. In 
the intensive care unit, high arterial pressures can 
be easily managed because the patient is continu-
ously monitored and SVR can be manipulated 
with intravenous or oral vasodilators. However, 
elevated pressures can be also easily missed in 
the ICU, and these principles must always be 
considered when acutely managing patients on 
an LVAD.  The 13th International Society for 
Heart and Lung Transplantation guideline for 
mechanical circulatory support recommends 
treatment of a mean arterial pressure greater than 
90 mmHg and less than 65 mmHg, although the 
evidence for this is limited (level C) (Feldman 
et al. 2013) and is based on chronic and not acute 
use. Finally, it must be remembered that it is flow 
and not pressure that matters for the tissues, so 

Fig. 51.7 Effect of mechanical assist device on the 
pressure- volume loop. The left side shows a normal 
ESPVR and P-V loop and that of a patient with cardio-
genic shock and a markedly depressed ESPVR. There is a 
marked rise in end-diastolic pressure, a moderate decrease 
in stroke volume. The right side shows the same cardio-
genic P-V curve without support (a) and then with pro-
gressively increasing LV support with a pump (b to d) (not 
IABP). The initial support (b) slightly raised arterial pres-

sure and kept the same P-V shape. The closed represent 
the peak arterial pressure produced by the LV and the 
pump flow. In C the support has increased sufficiently to 
lower the generated pressure of the LV below aortic pres-
sure (i.e., valve does not open), and LV isovolumetric con-
traction no longer produces a perpendicular line because 
volume is already being ejected. The effect is greater in d. 
With increasing LV support, the LVEDP decreases indi-
cating reduced LV volume (i.e., LV decompression)
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the emphasis should be on keeping the pressure 
controlled.

The LV diastolic pressure is a complex vari-
able in the function of mechanical hearts. First, 
diastolic pressure does not indicate volume. The 
curvilinear diastolic pressure-volume relation-
ship implies that a low diastolic pressure does 
indicate a low volume; the heart may just be on 
the normal compliant part of the passive diastolic 
filling curve (Fig. 51.7). A high diastolic pressure 
also does not imply that diastolic volume is high; 
LV compliance could be low and LV diastolic 
pressure high because the LV is compressed by a 
very distended RV or other mediastinal structure 
or because of significant aortic or mitral regurgi-
tation. For the purpose of flow generation by 
mechanical hearts, diastolic pressure and not vol-
ume is what matters because flow is determined 
by the pressure difference between the LV and 
the aorta. An increase in LV diastolic pressure 
reduces the pressure difference between the LV 
and the aorta, which should increase flow just as 
happens with the normal Starling function. The 
devices indeed have a “preload” response, mean-
ing that a higher diastolic filling pressure 
increases output, but the effect is very small and 
is only in the range of 0.02–0.1  L/min/mmHg 
(Khalil et  al. 2008). In contrast, the preload 
response in the native human heart is greater than 
0.5  L/min/mmHg at rest and as much as 20  L/
min/mmHg at peak exercise in a young male 
(Magder 2017).

The effect of an elevated LV diastolic pressure 
on the LV to outflow pressure difference is com-
plicated and potentially is more of an issue when 
arterial pressure is low. A rise in LV diastolic 
pressure reduces the pressure difference for the 
pump and should therefore increase flow. This is 
the way the pump has somewhat of a “preload” 
effect. The high end-diastolic pressure and low 
arterial pressure, though, indicate that the pump 
is not effective at decompressing the LV.  The 
higher end-diastolic pressure means that the pres-
sure difference for ejection will more rapidly 
decrease with the onset of systole. This aids ejec-
tion and lower LV diastolic pressure at the start of 
diastolic which decreases output from the device 

in the early part of diastole and allows greater 
volume buildup in the LV.

Another issue which often is neglected is the 
volume flowing into the LV (Fig. 51.3). An ele-
vated LV diastolic pressure indicates that the LV 
is failing to keep up with what is coming back. 
The elevated LV diastolic pressure reduces the 
already small pressure difference for inflow from 
the pulmonary veins to the LV. Less flow into the 
LV must mean less flow out in the steady state. 
The high LVEDP does not mean that cardiac out-
put is low. It could be because the rate of return is 
higher than normal as occurs with distributive 
physiology. However, this still means that the LV 
and the assist device are not keeping up with the 
return and the power setting of the device needs 
to be increased if possible.

In all these situations, it may appear that RV 
dysfunction is the problem, because the backup 
of pulmonary volume loads the RV and increases 
the CVP, but the real problem is inadequate emp-
tying of the blood returning to the LV. This situa-
tion only can be properly evaluated by measuring 
left-sided filling pressures with a pulmonary 
artery catheter. As will be discussed later, there is 
no advantage to adding a RV assist device if the 
LV cannot decrease its diastolic volume at maxi-
mal RPM settings of the assist device.

The pressure head is not the only factor regu-
lating output from the LV and the mechanical 
device. There is an important interaction between 
the function of the venous circuit and cardiac 
function which includes the native heart and the 
mechanical device. Before discussing this inter-
action, it is first necessary to review some basic 
physiological principles that regulate normal car-
diac output. First, under normal physiological 
conditions, cardiac output is tightly related to the 
metabolic needs of tissues. Second, the heart 
only can put out what comes back to it, and that 
return of blood is directly related to tissue metab-
olism. Third, because of the large venous compli-
ance (see Chap. 2), the mechanical device does 
not determine its return flow by pumping more 
out. It only determines what comes back to it, 
ultimately by lowering Pra and allowing more to 
come back. The pump (in this case meaning the 
heart plus mechanical device) does not have the 
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volume to add to the venous compliant region to 
change MSFP.  As per the discussion with the 
IABP (Fig. 51.2), for a mechanical device on the 
LV, this means lowering left atrial pressure, 
which lowers pulmonary venous pressure, which 
lowers pulmonary arterial pressure, and which 
eventually must lower Pra (Fig. 51.3), can occur 
even without RV contractions, but it is greatly 
aided if the RV can further lower Pra and allow 
more venous blood to come back to the heart.

What then are the controllable factors on the 
pump that can affect its output beyond the pressure 
difference? Clearly, a primary one is the function 
of the RV, because this determines what comes 
back and fills the LV.  An enlarged RV also can 
compromise the mediastinal space available for 
LV filling. A key issue for the RV is to avoid reach-
ing its volume limitation because once that hap-
pens, a rise in Pra creates “wasted preload” which 
does not change sarcomere length, the critical fac-
tor in the Starling relationship. Furthermore, when 
RV filling is limited, and its diastolic pressure is 
high, Pra is largely dependent upon how high the 
pressure in upstream venous compliant region can 
be increased. The high Pra also can end up deter-
mining the left atrial pressure because of the high 
pressure in the common pericardial space. When 
this happens, blood displacement by the mechani-
cal device does not effectively lower left atrial 
pressure because it is being determined by Pra. 
The consequence is that unless LV emptying 
increases sufficiently to off-load the RV and lower 
Pra, left atrial pressure will not fall. Furthermore, 
without a fall in Pra, RV stroke volume cannot 
increase nor can cardiac output. The primary solu-
tion then is to decrease vascular volume with 
diuretics, or in the critical state, by using continu-
ous ultrafiltration. Increasing the effective output 
by the native heart or the mechanical device might 
also help if the output is sufficient to lower left 
atrial pressure and RV afterload. However, if the 
LV is already small, despite the high pressure, this 
likely will not work.

Second, RV function may have to be improved 
so that Pra is decreased and venous return 
increased. RV output and then LV output then can 
increase and meet metabolic demands. This can 
be achieved by using inotropes such as dobuta-

mine, milrinone, and epinephrine and, perhaps, 
by using nitric oxide to decrease pulmonary vas-
cular resistance and the RV afterload. As dis-
cussed below, an RV assist device should not be 
used until all these are considered.

The primary factor that can be altered to change 
output from mechanical devices is a change in the 
devices’ rotational speed which is expressed in 
revolutions per minute (RPM). An increase in 
RPM shifts the pressure head to flow relationship 
upward, and usually in parallel, so that the same 
pressure head gives a greater flow (Fig. 51.5). The 
diastolic volume is thus decreased because more 
volume is pumped out of the LV, and this allows 
more volume to come back to the RV because it 
then has a lower diastolic pressure. Without a 
change in SVR, mean arterial pressure will 
increase when more blood is pumped out, depend-
ing upon what happens with the native heart. The 
peak systolic pressure should be smaller because 
of the decrease in stroke volume at higher-rate 
pumping, but the mean may not change. Some of 
the gain in total flow could be offset by an increase 
in arterial pressure, but cardiac output also is regu-
lated according to tissue needs by the body’s nor-
mal regulatory pathways. If the support is high 
enough, and the native LV function is weak 
enough, the aortic valve may not open during sys-
tole so that flow from the device is in series with 
the LV, rather than being in parallel, as occurs 
when the native LV also is ejecting through the 
aortic valve (Figs. 51.6 and 51.7). This “resting” of 
the LV likely is beneficial after acute ischemic 
injury, because at a minimum, it should greatly 
decrease myocardial O2 demand. It may even be of 
benefit in non-ischemic failure by decreasing LV 
wall tension and allowing myofibers to recover, 
although clinical benefits are not yet established, 
nor is it known how much and for how long 
decompression should be applied.

Increased support by a mechanical heart 
reduces the slope of isovolumetric contraction of 
the LV which takes on a more lopsided pyramidal 
appearance of the pressure-volume loop 
(Fig. 51.7). An increase in the patient’s heart rate 
also should affect the peak pressures produced by 
the mechanical device. The decrease in systolic 
time reduces stroke volume but maintains the 
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same cardiac output unless venous return 
increases. The decrease in stroke volume will 
decrease peak systolic pressure which could 
result in an increase output by the mechanical 
device, depending upon what happens to the 
response of native heart. A decrease in pump 
RPM will increase LV diastolic pressure, which 
potentially may increase outflow from the native 
LV because of the increased LV preload depend-
ing upon the contractile status of the LV. A greater 
swing in native LV systolic pressure, even with-
out ejection, will increase aortic pulsatility 
because of the pressure difference across the 
mechanical device. Again, the final blood pres-
sure response will depend upon the baroreceptor 
adjustments of SVR and the arteriolar critical 
closing pressure.

A major issue that comes up with long-term 
management of continuous flow devices is the 
risk of stroke. In the HeartWare Ventricular Assist 
System as Destination Therapy of Advanced 
Heart Failure (ENDURANCE) trial, the stroke 
risk was 30% at 1 year in the group that got 
HeartWare® LVAD (Rogers et  al. 2017). An 
important risk factor for stroke was hypertension 
defined as a mean arterial pressure greater than 
80  mmHg and systolic pressure greater than 
100  mmHg (Saeed et  al. 2015). Current guide-
lines recommend hypertensive treatment for 
long-term management when the mean arterial 
pressure exceeds 90 mmHg.

In longer-term studies of patients with 
advanced heart failure, a centrifugal pump was 
superior to an axial flow pump in stroke-free sur-
vival and need for reoperation to remove or 
replace a malfunctioning device (Mehra et  al. 
2019). This was believed to be because at lower 
LV diastolic pressures, the flatter pressure head 
reduced clots by producing less suction events. In 
larger devices, the pressure head of axial pumps 
can be modified by changing the design of the 
rotor, which may lead to important future techno-
logical developments (Frazier et al. 2010).

An important problem with blood pressure 
management is that standard techniques for mea-
suring blood pressure require a pulse pressure, 
but pulse pressure often is too small to be detected 
by auscultation or with automated devices. Thus, 

an arterial catheter is recommended for initial 
management following insertion of a mechanical 
assist device. However, it still can be difficult to 
assess the validity of the observed value when it 
is just a flat line on a monitor. The pressure in the 
line can be confirmed by occluding the arm with 
a cuff and observing the pressure at which the 
signal returns. When an arterial line cannot be 
used, the only approach is to make a Doppler 
measurement. This, too, is difficult because there 
is no pulse. The best approach in this situation is 
to use the opening pressure with continuous flow 
Doppler. This correlates best with the mean arte-
rial blood pressure (Li et al. 2019).

 LV Off-loading by Percutaneous 
Micro- axial Trans-aortic Devices 
(Impella®)

Devices that unload the LV can be surgically 
placed directly on the LV apex. Blood is drained 
into an external pump and returned to the ascend-
ing aorta. In the acute state, percutaneous devices 
are most frequently used.

The first of the Impella® family of cardiac 
assist devices was approved by the FDA in 2008 
for selected needs of cardiac support, which was 
primarily high-risk percutaneous angioplasty and 
stenting (Seyfarth et  al. 2008; Sarkar and Kini 
2010). The device contains a micro-axial flow 
turbine that evolved from a previous device called 
the Hemopump. The rotor of the pump was based 
on the principle Archimedes’ screw that is still 
used to pump water in the fields of Egypt (Frazier 
and Jacob 2007; Glazier and Kaki 2019). These 
devices can be inserted percutaneously through a 
femoral or axillary artery or by a cutdown on an 
artery depending upon the size of the device 
used. The miniaturized pump consists of an 
incorporated levitated magnetic rotor motor that 
is positioned across the aortic valve by echocar-
diographic or fluoroscopic guidance. A 
 hydrodynamic purging system reduces clotting 
within the device. Blood is aspirated from an 
inflow cannula in the LV cavity, and pulseless 
flow is expelled into the ascending aorta. Pump 
performance depends on rotary speed, which has 
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a maximum of 32,000 RPM, the pressure head 
faced by the pump which as discussed above is 
the pressure difference between the LV cavity 
and the aorta, and the size of the rotor. 
Contraindications to its use include the presence 
of aortic stenosis, an aortic dissection, a mechan-
ical aortic valve, a LV thrombus, or a ventricular 
septal defect (now a relative contraindication) 
(Ergle et al. 2016).

Because flow is based on the inverse of the 
pressure difference as with all LVADs, flow is 
reduced by elevated arterial pressures. Clinically, 
there needs to be a balance in arterial pressure 
that is adequate to allow proper distribution of 
blood flow, especially to the kidneys (Flaherty 
et  al. 2020), but not so high that flow from the 
heart is reduced below a level that is critical for 
tissue needs. A lower arterial pressure also means 
that the native LV can eject more easily.

Impella® LP 2.5 is 9 Fr housing catheter at 
the insertion site but is 12 Fr at the level of the 
pump where it transverses the aortic valve. 
Because these devices cross the aortic valve, 
there is inevitable aortic insufficiency of varying 
degrees, but it is usually clinically insignificant. 
The larger the device, the larger the potential 
aortic insufficiency. At maximum RPM the flow 
in water for the 2.5 device can be as high as 
4.5 L/min, but in the body, flow is limited to a 
maximum of 2.5 L/min because blood viscosity 
reduces the flow, and hemolysis becomes a major 
issue at higher RPM need for higher flows; flow 
most often is less than 2.5 L/min, and this device 
is not sufficient to support a markedly depressed 
cardiac output, especially in patients with a large 
body mass index (BMI). The 2.5 device primar-
ily has been used to support cardiac output dur-
ing complicated revascularization procedures in 
the catheterization laboratory and in the operat-
ing room to off-load the LV during “off-pump” 
revascularization (Glazier and Kaki 2019; Isgro 
et al. 2003).

No survival advantage has been found between 
Impella® LP 2.5 and IABP (Schrage et al. 2019; 
Ouweneel et al. 2017; Thiele et al. 2017) although 
the studies were small, the populations were 
mixed, the pump capacity likely was too small for 
some patients, and patients were randomized only 

in a few of the studies. In a study in which percu-
taneous ventricular assist devices were used in 
patients with congestive heart failure, mortality 
actually was higher in those receiving a device, 
but there likely was a significant selection bias 
that contributed to worse outcome in Impella® 
group who warranted the device because they 
were sicker (this retrospective analysis included 
Impella® and TandemHeart® and did not sepa-
rate them in the analysis) (Ogunbayo et al. 2018).

Flows of up to 5  L/min can be provided by 
Impella® LP 5.0. However, to do so the diameter 
at the level of the pump needs to be 21 Fr, and the 
device has to be implanted surgically through a 
femoral or axillary artery cutdown. In most cen-
ters, this necessitates involvement of a surgeon. 
This reduces the potential for rapid insertion of 
the device in patients who are failing acutely. 
Hemolysis is less with Impella® 5.0, but there 
tends to be more bleeding complications and limb 
ischemia. Anticoagulation is essential for the pre-
vention of clotting of the rotor; this can be diffi-
cult to manage when patients also have received 
potent platelet inhibitors after a revascularization 
procedure. The 5.0 device has been shown to 
improve outcomes in patients with cardiogenic 
shock post-cardiac surgery (Griffith et al. 2013), 
but it is worth noting that patients with RV dys-
function were excluded from the trial.

Impella CP® was an improvement over the 
smaller 2.5 device. The rotor size and its effi-
ciency were increased and allow for flows of up 
to 3.5 L/min. The diameter at the level of the aor-
tic valve is 14 Fr, so that percutaneous implanta-
tion is possible, although with more difficulty 
than with the 2.5 device. This device provides 
adequate support for patients who are not too 
large, including children, and those who still 
have residual LV stroke volumes. However, in a 
retrospective study, Scharage et  al. found that 
Impella® did not provide a better outcome than 
use of an IABP; this was true with Impella® CP 
as well as Impella® LP 2.5 (Schrage et al. 2019). 
Limitations of this study are that there were no 
prospective rules for selecting the devices, and 
selection bias again could have been an important 
factor because Impella® patients might have 
been more hemodynamically compromised.

S. Magder and G. Samoukovic



805

Impella® was first approved by the US Food 
and Drug Administration (FDA) for 6  h, but 
European regulatory bodies approved it for 
5 days (Anusionwu et al. 2012) and subsequently 
in the USA for 4 days for Impella 2.5® and CP 
and 6 days for Impella 5.0®. In May of 2019, use 
of Impella 5.0® and Impella LD® was extended 
to 14  days. Limitation of these devices is that 
they often have to be repositioned because the 
placement across the valve needs to be precise 
and the positioning can be unstable. If delivered 
through the femoral artery, the patient must 
remain supine and cannot be mobilized; however, 
patients in whom the device was inserted through 
an axillary vessel can be mobilized (Gilotra and 
Stevens 2015). Impella® devices are primarily 
used for early support. If shock persists, a more 
durable device is required. Although the rotor 
pump of the device is continuously purged, the 
devices still require systemic anticoagulation to 
prevent strokes and thrombosis of the device 
itself. Anticoagulation can be problematic if there 
was a lot of bleeding at the insertion site and/or if 
the patient was loaded with anti-platelet drugs 
during a revascularization procedure. Bleeding 
rates have been shown to be greater with 
Impella® devices than with IABP, as are isch-
emic leg episodes (Wernly et al. 2019).

 Physiological Considerations 
with Micro-axial LVAD Support

Impella® devices unload the LV by decreasing 
the force needed by the heart to eject the appro-
priate amount of blood for tissue needs 
(Valgimigli et  al. 2005). The larger-sized 5.0 
device can even take over the full role of the 
LV. Assessment of the actual output from the LV 
with the addition of an assist device is more com-
plicated than might initially be thought and gives 
good insight into the normal regulation of cardiac 
output.

Once again, the LV only can eject what comes 
back to it from the venous return and the right 
heart. When RV flow is limited, a mechanical 
pump cannot increase total flow unless there is a 
sufficient decrease in pulmonary artery pressure 

that unloads the RV and allows its output to 
increase. As already indicated, when the RV is 
markedly overloaded, this may require actively 
removing blood volume.

By decreasing LV end-diastolic pressure, LV 
preload is reduced, which reduces native outflow 
by the LV. Again, because of the Starling mecha-
nism, if more blood does not come back to the 
heart, more cannot go out. Thus, the native con-
tribution by the LV goes down, and the flow from 
the pump contributes a greater proportion of the 
total cardiac output (Fig. 51.7). A greater output 
from the LV by itself cannot increase the return to 
the heart because it cannot add sufficient volume 
to significantly change MSFP, the force deter-
mining return of blood to the RV. Based on all 
these factors, it is hardly surprising that the new 
cardiac output with the LVAD does not equal the 
sum of the initial cardiac output plus Impella® 
flow.

Decompressing the left heart allows left atrial, 
and subsequently, pulmonary capillary pressure 
to decrease and reduces pulmonary edema if 
present. Because of the reduction of the down-
stream pressure (i.e., left atrium), pulmonary 
arterial pressure also decreases. The decrease in 
pulmonary congestion improves oxygenations 
and reduces pulmonary hypoxic vasoconstric-
tion. These factors decrease the load on the RV, 
which in turn lowers Pra and allows increased 
venous return. Right heart output then increases, 
and subsequently left heart output can increase. 
Systemic organ congestion also is decreased 
because of the decreased venous pressure. 
Furthermore, reduction of ventricular wall ten-
sion decreases myocardial O2 consumption and 
the coronary blood flow requirements and reduces 
the compression of blood flow in the myocardial 
walls.

Depending upon the rate of rise of LV pressure 
with the onset of systole, the continuous flow 
from the LVAD pump can eliminate the isovolu-
metric phase at the start of ventricular systole and 
potentially lead to a more triangular shaped pres-
sure-volume relationship instead of the usual loop 
with an isovolumetric onset and offset (Burkhoff 
et al. 2015) (Fig. 51.7). On the other hand, if the 
LV afterload is effectively off- loaded by the paral-
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lel flow from the LVAD pump, native ejection can 
increase for the same preload. When the LV con-
tractile function (i.e., the end- systolic pressure-
volume relationship, ESPVR) is severely 
depressed, it is not uncommon to observe a peak 
ventricular pressure that is less than the peak arte-
rial systolic pressure because arterial systolic 
pressure is determined by the combination of the 
output from the native LV and the LVAD pump 
contribution that continues through systole and 
diastole (Stoliński et  al. 2002). The increase in 
arterial pressure combined with reduced diastolic 
pressure in the ventricle, and potentially the 
increase coronary perfusion, reduces ischemia 
and thereby improves LV contractile function 
(Kapur et al. 2019). There is evidence that this can 
lead to a reduction in infarct size and improved 
LV systolic function (Saku et al. 2018; Ouweneel 
et  al. 2017; Briceno et  al. 2019; Ishikawa and 
Meyns 2018; Garatti et al. 2007).

Most of the studies on use of these devices 
have emphasized outcome measures and have not 
reported hemodynamic consequences, but a few 
reports offer some insights. Before and after 
hemodynamic parameters were reported in the 
randomized ISAR-Shock study which compared 
Impella® LP 2.5 and IABP (Seyfarth et al. 2008). 
As expected, there was minimal change in hemo-
dynamic parameters with use of IABP. Impella® 
LP 2.5 increased cardiac output on average by 
0.9 L/min (3.2–4.1 L/min) and decreased the pul-
monary artery occlusion pressure (Ppao) by 
3 mmHg (22–19 mmHg) and CVP by 1 mmHg 
(from 13 to 12  mmHg). In comparison, use of 
Impella® LP 5.0 device for patients in shock fol-
lowing cardiac surgery (Griffith et  al. 2013) 
increased CI on average from 1.7 to 2.7 L/min/
m2, a 58% increase. Flow by the device was given 
in L/min and indexed, but assuming an average 
body surface area of 1.9, the average LVAD pump 
flow would have been 2.4  L/min/m2, and the 
pump accounted for the majority of the increase 
in cardiac output. The results from these two 
studies show that use of the LVAD pump 
decreases native LV output but total flow 
increases as determined by metabolic needs. 

Thus, simple changes in CI and hemodynamic 
parameters cannot be used as markers of success. 
Rather, success should be based on clearance of 
multi-organ dysfunction and, more importantly, 
functional survival.

The flow produced by Impella® and other 
contemporary paracorporal or axial devices is 
non-pulsatile. There initially was a concern that 
this might depress organ function. Theoretically, 
the non-pulsatile pressure could affect the distri-
bution of organ function between areas with 
faster versus slower time constants of arterial 
drainage (i.e., lower resistance) and lower versus 
higher critical closing pressure because of the 
loss of selectivity from different pressure heads 
during the cardiac cycle. Differences in myo-
genic tone in vascular beds also could be an issue 
when the pressure is always the same. However, 
this does not seem to have been a problem, likely 
because metabolic controls are the most signifi-
cant and ensure that the most metabolically active 
beds preferentially get the flow that they need. 
Regions such as the kidney, heart, and brain are 
well auto-regulated and can limit excess flow to 
their region, too.

Besides the risk of bleeding, limb ischemia, 
and strokes (Wernly et al. 2019), a problem arises 
when patients develop a distributive state and 
require cardiac outputs that are higher than the 
usual normal which is the range of 5 L/min. If the 
native heart cannot provide the additional output, 
progressive tissue ischemia occurs, and a device 
with a greater flow capacity is required.

In summary, smaller devices provide only par-
tial circulatory support. Larger devices can pro-
vide full support for normal blood flow needs, but 
these only can be used for limited periods of time 
before risk of complications and device failure 
increase. It is likely that the benefit occurs by 
maintaining adequate tissue perfusion and 
thereby preventing ischemic tissue injury. By 
decompressing the heart and supporting arterial 
pressure, the devices appear to improve myocar-
dial perfusion and allow recovery of ischemic 
regions. Their primary use is thus as a bridge to 
recovery.
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 Surgically Implantable Devices for LV 
Decompression

The circulation can be maintained by surgically 
implanted devices that drain blood either from the 
LV apex or the left atrium and return the blood to 
the ascending aorta. Because surgical implantation 
is required, they are no longer used to treat acute 
shock states except for failure to separate from car-
diopulmonary bypass. Generally, these devices are 
used when support is expected to be needed for pro-
longed periods. The physiological implications of 
implanted devices are similar to micro-axial sys-
tems except that because larger catheters are 
inserted surgically, they can produce flows of up to 
10 L/min. They also have less vascular complica-
tions than occur with percutaneous catheter-based 
approaches, although there can be significant bleed-
ing associated with the required sternotomy, espe-
cially if patients have pre-existing liver congestion 
and/or a coagulopathic state. Surgically implanted 
devices are much more durable than percutaneous 
devices, but for same reason, they are significantly 
more expensive. For patients with acute shock, it is 
thus best to first to determine the patient’s long-term 
survival potential while supporting the patient with 
a percutaneous short- term peripheral device.

Surgically implanted LVAD can be classified 
as those designed for temporary use, which usu-
ally means about a month, or those designed for 
expected prolonged support as a bridge to heart 
transplantation or destination therapy. We only 
discuss short-term devices here.

CentriMag® (Levitronix, Waltham, MA, 
USA) has a magnetically levitated rotor that 
spins at 500–5500 rpm and can generate flows up 
to 10  L/min (Westaby et  al. 2012). It has no 
mechanical bearings and no contact between the 
rotor and the pump housing. This eliminates wear 
on the rotor and reduces hemolysis and clots in 
the pump. Consequently, anticoagulation with 
heparin can be withheld for up to 72  h if the 
patient is coagulopathic at the time of implanta-
tion. A large number of these units have been 
implanted. In a report of patients with post- 
infarction shock, mean duration of support was 
17 days with a range from 1 to 60 day; 50% sur-
vived to hospital discharge (John et al. 2007).

Based on the registry for the Abiomed AB5000 
(Danvers, MA, USA) paracorporal external pul-
satile system, the pump was implanted more than 
24 h after the onset of shock in 52% of patients. 
The mean time of insertion was 26.5 h. Mortality 
was much less when implantation occurred 
within 6  h. Urgent implantation during cardiac 
arrest occurred in 7% of patients, and 44% had 
undergone cardiac massage (Anderson et  al. 
2010). The duration of support was 25 ± 22 days. 
Although in this very sick population most 
patients had high doses of inotropes, mechanical 
ventilation (82%), an IABP (91%), life- 
threatening arrhythmia, and multiple organ dys-
functions, survival was 40% at 30  days. 
Importantly, ventricular function recovered in 
63% of survivors (Anderson et al. 2010).

An important contribution to our understand-
ing of the potential future directions for use of 
these devices is retrospective review of patients 
with and without cardiogenic shock post- 
myocardial infarction and who were treated with 
a variety of implanted devices at the Hospital of 
the University of Pennsylvania (Leshnower et al. 
2006). This discussion only deals with the 
patients who had an acute myocardial infarction. 
The mean time from the acute myocardial infarc-
tion was 6.4 days so that this generally was not an 
early intervention. An IABP already was in place 
in 88% of the patients. The patients were very 
sick; for example, 31% required renal replace-
ment therapy. The mean duration of support was 
56 ± 54 days indicating that treating teams should 
be prepared for a long course when these devices 
are implanted. Despite being very ill, the in- 
hospital survival was 67%, and 78% of the 49 
patients ultimately received a heart transplant. It 
is worth noting that at this experienced center, 
57% of patients had to be re-operated, most com-
monly for bleeding. There has been concern 
about cannulating the LV apex in patients with a 
recent myocardial infarction, but this did not 
pose a problem in this series in which the drain-
age cannula was inserted into the apex in almost 
all patients. The authors recommended that the 
apex should be used as the standard approach 
because it is safe, provided superior cardiac 
decompression, and reduced the risk of stroke 

51 Cardiogenic Shock Part 2: Mechanical Devices for Cardiogenic Shock



808

compared to atrial cannulation. Others have 
found the same (Dang et al. 2005; Tayara et al. 
2006). A cautionary note was that outcome was 
worse when coronary artery surgery was per-
formed before insertion of the LV assist device 
(Dang et  al. 2005). This argues for its use as a 
planned approach rather than a salvage approach.

 Left Atrial Decompression of the LV: 
TandemHeart® p-VAD

Another percutaneous device that is available for 
LV support is TandemHeart® p-VAD (previously 
known as AB-180). The largest experience comes 
from the Texas Heart Institute in a mixed patient 
population with ischemic and non-ischemic car-
diogenic shock (Kar et al. 2011). This, too, is a 
percutaneous system. A 21 French catheter is 
inserted through a femoral vein and advanced to 
the right atrium and then across the atrial septum 
into the left atrium. Blood is drawn through an 
external centrifugal pump with fluid dynamic 
hydraulic bearings at rotational speeds of 2500–
4500 rpm. Blood is returned through a 21 French 
catheter to the right femoral artery (Thiele et al. 
2001). Flows of up to 4  l/min are possible. 
Because the pump is continuously purged, a 
lower degree of anticoagulation is permissible.

In a series from the Texas Heart Institute, the 
changes in hemodynamics were striking. Over 
80% of patients already had an IABP. The average 
CI increased from 0.5 l/min/m2 prior to insertion 
of the device to 3.0 l/min/m2, and systolic arterial 
pressure rose from 75 to 100 mmHg. In the almost 
50% of patients who had a cardiac arrest, the mean 
duration from cardiac arrest to implantation was 
65 ± 41 min, and it took only from 15 to 65 min to 
insert the device. In those who presented with an 
STEMI, the 30 day survival was 60%.

Despite these dramatic results, there are 
important limitations to this system. There were 
many complications, including distributive shock 
in 30%, frequent coagulopathies, gastrointestinal 
hemorrhage in 20%, limb ischemia in 3%, and 
strokes in 7%. The catheter across the septum 
often is not stable, and if it springs back into the 
right atrium, cardiac output rapidly drops, which 

can be lethal. The need to cross the atrial septum 
also constrains potential catheter size. In one 
patient the device perforated the left atrium and 
led to subsequent death. Finally, the atrial trans-
septal approach requires an advanced technical 
skill that not all interventional cardiologists have. 
Two randomized trials failed to find any benefit 
for the use of TandemHeart® p-VAD compared 
to use of an IABP (Thiele et al. 2005; Burkhoff 
et al. 2006), which itself has not been found to 
have any survival benefit (Thiele et  al. 2018). 
One advantage of TandemHeart® p-VAD is that 
arterial and venous catheters are in place, and, if 
the patient deteriorates, it is not difficult to con-
vert to ECMO.

 Physiological Considerations Related 
to Devices Based on LA Drainage

Flows of up to 4  L/min can be achieved with 
these devices, which is on the lower side of nor-
mal tissue requirements. To understand the fun-
damental limits to flow with all systems requiring 
catheters for outflow and inflow, it is necessary to 
review principles that determine flow through 
catheters. These principles are true for all devices, 
but they are especially important for percutane-
ous devices because blood is withdrawn and 
returned through catheters in vessels rather than 
by withdrawal of blood directly through a large 
cannula on the ventricle.

Flow in a tube (i.e., a cannula) is based on the 
pressure difference between the inflow and out-
flow of the system and resistance to flow between 
them. Resistance is primarily determined by the 
cross-sectional area (i.e., radius of the tube) as 
discussed in Chap. 8 on blood pressure. The nar-
rower the tube, the greater the force that is needed 
to give the same volume flow per minute. The 
velocity (volume per distance) also must be 
greater. Above a certain force required to  generate 
blood flow, red cell hemolysis increases signifi-
cantly and limits the maximum flow that can be 
used. Increasing the catheter size and modifica-
tions in the pumping device allow greater flow 
with less hemolysis. However, arterial and venous 
vessel sizes create anatomical constraints for 
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catheter placement. The greater the catheter size, 
the greater the difficulty of catheter insertion, risk 
of vessel injury, limitations of access sites, and 
increased costs. On the arterial side, use of larger 
catheters results in increased risk of distal limb 
ischemia and bleeding. Accordingly, the need for 
a transseptal catheter which for technical regions 
requires a smaller catheter greatly limits the pos-
sible flow with TandemHeart® p-VAD.

A second issue with this device is the impact of 
the returning arterial blood. With Impella®, blood 
flow to the aorta is in the antegrade direction, 
whereas with TandemHeart® p-VAD, arterial flow 
returns in a retrograde direction, which increases 
the load on the ejecting ventricle. This can result in 
ventricular distention and diminished output from 
the native LV (Rajagopal 2019). The effect is less if 
arterial blood flow is returned more distally (Geier 
et al. 2017). On the other hand, a potential advan-
tage of TandemHeart® p-VAD system is that arte-
rial blood can be returned through an axillary artery 
instead of a femoral artery and thus allows mobili-
zation (Abrams et  al. 2014). This configuration 
likely is worse for the LV because it imposes a 
higher LV afterload (Geier et al. 2017). Ventricular 
distention with TandemHeart® is less amendable 
to decompression procedures that often are used 
with ECMO. For example, it would make no sense 
to add an Impella® device to decompress the LV!

 Comparison of Hemodynamic Profile 
of TandemHeart Versus Impella®

The hemodynamics of TandemHeart® p-VAD 
and Impella® LP LVAD were compared in a por-
cine model of an acute myocardial infarction and 
in which volume conductance catheters were 
inserted to obtain pressure-volume loops (Weil 
et  al. 2016). The authors concluded that 
TandemHeart® p-VAD had a better hemody-
namic profile than Impella CP® based on a 
greater reduction in stroke work with 
TandemHeart® p-VAD. First, it is worth noting 
that the predicted non-perpendicular isovolumet-
ric slope of the P-V loop (Burkhoff et al. 2015) 
with both device did not occur indicating that the 
native heart still had strong function and that 

there was not complete unloading of the LV with 
either device. The more important point, though, 
is that this study illustrates the limitation of the 
usefulness of stroke work as an indicator of 
improved cardiac function. As seen in Fig. 51.8, 
Impella® markedly reduced LV end-diastolic 
volume and end-systolic volume, and to a milder 
extent, LV end-diastolic pressure, which already 
was low. In contrast, TandemHeart® p-VAD pro-
duced only a moderate decrease in LV end- 
diastolic volume and increased end-systolic 
volume, which resulted in a smaller stroke vol-
ume. The peak systolic pressure was the same 
with both devices as was the heart rate, likely 
because these value are regulated by the barore-
ceptors. Stroke work is calculated as the product 
of the pressure difference between the aorta and 
ventricular diastolic pressure and stroke volume. 
Since the pressure difference was similar with 
both devices, the improved stroke work resulted 
from a smaller stroke volume with TandemHeart 
p-VAD, which hardly is a benefit for tissue perfu-
sion. This occurred because TandemHeart failed 
to decompress LV volume, which is known to 
lead to worse outcomes (Rajagopal 2019). It is 
also noteworthy that the end-systolic elastance 
line was curved in Impella®-supported animals, 
indicating that there was continuous off-loading 
during ejection as volume fell off the maximum 
elastance line, which is what is desired.

 Extracorporeal Membrane 
Oxygenation (ECMO)

ECMO provides full cardiopulmonary support 
with flows typically in the 4–5  L/min range, 
which is adequate for normal baseline O2 
demands (Keller 2019). Cannulation can be cen-
tral through a sternotomy, but most often it is per-
formed by peripheral cannulation especially in 
emergency situations. For peripheral  cannulation, 
blood is drawn from the venous compartment, 
from either a femoral or jugular vein, passed 
through a membrane oxygenator and returned to 
the femoral artery. This allows complete substitu-
tion of the functions of the failing heart and lungs 
that are compromised because of pulmonary 
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edema and abnormal gas exchange. The heart 
thus requires only baseline metabolic activity 
which is less than 30% of its normal energy 
needs. As discussed above, the larger the cathe-

ter, the higher the possible flow, but once again, a 
larger catheter increases the risks of complica-
tions, especially distal leg ischemia and bleeding. 
To reduce this, it is recommended to always 
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Fig. 51.8 Comparison of P-V following production of 
myocardial infarction in pig supported by Impella CP 
(bottom left) or TandemHeart® (bottom right). The top 
shows the baseline P-V loop of the LV and the P-V loop 
post-infarction. Following the infarct, the peak systolic 
pressure is lower, and the diastolic pressure is increased 
and also follows the same diastolic passive filling curve. 
In this case the stroke volume is not decreased. With 
Impella®, the end-diastolic volume and end-systolic vol-
ume are decreased. There is a small change in stroke vol-
ume (heart not given). The LV end-diastolic and 
end-systolic volume are not decreased as much with 

TandemHeart®. The stroke volume was considerably 
reduced, and there was a small decrease in the LVEDP. The 
authors concluded that there was an advantage to 
TandemHeart® because it lowered stroke work (SW, 
SV × systolic-diastolic pressure). This to us indicates the 
lack of usefulness of using SW as a marker of improved 
function because Impella® decompressed the heart which 
would have lowered LV wall stress and LVEDP which 
should have better decreased pulmonary capillary pres-
sure. (From Weil et al. (Weil et al. 2016) Used with per-
mission of Elsevier)
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insert an auxiliary catheter to directly perfuse the 
femoral artery distal to the arterial cannula inser-
tion site (Juo et al. 2017). It is also advisable to 
continuously monitor transcutaneous tissue oxy-
genation with near infrared spectroscopy.

 Physiological Considerations 
with ECMO

Although ECMO provides total circulatory sup-
port, it does not unload the heart and actually 
increases the load on the LV.  Venous flow still 
returns to the heart and must be injected. The 
amount of venous return to the heart increases as 
RV function improves. This lowers the right atrial 
pressure, and the RV competes with the draining 
venous catheter. As with TandemHeart® p-VAD, 
the returning arterial blood increases the load on 
LV ejection, which frequently results in left ven-
tricular distention (Rajagopal 2019). The disten-
tion can produce further LV ischemia, increase 
pulmonary venous pressure, worsen aortic regur-
gitation, and even induce pulmonary venous 
hemorrhage. There are a number of solutions to 
this problem (Cevasco et  al. 2019; Jayaraman 
et al. 2017; Xie et al. 2019). Some centers insert 
an IABP to decrease LV end-diastolic pressure 
and make it easier for the LV to eject. This benefit 
may not actually be derived through the produc-
tion of a negative pressure in the aorta at the onset 
of systolic, but rather by preventing the retro-
grade flow from the arterial cannula reaching the 
ascending aorta, which is not necessarily benefi-
cial. The IABP also aids coronary flow as dis-
cussed above although this effect would be lost if 
the balloon inhibits the retrograde aortic flow of 
fully oxygenated blood from the arterial cannula 
reaching the coronary arteries and brain. A better, 
but more expensive, approach is to add an 
Impella® system to truly decompress the LV; 
both Impella® LP 2.5 and Impella® CP have 
been used for this purpose. This approach allows 
for a smoother transition when weaning off the 
ECMO.  In a propensity-matched retrospective 
analysis, use of ECMO combined with Impella® 
markedly increased survival (Pappalardo et  al. 
2017). However, there was a greater need for 

renal replacement therapy and more hemolysis in 
the combined group. The authors attributed the 
increased incidence of renal failure to their lon-
ger survival. Considering the frequent need for 
another mechanical assist device when using 
ECMO, it likely only should be used as a first- 
line therapy when the lungs are severely compro-
mised or during a cardiac arrest. Current ECMO 
devices allow rapid insertion in a crisis and thus 
are ideal for rescue therapy or when overall status 
is not clear. This is called a “bridge to decision.”
An important clinical problem can arise with 
ECMO when cardiac function begins to recover 
and an increasing proportion of blood goes go 
through the lungs. When the alveolar-arterial O2 
gradient is increased because of pulmonary shunt-
ing and ventilation/perfusion mismatching, the O2 
saturation of blood coming from the native heart is 
reduced. As native heart function improves, and 
the fraction of total cardiac output coming from 
the native heart increases, an increasing amount of 
deoxygenated blood is transmitted to the systemic 
circulation. Even more concerning, this poorly 
oxygenated blood coming from the heart preferen-
tially goes to vessels that come off the proximal 
aorta, including the innominate and potentially the 
right and left cerebral arteries and the coronary 
arteries, whereas the rest of the body preferentially 
gets the fully oxygenated blood arriving retrograde 
in the aorta from the ECMO circuit. This differ-
ence in the oxygenation of the right arm, head, and 
heart compared to the rest of the body is called 
Harlequin syndrome indicating the difference in 
color (more bluish in deoxygenated area) due to 
the differences in oxygenated blood. The conse-
quence can be severe including unsuspected brain 
hypoxemia and myocardial ischemia (Sorokin 
et al. 2017). To detect this potentially dangerous 
situation, it is important to monitor O2 saturation 
in both the right and left arms. Lower O2 saturation 
in the right arm compared to the left indicates pres-
ence of Harlequin syndrome but also indicates a 
recovering heart. This problem can be treated by 
increasing ECMO flow so that more of the return-
ing blood is “shunted” to the ECMO circuit. Other 
more aggressive approaches include pharmaco-
logically or electrically suppressing the native car-
diac output or by branching off another arterial 
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catheter from the ECMO circuit to deliver well-
oxygenated blood to the right atrium (Sorokin 
et al. 2017). On the other hand, if the heart is work-
ing adequately, it may be preferable to just convert 
to venovenous ECMO. This is especially the case 
if Impella® device is in place.

 Right Ventricular Failure

Mechanical support for the RV is frequent in 
patients with left-sided mechanical support 
devices. In the US registry of the first 100 patients 
to receive the AB5000, 45% were judged to require 
biventricular support (Anderson et al. 2010), and 
in the retrospective analysis for the Hospital of the 
University of Pennsylvania, 39% received biven-
tricular support because of what was identified as 
RV dysfunction (Leshnower et al. 2006). A high 
CVP and low arterial pressure were deemed to be 
predictors of RV failure. Risk factors for this state 
included a history of pulmonary hypertension, 
hypoxic pulmonary vasoconstriction, female sex, 
and cytokine-induced myocardial dysfunction 
(Lahm et al. 2010; Ochiai et al. 2002; Drakos et al. 
2010; Morgan et  al. 2004). Somewhat surpris-
ingly, in one study, elevated Ppao or pulmonary 
vascular resistance was not a risk factor for RV 
failure after LVAD insertion (Ochiai et al. 2002).

To better understand what is happening to the 
RV, it is important to review the meaning of RV 
dysfunction. In Chap. 3, three terms were intro-
duced: RV limitation, RV dysfunction, and RV 
failure. RV limitation indicates that further vol-
ume loading will not increase cardiac output 
because the diastolic limit of RV filling has been 
reached. This limit can occur with excessive vas-
cular volume and a normal functioning RV, or 
because of a decrease in the contractile state of 
the RV, in which case a higher right-sided filling 
pressure is needed for a normal stroke volume. In 
the latter case, RV limitation occurs at a lower 
than normal cardiac index. RV failure means that 
the RV output is inadequate for tissue needs, and 
when it occurs with a lower than expected CI, 
there is also RV dysfunction. Furthermore, an 
elevated CVP is never normal and always indi-
cates that there is excess intravascular volume. 

This must come from either fluid retention 
because of recent decreased renal function or 
more commonly in the acute state because of 
excessive use of volume during resuscitation. 
The implication of a high CVP was the basis of 
Ernest Starling’s studies (Starling 1918). He real-
ized that, even when the heart is at a standstill, 
Pra/CVP only can rise to MSFP (Patterson and 
Starling 1914) (see Chap. 2). Use by Leshnower 
et al. of an elevated CVP and low arterial pres-
sure to predict RV failure (Leshnower et al. 2006) 
is actually a definition for RV failure. Unless 
there is distributive shock, a low blood pressure 
most likely indicates that cardiac output is low, 
and the elevated CVP most likely indicates RV 
limitation. As was noted in Chap. 3, people born 
without a RV can perform high levels of exercise 
and generate cardiac outputs greater than 15 L/
min, so why should a non-working RV matter? 
The answer is that patients without an RV are 
functional as long as pulmonary arterial pressure 
is not elevated. Pulmonary pressure elevation can 
occur either because of an increase in pulmonary 
vascular resistance or because of a rise in left 
atrial pressure, which is what occurs in cardio-
genic shock with LV failure. When the RV is 
intact, the effect of increased pulmonary pressure 
is even greater than the absence of an RV. This is 
because the pulsatility of RV output fixes the 
time available for it to fill, and its intrinsic struc-
tural size limits the maximum RV diastolic vol-
ume. Together these properties of the RV set the 
limit for its stroke volume on each beat. 
Furthermore, when the RV dilates, tricuspid 
regurgitation occurs, and the contracting RV then 
sends more blood backward which interferes 
with venous return. Finally, when the RV filling 
limit is reached, an increase in pulmonary artery 
pressure always will decrease RV stroke volume 
and cardiac output, unless heart rate or RV 
 contractility is increased pharmacologically or 
augmented by mechanical RV support.

The question in RV limitation and RV failure 
in cardiogenic shock then becomes, what keeps 
Pra higher than normal? There are two possible 
processes: either the downstream left atrial pres-
sure is elevated or the pulmonary vascular resis-
tance is elevated, both of which increase the load 

S. Magder and G. Samoukovic



813

on the ejecting RV. If both of these are low as is 
the normal case, even lack of any RV function 
would not limit the left-sided flow. If the left 
atrial pressure is elevated in the presence of a 
mechanical assist device, the primary problem is 
insufficient emptying of the LV by the assist 
device. This supports the observation by Morgan 
et al. that a CVP that is high and equal to Ppao is 
a bad prognostic sign (Morgan et al. 2004). The 
size of the LV on echocardiography is not ade-
quate for assessment of this state because the 
pericardium and other mediastinal structures can 
limit the space for the LV to enlarge. This is espe-
cially the case when the RV is very dilated. The 
LV then may not look enlarged only because it 
cannot dilate, and the LV diastolic pressure still 
can be very high. Proper determination of this 
state requires measurement of the left-sided fill-

ing pressures by obtaining Ppao. When the right 
and left diastolic pressures are equal, and there is 
no tamponade, overfilling of the vasculature 
likely is the problem, as was indicated in the clin-
ical example in Cardiogenic Shock part A.  As 
discussed above, the diastolic pressure in an 
excessively filled RV is transmitted to the LV and 
directly increases left atrial pressure (Fig.  51.9 
Part A). This then increases the pulmonary artery 
pressure, and the concept is that RV preload 
becomes RV afterload. As shown by Atherton 
and co-workers in patients with heart failure, 
decompression of the venous system by lower 
body negative pressure can result in increased LV 
filling and a rise in cardiac output (Atherton et al. 
1997a; Atherton et al. 1997b).

A potential cause of RV dysfunction with 
application of an LVAD is decreased load toler-

8 hr post insertion of RVAD & LVAD

PO2 30 mmHg on 100% O2
R and L flows ~ 5 L/min
Pink froth coming up the ET-tube
CVP ~ 20 mmHg

2 months later

Fig. 51.9 Example of RV LV mismatch in 42 y/o woman 
with influenza A-induced cardiogenic shock. She was 
transferred from another hospital with almost no arterial 
pulsations. Right and left Thoratec ventricular assist 
devices were implanted. Her flows were ~5 L.min, but 8 h 
later she could not be oxygenated. She was taken to the 
operating room to insert an oxygenator, but upon opening 
the chest oxygenation rapidly improved. The cannula 
draining pulmonary venous flow was kinked, and this was 

relieved when the chest was opening. Although RV and 
LV flows were similar, even an unmeasurable difference 
overwhelms the volume of pulmonary vasculature in a 
short time. She rapidly improved over the next few days. 
The RVAD was removed after 1  week and the LVAD 
about a week later. She returned home largely intact after 
2 months, although she lost tips of extremities likely from 
high doses of vasopressors. PA, pulmonary artery; PV, 
pulmonary vein/left atrium; RA, right atrium
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ance of the RV caused by unloading of the LV 
(Pavie and Leger 1996; Santamore and Dell’Italia 
1998; Santamore et al. 1990; Damiano Jr. et al. 
1991; Scharf et al. 1986). The basis for this is that 
the intraventricular septum plays a role in RV 
force production. When systemic arterial pres-
sure is reduced, septal contractions are reduced, 
and this potentially can decrease RV perfor-
mance. It has been demonstrated in animal stud-
ies that increasing systemic arterial pressure can 
increase RV load tolerance, independent of an 
effect on coronary circulation (Page et al. 1992; 
Belenkie et al. 1989). Increasing systemic arterial 
pressure with vasoconstrictors allowed for a 
higher pulmonary artery pressure before the RV 
failed. It has been proposed that the opposite 
effect could occur when the LV is unloaded by an 
LVAD; the decrease in LV force production could 
reduce RV force production. However, this effect 
should likely be much less in cardiogenic shock. 
To begin, decreasing LV diastolic volume should 
decrease pulmonary artery pressure and ease the 
load on the RV. As indicated above, if pulmonary 
vascular resistance is not elevated, left atrial pres-
sure is the major determinant of outflow from the 
RV (Pavie and Leger 1996). A number of studies 
have carefully investigated the role of the LV por-
tion of septum on RV function in animals. Only 
very minor effects of the LV contraction on RV 
systolic pressure generation and cardiac output 
were demonstrated by rapidly unloading the LV 
in animal studies (Santamore et  al. 1976; 
Santamore and Gray Jr. 1996; Moon et al. 1993). 
However, a significant effect was observed in ani-
mals which had a pacing-induced cardiomyopa-
thy (Chow and Farrar 1992; Farrar et al. 1993). 
These animals have a marked depression of the 
pressure-volume curves of RV indicating marked 
depression of the RV end-systolic elastance 
curve. This would have made the animals very 
susceptible to developing RV limitation with vol-
ume loading. Furthermore, the LV systolic pres-
sure was reduced from 92 to 11 mmHg, a degree 
of reduction in LV systolic pressure that is never 
seen clinically and likely contributed to a major 
right-to-left shift of the septum. Importantly, the 
authors indicated that reduction of the pulmonary 
pressure likely overrode any interaction effect. In 
another study by the same investigators, 2 min-

utes of occlusion of the right coronary artery 
greatly increased the effect of unloading the LV 
indicating that any effect would also depend upon 
the initial RV function, although this might be 
because when RV limitation is in place, the RV 
cannot compensate by an increased in end- 
diastolic volume (Farrar et al. 1991).

In summary, these studies indicate that in most 
cases, unloading the LV by an LVAD should have 
a minimal effect on RV systolic function. 
Furthermore, evidence for a lack of clinical sig-
nificance of the importance of LV contractions 
for support of RV pressure generation comes 
from the observation that large pulmonary artery 
pulse pressures often can be seen in patients that 
have no LV systolic pulsations. Finally, these 
studies were performed with pulsatile mechani-
cal devices. When an LVAD provides continuous 
flow, which currently is the standard, there is 
even less likelihood that LV-RV interaction is a 
significant clinical issue.

Understanding this pathophysiology should 
allow a more systematic approach to RV limita-
tion or failure and use of RV assist devices. If the 
LV end-diastolic pressure is high, and CVP/Pra is 
not excessive, output from the LV needs to be 
increased if the limits of the LVAD have not been 
reached. If CVP is high, and especially if it is 
equal to the left atrial pressure, the first step 
should be to decompress the RV by use of intra-
venous diuretics if the kidneys are still function-
ing, as was illustrated in the case study in 
Cardiogenic shock part A, or by active ultrafiltra-
tion if the kidneys are not functioning. Adding an 
RV assist device to someone with elevated left 
atrial pressure is not a solution and is quite likely 
harmful because it will just pump more volume 
into the lungs due to the inability of the LV to 
eject it. This may explain why overall, patients 
with biventricular VADS do worse (Westaby 
et al. 2012). Many of these patients likely needed 
volume depletion rather than an RV assist device. 
These overfilled patients also likely have hepatic 
congestion and are at a much greater risk of 
bleeding, which occurs in 50% of patients 
implanted with BiVADs.

It is worth noting the magnitude of changes in 
CVP that potentially can be hemodynamically sig-
nificant. The normal gradient for venous return is 
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in the range 4–8 mmHg. Accordingly, an increase 
in CVP of 10 mmHg, without an equivalent rise in 
MSFP by the same amount, would reduce cardiac 
output to zero. If a patient has a CVP of 20 mmHg, 
the MSFP must be at least 25 mmHg or perhaps 
even 30 mmHg in order to allow effective venous 
return to the heart. Even worse, the capillaries are 
upstream from the MSFP so that the raising venous 
pressure further will greatly increase fluid filtra-
tion, even in the heart.

A very difficult situation arises when a patient 
with cardiogenic shock develops distributive 
hemodynamics. When this happens, not only is 
arterial resistance decreased but so is venous 
resistance. Venous return increases, and cardiac 
output may need to be greater that 8–10 L/min to 
maintain a normal arterial pressure and tissue 
perfusion, but this value is well beyond the capac-
ity of most devices. Furthermore, if the RV is 
functioning better than the LV, this can lead to 
progressively worsening of pulmonary edema, 
especially because capillary permeability usually 
also is increased in distributive physiology 
because of an associated inflammatory condition. 
The only treatments are broad-spectrum antibiot-
ics, especially with good gram positive activity to 
treat the most likely infectious causes, use of 
vasoconstrictors to try to restore normal tone, and 
very careful use of fluids.

If the rise in pulmonary pressure is not due to 
increased LV diastolic filling pressures, the 
increased RV afterload must be due to a rise in 
pulmonary vascular resistance or an increase in 
pulmonary vascular critical closing pressures 
(Chap. 5 on pulmonary vascular resistance). 
Causes for these include hypoxic vasoconstric-
tion due to pulmonary edema or lung injury, a 
ventilator-induced load on the RV from high 
trans-pulmonary pressure and creation of non- 
Zone III conditions in the pulmonary vasculature 
(Permutt et al. 1962; Vieillard-Baron et al. 1999), 
obstruction of pulmonary venous drainage by a 
cannula draining the left atrium, or because of a 
chronic process that has created pulmonary vas-
cular disease. The hypoxic vasoconstriction 
might be resolved by removing fluid and maneu-
vers that increase oxygenation; ventilator- 
induced loads can be improved by ventilator 
adjustments; and an obstructing atrial cannula 

can be fixed by repositioning it. A dramatic case 
of this is shown in Fig. 51.9. A chronic increase 
in pulmonary vascular resistance though is direr, 
and survival is unlikely without a right ventricu-
lar assist device (Pavie and Leger 1996). This, 
though, must be considered cautiously. If the 
increase in pulmonary vascular resistance is 
unlikely to be resolved by pulmonary vascular 
remodeling, cardiac transplant will not be a long- 
term solution. A destination LVAD alone also 
will not be possible, and the patient will require 
permanent biventricular support. In these cases, 
the overall status of the patient’s survivability 
should be carefully reviewed.

Given the above discussion, the need for right 
heart support for acute cardiogenic shock should 
be low. Careful management of volume should 
eliminate the need in a large proportion of cases. 
RV support should not be considered without a 
careful invasive hemodynamic assessment with a 
pulmonary artery catheter and demonstration of 
elevated pulmonary vascular resistance. If the 
resistance is not elevated, the problem is the ele-
vated LV and RV filling pressures, which should 
be dealt with by volume removal or increasing 
LV systolic pumping capacity. The primary role 
of RV support likely is in elective patients with 
chronic processes and who have elevated pulmo-
nary vascular resistance.

 Right Heart Support

From the above discussion, it is likely that RV 
support is used too often. However, there are 
patients with elevated pulmonary vascular resis-
tances who need the added systolic pressure to 
overcome this increased RV load. One approach 
is to percutaneously insert a large gauge venous 
catheter that has two lumens (TandemLife Protect 
Duo®, CardiacAssist Inc., Pittsburgh, PA, USA) 
(Schmack et al. 2016). One lumen is positioned 
in the right atrium and draws venous blood 
through a pump and returns the blood through the 
second lumen which is positioned in the pulmo-
nary artery. This also can be done with two sepa-
rate venous catheters.

An increasingly popular approach is use of 
Impella® RP which is a minimally invasive 22 
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FR FA, catheter-based percutaneous micro-axial 
pump. The device needs to be positioned under 
fluoroscopic guidance (Pieri and Pappalardo 
2018). It is advanced antegrade from a femoral 
vein across the tricuspid and pulmonary valves so 
that the outflow end is positioned in the pulmo-
nary artery. The pump inflow is positioned in the 
inferior vena cava. The device can provide flows 
up to 4.0 L/min. Use of this device increased sig-
nificantly after publication of the RECOVER 
RIGHT which was a prospective cohort study 
that evaluated safety and efficacy of Impella® RP 
from (Anderson et  al. 2015). It included 30 
patients, 18 of whom had RV failure after an 
LVAD implantation and 12 whose RV failure 
occurred after cardiac surgery or a myocardial 
infarction. The pump quickly increased CI index 
from a mean of 1.8 to 3.3 L/min/m2 and lowered 
the CVP from 19.2 to 12.6 mmHg. Hospital sur-
vival in this higher-risk group was 73.3%, and 
importantly, all discharged patients still were 
alive at 3 months. The series was expanded in a 
subsequent report called the RP CAP study which 
combined three data sets that used the same 
screening criteria (Anderson et al. 2018). Results 
were similar to the original data set. Some details 
are worth noting. There were 376 patients 
screened, but only 60 patients enrolled; 116 were 
excluded because they were not deemed to be in 
RV failure, 8 because they had profound shock, 
and 24 because they already were on an RV assist 
device. An additional 12 were excluded because 
CVP was less than 15 mmHg, but perhaps if their 
CI was low, these patients still might have bene-
fited as per the previous discussion. Arterial lac-
tate and mixed venous O2 saturation were not 
reported so it is difficult to know the extent of the 
metabolic compromise of tissues and the severity 
of their condition. The cardiac output before 
insertion of Impella RP was 3.86 L/min, and the 
average estimated Impella RP flow was 3.19 L/
min. However, the cardiac output post insertion 
was 6.4 L/min with a flow on the LVAD device 
that went from 4.0 to 4.6. The high cardiac output 
would suggest a distributive state. It would also 
indicate a major increase in native LV-sided out-
put. However it is likely that the post implanta-

tion measurements of CI were invalid. Details 
were not given, but if the outputs were made with 
thermodilution pulmonary artery catheter, the 
results would have been artificially elevated. The 
bolus for the measurement would have been in 
the right atrium, but the pump takes blood from 
the IVC and ejects it in the pulmonary artery. 
Thus, there would have been mixed sources of 
blood being evaluated at the PA, and this violates 
the need to have conservation of mass to make 
the thermodilution measurement. Perhaps much 
of the enthusiasm of the increase in CI should be 
tempered. It was also noteworthy that despite 
adding an RV assist device, CVP still was ele-
vated at 13 mmHg indicating that there likely was 
excess vascular volume. Information on the 
change in fluid balance would have been very 
helpful.

Khalid et al. reported on the incidence of the 
most common complications and failure modes 
from the post-marketing surveillance data from 
the Food and Drug Administration (FDA) 
Manufacturer and User Facility Device 
Experience (MAUDE) database (Khalid et  al. 
2019). The authors could not comment on inci-
dence because reporting was voluntary so that 
there was no denominator. For example, there 
were 5 deaths reported under complications, but 
the data set indicated 11. Of the events reported, 
the most common was bleeding, which accounted 
for 42.9% of events. Significant vascular compli-
cations were reported in eight patients, and five 
of these required surgical repairs. Of the 35 
device complications with Impella RP, only 16 
devices were returned to the manufacturer for 
analysis. Of these 34.2% were structural damage 
of components. Others included thrombus in the 
device, device detachment, and malfunction.
When a RV assist device is combined with a LV 
device, an important concern is that the output 
from the LV device must be greater than that of 
the RV device. This is not an issue with normal 
ventricles because they adapt their output to their 
input based on the Starling mechanism, but 
mechanical devices do not. This also can occur 
when the RV responds to an inotrope better than 
the LV with a mechanical device.
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 Summary

Use of mechanical devices for support of the cir-
culation in patients with cardiogenic shock is 
expanding rapidly. Proper large-scale studies are 
needed to better understand their role and proper 
use. The initial short-term benefit can be obvious 
and satisfying, but it is important to know the 
long-term outcomes, especially because these 
devices are not without significant complications 
and costs. We need to know the best timing for 
initiation of these devices; should they be started 
at an early stage to prevent deterioration, or 
should they be started only when a patient is in 
extremis? What is the appropriate duration of 
treatment? When should the patient be transi-
tioned to a longer-term device? In making these 
decisions and planning prospective trials, it will 
be critical to understand the physiological impli-
cations of the various devices and their impact on 
LV recovery. Finally, an ongoing question is that 
of the role of the RV in cardiogenic shock and 
how this should best be managed because it is 
clear that when RV function is limited, clinical 
outcomes are much worse.
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Pathophysiology of Sepsis 
and Heart-Lung Interactions:  
Part 1, Presentation and Mechanisms

Sheldon Magder

 Introduction

Sepsis is a frequent clinical problem in intensive 
care units (Angus and van der Poll 2013). It can 
be difficult to treat and it occupies a considerable 
amount of an intensivist’s time. It is the final fac-
tor in the death of many critically ill patients 
(Rhee et  al. 2019). Survival from sepsis has 
improved considerably over the past two decades 
(Thompson et  al. 2019; Angus et  al. 2001) but 
mortality still remains high, it is costly to treat, 
and it results in considerable long-term morbidity 
(Buchman et al. 2020a, b). The management of 
sepsis also is an evolving subject. Newer 
approaches to sepsis management and further 
improvements in survival require an understand-
ing of the macro- and micro-physiological pro-
cesses that lead to septic patients being in 
extremis. Many of the reviews on sepsis have 
dealt with the variabilities in immune responses 
over prolonged periods (Hotchkiss and Karl 
2003). The emphasis in this chapter, though, is on 
hemodynamics and the early approaches to the 
treatment of severe sepsis and septic shock. When 
treatments are started quickly, and appropriate 
antibiotics are given, sepsis often largely resolves 
in a few days. When it does not, the course is pro-

longed, mortality is much higher, and the associ-
ated multi-organ injury and failure do not respond 
to simple hemodynamic management and lead to 
a prolonged course of recovery (Thompson et al. 
2019). The management of this later phase is 
quite different than the acute (i.e., less than 
5 days) phase and involves a smaller proportion 
of the total sepsis population. Accordingly, this 
chapter concentrates on patients in the acute 
phase with marked hemodynamic instability. It 
has become clear that early hemodynamic and 
respiratory stabilization is an important factor for 
a positive outcome.

 Definition

The term systemic inflammatory response (SIRS) 
indicates the generalization of the inflammatory 
process to include the whole body as is manifest 
by a number of non-specific symptoms and signs 
that include pyrexia, tachycardia, tachypnea, and 
neutrophilia, but the cause is not believed to be an 
infection. Classic examples include pancreatitis, 
cytokine chemotherapies (Oved et  al. 2019; 
Abboud et al. 2016; Crayne et al. 2019), and car-
diogenic shock when it is accompanied by vaso-
dilation and a distributive shock (Kohsaka et al. 
2005; Hochman Judith et  al. 1995; van Diepen 
et al. 2013, 2017). Initially, sepsis was based on 
the definition of SIRS with the addition of a sus-
pected infection (Bone et al. 1989). There have 
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been updates on the definition. The third interna-
tional consensus definitions of sepsis and septic 
shock (Sepsis 3) defined sepsis as (Singer et al. 
2016):

a life-threatening organ dysfunction caused by a 
dysregulated host response to infection. This new 
definition emphasizes the primacy of the non- 
homeostatic host response to infection, the poten-
tial lethality that is considerably in excess of a 
straightforward infection, and the need for urgent 
recognition. As described later, even a modest 
degree of organ dysfunction when infection is 
first suspected is associated with an in-hospital 
mortality in excess of 10%. Recognition of this 
condition thus merits a prompt and appropriate 
response.

The new definition incorporated the SOFA 
score and defined organ dysfunction as a change 
from baseline values of ≥ two points in the organ 
SOFA score. Septic shock is considered a subset 
of sepsis and is defined as persisting hypotension 
requiring vasopressors to maintain mean arterial 
pressure ≥65  mmHg and a lactate >2  mmol/l, 
despite adequate volume resuscitation. These cri-
teria are believed to represent profound underly-
ing circulatory and cellular metabolism 
abnormalities that substantially increase mortal-
ity. The task force preferred the newer definition 
of septic shock over the 2001 task force defini-
tion of septic shock as “a state of acute circula-
tory failure” because the new definition includes 
the cellular abnormalities in the condition dis-
cussed below.

The quick SOFA score (eSOFA) was added to 
indicate the “state of acute circulatory failure” 
group (Singer et al. 2016; Seymour et al. 2016) 
and defined it as:

• Respiratory rate ≥22/min
• Altered mentation
• Systolic blood pressure ≤100 mmHg.

Limitations of these new definitions were cov-
ered well in the editorial that accompanied the 
publication of the new definitions (Abraham 
2016). The major concern was that all defini-
tions of sepsis describe a syndrome and not a 
specific biological entity that has discriminat-

ing biochemical markers as have evolved for 
cancers. Another criticism was that the eSOFA 
score was developed from retrospective analy-
ses and needs to be validated prospectively. 
However, the score provides a quick indicator 
at the bedside of patients who need close 
observation.

 Clinical Presentation

I only will highlight key points on the clinical 
presentation because this subject is extensively 
covered elsewhere (Angus and van der Poll 
2013). The clinical presentation depends upon 
whether the patient presents with sepsis in the 
emergency department (ER) or becomes septic in 
the hospital. Patients presenting in the ER can be 
in shock when they arrive in the ER, but fre-
quently they arrive looking ill and rapidly deteri-
orate in the ER.  In ProCESS (Protocol Based 
Care for Early Sepsis) (Yealy et al. 2014) patients 
were randomized on average within 3  h after 
arrival in the ER, and around 1 h after they met 
the criteria for shock. This indicates that there 
likely was a period in the ER before the onset of 
shock in many patients. Sepsis most often starts 
with a depressed blood pressure, but blood pres-
sure many not initially have reached shock levels. 
Respecting this, the new definition is based on a 
pressure of ≤100 mmHg. Fever is a key indicator 
but it can be absent in the elderly and patients on 
steroids. Some patients even are initially hypo-
thermic, which easily can be missed if the start-
ing temperature of the probe is not sufficiently 
lowered before use. A strong clinical indicator of 
shock is an alteration in the patient’s mental sta-
tus. This can vary from complete coma to loss of 
spontaneity in speech, decreased concentration, 
drowsiness, or even frank delirium, in which case 
a toxic cause must be ruled out. Tachycardia and 
tachypnea are common and are part of the SIRS 
criteria. The tachypnea often produces a primary 
respiratory alkalosis, which can be an early warn-
ing sign of evolving sepsis. A history of chills 
and rigors, combined with general body aches, 
especially in the back, strongly suggest the pres-
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ence of bacteria in the blood. Based on observa-
tions on patients admitted to studies on early 
management of sepsis in the ER (Yealy et  al. 
2014; Rivers et al. 2001; Mouncey et al. 2015), 
the lung is the most frequent source and accounts 
for between 30% and 40% of cases, followed by 
urinary tract at 20–27%, and the abdomen at 
4–13%. Accordingly, the history and exam need 
to especially focus on these systems for the typi-
cal presentations. In ProCESS (Yealy et al. 2014) 
and the Rivers’ trial (Early Goal Directed in the 
Treatment of Sepsis and Septic Shock), (Rivers 
et  al. 2001) between 30% and 36% of patients 
respectively had a positive blood culture, and 
Rivers reported that 76% had a positive culture 
from somewhere (Rivers et al. 2001). Thus, the 
absence of positive cultures does not rule out 
sepsis.

Sepsis in hospitalized patients is generally 
more insidious and the causes are different. The 
lung still is the most common site of infection 
and is even a more frequent cause than in the ER 
studies; as examples, the lung was the primary 
site in 43% in VASST (Vasopressin Versus 
Norepinephrine Infusion in Patients with Septic 
Shock) (Russell et al. 2008) and 51% PROWESS 
(Efficacy and Safety of Recombinant Human 
Activated Protein C for Severe Sepsis) (Bernard 
et  al. 2001). Abdominal processes are more 
common in hospital-acquired cases than in the 
ER and accounted for 20% and 26% of cases in 
PROWESS and VASST respectively; urinary 
tract infections were about half as common as in 
the ER. It was not stated in the studies, but cath-
eter and wound infections are also likely more 
common in hospitalized patients. Early com-
mon warning signs are altered mental status, 
initially low-grade then higher-grade fevers, 
decreasing urine output, and decreasing arterial 
pressure. Increasing heart rate and respiratory 
rate should always raise the suspicion of sepsis 
as should a rising neutrophil count. If blood 
gases are obtained for some other clinical rea-
son, a primary respiratory alkalosis should raise 
the suspicion of sepsis. Another subtle indicator 
can be a rising cardiac output in someone whose 
cardiac output is being monitored for some 
other reason.

 Epidemiology

Sepsis is a common clinical problem and is likely 
to become even more common because of the 
increasingly aging population, the increasing sur-
vival with complex chronic diseases, and the 
increasing number of immune-compromised 
patients. As such, sepsis is a major public health 
concern; it accounted for more than $20 billion 
(5.2%) of total US hospital costs in 2011 (Singer 
et  al. 2016) and in 2018 it accounted for $22.4 
billion cost for USA Medicare, a rise from $17.8 
billion in 2012 (Buchman et al. 2020b). The inci-
dence of sepsis is common. Some have suggested 
that it is the leading cause of mortality and criti-
cal illness worldwide (Vincent et al. 2014; Sakr 
et al. 2018). It also is clear that many who survive 
sepsis have long-term physical, psychological, 
and cognitive disabilities with significant health 
care and social implications (Iwashyna et  al. 
2010, 2012). However, a complicating factor in 
these statistics is that death from sepsis is often 
an end consequence of another condition and as 
such more a mode of death. When deaths have 
been attributed to the primary condition in the 
adjudication of deaths in large studies, attribut-
able mortality solely due to sepsis is very low 
(McGarvey et al. 2012). Another important con-
sideration is that mortality from sepsis has sig-
nificantly decreased. This could be because more 
people have been identified with sepsis. However, 
in the large randomized trials on goal-directed 
therapy, the death rate decreased by half with 
similar entrance criteria compared to older stud-
ies (Rivers et al. 2001; Russell et al. 2008; Hayes 
et  al. 1994; Gattinoni et  al. 1995). Finally, in 
some countries, sepsis coding favors reimburse-
ment which perhaps also favored a higher inci-
dence (Rhee et al. 2014, 2019; Gohil et al. 2016).

 Presentation in Experimental 
Inflammatory Syndromes

 Human Data

The evolution of the sepsis syndrome was ele-
gantly studied by Suffredini et  al. (1989) in 
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 normal human volunteers. They gave a small 
bolus of endotoxin to 6 normal subjects and 
recorded their hemodynamic and biochemical 
responses for 24 h. Endotoxin is the lipopolysac-
charide (LPS) envelope of gram-negative organ-
isms. A control group of 3 subjects received an 
equal volume bolus of normal saline. LPS acti-
vates the innate immune system by binding to 
Toll-like receptor 4 (TLR4). This triggers a cyto-
kine cascade which is discussed further below 
(Fig. 52.1) (Suffredini et al. 1989). Even though 
no bacteria were given, the LPS infusion repro-
duced typical features seen in most patients with 
bacteria- induced sepsis including fever, chills, 
nausea, headaches, arthralgia, myalgia, tachycar-
dia, tachypnea, and hypotension. This indicates 
that the septic response is due to the activation of 
cell receptors that are part of the innate immune 
response and, for the most part, the process does 
not require an invading live organism. Innate 
immune cells include dendritic cells, macro-
phages, and neutrophils, but also endothelial and 

epithelial cells that line all body cavities. The 
presence of activators allows the process to con-
tinue. In the normal human study, it took more 
than 8 h for the activation to ware-off and it is 
likely that counter-regulatory mechanisms need 
to be induced to stop the process (van der Poll 
et al. 1997).

The subjects in the Suffredini study (Suffredini 
et  al. 1989) were instrumented with an arterial 
line and a pulmonary artery catheter and hemo-
dynamics were followed for 8 h (Figs. 52.2 and 
52.3). A strong point of this study is that, unlike 
the clinical situation, time zero is precisely 
known. An increase in temperature was evident 
by 1 h after LPS, peaked by 3 h, and was not back 
to baseline at 8  h post dose. Cardiac output 
increased slightly at 1  h, but by 3  h it had 
increased to 50% above the baseline. This indi-
cates that cardiac output can increase in sepsis 
without fluid being given. At the 3 h mark, saline 
was infused at 44  ml/h for 2 h. This further 
increased cardiac output to over 70% of the 

Fig. 52.1 Initiation of septic response through toll-4 like 
(TLR4) signaling. The lipopolysaccharide (LPS) coating 
of gram-negative bacteria activate the TLR4 receptor. 
TLR4 acts through My88 and other proteins to activate 
the nuclear factor NF-κB which then moves to the nucleus 
and drives the transcription of a large number of cyto-
kines, adhesion molecules, and many other proteins 
involved in the septic response. TNF-α is an especially 

important product. It as well as other products signal 
innate immune cells that also signal through NF-κB to 
amplify the process. At the same time, pathways are acti-
vated such as AFT3 which act on HDAC to inhibit the 
transcriptional action of NFκB. TLR4 also produces cyto-
kines such as IL-10 that can inhibit the inflammatory 
process
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 baseline value, but the increase in cardiac output 
with the bolus in the LPS group was less than the 
increase in the control group. At 8 h, the cardiac 
output in the LPS group still was higher than in 
the controls.

The blood pressure did not change at 1 h post 
LPS infusion, even though the cardiac output 
had increased. By 3 h the blood pressure fell by 
20%, and fell further by 8 h despite the volume 
infusion. Although systemic vascular resistance 
(SVR) began to improve by a small amount at 
the start of volume infusion, it then continued to 
decline to 25% of the baseline value by 5 h and 
then moderately improved despite the still fall-
ing blood pressure. These observations indicate 
the limited effect of volume on blood pressure 
and that there is a dissociation between arterial 
pressure and systemic vascular resistance that 
only can be recognized by measuring cardiac 
output. It also indicates that an increase in car-
diac output can be an early sign of impending 
sepsis.

The pulmonary capillary wedge pressure 
(Ppcw) and pulmonary arterial pressure (PAP) 
increased in both groups after the volume infu-

sion; values peaked at 5 h. By 8 h the rise in PAP 
normalized in the control group but still remained 
moderately increased in the LPS group.

There was a small initial 5% increase in left 
ventricular (LV) end-diastolic volume at 1  h, 
with a return to baseline at 3 h and an associated 
5% increase in the EF.  Following the volume 
infusion, LV end-diastolic volume increased by 
15% and the EF fell by 10%. At 24 and 48  h 
after the infusion of LPS all echocardiographic 
parameters had returned to normal. This quick 
reversibility indicates that cytokine-induced 
depression of cardiac function does not produce 
direct damage to myocytes. It is of interest that 
the increase in LV volume only occurred after 
the volume infusion. This might suggest that 
volume infusion, which was not given for a clin-
ical reason but rather as part of the protocol, 
“caused the dilatation”. I would prefer to think 
that the volume infusion just made the LV dys-
function apparent and the volume given allowed 
for a higher venous return and the maintenance 
of a higher cardiac output, which was necessary 
for normal function because of the maldistribu-
tion of flow.
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Fig. 52.2 Response of human volunteers to injection of 
LPS (endotoxin). Responses for 8  h are shown for (a) 
Temperature, and percent change for (b) cardiac index 
(CI), (c) heart rate (HR), (d) mean arterial pressure MAP), 
(e) systemic vascular resistance (SVR), and (f) pulmonary 
capillary wedge pressure (PCW). The dark circles are 

controls (n  =  3) and open circles are LPS (n  =  6). The 
arrow marks infusion of volume. The dotted lines indicate 
the baseline value. Data are mean ± SD. Details are in the 
text. (From Suffredini et al. (Suffredini et al. 1989). Used 
with permission of the Massachusetts Medical Society)
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A striking case report gives further insight into 
activation of the sepsis syndrome and because of 
the nature of the event, it is included here under 
“experimental”. Two and half hours before pre-
sentation, a middle-aged laboratory worker 
injected herself with 1500  ng/kg of Salmonella 
minnesota endotoxin in an attempt to treat her 
newly discovered malignancy (Taveira Da Silva 
et  al. 1993). For comparison, the usual dose of 
LPS used in normal human volunteers is 4 ng/kg 
of E. coli endotoxin. The woman had the typical 
increase in cardiac output, tachycardia, hypoten-
sion, and severe hypotension related to a marked 

fall in SVR. She also had an initial fall in her neu-
trophil (PMN) count to 1.6  ×  106/L.  Her PMN 
rose to a peak of 37 × 106/L at 24 h. Her liver 
enzymes rose, her serum creatinine doubled, and 
she had a mild acidemia. The cytokines TNF-α, 
interleukins IL-6 and IL-8, and granulocyte 
colony- stimulating factors all were markedly 
elevated. By 72  h her signs and symptoms had 
resolved. Lessons from these two studies are that 
bacteria are not needed for the process, cytokines 
drive the septic process, and if the inciting signal 
is no longer present, the severe process turns off 
fairly quickly.
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 Animal Data

Pigs treated with a low-dose endotoxin infusion 
had similar responses to those observed in the 
human studies but with some notable differences 
(Figs.  52.4, 52.5, 52.6, and 52.7) (Magder and 
Vanelli 1996). Cardiac output fell in the first hour 
and then rose by about 20% by 2 h, which is less 
than the rise in cardiac output seen in the human 

studies. This occurred with what appeared to be 
an increase in the cardiac function curve 
(Fig. 52.4). Arterial pressure fell after 1 h and, as 
in the human studies, this was due to a fall in sys-
temic vascular resistance (Fig. 52.5). In the por-
cine studies, there was a large increase in PAP in 
the first hour and it remained elevated at a more 
moderate level (Mehta et  al. 1999a), but there 
was minimal change in PAP in the human study. 
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Fig. 52.4 On the left side (a) Venous return and cardiac 
function curves from pigs under baseline condition, after 
2  h of treatment with endotoxin (endo), and then with 
nitric oxide synthase inhibitor L-NAME. On the left side, 
the animals were given volume to maintain the baseline 
Pra (right atrial pressure). In the right panels (b) In the 
right panels volume was not given. See text for details. 
Note that with volume and Endo, the venous return curve 
shifted to the right (control close circle, endo open) and the 
slope slightly increased (i.e., lower resistance to venous 

return – RVR). The cardiac function curve shifted upward 
suggesting improved function. When no volume was 
given, RVR increased and MSFP (x-intercept) decreased 
indicating an increase in vascular capacitance. There was 
the striking depression of the cardiac function curve when 
the volume was not given. Application of L-NAME (open 
square) depressed cardiac function and markedly lowered 
its plateau; the effect was even greater without volume as 
was the effect on RVR. (From Magder and Vanelli (Magder 
and Vanelli 1996). Used with permission of Elsevier)
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Fig. 52.5 Arterial flow versus pressure curves (1/resis-
tance) for the same animals as in Fig.  52.5. The lines 
drawn through the mean points indicate the approximate 
average slopes. Volume-treated animals are on the left (a) 
and no volume on the right (b). Symbols are the same as 
in Fig.  52.5. In both groups, after LPS the arterial flow 
versus pressure curve became much steeper (decreased 

resistance) and there was a small increase in the x- intercept 
(arterial critical closing pressure). L-NAME restored the 
resistance to the baseline value but markedly increased the 
arterial critical closing pressure in both conditions. (From 
Magder and Vanelli (Magder and Vanelli 1996). Used 
with permission of Elsevier)

8

7

6

5

4

C
ar

d
ia

c 
O

u
tp

u
t 

(I
/m

in
)

3

2

1

0
0 10 20 30 40 50

PAP (mmHg) PAP (mmHg)

60 0 10 20 30 40 50 60

8

7

6

5

4

3

2

1

0

a b

Fig. 52.6 Pulmonary artery flow (cardiac output) versus 
pulmonary artery pressure (PAP) curves (1/resistance) for 
the same animals as in Fig. 52.5. Volume-treated animals 
are on the left (a) and no volume on the right (b). Symbols 
are the same as in Figs. 52.5 and 52.6. In volume-treated 
animals the flow vs pressure curve had a small parallel 
shift to the right and no change in slope (i.e., 1/resistance); 
this indicates a small increase in pulmonary vascular criti-

cal closing pressure. When no volume was given, there 
was a moderate increase in pulmonary vascular resistance 
but a very marked increase in the pulmonary critical clos-
ing pressure so that PAP was markedly elevated. These 
effects were greatly increased with L-NAME. (From 
Magder and Vanelli (Magder and Vanelli 1996). Used 
with permission of Elsevier)
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The pressure-flow relationship of the pulmonary 
vasculature was evaluated after 2  h with three 
repeated rapid boluses of blood. What was appar-
ent was that the pulmonary artery resistance (i.e., 
slope of the pressure-flow relationship) was 
unchanged from baseline but the pressure inter-
cept (i.e., x-intercept) increased indicating the 
development of non-zone III conditions in the 
pulmonary vasculature (Fig.  52.6). Another 
observation was that when the volume was given, 
vascular capacitance increased (i.e., the total vas-
cular pressure-volume curve shifted to the right), 
which is consistent with the generalized decrease 
in vascular tone. However, the mean systemic 
filling pressure (MSFP) still was higher than 
baseline because of the infused volume 
(Fig. 52.7).

Sepsis has been studied in an extensive 
series of studies by Natanson and co-workers 
who implanted an infected clot in the abdomen 
of dogs to create a model of abdominal sepsis. 
Results from their work will be referred to 
throughout this review (Karzai et  al. 1995; 
Natanson et al. 1990; Natanson 1990; Natanson 
et al. 1989a; Natanson et al. 1989b; Natanson 

et  al. 1988; Natanson et  al. 1986). The time 
course of changes in LV and EF was very simi-
lar to the pattern seen in humans given LPS 
(Natanson et  al. 1986). A limitation of their 
studies was that cardiac output did not rise 
with sepsis as it does in humans. Another large 
series of animal studies were performed by 
Traber and co- workers (Talke et al. 1985; Pittet 
et al. 2000; Traber 2000) as well as Pittet et al. 
who used an ovine model of sepsis with a slow 
infusion of endotoxin in awake lambs over a 
few days. About half the animals developed an 
increased cardiac output and a distributive 
state but they did not address the underlying 
mechanical changes in the circulation to 
account for it.

 Vascular Mechanics Required  
for the High Cardiac Output State

A striking feature of patients in septic shock is 
that cardiac output is increased in the majority of 
patients but yet they have severe hypotension 
which responds poorly to vasopressors. How can 
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Fig. 52.7 MSFP versus total vascular volume for the 
same animals as in Figs. 52.5, 52.6, and 52.7. The slope of 
this relationship is 1/compliance. Volume-treated animals 
are on the left (a) and no volume on the right (b). Symbols 
are the same as in Figs. 52.5, 52.6, and 52.7. In volume-
treated animals, LPS shifted the line in parallel to the right 
indicating an increase in vascular capacitance (shift of 
stressed into unstressed volume). In animals not given 

volume, there was a slight decrease in capacitance. In 
volume- treated animals given L-NAME after LPS, there 
was a partial return to the left of the compliance curve in 
volume- treated animals but in non-volume-treated ani-
mals there was a small rightward shift (i.e., increase in 
capacitance). (From Magder and Vanelli (Magder and 
Vanelli 1996). Used with permission of Elsevier)

52 Pathophysiology of Sepsis and Heart-Lung Interactions: Part 1, Presentation and Mechanisms



830

these two be reconciled? It is best to start with a 
basic relationship:

 BP cardiac output SVR~ ×  (52.1)

It becomes obvious that since cardiac output is 
elevated in most cases of sepsis and as was seen 
in the study by Suffredini et al. (Suffredini et al. 
1989) and the self-poisoning case report, the pri-
mary cause of the hypotension in sepsis is a 
decrease in SVR, and not a fall but actually a rise 
in cardiac output. As reviewed in Chap. 2, cardiac 
output is determined by the interaction of cardiac 
function, as described in the Frank-Starling rela-
tionship, and the venous return function, as 
described by Arthur Guyton (Guyton 1955). A 
higher cardiac output indicates that more blood 
must be coming back to the heart so that more 
can go out. It at first might be considered that this 
occurs because the low SVR decreases LV after-
load and allows a higher cardiac output. However, 
this only can account for a small increase in car-
diac output because, as discussed in Chap. 2, the 
cardiac function does not determine what comes 
back to the heart, except by lowering right atrial 
pressure, which usually is not low in sepsis. It 
also needs to be appreciated that in normal physi-

ology, blood pressure is tightly regulated by the 
arterial baroreceptors and does not normally 
increase when cardiac output increases. This dis-
sociation was clearly evident in the Suffredini 
study (Suffredini et al. 1989). This means that a 
significant proportion of the decrease in SVR 
could be because the increased cardiac output 
triggers a baroreceptor decrease in SVR rather 
than the SVR producing the increase in cardiac 
output, although the lower arterial pressure does 
help the rise in cardiac output. Furthermore, PAP 
often is increased in sepsis, which means that 
right ventricular (RV) afterload actually is 
increased. The answer must be that the venous 
return function increased. It is important to 
appreciate that in the Suffredini study (Suffredini 
et al. 1989) (Fig. 52.2), cardiac output increased 
before exogenous fluid was given. This could 
have happened two ways. There could have been 
a decrease in vascular capacitance and recruit-
ment of unstressed volume into stressed volume 
(Rothe 1983a; Rothe 1983b); this would have 
increased MSFP and shifted the venous return 
curve to the right (Fig. 52.8). Alternatively, there 
could have been a decrease in venous resistance. 
These two possibilities are discussed next.
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Fig. 52.8 Theoretical comparison of the changes in 
venous return and cardiac function required to reach the 
elevated cardiac outputs in a septic patient (left) and a nor-
mal young male maximally exercising (right). Note that 
the y-axis scale on the right is double that of the left. In 
sepsis, despite depression of myocardial function, the 
compensating release of catecholamines and vagal with-
drawal increase heart rate and contractility and the func-
tion curve moves up (A–C) with a fall in Pra (right atrial 
pressure). If venous resistance decreases, there can be 

further increases in cardiac output (D, E) with little rise in 
Pra. An increase in vascular volume by volume infusion, 
or by constriction of vascular capacitance by NE, shifts 
the venous return curve to the right (increase in MSFP) 
and produce a much larger rise in cardiac output (F, G). 
On the right, during exercise, the cardiac output and CVP 
start the same but the rise is markedly greater because of 
the much larger increase in cardiac function, decrease in 
venous resistance, with a smaller increase in MSFP (H)
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Sepsis is associated with a generalized loss of 
vascular tone. Accordingly, in animal models of 
sepsis without volume resuscitation, MSFP falls. 
This indicates that vascular capacitance increases 
along with the general loss of vascular tone and 
cannot account for a rise in MSFP (Figs. 52.4 and 
52.7) (Magder and Vanelli 1996; Rastegarpanah 
and Magder 1998). Volume resuscitation thus 
likely restores intravascular volume and increases 
MSFP.  This then would produce the further 
increase in cardiac output with volume infusion 
observed by Suffredini et  al. in humans 
(Suffredini et al. 1989).

The other possibility is that there was a 
decrease in venous resistance. Given the very 
large increases in cardiac output that can occur in 
septic patients, this must be the case (Fig. 52.8). 
Venous resistance could decrease by dilation of 
venous resistance vessels as part of the general-
ized loss of vascular tone that also occurs in arte-
rial resistance vessels and even in the ventricles. 
It also could occur through a decrease in the tone 
of a sphincter-like mechanism that controls the 
venous outflow from the splanchnic circulation; 
this is known to occur by the action of beta ago-
nists in response to decreased baroreceptor tone 
(Deschamps and Magder 1992; Greenway 1983; 
Green 1977). Unfortunately, it has not been pos-
sible to demonstrate a decrease in venous resis-
tance in septic animals. This is because, in 
contrast to what happens in septic humans, car-
diac output generally is decreased and SVR 
increased in most animal models of sepsis, and 
especially in studies with rats and mice. Of inter-
est, SVR is frequently increased in children 
(Wheeler and Wong 2016; Ceneviva et al. 1998). 
The reasons given for this in children are that 
children are more sensitive to changes in after-
load, their endothelium tends to respond to stress 
by sending vaso-constricting signals instead of 
vasodilatory signals, they have a greater depen-
dency on Ca2+ and beta adrenergic activity, and 
there is less total cardiac muscle mass to suffi-
ciently increase contractility in response to the 
stress (Wheeler and Wong 2016). Some of these 
factors may also be true in small mammals.

An effective decrease in venous resistance 
also occurs if there is redistribution of blood flow 

to the muscle vasculature because of its faster 
time constant of drainage than the splanchnic cir-
culation (Deschamps and Magder 1992; Green 
1977; Mitzner and Goldberg 1975). This is 
known to occur through baroreceptor signaling 
and infusion of beta-agonists. This redistribution 
has not been shown in septic animal models, but 
as already noted, they do not mimic the usual dis-
tributive shock seen in the human condition, and 
the experimental conditions needed to measure 
these changes are very complex (Deschamps and 
Magder 1992). A final mechanism could be con-
gestion of the liver because liver congestion 
decreases the venous compliance of splanchnic 
vasculature and a decrease in compliance (not 
capacitance) decreases the time constant of drain-
age of a vascular bed (Magder and Quinn 1991). 
This would effectively appear as a decrease in the 
resistance to venous return because the time con-
stant of drainage of the splanchnic vasculature 
would become faster.

Cardiac output can increase without an 
increase in cardiac function by the Frank-Starling 
mechanism when venous return increases 
(Patterson and Starling 1914). However, the 
increase in cardiac output by this mechanism is 
modest and cannot explain the high cardiac out-
put observed in septic patients. This is because of 
the normal limit of right heart filling. Thus, there 
also must be an increase in cardiac function. Yet, 
it is widely accepted that myocardial function is 
depressed in septic patients (Parker et  al. 1989, 
1990) and animals (Magder and Vanelli 1996; 
Natanson et al. 1986; Ognibene et al. 1988). This 
most commonly is identified by dilatation of the 
LV and a decrease in the ejection fraction 
(Fig.  52.3). This seeming contradiction can be 
understood by appreciating that in vivo there are 
competing factors. First, the increase in diastolic 
size can allow stroke volume to be maintained or 
even increased at the same heart rate and LV end- 
systolic pressure volume relationship (LVESPV). 
The decrease in systemic arterial pressure 
decreases LV afterload and shifts the cardiac 
function curve upward. Increased sympathetic 
drive also increases heart rate and restores some 
of the loss of contractility as represented by an 
increase in the LV end-systolic elastance, which 
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further shifts the cardiac function curve upward. 
The combination of all these factors allows for a 
higher cardiac output and improvement in the 
cardiac function curve despite the intrinsic func-
tion of the heart being depressed. The depression 
would be evident if the cardiac output was driven 
to its maximum capacity, but is not evident at 
sub-maximum conditions (Fig.  52.8). Thus, a 
distinction needs to be made between an increase 
in cardiac output and a decrease in cardiac func-
tion that could still be pushed by other factors to 
give a higher cardiac output than normal.

Another somewhat surprising observation is 
that non-surviving septic patients have less dila-
tation of the LV than surviving patients (Fig. 52.3) 
(Parker et  al. 1987, 1989). This might be 
explained by their being more RV dysfunction 
when sepsis is worse. The depressed RV then 
cannot pass sufficient volume to the LV to allow 
it to dilate. This could be a direct effect on RV 
myocardium or due to increased PAP compro-
mising the RV output as in the porcine study 
shown in Fig. 52.7.

PAP commonly increases in sepsis and this can 
potentially compromise overall cardiac function 
by increasing RV afterload (Suffredini et al. 1989; 
Parker et al. 1987). It also rises in the hyperdy-
namic sheep studies (Talke et al. 1985; Pittet et al. 
2000). Of note, in Suffredini et  al. (Suffredini 
et al. 1989) on normal subject treated with LPS, 
PAP only increased after volume was given, and 
the increase in cardiac output was the same in the 
control subjects except that their PAP fell after the 
fluid infusion but it did not fall in the LPS sub-
jects. An increase in PAP can be due to increased 
pulmonary vascular resistance as well as an 
increase in non-zone III lung, lung injury which 
produces loss of effective lung tissue and thus loss 
of vascular cross- sectional vascular area, hypoxic 
vasoconstriction, and by the often required 
mechanical ventilator support. As discussed in 
Chap. 3, the RV does not tolerate pressure loads 
well. The tolerance is even worse in sepsis because 
of the intrinsic compromise of cardiac muscle and 
increased volume returning per minute. The rise 
in PAP in response to an infusion of LPS has two 
phases in animal studies which were identified by 
the use of pharmacological inhibitors (Javeshghani 

and Magder 2001a; Yamamoto et al. 1997). There 
is an early marked rise due to the release of throm-
boxane A2 and a later phase with a smaller 
increase in PAP which was due to endothelin-1 
(Yamamoto et al. 1997).

 Coronary Blood Flow 
and Myocardial Ischemia

A rise in troponins is frequent in patients with 
septic shock. The increase is generally in propor-
tion to the degree of myocardial depression and 
thus correlates with mortality. This raises the 
question as to whether the myocardial injury in 
septic shock patients is due to impaired coronary 
blood flow and ischemic myocardium. To 
address the issue, Cunnion et al. (Cunnion et al. 
1986) placed catheters in the coronary sinus of 
patients with septic shock and measured coro-
nary blood flow and extraction of lactate. 
Coronary blood flow was increased in all sub-
jects and the increase was greatest in those who 
died. Fractional O2 extraction was decreased, as 
has been observed in other tissues (Duff et  al. 
1969; MacLean et  al. 1967), and there was no 
decrease in lactate extraction. Similar studies 
were performed by Dhainaut et  al. (Dhainaut 
1987). They, too, found that coronary flow was 
increased in septic patients and the coronary 
flow was even higher in those that died. It thus is 
evident that the low blood pressure in septic 
shock does not compromise coronary flow. The 
coronary arteries dilate as part of the generalized 
vasodilation and according to the metabolic 
needs of the heart. Coronary reserves are very 
large and are sufficient for the heart’s needs even 
in shock (Magder 1986). The authors also found 
that lactate extraction was not decreased but 
rather increased, and there was a marked reduc-
tion in the extraction of free fatty acids. These 
results indicate that the primary problem is the 
distribution of flow and the uptake of substrates 
by myofibres. It also is unlikely that the troponin 
indicates irreversible ischemic damage and that 
it indicates a failure to deal with the turnover and 
degradation of proteins as part of normal recy-
cling processes (Weil et al. 2018; White 2011).
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In further studies in his septic dog model, 
Natanson and co-workers found that a catechol-
amine challenge doubled myocardial O2 con-
sumption without any abnormality in O2 
extraction, lactate production, or intracellular 
concentrations of high-energy phosphate com-
pounds, further confirming that myocardial dys-
function in sepsis is not due to impaired O2 
delivery or utilization (Solomon et al. 1994).

 Basic Cellular Mechanisms

 Triggering the Process: Cytokine 
Cascade

The sepsis syndrome begins with activation of 
the innate immune system when pathogen- 
associated molecular patterns (PAMPS) in blood 
or tissues are recognized by pattern-recognition 
receptors (PRRs) (Bianchi 2007; Takeuchi and 
Akira 2010). This initiates a highly complex and 
coordinated transcriptional process that results in 
a large variety of proteins involved in the inflam-
matory process of which only key factors are 
highlighted here (Fig.  52.1). PAMPS include 
LPS, lipoteichoic acid, flagellin, mannan in 
fungi, DNA in bacteria, and double- or single- 
strand RNA in viruses. There are four classes of 
PRRs. Two are transmembrane proteins which 
include the 10 Toll-like receptors (TLR) (Takeda 
et al. 2003; Akira et al. 2001) and C-type lectin 
receptors. The other two are cytoplasmic proteins 
and include the Retinoic acid-inducible gene-1- 
like receptors (RLRs) and the NOD-like recep-
tors (NLRs), which are parts of inflammasomes 
(Takeuchi and Akira 2010). When tissue injury 
develops, endogenous damage-associated mole-
cules (DAMPs or Alarmins) are released and also 
can bind to PPRs and further perpetuate the 
inflammatory state (Takeuchi and Akira 2010).

Once PAMPS bind to PPRs, intracellular sig-
naling pathways are activated. These most often 
cause the translocation of nuclear factor-κB 
(NFκB) and the transcription of cytokine mRNA 
(Takeuchi and Akira 2010; Bohrer et  al. 1997). 
Bacterial infections primarily activate TLR2 and 
TLR4 (Fig. 52.1). One of the first cytokines to be 

produced in the pathway is tumor necrosis 
factor-α (TNFα) (Angus and van der Poll 2013; 
Thiemermann et  al. 1993a; Beutler and Cerami 
1986; Dinarello et al. 1986; Tracey et al. 1986; 
Beutler et al. 1985; Ziegler 1988). It then feeds 
back on its own cellular receptors and drives fur-
ther cytokine production. At the same time that 
pro-inflammatory cytokines are being produced, 
there also is the expression of anti-inflammatory 
cytokines, such as IL-10, which begin to dampen 
the process (Cavaillon et al. 1994). As well, tran-
scriptional processes are negatively regulated by 
simultaneous activation of such factors as tran-
scription factor-3 (ATF3) which acts by increas-
ing histone deacetylase activity (Takeuchi and 
Akira 2010) which inhibits transcriptional pro-
cesses. There also is the activation of the acquired 
immune system that can both amplify and turn 
down the inflammatory pathway (Angus and van 
der Poll 2013; Hotchkiss and Karl 2003; van der 
Poll et al. 1997; Opal and DePalo 2000).

Because TNFα is produced so early in the sep-
tic process, and because it triggers the transcrip-
tion of a host of other cytokines, it was considered 
to be a good target to silence, and thereby turn 
down the inflammatory state (Tracey et al. 1987). 
However, this rational failed in clinical trials 
(Abraham et  al. 1995, 1997, 1998). This naïve 
thought has been repeated many times with drugs 
targeted against multiple mediators of the septic 
response (Marshall 2014). The signaling by 
TNFα does start early in the process, and it is at 
the top of the cytokine cascade, but there are 
other redundant pathways that have the same 
intracellular signaling pathways. For example, in 
endothelial cells, the transcriptional profile of 
LPS and TNFα are almost identical except for 
some extra mRNA induced or suppressed by 
TNFα which has two receptors (Magder et  al. 
2006). It also is a common mistake to think that 
the inflammatory process is not active when 
TNFα is not evident. This simply could mean that 
its time of expression has passed and other down-
stream cytokines are active. As an example, in the 
study by Suffredini et al. (Suffredini et al. 1989), 
TNFα expression was almost gone by 3 h after 
the LPS bolus and also in the case report of 
the overdose of LPS (Taveira Da Silva et  al. 
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1993). In the overdose case report, there was no 
expression of IL-6 at 1 h and but IL-6 peaked at 
6 h. A very similar pattern was found in endothe-
lial cells grown in culture and treated with endo-
toxin (Magder et al. 2006). Thus, when trying to 
understand the evolution of pathological pro-
cesses, the timing of cytokine measurements from 
a known starting point is very important (Werner 
et  al. 2005), but it is not possible to precisely 
know this time of onset in most human diseases.

 Drivers of the Clinical Manifestations

In a large percentage of patients with sepsis, and 
even septic shock, the onset of symptoms is rela-
tively fast, but if treatment is started promptly, 
marked recovery can to seen as early as 8–10 h 
after the onset, and supportive therapies can be 
de-escalated rapidly. The implication of this 
observation is that tissues must not be irreparably 
damaged by the initial septic process, but instead, 
they have alterations in their normal metabolic 
functions and transcriptional profile. In support 
of this, autopsy studies have shown a marked dis-
cordance between histological findings and the 
degree of clinical organ dysfunction (Hotchkiss 
and Karl 2003). Little cell death is seen in the 
heart, kidney, liver, and lung (Singer 2014). The 
main two cell types dying are lymphocytes and 
gastrointestinal epithelial cells. The question then 
becomes what is producing this reversible disrup-
tion of normal homeostatic mechanisms 
(Hotchkiss and Karl 2003).

 Vascular Failure in Sepsis

An important early step in the understanding of 
the pathophysiology of sepsis was the observa-
tion by McClean and co-workers that the venous 
O2 saturation in septic patients was normal or 
higher than normal even though serum lactate 
concentration was elevated (Duff et  al. 1969; 
MacLean et  al. 1967; Wright et  al. 1971). This 
indicated that the problem was not an inadequate 
supply of O2 to tissues, but rather a failure of tis-

sues to use the delivered O2 in normal metabo-
lism. They hypothesized that this was because 
blood flow bypassed the capillary beds through 
alternative shunt-like channels that dilated as part 
of the septic process. The problem also could 
have been because the microcirculation became 
obstructed by micro-thrombi, which diverted the 
blood (Russell 2006). These processes produce 
an ischemic hypoxemia. An alternative hypothe-
sis also emerged that the problem is not related to 
blood flow, but rather to the failure of the mito-
chondria to extract the O2 in what is called cyto-
toxic hypoxia (Singer 2007; Fink 2001). Likely 
both occur.

 Mechanisms of Vascular Dysfunction

A major challenge for clinicians dealing with 
septic patients is how to maintain adequate car-
diovascular system performance that can main-
tain the perfusion needs of the tissues. Even 
though inadequate flow may not be the primary 
process, adequate distribution of blood flow is 
necessary to deliver antibiotics as well as the 
body’s immune cells and agents that are needed 
to reverse the septic process. The primary vascu-
lar problem is the failure of vascular smooth 
muscle to maintain appropriate vascular tone. 
The consequence is loss of a steady perfusion 
pressure, maldistribution of blood flow on a 
global level and at a microcirculatory level, and 
failure to maintain adequate vascular filling pres-
sures for the return of blood to the heart in the 
time available for each cardiac cycle. The second 
major problem is a change in the expression pro-
file of normal endothelium to a phenotype that is 
prothombotic, pro-inflammatory, and has dimin-
ished barrier function (Russell 2006; Engelmann 
and Massberg 2013; Singla and Machado 2018). 
Currently, there are no therapies directed specifi-
cally at endothelial dysfunction except possible 
manipulations of the coagulation system (Bernard 
et al. 2001). This chapter thus will primarily dis-
cuss vascular smooth muscle dysfunction.

As a brief background, a fundamental princi-
ple for understanding vascular smooth muscle 
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tone is that the tone is determined by the concen-
tration of cytoplasmic calcium ions ([Ca2+]) 
which acts through the action of Ca2+ on proteins 
that regulate the activity contractile proteins. Ca2+ 
enters the cytoplasm from extracellular and intra-
cellular stores (sarcoplasmic reticulum) 
(Fig.  52.9). An increase in cytoplasmic [Ca2] 
increases muscle tone and a decrease in cytoplas-
mic [Ca2] decreases muscle tone in all muscle 
types. The primary action of Ca2+ is on the kinase 
calmodulin which when phosphorylated increases 
the activity of the regulatory component of the 
light chain of myosin. This allows actin to acti-
vate myosin ATPase and contraction to occur. A 
counter-regulatory mechanism also exists. 
Activation of cyclic guanosine monophosphate 
(cGMP) activates a phosphatase that removes the 
phosphate and deceases the activity of the regula-
tory component of the myosin light chain and 
thereby reduces the force of muscle contraction 
(Landry and Oliver 2001).

 Role of Potassium ATP Channel

The activation of intracellular processes is very 
dependent upon the electrical charge (i.e., trans- 
membrane potential) across the cell membrane 
because the transmembrane potential controls the 
influx of Ca2+. Potassium ion (K+) is the primary 
determinant of transmembrane potential. Of the 
four known K+ channels, the K+-ATP channel 
(KATP) has been of particular interest because it is 
linked to metabolism (Landry and Oliver 2001; 
Landry and Oliver 1992; Lange et al. 2008). This 
discussion involves the role of this channel in 
vascular smooth muscle. An increase in H+ and 
lactate, as would exist with muscle activity and 
increased energy needs, activates this channel. K+ 
is extruded from the cell, and the membrane 
becomes hyperpolarized (more negative) relative 
to the outside. Less Ca2+ enters the smooth mus-
cle cells and they relax. Under physiological con-
ditions, this allows tissue blood flow to increase 
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Fig. 52.9 General outline of calcium regulation of cyto-
plasm in sarcomeres (myocardial cells). Increased cyto-
plasmic Ca2+ is the key factor for activation of actin-myosin 
sliding filaments and force production. During the plateau 
of the action potential Ca2+ enters the cell through L-type 
Ca2+ channels (i.e., dihyropyridine – DHP). This triggers a 
larger release in Ca2+ from the sarcoplasmic reticulum 
(SR) via the Ryanodine receptor (RyR), which increases 
intracellular [Ca2+] and activates contraction. When the 

action potential repolarizes, the sarco-endoplasmic reticu-
lum Ca2+-ATPase (SERCA) pumps cytoplasmic Ca2+ back 
into the SR and ends contraction. Activities of both of 
pumps are altered by changes in the redox state and for 
SERCA, by alterations in sulfhydryl through the action of 
nitrotyrosine which derives from nitric oxide (NO). 
Alterations in the handling of Ca2+ by these two pumps are 
potentially important targets for the loss of vascular tone 
and decreased myocardial function in sepsis
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in relation to metabolic demand. It was hypothe-
sized that the increase in H+ and lactate during 
sepsis activates this channel and thereby 
decreases vascular smooth muscle tone. If true, 
an inhibitor of KATP such as the sulfonylurea 
drugs used in diabetes could potentially restore 
vascular tone. This indeed was demonstrated in 
controlled animal studies. However, it failed in 
human studies (Lange et al. 2008; Morelli et al. 
2007; Chan et  al. 2012; Warrillow et  al. 2006). 
There are a number of reasons why this might 
have happened (Dünser and Brunauer 2012). 
First, the many other regulatory systems likely 
over-rode the importance of KATP channels under 
pathological conditions. However, a more impor-
tant argument may be that the hypothesis required 
the inhibitor prevent the hyperpolarization of the 
cell membrane by the KATP. Maintenance of 
membrane potential is an energy-expensive activ-
ity that takes up a lot of an organism’s resting 
energy needs. Under septic conditions, and when 
there are abnormal metabolic processes and dis-
ordered energy use, it is more likely that the 
transmembrane potential is already decreased 
because of the failure of systems required to 
maintain it. At cell death, there is no transmem-
brane potential! The real problem thus is more 
likely that intracellular regulation of the phos-
phorylation status of the myosin is already altered 
and that it is no longer simply regulated by the 
transmembrane potential and external factors. 
For example, methylene blue, which inhibits the 
intracellular mediator cGMP, can increase arte-
rial pressure when adrenergic agents fail, but 
unfortunately, this effect is short lived as other 
intracellular factors likely counter act it (Preiser 
et al. 1995; Keaney et al. 1994; Schneider et al. 
1992).

 Nitric Oxide and Superoxide

In the 1980s the gas nitric oxide (NO), and the 
enzymes that make it, nitric oxide synthases 
(NOS), were identified as new regulators of intra-
cellular [Ca2+] and vascular tone (Petros et  al. 
1991a; Moncada 1992; Furchgott and Zawadzki 
1980). NOS enzymes are found in endothelial 

cells, neutrophils and macrophages, cardiac cells, 
and neuronal cells. When discovered, these 
enzymes created a revolution in vascular biology 
and many other physiological processes. There 
are three types of NOS: endothelial NOS (eNOS), 
neuronal NOS (nNOS), and an inducible NOS 
(iNOS), which is primarily found in inflamma-
tory cells. There was particular interest in iNOS 
because its transcription is markedly increased as 
part of the inflammatory response, whereas tran-
scription of eNOS and bNOS are only moder-
ately regulated. Instead, the production of NO by 
eNOS and bNOS is regulated by membrane regu-
lators of intracellular [Ca2] (Preiser et al. 1995; 
Keaney et al. 1994) and thus their production of 
NO is regulated and responsive to physiological 
demands. In contrast, NO production by iNOS is 
not regulated by intracellular [Ca2], and the 
amount of NO produced is dependent upon how 
much iNOS protein is produced. As a result, 
iNOS can produce large amounts of NO without 
counter-regulatory processes and can cause major 
vascular vasodilation in septic animals. It thus 
was hypothesized that production of iNOS is the 
major player in the vasodilation in septic shock 
(Hom et al. 1995; Thiemermann and Vane 1990) 
as well as in severe hemorrhagic shock (Landry 
and Oliver 2001; Thiemermann et al. 1993b), and 
that blocking NOS production of NO would be a 
useful therapeutic tool for patients with refrac-
tory septic shock (Petros et al. 1991a; Szabo et al. 
1993). Indeed, in small early series of patients 
with septic shock, an NOS inhibitor restored arte-
rial pressure (Petros et  al. 1991b; Nava et  al. 
1992). However, a subsequent large, multicenter, 
double-blind randomized study was stopped pre-
maturely because of increased harm in the NOS 
inhibitor group (Lopez et  al. 2004). What went 
wrong? The answer to this is informative for 
many of the other treatments that have been tried 
but have failed in sepsis.

First, in the preliminary study by Petros et al., 
the NOS inhibitor raised blood pressure but did 
not change or even decrease cardiac output 
(Petros et al. 1991b). It is important to remember 
that pressure is not flow, and it is blood flow that 
counts for tissue function. The second problem is 
that NO from eNOS plays a very important role 
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in vascular health, including regulation of down-
stream resistances by flow-mediated dilation and 
maintenance of an antithrombotic and anti- 
inflammatory endothelial phenotype and that NO 
from nNOS is important for normal neuronal and 
even cardiac function. These functions were 
inhibited by the non-specific NOS inhibition. 
More importantly, though, is that the original 
studies were done in rats and mice. These species 
have a robust induction of iNOS (Stewart et al. 
1995) in response to cytokines and LPS, but this 
is not the case in larger animals and humans. 
Although iNOS messenger RNA (mRNA) has 
been identified in a number of human tissues, 
including vascular smooth muscle (MacNaul and 
Hutchinson 1993), macrophages (Weinberg et al. 
1995; Reiling et  al. 1994), hepatocytes (Geller 
et  al. 1995), synovial cells of inflamed joints 
(Sakurai et  al. 1995), thyroid cells in culture 
(Kasai et al. 1995), breast cancer cells (Thomsen 
et  al. 1995), squamous cell carcinoma (Rosbe 
et al. 1995), and renal tubular cells (McLay et al. 
1994), the only evidence for iNOS protein was 
obtained by immunostaining which is not spe-
cific. None of these studies showed protein by 
western blotting, the definitive marker of iNOS 
protein, whereas the protein is very easy to iden-
tify in rodents (Thiemermann and Vane 1990). 
The one exception is the detection of significant 
amounts of iNOS protein expressed in the nares 
and upper airways of human and it is associated 
with measurable constitutive NO production. 
This is thought to have a protective role in regu-
lating airway tone. iNOS also has been found in 
the hearts of patients with end-stage heart failure 
in some studies (Haywood et al. 1996), but not in 
others (Stein et  al. 1998) although in the study 
that claimed to find iNOS protein, the protein 
was a different size than the reference sample on 
the western blot (Haywood et al. 1996). We, too, 
found induction of iNOS mRNA in pigs treated 
with LPS but failed to find iNOS protein by west-
ern blot in multiple tissues (Javeshghani and 
Magder 2001b; Mehta et  al. 1999b). iNOS has 
been found in human neutrophils by enrichment 
techniques (Javeshghani and Magder 2001b; 
Wheeler et al. 1997) and we, too, were able to use 
such an approach to verify that there was a very 

low detectable level of iNOS protein and that our 
antibody was working. Natanson and coworkers 
also found limited evidence of increased NO 
metabolites in the acute stage of sepsis in dogs 
(Quezado et  al. 1998). An interesting report of 
iNOS in human neuronal and ocular tissues 
showed that there are two isoforms of iNOS in 
humans and one isoform produces little NO (Park 
et al. 1996). Thus, although iNOS induction fre-
quently is cited as a mechanism for the loss of 
vascular tone in septic shock in humans, it is 
unlikely that iNOS plays a significant role. Zhang 
et al. showed that the difficulty in inducing iNOS 
in human tissues may be related to a mutation in 
the human iNOS promotor which results in an 
inactivating nucleotide substitution in the 
enhancer element that responds in rats to inter-
feron δ. There also is the absence of a nuclear 
factor that is induced in rats (Zhang et al. 1996). 
Based on all this evidence, it is hardly surprising 
that the clinical trial of an NOS inhibitor for sep-
tic shock not only failed, but actually produced 
harm (Lopez et al. 2004). This likely was because 
there was limited pathological iNOS to act on 
and the inhibitor then only inhibited physiologi-
cal NO production from eNOS and nNOS. To my 
mind, there, thus, is little value for pursing newer 
agents to deal with iNOS for human sepsis.

Despite the absence of significant iNOS in 
humans, dogs and pigs, inhibition of NO had 
profound effects in porcine LPS studies. This 
indicates that constitutive sources NO, likely 
primarily from eNOS, but also possibly from 
nNOS (Javeshghani and Magder 2001b), play 
an important positive role in sepsis. In pigs, 
infusion of a non-specific NOS inhibitor, 
N-methyl-L- arginine (L-NAME) produced 
marked depression of cardiac function, and 
importantly, markedly reduced the plateau of 
the cardiac  function curve (Magder and Vanelli 
1996) (Fig. 52.4). This was associated with a 
marked increase in the resistance to venous 
return (Fig.  52.4). These effects were much 
greater when the animal was not volume 
resuscitated; this will be discussed further 
under the section on the use of volume for 
resuscitation in Part 2. L-NAME decreased 
the LPS- induced increase in capacitance, 
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indicating that L-NAME produced constriction 
of veins in the capacitance region (Fig.  52.7). 
The effect of L-NAME on arterial pressure was 
unexpected and only was detected because arte-
rial pressure- flow lines were constructed 
(Fig. 52.5). The relationship was shifted to the 
right with no change in the slope. This indicates 
that its effect was primarily on the arterial criti-
cal closing pressure (Magder 1990) rather than 
the actual resistance as has been previously 
observed in the hind limbs of normal dogs 
(Shrier and Magder 1993). Its most striking 
effect was on the pulmonary vascular flow ver-
sus pressure relationships (Fig.  52.6). It only 
had a moderate effect on the slope of the arterial 
flow versus pressure relationship, which repre-
sents pulmonary vascular resistance, but it pro-
duced a striking increase in the pulmonary 
arterial outflow pressure (i.e., critical closing 
pressure) which markedly increased the load on 
the RV and likely was an important factor in the 
marked decrease in RV function.

A surprising observation in the porcine sepsis 
model was that although only a minimal amount 
of iNOS was induced, there still was a moderate 
increase in NO production from constitutive 
NOSs as indicated by increased expired NO, 
nitrates in the blood, and increased mRNA 
expression of these proteins (Mehta et al. 1999b). 
There also was increased expression of nitroty-
rosine in tissues. This strong reactive oxygen 
species is produced when NO reacts with super-
oxide (Beckman and Koppenol 1996; Liu et al. 
1994; Ischiropoulos et al. 1991) and it is thought 
to be one of the factors responsible for tissue 
damage from NO (Javeshghani and Magder 
2001a). Thus, we hypothesized that the increased 
production of nitrotyrosine occurred because of 
the moderate increase in constitutive NO from 
eNOS and bNOS combined with increased pro-
duction of superoxide. Two potential sources for 
increased superoxide production are the mito-
chondria (Galley 2011) and the enzyme complex 
nicotinamide- adenine-dinucleotide phosphate 
(NADPH) oxidase (Griendling et  al. 2000; De 
Keulenaer et  al. 1998; Brandes and Kreuzer 
2005; Brandes et  al. 1999). Pharmacological 
blockers of mitochondrial superoxide produc-

tion had little effect on the increased superoxide 
production, but blockers of NADPH oxidase 
reduced it.

NADPH oxidase has an important role in bac-
terial killing activity by phagocytic cells but it 
also exists in vascular smooth muscle and endo-
thelial cells and accounts for a large proportion of 
superoxide production in these cells and has a 
regulatory role (Al Ghouleh and Magder 2008; 
Griendling and Ushio-Fukai 1997). The issue 
then was that it may not be the NO that counts but 
the company that it keeps (Javeshghani and 
Magder 2001a) in that a mild increase in NO 
combined with a significant increase in superox-
ide could account for the production of toxic 
nitrotyrosine. In further studies, it was shown that 
superoxide produced by NADPH oxidase has an 
important regulatory role in the transcription of 
important molecules involved in the regulation of 
the septic response including vascular adhesion 
molecules and the cytokines interleukin-8 (IL-8) 
and IL-6 (Al Ghouleh and Magder 2008; Al 
Ghouleh and Magder 2012). IL-8 has a particu-
larly important role in bacterial sepsis because it 
regulates the attraction of polymorphonuclear 
cells (PMN) to sights of inflammation. One way 
that PMN kills bacteria is by producing superox-
ide. Superoxide has been shown to reduce the 
IL-8 mRNA stability (Al Ghouleh and Magder 
2012). By this process, the superoxide produced 
by PMN could reduce IL-8 protein production 
and thus help moderate the extent of PMN infil-
tration (Al Ghouleh and Magder 2012). On the 
other hand, the stability of IL-6 and ICAM 
mRNA was stabilized by superoxide indicating 
the very complicated interactions of signaling 
pathways and why it is unlikely that a single 
intervention can reduce the overall sepsis 
process.

 Mitochondrial Dysfunction

Another potential cause for the metabolic disrup-
tion in sepsis is depression, or even uncoupling, 
of mitochondrial function. Mitochondria are the 
central energy generator of the body through 
their production of ATP, the body’s major source 
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of energy (Singer 2007, 2014; Fink 2001; Brealey 
et al. 2004). In this process, mitochondrial metab-
olism accounts for 98% of total body O2 con-
sumption (Singer 2014). It also is worth noting 
that mitochondria are believed to have derived 
from bacteria which are the primary foreign 
invader in septic shock. It may thus not be sur-
prising that many of body’s host defense mecha-
nisms may also act on mitochondrial function. 
Many abnormalities in mitochondrial function 
have been documented in sepsis and will not be 
repeated here. In general, it can be said that mito-
chondrial respiration is impaired in sepsis. It is 
most likely not simply due to inadequate O2 sup-
ply (Fink 2001). Proposed causes of mitochon-
drial dysfunction in sepsis have included 
inhibition of their function by excess production 
NO, carbon monoxide, hydrogen sulfide, and 
reactive oxygen species such as peroxynitrite, 
hormonal perturbations, and morphological 
changes from oxidative injury (Galley 2011; 
Puthucheary et al. 2018). All these could be alter-
ing the fundamental membrane stability of the 
mitochondrial outer lining. A limitation of the 
mitochondrial hypothesis is that cellular dysfunc-
tion is necessary for all these potential “causes” 
to be active so that this still leaves the question as 
to what started the original process that resulted 
in mitochondrial dysfunction. The argument then 
might be made that mitochondrial dysfunction is 
just an epi-phenomenon but when it occurs, it is a 
key factor perpetuating the process (Fink 2015).

 Intracellular Calcium Regulation

As already discussed, smooth muscle tone and 
cardiac muscle contractions are highly dependent 
upon intracellular [Ca2+]. This is regulated by two 
sources of Ca2+ (Fig. 52.9). One is Ca2+ that comes 
in through cell walls and the other is Ca2+ that is 
taken up and released from the sarcoplasmic retic-
ulum (SR). Ca2+ entering across the cell mem-
brane sets the overall intracellular Ca2+ content. 
This Ca2+ enters sarcomeres primarily through 
L-type calcium channels when sarcomere mem-
branes depolarize. The total intracellular [Ca2+] 
content also is regulated by a number of exchang-

ers that primarily extrude Ca2+ but also can allow 
its entry. These include the Na+/H+ exchanger and 
K-Ca2+ATPase. Rapid entry of Ca2+ through 
L-type Ca2+ channels triggers the release of Ca2+ 
from the SR, which sets the cytoplasmic Ca2+ con-
centration ([Ca2+], and thereby regulates activa-
tion of myosin-actin interaction and muscle force 
production. Ca2+ is released from the SR through 
its Ryanodine receptors (RyR) and [Ca2+] is taken 
back up by the SR by sarco/endoplasmic reticu-
lum Ca2+ ATPase (SERCA). The activity of these 
proteins can be modified by other proteins and 
their function in turn is altered by oxidation from 
reactive species (ROS). The RyR normally leaks 
out some Ca2+. This plays a role in relating muscle 
contractions to metabolic and transcriptional pro-
cesses. In patients with heart failure, the leak is 
increased and thought to be a factor in myocardial 
failure (George 2008) and could potentially play a 
similar role in the septic heart. This process seems 
to be redox sensitive and SERCA activity is espe-
cially highly regulated by the redox status 
(Fig. 52.10). Activity of both the RyR and SERCA 
is increased by beta-agonists. Moderate amounts 
of oxidation of sulfhydryl groups increase SERCA 
activity, whereas higher amounts produce irre-
versible oxidation and inhibit contractile function 
(Adachi et  al. 2004) (Fig.  52.10). NO has been 
shown to contribute to the oxidation of SERCA 
through the producing of peroxynitrite (Adachi 
et al. 2004) by the interaction of NO and superox-
ide. At low concentrations, peroxynitrite increases 
re- uptake of Ca2+ by SERCA and improves con-
tractile function but at higher concentrations, per-
oxynitrite irreversibly oxidizes SERCA and 
reduces Ca2+ re-uptake and contractile function. 
The combination of increased leak of Ca2+ from 
the SR and impaired uptake because of decreased 
SERCA function results in a failure of the con-
tractile activity of cardiac myocytes and vascular 
smooth muscle. Because these processes occur at 
the very level of contractile function in sepsis, 
they would then make these cells refractory to 
inotropes and vasoconstrictors as is observed clin-
ically. As discussed above, the NO for this does 
not have to come from iNOS.  A moderate 
increased production by eNOS or nNOS as seen 
in the porcine studies, combined with increased 
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superoxide production, also can do this. It likely 
will be very difficult to directly prevent this activ-
ity because it is occurring at such a basic regula-
tory level and NOS inhibition or the high amount 
of anti-oxidant activity required to alter this activ-
ity, likely will interfere with many other homeo-
static mechanisms.

Both extracellular histones and high-mobility 
group box 1(HMGB1) have been shown to be 
endogenous DAMPs that can alter intracellular 
Ca2+. Aggregation of neutrophils in the vascula-
ture can activate complement (C5a) by producing 
extracellular traps (NET). This results in the 
appearance of histones. Cardiomyocytes exposed 
to histones have increased intracellular Ca2+, a 
reduced redox state, and mitochondrial dysfunc-
tion because of increased membrane permeabil-
ity (Kakihana et al. 2015, 2016). The concentration 
of these circulation histones closely correlates 
with elevated troponin in septic patients. This is 
potentially a more reversible process.

HMGB1 has been shown to mediate LPS mor-
tality (Zhang et al. 2014). It increases intracellu-
lar ROS by an interaction of HMGB and TLR4. 

The consequent oxidative stress alters the 
calmodulin phosphorylation of RyR2. This 
enhances the Ca2+ spark mediated leak from 
RyR2, which depletes SR Ca2+. This leads to 
decreased myocardial contractility. The effect in 
animals can be reduced by inhibiting TLR4 sig-
naling or by adding antioxidants but the doses are 
high and unlikely to be feasible in patients.

 Permeable Barriers

A major component of the normal homeostasis of 
all complex organisms is the preservation of cel-
lular barrier functions that keep fluids and pro-
teins in their proper compartments. This function 
in the body primarily is provided by endothelial 
and epithelial cells. A fundamental feature of the 
septic syndrome is the loss of this barrier func-
tion. Examples of this are the movement of fluid, 
solutes, and proteins from the vascular space into 
the interstitial space, leakage of fluid from pul-
monary vessels into alveoli, and movement of 
bacteria and their toxins from the gut into the 
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Fig. 52.10 Oxidative regulation of the sarco- endoplasmic 
Ca2+ ATPase in heart muscle. Under physiological condi-
tions with basal levels of endogenously produced NO and 
superoxide (O2

−), a low level of the potent oxidant per-
oxynitrite (OONO−) is formed and oxidizes glutathione 
(GSH) to GSS- in a reversible reaction with sulfhydryl 
groups on SERCA. This increases its uptake of Ca2+. The 
ratio of the potent anti-oxidant GSH to GSSH is an indica-
tor of the redox-balance. Faster removal and an increased 

amount of Ca2+in the SR allows faster and greater turnover 
of actin-myosin and stronger cardiac contractions. 
However, higher levels of OONO−, because of more NO 
or more O2

− produces sulfhydryl bonds that irreversibly 
oxidize SERCA and inhibit its function. This indicates the 
fine balance between appropriate and excessive oxidation 
and that it is not appropriate to try to just block all reactive 
species. (From Adachi et  al. (Adachi et  al. 2004). Used 
with permission of Springer Nature)
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blood. Loss of volume from the vascular space 
contributes to inadequate tissue perfusion both 
by reducing cardiac output and the delivery of 
nutrients to tissues, as well as by the creation of 
tissue edema which decreases diffusion in tis-
sues. This leakage of fluid from the vascular to 
interstitial space creates one of the greatest clini-
cal challenges in the management of the septic 
patient. Administration of too little fluid to main-
tain vascular volume results in worsening shock 
(Figs. 52.4, 52.5, 52.6, and 52.7), but giving too 
much fluid leads to increasing tissue edema and 
pulmonary edema with a failure of gas exchange. 
The increase in interstitial fluid also changes the 
mechanical characteristics of the vascular space 
which accelerate the vascular leak and limits the 
value of infusing more crystalloid solutions 
(Bhave and Neilson 2011) (See Chap. 10).

The barrier function of endothelial and epithe-
lial cells is provided by cell-cell junctions. 
Dysfunction of these results in para-cellular leak 
(Goldenberg et al. 2011). Variations in the protein 
components of these junctions provide widely 
different permeabilities in different tissues which 
is important for normal variations in their physi-
ological function. For example, permeability 
across the blood-brain barrier is very low, 
whereas permeability across the kidney, intes-
tine, pancreas, and liver sinusoids is very high. 
These junctions provide what is termed “selec-
tive” permeability and this activity can be regu-
lated to allow adaptation to different physiological 
needs. Unfortunately, the function also can be 
altered, or even dismantled in disease states 
(Vermette et al. 2018). Increased barrier permea-
bility has some adaptive advantages because it 
allows immune cells and signaling proteins to 
pass from the blood to the underlying cells. 
However, the regulating processes can be sub-
verted by invading organisms. This is especially 
the case in many viruses that use this approach to 
invade tissues and become uncontrolled 
(Vestweber 2008). Regulation of the processes 
that regulate cellular barrier function is an evolv-
ing area of study. An extensive number of pro-
teins, with multiple targets for intervention, have 
been identified (Goldenberg et  al. 2011; 
Vestweber 2008; Rahimi 2017; Darwish and 

Liles 2013; Gavard 2009, 2014). These pathways 
only will be described here in general terms, but 
clinicians will need to become increasingly aware 
of these pathways because of the numerous thera-
peutic tools that are being considered as treat-
ments for the vascular leak. To date, many of 
these have been shown to be effective in animal 
studies, but at the time of writing this chapter, 
none have shown any clinical outcome benefit.

There are two major types of junctions – tight 
junctions and adherens junctions. Tight junctions 
have a major role in controlling monolayer per-
meability by forming a semi-permeable connec-
tion between cells lining corporeal compartments 
(Vermette et al. 2018). They also act as signaling 
platforms that establish cell polarity, send signals 
to the nucleus, and modulate gene expression. 
These structures are very complex and have more 
than 40 proteins. They all have three types of 
transmembrane proteins: claudins, MARVEL 
domain proteins, and junctional molecules 
(JAMs) (Vermette et al. 2018). The claudins are 
the main regulators of permeability. MARVEL 
domain proteins regulate the recruitment of sig-
naling complex proteins to the tight junction. 
JAMS are similar to immunoglobulins and are 
involved in signaling circulating cells.

The adherens junctions have more diverse 
roles. These include maintenance of cell-cell 
adhesion, interaction with actin for cytoskeleton 
remodeling, and signal transduction and tran-
scriptional regulation (Goldenberg et  al. 2011; 
Rahimi 2017). The dominant component of vas-
cular endothelial cells is vascular endothelial 
cadherin (VE-cadherin) (Goldenberg et al. 2011; 
Rahimi 2017; Darwish and Liles 2013). These 
structures are especially important for regulating 
permeability in venules, which are thought to be 
the major sight of vascular leakage in sepsis. The 
endothelial cells in this region express receptors 
for many of the mediators of inflammation in 
sepsis including TNF-a, IL-1, and vascular endo-
thelial growth factor (VEGF) (Darwish and Liles 
2013). Numerous inflammatory mediators can 
produce internalization of VE-cadherin, which 
leads to increased vascular leak. These include 
VEGF, thrombin, histamine, LPS, and ROS 
which can come from many sources. Attempts 
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have been made to stabilize and prevent the inter-
nalization of VE-cadherin with agents such as 
angiopoietin-1(Ang1), which is an endogenous 
VE-cadherin stabilizer. These agents work in ani-
mals but so far have not been shown to be effec-
tive in humans (Gavard 2014; Gavard et al. 2008), 
likely because of the difficulty of targeting areas 
of need and because in the clinical setting they 
inevitably have to be given after the process has 
occurred.

In summary, although barrier permeability is a 
central part of the pathogenesis of the septic syn-
drome, and the great advances in our understand-
ing of the complex underlying biology, and 
despite many hopeful forays (Goldenberg et  al. 
2011; Darwish and Liles 2013; Lee and Slutsky 
2010; Riedemann et al. 2003), the solution to this 
problem remains elusive. One aspect is likely. 
Animal studies, or even more so, in vitro studies, 
do not replicate the complex interactions of mul-
tiple and diverse proteins that exist in the patient. 
It also is likely that a molecule that provides a 
benefit in one region may be counter-productive 
in a different region because of the normal diver-
sity of the regulation of permeability among 
organs. This contrasts with the use of these agents 
as newer cancer treatments because in cancer 
treatment only one cell type needs to be targeted.

 Synthesis of Mechanisms

It does not seem that inadequate O2 delivery by 
itself is the cause vascular collapse and multi- 
organ failure in sepsis, but it also is clear that 
adequate cardiac output and its distribution to tis-
sues of need is essential for allowing counter 
active and reparatory processes (Natanson et al. 
1990). It also is clear that no single agent is 
responsible for the global organ failure in sepsis, 
and a comprehensive approach to patient man-
agement is required. An early and important 
component of the septic syndrome is profound 
vascular leak. Transmembrane potentials across 
cells, and even across mitochondrial walls, seem 
to be decreased. This indicates that there is a gen-
eral loss of barrier functions and an inability to 
maintain electrical gradients across cell walls. 

These processes suggest that perhaps a key com-
ponent of the septic process may be the disrup-
tion of cell and organelle membranes by cytokines 
and other mediators, which leads to disruption of 
the normally tightly regulated intracellular and 
also intra-mitochondrial milieu and this leads to 
the generalized organ dysfunction. On the basis 
of this mechanism, the most vulnerable tissues 
would be those that start with an already low 
electrical resistance barrier, such as intestinal 
epithelial cells, or cells that are highly dependent 
upon a tightly regulated transmembrane poten-
tials such as the heart, brain, and vascular smooth 
muscle (Fink 2015).

From this discussion, it should be evident 
that current therapeutic options are limited to 
maintaining adequate perfusion, ensuring that 
there is adequate vascular volume to provide for 
the increased preload needs of the heart, and for 
the loss of fluid through increased filtration. At 
the same time, strategies are needed that do not 
overload the system with too much fluid because 
this will increase capillary fluid filtration and 
tissue congestion. The therapeutic options for 
dealing with these issues are discussed in Sepsis 
Part 2.
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Pathophysiology of Sepsis 
and Heart-Lung Interactions:  
Part 2, Treatment

Sheldon Magder and Margaret McLellan

The presentation of the septic syndrome was dis-
cussed in Part 1 with particular emphasis on the 
response of normal human subjects who were 
injected with endotoxin as well as studies of ani-
mals. The advantage of these experimental stud-
ies is that the precise time of onset of the sepsis 
syndrome is known. They also provide a homog-
enous cause for the sepsis response in all sub-
jects. Neither of these are true in the clinical 
setting. However, these experimental studies help 
us to develop an understanding of the potential 
benefits, but also the limits of current treatment 
options. In this chapter, only therapies aimed at 
hemodynamic abnormalities are discussed. A 
discussion of antibiotic choices, immunothera-
pies, and hematological therapies is beyond the 
scope of this review.

 Treatments

Since the septic response is triggered by the pres-
ence of invading agents, the obvious first objec-

tive is the initiation of appropriate antimicrobial 
agents and ensuring that the source of the invad-
ing agents is controlled (Kumar et al. 2006; Paul 
et al. 2010; Bochud et al. 2004). The sooner this 
is achieved, the better the outcome. Initial antimi-
crobial coverage needs to start broadly, but can 
be narrowed when a specific offending agent is 
identified. It is unlikely that short-term use of 
antibiotics (24–48 h) will induce resistance in the 
ICU population or the patient, but failing to initi-
ate the right antibiotic worsens the outcome 
(Bochud et al. 2004; Leibovici et al. 1995). The 
second objective is to deal with the generalized 
consequences of the septic syndrome (Fig. 53.1). 
These include hypoxemia due to the inflamma-
tory lung injury, loss of vascular volume due to 
the major increase in capillary permeability, 
hypotension due to the loss of vascular tone, loss 
of volume, and decreased cardiac function, all of 
which lead to inadequate O2 delivery to tissues. 
Basic measures for these, such as supplemental 
O2 and a fluid bolus may need to be started imme-
diately, even while still evaluating the situation, 
because of the need to maintain hemodynamic 
stability and often to prevent death.

The landmark study by Rivers and co-workers 
at a single center gave us hope that a systematic 
approach to managing these hemodynamic 
abnormalities in sepsis could produce a marked 
reduction in mortality (Rivers et al. 2001). Their 
approach to the hypotensive septic patient started 
by giving intravenous volume to target a value of 
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CVP that was presumed to ensure adequate vas-
cular filling; giving norepinephrine (NE) to target 
a desired arterial pressure after the CVP target 
was reached; monitoring and targeting a central 
venous O2 saturation value as an indicator of ade-
quate tissue perfusion by giving an inotrope to 
treat values of cardiac output below a designated 
target and transfusions of red cells to maintain a 
designated value of hemoglobin. The program 
seemed rational, the designated end-points were 
widely used, and the results in the initial report 
were inspiring. Unfortunately, three large multi-
center trials that tried to reproduce the findings 
failed to show a benefit when compared to clini-
cians’ own choices and the specific protocol has 
gone out of favor (Angus et al. 2015; Peake et al. 
2014; Yealy et al. 2014; Mouncey et al. 2015).

The disappointment from these studies, how-
ever, misses the real important contribution of 
Rivers and co-workers (Rivers et al. 2001). The 
mortality in the control groups in the subsequent 
three trials was half that in the original Rivers 
trial and other studies from the same time period. 
The question has been raised whether this is sim-
ply because the patients in the later trials were at 
lower risk, but this is unlikely. The entry criteria 
were not different from the Rivers trial and it is 
reasonable to surmise populations were equiva-
lent (Iwashyna et al. 2012; Kaukonen et al. 2014). 

It is more likely that the change in outcomes over 
the past years is because the Rivers trial changed 
practice patterns. The real message from the 
Rivers trial is not that the dramatic improvement 
in outcome was based on specific targets that 
have never been validated, but rather was because 
of early identification of septic patients, early 
supportive care, and then continuously closely 
following these patients until the septic process 
has resolved. A concern has been raised that we 
may have traded improved short-term outcomes 
for more longitudinal morbidity (Iwashyna et al. 
2012; Shankar-Hari et  al. 2020). However, it is 
our general impression that patients who recover 
quickly in the first hours of treatment seem to 
remain more functional. Furthermore, a system-
atic review found no association of sepsis with a 
higher risk of death post-hospitalization when 
underlying conditions were taken into account 
(Shankar-Hari et al. 2016).

What then are the key parts of supportive ther-
apy? Organ dysfunction in sepsis is the conse-
quence of a cytokine storm, which results in a 
miss-match between O2 delivery and tissue needs. 
As indicated in Part 1, cardiac output most often 
is increased in septic patients. Thus, the problem 
is either that the flow does not get to the right 
places, or that the tissues are not able to ade-
quately use the delivered O2. Part of this likely is 

Invading organisms •  Antibiotics

•  Source control

•  Increase FiO2

•  Intubation and MV

•  Vasoconstrictors

•  Moderate fluids

•  Cautious use of fluids

•  NE

•  Cautious use of fluids

•  NE

•  Inotropic therapy
   (NE, Epi, Dob)

Lung injury

Vasodilation

Increased filtration

Stressed Vol ↓ (vol ↓  or Cap ↑)

Decreased cardiac function

Pc ↑

↓

Fig. 53.1 Summary of 
general derangements in 
the early stages of sepsis 
that need immediate 
responses. Each of these 
topics is covered in the 
text. Pc capillary 
pressure, Πc plasma 
oncotic pressure, Vol 
volume, Cap 
capacitance, NE 
nor-epinephrine, Epi 
epinephrine, Dob 
dobutamine
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due to mitochondrial dysfunction and failure to 
extract O2 which produces cytopathic hypoxia 
(Fink 2001), and another part likely is due to mal-
distribution of flow and effective shunting in the 
microcirculation due to loss of normal local regu-
lation of flow with consequent ischemic hypox-
emia (Wright et al. 1971; Duff et al. 1969). There 
currently are no treatments for either of these. 
The only thing that can be done is to maintain 
adequate O2 delivery when the circulation fails 
because of cardiac dysfunction, loss of volume, 
and loss of vascular tone. Based on past studies, 
it is evident that supplying supra-normal levels of 
O2 does not improve outcome and is actually 
harmful (Gattinoni et al. 1995; Hayes et al. 1994). 
Instead of aiming for supra-normal values of O2 
delivery, the goal-directed protocol of Rivers 
et al. (2001) tried to target hemodynamic values 
that were potentially normal, but as already indi-
cated, even that is a problem as these values never 
have been validated in terms of outcome benefits. 
Rather than aiming for precise measured values 
that likely vary largely in the normal population, 
perhaps a better strategy is to just maintain 
enough hemodynamic function to avoid tissue 
ischemia. This can be guided with the use of fall-
ing lactate and other clinical markers such as 
wakefulness, skin perfusion, and renal function 
as indicators of the success of the applied treat-
ments (Jansen et  al. 2010; Chertoff et  al. 2015, 
2016). In other words, perhaps the physicians 
managing the control groups in the three large tri-
als that tested the validity of the Rivers’ protocol, 
began tailoring their therapy when the patients 
started to “look” better rather than pushing for an 
arbitrary target. This general approach can be 
called a responsive therapy in that it reacts to the 
patient’s response to the treatment that was given 
to fix something rather than targeting a specific 
value (Magder 2016).

 Management of O2 Delivery

Since the only hemodynamic factor that can be 
manipulated clinically is O2 delivery (DO2), it is 
important to consider what can be done based on 
the O2 delivery equation:

 

DO cardiac output arterial O content

and O content is Hb S
2 2
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where [Hb] is the concentration of hemoglobin 
(in this case g/L), Sata is the arterial O2 saturation, 
and K is a constant that indicates the amount of 
ml O2 per gram of Hb (range from 1.34 to 1.39) 
and cardiac output is L/min.

O2 content is based on [Hb] and partial pres-
sure of O2 (PO2). Cardiac output is dependent 
upon heart rate and stroke volume, and stroke 
volume is dependent upon the vascular volume, 
the ventricular afterloads and contractility. The 
DO2 equation indicates that there only are limited 
therapeutic options. PO2 usually is easily cor-
rected by supplemental inspired O2, although 
intubation often is required to make sure that O2 
saturation is adequate, or because of failure of the 
respiratory muscles, which has been identified as 
a primary cause of death in septic animals (see 
Chap. 16) (Hussain et al. 1985a, 1986). [Hb] usu-
ally is not very low, at least initially. Heart rate 
most often is already elevated. The blood pres-
sure already is low as part of the shock state so 
that lowering the arterial pressure to decrease LV 
afterload is not an option. This only leaves giving 
volume to try to restore the intravascular volume 
that has been lost through the capillary leak and 
an increase in vascular capacitance, giving vaso-
constrictors to restore vascular tone and hope-
fully providing a more physiological pattern for 
the distribution of flow, and giving inotropic 
agents when cardiac output is inappropriately 
normal or worse, low. The use of each these and 
their merits are discussed next.

 Role of Volume

The standard initial management of septic shock 
is the administration of fluid (Levy et al. 2018a), 
but it often is not considered what that volume 
can do. As indicated in Chap. 2, blood volume is 
relatively constant in the steady state. Under nor-
mal physiological conditions, cardiac output 
increases because of an increase in cardiac func-
tion and a consequent decrease in right atrial 
pressure. This occurs primarily by an increase in 
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heart rate, with some additional benefit from an 
increase in contractility. Cardiac output also can 
increase without a change in cardiac function by 
an increase in the venous return function. This 
can occur through the recruitment of unstressed 
into stressed volume, and by a decrease in the 
resistance to venous return. The study by 
Suffredini et al. (Suffredini et al. 1989) discussed 
in detail in Part 1 in which LPS was given to nor-
mal subjects gives useful insight into what hap-
pens when septic patients are given fluid boluses. 
Importantly, the major rise in cardiac output 
occurred before fluids were given, and before the 
major fall in blood pressure and SVR. The rise in 
cardiac output occurred primarily because of the 
rise in heart rate, although there also was an 
increase in stroke volume (based on a greater 
change in cardiac output than heart rate). When 
the fluid was given at the 3 h mark (Figs. 52.2 
and 52.3 in Part 1), cardiac output rose further, 
but the increase in cardiac output with fluids was 
smaller than in normal subjects given the same 
amount of volume. The volume infusion pro-
duced a small, transient increase in arterial pres-
sure, but the pressure continued to fall because 
of a progressive decrease in SVR.  Of interest, 
CVP and Ppao did not increase until the volume 
was given. The change in CVP with the volume 
infusion also was the same in both LPS-treated 
and normal subjects. The increase in cardiac out-
put without a change CVP during the initial 
phase indicates that cardiac function must have 
increased during this phase because a pure 
change in cardiac output from a fluid bolus 
should be associated with an increase in CVP 
because it acts through the Starling mechanism 
(Chap. 2). It also indicates that in the septic 
heart, an increase in heart rate is a key determi-
nant of the rise in cardiac output and that changes 
in cardiac output are not necessarily reflected in 
changes of arterial pressure, which is more 
related to vascular tone. Therefore, volume infu-
sions have limited utility for correcting hypoten-
sion. This also raises the question as to whether 
cardiac output or blood pressure should be the 
target for volume therapy. Since volume only 
acts by increasing cardiac output, it would seem 
that cardiac output should be the indicator of the 

success of this therapy or at least a surrogate of 
an increase in cardiac output.

A notable observation in the Suffredini study 
(Suffredini et al. 1989) is that blood pressure fell 
as cardiac output rose and that the volume infu-
sion only produced a small brief rise in arterial 
pressure. Temperature subsided by 6 h, but arte-
rial pressure and SVR did not improve indicating 
that temperature is not a good indicator of hemo-
dynamic responses. Two factors likely contrib-
uted to the persistent hypotension. The vascular 
leak likely increased over time, and volume was 
being steadily lost from the vascular space. 
Secondly, there may have been an increase in the 
myocardial depression as evidenced by the 
increase in end-diastolic volume and decrease in 
EF after 5 h.

The role of volume has been studied in a por-
cine model of sepsis produced by a low-dose 
infusion of LPS (Magder and Vanelli 1996). 
Unlike rats and mice which in response to LPS or 
TNF-α have a fall in cardiac output and rise in 
SVR (Thiemermann et  al. 1993; Thiemermann 
and Vane 1990; Stewart et al. 1995), the pigs in 
this model, as is the case in humans, have a mod-
est increase in cardiac output and a fall in SVR 
when fluids are administered. In this study, when 
the blood pressure started to fall, one group was 
randomized to receive an infusion of saline (to 
maintain a CVP of 5  mmHg referenced to the 
mid-point of the right atrium), whereas in the 
other group intravenous fluids only were infused 
at the baseline maintenance rate and the CVP was 
allowed to fall. In both groups, a balloon was 
transiently inflated in the right atrium to stop the 
flow and allow measurements of MSFP and the 
resistance to venous return. After 2 h, two boluses 
of 5 ml/kg of blood were given rapidly and then 
removed to obtain cardiac function curves, a mea-
sure of vascular compliance, and systemic arterial 
and pulmonary pressure-flow relationships (vas-
cular resistance). The hemodynamic patterns 
were strikingly different between the fluid-treated 
and non-fluid-treated animals (Septic Shock Part 
1, Figs. 52.5, 52.6, and 52.7). In the animals that 
received volume, cardiac output increased by 
38% and the cardiac function curve was higher 
and somewhat steeper than in the control condi-
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tion. This was associated with an apparent 
decrease in venous resistance (the value of 18% 
was not significant in the small sample size with a 
lot of variance), and an increase in stressed vol-
ume with an increase in MSFP despite an increase 
in vascular capacitance (dilation, or rightward 
shift of venous pressure versus volume curve). 
The arterial pressure fell to a mean of 76 mmHg. 
In the animals that did not receive fluid, all hemo-
dynamic components were dramatically different. 
Cardiac output fell by almost 50% and the cardiac 
function curve was markedly flattened. The 
venous resistance doubled, MSFP fell because of 
a decrease in stressed volume despite a decrease 
in vascular capacitance. After 2  h the animals 
were given the NOS inhibitor L-nitro-arginine 
methyl ester (L-NAME). Blood pressure rose in 
both groups but cardiac function and cardiac out-
put markedly decreased, venous resistance mark-
edly increased and so did venous capacitance 
from the state following volume. The negative 
effects from L-NAME were much greater in the 
group that did not receive volume. From these 
animal studies, it appears that infused volume 
counters the large loss of fluid from the vascula-
ture to the interstitial space, as well as the increase 
in venous capacitance due to loss of venous tone. 
Vascular volume thereby is maintained and can 
actually increase cardiac output and blood pres-
sure, improve tissue perfusion, and prevent multi- 
organ dysfunction. This only is true as long as 
cardiac output can increase with the volume, i.e., 
the heart is on ascending part of its function 
curve.

The changes in the pulmonary vascular 
pressure- flow relationship were strikingly differ-
ent in the volume versus no volume resuscitation 
groups (Part 1, Fig. 52.7). In the volume group, 
there was a small increase in the critical closing 
pressure of the pulmonary circuit with little 
change in pulmonary vascular resistance. 
However, when the volume was not given, there 
was a marked increase in both the pulmonary 
vascular resistance and the critical closing pres-
sure. This suggests a reaction to increased tissue 
injury from the inflammatory response that might 

have been related to the failure to maintain an 
adequate cardiac output.

 Synthesis of the Defects

Putting the human and animal studies together, it 
seems that infused volume helps mitigate the loss 
of volume from the vasculature. This allows 
maintenance of an increased cardiac output 
which is necessary to match the decreased SVR 
and allows for better distribution of blood flow. 
As a consequence, tissue injury is reduced, which 
reduces further production of cytokines and other 
endogenous damaging molecular species that can 
perpetuate the septic process (Chan et al. 2012). 
Evidence for this comes from studies on LPS 
infusions into normal human volunteers. Initial 
loading with fluid before giving LPS significantly 
dampened the cytokine response, although it did 
not alter the hemodynamics in these normal sub-
jects (Dorresteijn et al. 2005). The argument then 
might be that if cardiac output is adequate, and 
lactate is not increasing, there is not much value 
to continue infusing large amounts of fluid. 
Giving excess volume even seems to cause harm 
(Boyd et al. 2011). Increasing intravascular pres-
sures always increases capillary filtration and the 
increase in filtration always will be much greater 
in septic patients because their capillary permea-
bility is increased. As discussed in Chap. 10, after 
a critical value, the extra fluid might just be feed-
ing the leak because the compliance of the inter-
stitial space increases when the interstitial 
pressure reaches a high enough value. This pro-
duces the equivalent of a decrease in the resis-
tance to filtration across the capillary bed and it 
then becomes much easier for trans-capillary fil-
tration to occur. Furthermore, as also discussed in 
Chap. 10, when the interstitial volume expands, 
further infusions of a crystalloid solution become 
progressively less effective because an increas-
ingly larger proportion of the infused volume 
goes into the interstitial space and proportionally 
increases the edema more than it expands the 
intravascular space.
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 Norepinephrine

One of the central hemodynamic problems in 
sepsis is the loss of vascular tone. Thus, norepi-
nephrine (NE) with its potential to restore vascu-
lar tone through its potent effect on 
alpha-adrenergic receptors, as well as its effect 
on cardiac contractility through its action on 
beta-adrenergic receptors, is an ideal choice for 
initial pharmacological management of sepsis. In 
a classic prospective observational cohort study, 
Martin et al. found that NE was strongly associ-
ated with survival in septic patients and the out-
come with NE was significantly better than seen 
with other hemodynamic drugs (Martin et  al. 
2000). However, in a later study, they also showed 
that excessive doses of NE were associated with 
worse outcome (Martin et al. 2015).

The most obvious effect of NE is the rise in 
arterial pressure due to constriction of arterial 
resistance vessels (Table  53.1). In moderate 

doses, the rise in arterial pressure with NE can 
reverse an oliguric state (Desjars et  al. 1989; 
Martin et  al. 1990). Of importance, at least at 
moderate doses, NE has a greater effect on the 
efferent arterioles of the glomerulus than on the 
afferent arterioles, and thus can increase glomer-
ular filtration rate (Mills et al. 1960). However, 
the effects of NE are much more coordinated 
than simply the effect on SVR (Fig. 53.2). NE 
constricts vascular smooth muscle in the venous 
capacitance beds which recruits unstressed into 
stressed volume; this provides the equivalent of 
an auto-transfusion (Rothe 1983; Deschamps 
and Magder 1992) (Fig. 53.2). In someone who 
has adequate volume reserves, based on animal 
data this can increase stressed volume by around 
10 ml/kg, and even up to about 18 ml/kg with a 
major stress, although increases of this magni-
tude are less likely in most patients. This 
response is very dependent upon the reserves of 
unstressed volume which cannot be measured. 

Table 53.1 Cardiovascular responses to major drugs used in sepsis

NE Epi Dobut Vaso Phenyl Milrinone
Arterial P ↑↑↑ ↑↑↑ ↑ ↑↑↑ ↑↑ ↓
Q ↑ ↑↑↑ ↑↑ ↓, ↔ ↓, ↔, ↑ ↑↑
Pra ↓ ↓ ↓↓ ↑ ↑ ↓↓
Contract ↑ ↑↑ ↑↑ ↔ ↔ ↑↑
HR ↑ ↑↑ ↑↑ ↔ ↔, ↓ ↑
SVR ↑↑ ↑ ↓ ↑↑ ↑ ↓↓
RVR ↓, ↔ ↓ ↓ ↑ ↑ ↓
MSFP ↑↑ ↑↑ ↑ ↑ ↑ ↔
Capacitance ↓↓ ↓↓ ↓ ↓ ↓ ↔
PAP ↔ ↑ ↓ ↔ ↔ ↓↓
Pro-arrhythmic + +++ + +
Receptors α, β α, β β, α V1 (vascl), V2 (water) α phospho III

Details and references are given in the text. The strengths of the activities either increasing or decreasing the variable 
are given by arrows and the pro-arrhythmic effects with + signs. The data are general patterns based a variety of studies 
but it is important to appreciate that the actual action in an individual patient will be highly variable. Note, for example, 
the responses to NE under normal conditions and after LPS in Fig. 53.3. It thus is not difficult to obtain data from 
in vitro studies or under very controlled conditions in vivo, most often in the normal conditions but it is hard to get 
dependable information on what happens in the septic patient. Responses also depend upon the patient’s status. For 
example, phenylephrine is marked as possibly giving an increase in cardiac output. This can occur if a patient’s vascular 
volume is increased and the volume recruitment from venous constriction overrides an increase in RVR and thereby 
increases cardiac output. As such, the authors have added a subjective component based on their experience. The values 
indicate responses that are most likely. The table should thus be viewed as a guide but not as a dogmatic statement. The 
best principle is to always monitor the hemodynamic response and determine if the agent did what was desired. If not, 
try a higher dose or choose a different agent
NE norepinephrine, Epi epinephrine, Dobut dobutamine, Vaso vasopressin, Phenyl Phenylephrine, P pressure, Q cardiac 
output, Pra right atrial pressure, HR heart rate, SVR systemic vascular resistance, RVR resistance to venous return, 
MSFP mean systemic filling pressure, PAP pulmonary artery pressure, α alpha-adrenergic receptor, β beta-adrenergic 
receptor, phospho phosphodiesterase III inhibitor
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This action of NE is supported by qualitative 
data in septic humans (Persichini et al. 2012). It 
is important to remember that normal stressed 
volume only is about 1.4 L so that an increase in 
10 ml/kg in a 70 kg male would increase stressed 
volume by 700  ml, which would be a 50% 
increase. Importantly, this effect occurs almost 
immediately. The consequent rise in MSFP pro-
duces a major increase in the driving force from 
the veins back to the heart. It also is important to 
appreciate that the vasoconstrictor effect of NE 
is primarily on venous capacitance vessels. 
Although alpha-adrenergic agonists can con-
strict the downstream veins that provide the 
resistance to venous return, at moderate doses of 
NE this does not occur (Fig.  53.2) (Datta and 
Magder 1999). A likely explanation is that the 
effect of NE on alpha-adrenergic receptors in the 
venous resistance vessels is off-set by the action 
of NE on beta-adrenergic receptors in the venous 
resistance vessels not present in venous capaci-

tance vessels. The decrease in capacitance is 
well described for the venous drainage from the 
splanchnic circulation, but seems to be less sig-
nificant in muscle beds (Deschamps and Magder 
1992; Green 1977). It must be remembered that 
the effect of an increase in the return function on 
cardiac output is minimal if RV filling is already 
limited. In this situation, the clinical prediction 
is that NE only will increase arterial pressure by 
increasing SVR and cardiac output, the critical 
variable for O2 delivery, will not increase, or 
possibly even decrease, unless the NE also 
increases cardiac function. This, though, is the 
fourth effect of NE. NE can moderately increase 
cardiac contractility and cardiac function, which 
will allow the heart to pump out increased 
venous return (Fig. 53.3). The final effect of NE 
is really a lack of effect; NE has minimal effects 
on pulmonary vascular resistance and thus does 
not increase the afterload on the right ventricle 
(Fig. 53.3) (Datta and Magder 1999).
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Fig. 53.2 The multiple sites of action of NE on the vas-
culature. The left side shows a general model of the circu-
lation and sites of action by NE. The right side shows the 
effect of NE infusion (27 mcg) on the return function with 
and without endotoxin. NE shifted the control venous 
return curve to the right, indicating a decrease in vascular 
capacitance and an increase in MSFP; there was a negli-

gible effect on venous resistance (RVR); this led to an 
increase in cardiac output. In LPS-treated animals the 
decrease in capacitance and RVR were smaller, which led 
to a smaller increase in cardiac output. (From Datta and 
Magder (Datta and Magder 1999). Reprinted with permis-
sion of the American Thoracic Society)
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Typical dose ranges for NE are from 8 mcg/
min (~0.1 mcg/kg/min) and up to 60 mcg/min 
(~0.85  mcg/kg/min). Higher doses than these 
are often used and might still increase arterial 
 pressure. However, it is not known whether this 
is of medical utility or if it is just increasing 
harm. It is evident that at autopsy, large doses of 
catecholamines can produce clumping and dis-
organization of cardiac myofibrils and this can 
evolve into degenerative changes in the cell 
cytoplasm and mineralization of mitochondria 
(Reichenbach and Benditt 1970). In the initial 

study by Martin et  al., the highest dose of NE 
was 2.27  ±  2.10  mcg/kg/min (Martin et  al. 
2000). Indeed, higher doses of NE are associ-
ated with an increase in mortality, but this obvi-
ously may simply represent patients in more 
extremis (Martin et al. 2015). There is physio-
logical rational, though, for why higher doses of 
NE might be harmful. When a baroreceptor-
mediated response to systemic hypotension is 
activated, the increase in arterial resistance is 
greater in peripheral muscle beds than in the 
splanchnic vasculature (Deschamps and Magder 
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Fig. 53.3 Cardiovascular responses to different doses of 
norepinephrine (NE) at baseline (control), after infusion 
of endotoxin, and then with the addition of L-NAME. Panel 
(a) shows the responses in the pig of arterial pressure 
(Pao) and pulmonary artery pressure (Ppa) to a 30  min 
infusion of 9 mcg/min (left side) and 27 mcg/min (right 
side). At baseline, there was a brisk rise in Pao with a 
strong dose response and no effect on Ppa. In this animal, 
after infusion of endotoxin for 2 h, there was almost no 
response in Pao to the two doses of NE. There was a mild 
increase in Ppa at the higher dose. After the addition of 
L-NAME, NE produced a transient increase in Pao and 
marked increase in Ppa but it was not sustained. The 

response was similar with both doses. Panel (b) shows the 
average peak changes in Pao and cardiac output at 3 does 
of NE. from 8 animals. L-NAME almost restored the peak 
response to NE but as the example in Panel (a) shows, this 
occurred with an unsustained and variable response. 
Notice the large standard deviations. NE increased cardiac 
output in the baseline condition and there was a dose 
response. In the endotoxin group, there was no effect at 
the lower dose. L-NAME blocked any response in cardiac 
output to NE. (From Datta and Magder (Datta and Magder 
1999). Reprinted with permission of the American 
Thoracic Society)
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1992; Hainsworth et  al. 1983). This increases 
the fraction of cardiac output that goes to the 
splanchnic vasculature while decreasing flow to 
the periphery. The consequence is a potential 
survival benefit because there is less compro-
mise of flow to more delicate and metabolically 
active abdominal organs. It is quite likely that 
very high doses of NE override this selectivity 
and compromise flow to the vital abdominal 
organs. At higher doses of NE, the alpha-adren-
ergic component might over-ride the dilating 
effect of NE on venous drainage, thus raising 
venous resistance, and decreasing venous return 
and cardiac output. The answer to what is a high 
dose of NE will be very difficult to determine 
with a rigorous randomized approach because 
of the desperate state of these patients. To com-
ment on our own experience, we  generally have 
been limiting NE to 50–60 mcg/min, but admit-
tedly without data.

An important question currently being tested 
in the management of septic shock is when to 
stop using fluids to raise blood pressure and to 
shift to the use of NE. The limits of the useful-
ness of fluids have already been discussed as well 
as their potential to do harm, and that increasing 
total body volume is not a physiological way to 
increase cardiac output. However, there is an 
additional factor (Fig. 53.4). When arterial pres-
sure is increased by expanding vascular volume, 
capillary hydrostatic pressure always increases, 
too, and colloid oncotic pressure is reduced due 
to dilution of plasma proteins; both of these con-
tribute to increased capillary fluid filtration. This 
effect on filtration is even greater in sepsis 
because vascular permeability is increased. On 
the other hand, increasing arterial pressure by 
increasing SVR with NE likely results in either 
no change or even a decrease in capillary hydro-
static pressure, especially if the NE increases car-
diac function and decreases the CVP (Fig. 53.4) 
(Tatara 2016; Fishel et al. 2003).

Some insight into the debate about the use of 
fluid versus NE can be found in an older study 
that compared the effects of fluid infusions ver-
sus NE on hemodynamics and distribution of 
organ perfusion in an LPS animal model of sepsis 
(Hussain et al. 1988a). In this study, perfusion of 

multiple organs was assessed simultaneously 
with radio-labeled microspheres. As already indi-
cated, a limitation of animal studies is that LPS 
most often produces a low cardiac output with a 
high SVR rather than the high cardiac output low 
SVR most commonly observed in humans and 
this was the case in this study too. However, in 
this case, this limitation helps us understand the 
importance of considering cardiac output during 
resuscitation. LPS alone decreased cardiac out-
put to about a third of the control value, and mean 
arterial pressure decreased to less than 60 mmHg. 
Infusion of either fluid (normal saline) or NE 
restored the arterial pressure to the baseline level, 
although large amounts of both agents were 
required. How they did this, though, is most 
informative. The saline mildly increased cardiac 
output from the baseline value, whereas cardiac 
output did not rise with NE (Fig. 53.5). The con-
sequences were evident when organ perfusions 
were examined. Coronary blood flow fell with 
LPS and only moderately increased with NE. On 
the other hand, coronary blood flow increased 
when saline was given (even though the heart rate 

NE

Volume

Pre-Rx

Aorta
LV

RVCapillaries

Fig. 53.4 Schematic diagram of the effect of NE com-
pared to a volume effusion on the vascular pressure pro-
file. The pressures start from the LV and go to the RV. In 
the large arterial vessel, there is little pressure drop. 
Resistance increases markedly in small arteries and arteri-
oles (400–100 microns). There is little pressure drop 
across the capillaries and a small drop from the veins back 
to the heart (in the range of 4–8  mmHg). The same 
increase in arterial pressure is presumed to be produced 
by NE and volume. Because of the greater pressure drop 
with NE, and the lower right atrial pressure because of 
increased cardiac function, the pressure in the capillaries 
likely is the same or as normal or even less with NE than 
with volume

53 Pathophysiology of Sepsis and Heart-Lung Interactions: Part 2, Treatment



858

decreased). Intestinal blood flow fell markedly 
with LPS and was partially restored with saline 
but not at all with NE. The pattern in the kidney 
was similar, except that NE did not restore renal 
blood flow at all. Blood flow to the diaphragm 
and the gastrocnemius muscle are worth noting. 
The animals were breathing spontaneously so 
that diaphragmatic blood flow increased with 
LPS.  This increased diaphragmatic blood flow 
stayed the same when saline was given, but dia-
phragmatic blood flow did not increase from 
baseline in the NE group, despite the ventilation 
pattern being similar in all three groups. In con-
trast, blood flow to a sample muscle, the gastroc-
nemius, fell with LPS as expected with the 
decrease in cardiac output, although the muscle 
still took a greater percentage of cardiac output 
than under control conditions. This indicates a 

failure of the peripheral vasculature to constrict 
as much as other tissues and thus there is a failure 
to redirect blood flow to other areas of need, 
especially the intestine. The saline infusion 
increased blood flow to the muscle and main-
tained the percentage of total blood flow seen 
with LPS alone. NE kept the gastrocnemius 
blood flow constant and prevented the increase in 
blood flow seen with LPS alone or with the fluid 
infusion. It is worth noting that resting muscle 
blood flow is very low and thus cannot decrease 
much more. Brain blood flow decreased the most 
in the NE group.

The lessons from this study are that if cardiac 
output is low, and there is inadequate blood vol-
ume to recruit or redistribute, NE does not 
increase cardiac output and has little benefit; it 
can actually further compromise flow to vital 
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Fig. 53.5 Comparison of hemodynamic responses to 
raising arterial pressure with volume (fluid) or norepi-
nephrine (NE) in dogs given endotoxin (Endot). (a) Mean 
arterial blood pressure (BP) over 2 h. With Endot alone, 
BP fell to 60 mmHg. By design, BP remained at baseline 
levels with NE and fluid. (b) cardiac output. With Endot 
alone, cardiac output fell to about 1/3 of baseline and fell 
almost the same with NE except for some mild recovery 
(or less fall) by 2 h cardiac output was maintained with 
fluid. (c) blood flow in ml/100 g/min to the heart, brain, 
diaphragm, kidney, gastrocnemius, and small intestine. 
Legends as in (a) and (b). With Endot blood flow fell to all 

regions except the diaphragm. With volume, blood flow to 
the heart increased by a small amount, had the same 
increase in the diaphragm as with Endo, remained at base-
line in the brain, increased in the gastrocnemius and fell in 
the intestine but less than in the other groups. With NE 
there was an initial fall in blood flow to the heart and then 
a moderate increase compared to endotoxin, it fell more 
than with Endot alone in the initial stages, fell in the kid-
ney and intestine and changed little in the gastrocnemius. 
See text for more details. (From Hussain et al. (Hussain 
et al. 1988b). https://journals.physiology.org/author- info.
permissions)
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organs. A limitation of the study, though, is that 
there was not a fourth group which received fluid 
and NE.  When NE has been given in volume 
resuscitated animals, NE increased cardiac out-
put, which would be expected to improve tissue 
perfusion (Fig.  53.3) (Villablanca et  al. 2002). 
The important point to take away is that volume 
status must be addressed first and knowledge of 
the cardiac output, either with a direct measure or 
through clinical indicators, should be a key factor 
in making decisions on the supportive therapy for 
patients in septic shock, especially cases in extre-
mis. These results might also explain some of the 
variable results in the literature on the effects of 
catecholamines on splanchnic flow. If the NE 
only produces vasoconstriction, and there is a 
failure to increase cardiac output, blood flow to 
normally low resistance regions such as the gut, 
most likely only will decrease. The other side of 
this story is that if the plateau of the cardiac func-
tion curve has been reached, fluid cannot help 
either; only increasing in cardiac performance 
can help. The ideal is to use volume therapy and 
NE in a coordinated approach by following the 
cardiac output and blood pressure responses.

The role of fluid and catecholamines also was 
addressed by Natanson and co-workers with their 
peritonitis model of sepsis (Natanson et al. 1990). 
Four groups of animals with an implanted E. coli- 
infected clot were randomized to receive one of 
four treatments: (1) nothing; (2) NE alone to sus-
tain arterial pressure; (3) fluid infusion to try to 
maintain arterial pressure; or (4) combination of 
NE and fluid boluses. All animals received the 
appropriate antibiotics. Only the group with com-
bined NE and volume had a successful outcome. 
This implies that supportive care is necessary to 
give time for antibiotics to work and that this is 
best done with combined pharmacological and 
fluid therapy, although how much of each is still 
not known. This animal data are supported by 
benefits of at least early therapy, if not goal- 
directed therapy.

A limitation to the use of NE is that there often 
is a failure of vascular smooth muscle to respond 
as evidenced by intrinsic catecholamine concen-
trations being markedly elevated in sepsis 
(Natanson et al. 1990). In their peritonitis model 

of sepsis, Natanson and co-workers found that 
cateholamine dose-response curves were shifted 
downward (Karzai et al. 1995). One factor for the 
decrease in sensitivity to catecholamines is that 
the increased oxidation with sepsis alters cell 
membrane signaling processes of catecholamines 
(Macarthur et al. 2000). It has been proposed that 
NO plays a role in this process. In a procine 
model of sepsis, we found that LPS produced a 
profound decrease in the arterial pressure 
response to NE (Fig.  53.3) (Datta and Magder 
1999). Inhibiting NO production with an NOS 
inhibitor partially restored the vascular response, 
but the response pattern was very different than 
in the control state (Fig. 53.3). There was an ini-
tial transient increase in the pressure response, 
then a loss of response, and then a small increase 
in pressure. The short effect on constriction is 
similar to what is seen with an infusion of methy-
lene blue (Preiser et al. 1995; Keaney et al. 1994; 
Schneider et  al. 1992); it too often produces a 
transient increase in vascular responsiveness but 
this usually does not last longer than 20–30 min-
utes. These types of responses are consistent with 
the failure of the uptake and release in of Ca2+ 
from oxidative changes in RyR2 and SERCA dis-
cussed in the mechanisms section (Figs. 52.9 and 
52.10, Part 1).

 Phenylephrine

Phenylephrine acts primarily on alpha-adrenergic 
receptors and produces some of the same effects 
as NE but is much less potent (Table 53.1). It can 
increase arterial resistance, decrease vascular 
capacitance and potentially increase cardiac out-
put by recruiting unstressed volume (Magder 
2011; Thiele et al. 2011a, b). However, it lacks 
beta-adrenergic activity. This means that unlike 
NE, it increases the resistance to venous return, 
which in most cases, negates the effect of the 
decrease in capacitance and venous return 
decreases. It also has no significant effect on car-
diac function and can even decrease cardiac out-
put because of the increase in arterial afterload 
with no increase in contractility. The overall 
effect of all these actions is that phenylephrine 
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usually results in a decrease in cardiac output 
(Thiele et al. 2011b). An advantage for phenyl-
ephrine over NE is that if it goes interstitial when 
given through a peripheral vessel, the risk of limb 
ischemia is much less than occurs with the more 
potent NE. Thus, it can be useful during short- 
term urgent interventions such as during intuba-
tion and maintenance of arterial pressure when 
central access is being obtained. Other special-
ized uses can be in patients with a dynamic out-
flow tract obstruction, loss of alpha-adrenergic 
tone because of spinal injury, or in patients with 
expanded intravascular volume such as during 
pregnancy. A positive aspect of phenylephrine is 
that it does not increase pulmonary vascular 
resistance (Tanaka and Dohi 1994). In Table 53.1, 
it is indicated that phenylephrine can decrease 
heart rate. This occurs because it triggers a baro-
reflex reaction from the sudden rise in pressure 
that comes without any beta-adrenergic activa-
tion and can be quite significant when a bolus is 
given. It also is associated with vagal tone with-
drawal. This can be put to good use when it is 
used to convert a supraventricular re-entry 
arrhythmia. In contrast to beta blocker and cal-
cium channel blockers, it increases vagal tone 
with a rise in arterial pressure. Dose for a bolus 
range from 200 to 1000 mcg.

 Vasopressin

A role for the administration of exogenous vaso-
pressin in septic shock was first proposed by 
Landry who noted that plasma vasopressin is 
inappropriately low in septic shock (Landry and 
Oliver 2001; Landry et al. 1997). Vasopressin is a 
peptide hormone produced in the thalamus and 
stored and secreted from the pituitary gland in 
response to hypovolemia or increased plasma 
osmolality. It acts on its V1 receptor to constrict 
vascular smooth muscle, but importantly, also 
increases the responsiveness of adrenergic recep-
tors to their agonists (Hollenberg 2011). It has 
potent effects on systemic vascular resistance 
(Table 53.1). It also has been shown to constrict 
capacitance vessels in the splanchnic region and 
thereby recruit unstressed into stressed volume 

(Welt and Rutlen 1991). The vasopressin V2 
receptors result in water retention. It has subse-
quently been found that vasopressin infusion 
increases blood pressure even in patients with a 
normal concentration of plasma vasopressin and 
thus works as a pharmacological agent rather 
than hormone replacement.

The role of vasopressin was studied in a large 
randomized double-blind controlled trial that 
compared the effect on survival of NE alone to 
NE plus vasopressin for septic shock (VASST) 
(Russell et al. 2008). An initial concern was that 
vasopressin would produce bowel ischemia but 
this did not occur at the doses used which were in 
the range of 0.01–0.04 u/min. However, no sur-
vival benefit was observed. An important limita-
tion of the study was that it was significantly 
underpowered because the original estimate of 
the 28  day mortality for the power calculation 
was 50%, but mortality only was 39% in the NE 
control group. A somewhat surprising finding in 
a predefined subgroup analysis was that vaso-
pressin seemed to have a benefit in patients who 
received a lower dose of NE, which was defined 
as ≤15  mcg/min. This might be related to the 
potential harmful effect of higher doses of NE 
(Martin et al. 2015) and the sensitization adrener-
gic receptors to NE by vasopressin. Although 
there is no further data on its usefulness, vaso-
pressin still is very commonly used in septic 
shock. Our own practice is to start it when NE 
doses are greater than 20 mcg/min.

 Epinephrine

Epinephrine (Epi) is released from chromaffin 
cells in the adrenal medulla. It has potent alpha 
and beta-adrenergic effects and tends to produce 
much more abrupt changes in hemodynamics 
than NE and for that reason, it has a specific role 
as a “rescue” drug when patients are in a death 
spiral with shock (Table 53.1). Typical doses are 
in the 1–20  mcg/min range, although higher 
doses often are used, but the efficacy, and the ulti-
mate effect on mortality of these higher doses, 
are not known. During cardiac arrest, boluses in 
the 250–1000 mcg range are used. Although epi-
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nephrine is potent, and gives a rapid and comfort-
ing response for the clinician, it is associated 
with complicating features including an increased 
risk of atrial and ventricular arrhythmia, increased 
lactate (Levy et al. 2005), possible gut ischemia, 
and hypoglycemia (Hollenberg 2011). In patients 
with a critical coronary stenosis, the associated 
tachycardia could trigger myocardial ischemia.

Despite these concerns, three studies have 
shown little increased harm when Epi was com-
pared to NE (Myburgh et al. 2008) for shock in 
general, or NE plus dobutamine for septic shock 
(Annane et al. 2007; Levy et al. 1997). Myburgh 
and coworkers (Myburgh et al. 2008) found that 
the time to achieve the arterial pressure goal and 
the 28 day and 90 day mortality rates were simi-
lar with Epi and NE, although 13% of patients in 
the Epi group were withdrawn from the study 
prematurely because of tachycardia or increased 
lactate. Annane and coworkers found no differ-
ence in outcomes with either drug and no patients 
were withdrawn from their study (Annane et al. 
2007). Levy et al., too, found no survival differ-
ence between Epi and NE, although lactate levels 
were greater with Epi. A worrisome observation 
was decreased perfusion of the gut mucosa by 
gastric tonometry in the Epi group. This last 
study was the only one to have reported cardiac 
output values; it is noteworthy that the mean car-
diac outputs were above normal in both groups 
before being given the assigned treatments.

A synthesis of these observations is as fol-
lows. Because of its mixed alpha and beta- 
adrenergic activity, Epi has a great potential to 
increase cardiac output. However, it does not 
make a lot of sense to use this “course” drug 
when cardiac output is already adequate. NE is 
then the better choice because the primary need 
in that case is to restore vascular tone. On the 
other hand, the reasons for stopping Epi in the 
Myburgh study were the increase in lactate and 
tachycardia. These might not have been a valid 
reason for stopping it because the rise in lactate 
in most cases is due to a benign increase in lactate 
metabolism directly by Epi. It is noteworthy that 
the outcome was not worse when Epi was com-
pared to NE in sepsis, although there was a ten-
dency for worse survival with the use of Epi in a 

small study in cardiogenic shock, perhaps 
because of the increase in myocardial O2 demand 
in persons with limited reserves (Levy et  al. 
2018b). Epi likely has an important role in the 
management of septic shock patients who have 
inappropriately normal or low cardiac outputs, 
but its use, as well as the next two drugs, should 
best be followed with cardiac output monitoring. 
The argument is that Epi should be considered 
when the goal is to increase cardiac output 
whereas NE should be titrated for blood pressure 
targets. The validity of this approach will not be 
easy to address in randomized trials, but the prin-
ciple still needs to be considered clinically. It 
may be possible to follow surrogates of cardiac 
output such as a decreasing lactate and an improv-
ing central venous saturation. Clinical signs of 
better perfusion such as increased wakefulness, 
improvement in urine production, and resolving 
skin signs of inadequate perfusion also should be 
helpful (Chap. 30).

 Dobutamine

Dobutamine is made up of a D-isomer, that has 
beta-1 and beta-2 adrenergic activity, and an 
L-isomer that has beta-1 and alpha-1 activity. It 
increases cardiac output by both increasing 
 cardiac contractility and heart rate through its 
beta-1 activity and by causing some vasodilation 
through the beta-2 receptor activity (Pollard et al. 
2015; Ruffolo Jr. and Messick 1985) (Table 53.1). 
The net effect on blood pressure depends upon 
how much cardiac output increases relative to the 
fall in SVR.  Because both isomers have beta-1 
activity, its effect on heart rate tends to be greater 
than other agents. The alpha-1 activity is over-
shadowed by the stronger beta-2 effect in the arte-
rial vasculature so that the net effect is a decrease 
in SVR. In an unpublished study, we found that 
dobutamine increases MSFP, likely through its α 
activity, indicating that it decreased vascular 
capacitance, and at the same time through its β 
activity it also decreased venous resistance in 
non-septic animals. The net effect of these two 
processes is an increase in venous return. Typical 
doses of dobutamine range from 2.5 to 20 mcg/
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kg/min. The half-life is short so that a bolus is not 
needed. It also means that the effect wears off 
quickly, usually in less than 15–20 minutes.

In our personal experience, we have found that 
the cardiac output response to dobutamine is not 
always predictable and less consistent than with 
Epi. Post cardiac surgery patients can be very sen-
sitive and can have a marked rise in cardiac output 
with only 2.5 mcg/kg/min, whereas patients with 
an acute myocardial infarct may not respond at 
doses of 20 mcg/kg/min; we have not gone higher 
and when dobutamine fails at this level, our default 
would be to use Epi. As discussed with Epi, the use 
of dobutamine in sepsis should be reserved for 
patients with a lower than expected cardiac output 
and preferably with cardiac output monitoring.

 Milrinone

Milrinone increases myocardial contractility and 
decreases SVR (Table 53.1). It does this by act-
ing as a type III phosphodiesterase inhibitor 
which reduces the breakdown of cyclic adenosine 
monophosphate (cAMP), the major secondary 
messenger that promotes Ca2+ entry into cardio-
myocytes. The rise in cytoplasmic Ca2+ in cardio-
myocytes increases inotropy, but in vascular 
smooth muscle it decreases cytoplasmic Ca2+ and 
produces vasodilation (Chong et  al. 2018). 
Milrinone has a half-life of 4–5 h so that an initial 
bolus of 50  mcg/kg usually is recommended. 
Typical infusion rates are 0.25–0.5 mcg/kg/min 
(Chong et al. 2018). Given its long half-life, it is 
important to appreciate that the effect lasts for 
4–5 h. Milrinone is excreted primarily by the kid-
ney; 90% of the drug can be recovered from the 
urine within 8  h. Doses thus must be adjusted 
when creatinine is elevated and it needs to be 
appreciated that the effect will last longer (Chong 
et al. 2018).

A primary regulator of cAMP activity is the 
beta-1-adrenergic receptor. Because the action of 
milrinone is downstream from the receptor, it has 
been thought that milrinone still could be effec-
tive in individuals who are beta-blocked (Chong 
et al. 2018). However, this only is true if some-

thing else is stimulating cAMP production. We 
have found the opposite; often it is the case that 
the action of milrinone is not very strong if there 
also is not some beta-adrenergic activity, either 
intrinsic or exogenously administered. Milrinone 
can be a potent inotropic agent and has less pro- 
arrhythmic effects than dobutamine and Epi 
(Hollenberg 2011). However, it also can produce 
a significant decrease in SVR.  This likely con-
tributes to the increase in cardiac output, espe-
cially in patients with heart failure, but it also can 
be a problem in patients who are hypotensive to 
start with and it is not uncommon to have to add 
NE to stabilize the arterial pressure.

Milrinone has been studied primarily in heart 
failure and cardiogenic shock (reviewed in refer-
ence (Chong et  al. 2018). It also is used fre-
quently following cardiac surgery in children 
(Angela et al. 2016). However, there are very lim-
ited data on its use in septic shock. There only is 
one small (six patients per group), short, blinded, 
randomized trial in septic children who were not 
initially hyperdynamic (Barton et  al. 1996). 
Milrinone increased cardiac output, decreased 
SVR, and decreased pulmonary vascular resis-
tance, all as expected from its known hemody-
namic profile. Most adults have hyperdynamic 
sepsis and thus it is unlikely that milrinone is of 
much use in the majority of septic patients, but it 
does have potential value in patients with an 
inappropriately low cardiac output. The great 
concern with its use is that if milrinone fails to 
increase cardiac output, and only further lowers 
the already low SVR, there could be an uncon-
trollable drop in arterial pressure. The authors 
have used milrinone on occasion (off-label) in 
septic patients who have lower than expected car-
diac outputs and have observed positive hemody-
namic results with no hypotensive crises. A 
loading dose still is given, but it is broken up into 
aliquots of 0.5  mg which are repeated every 
10 minutes until the target loading dose is reached 
as long as there is not a critical drop in arterial 
pressure. This only should be done with monitor-
ing of cardiac output. Milrinone is a treatment 
that is directed at increasing cardiac output and if 
it fails to do so it should be stopped.
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 Miscellaneous Therapies

There are numerous therapies that have been 
tried over the years to try to regulate the cytokine 
response, block NOS, reduce inflammation with 
steroids, and attempts at altering the vascular 
leak. To date, all of these have failed and are not 
discussed further here.

 Heart-Lung Component

Heart-lung interactions become greatly exagger-
ated in septic patients (Figs.  53.6 and 53.7, 
Table  53.2). An early component of the sepsis 
syndrome, indeed a part of the definition, is 
tachypnea. When a patient is breathing without 
mechanical support, the more frequent inspira-

tory efforts and stronger respiratory drive pro-
duce more frequent and stronger inspiratory 
increases in venous return to the RV.  The 
increased cycling of pulmonary blood flow 
increases the shear stress on an already injured 
endothelium. If the lungs become congested 
because of ARDS, and the capillary leak is 
increased, or if there is a primary pneumonia, the 
stiffer lungs require greater inspiratory swings in 
pleural pressure (Ppl) to maintain an appropriate 
tidal volume. This will further increase cyclic 
changes in venous return and cyclic increases in 
LV afterload. These effects can be exaggerated 
further if the increased respiratory drive includes 
active recruitment of expiratory muscles, because 
this further amplifies the swings in pulmonary 
blood flow (Magder et  al. 2018). These 
respiratory- induced swings in pulmonary flow in 
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Fig. 53.6 Consequences of spontaneous (spont) and 
mechanical (mech) ventilation for heart-lung interaction 
in sepsis. Graphs show the interaction of venous return 
function (blue lines) and cardiac function (red lines) dur-
ing ventilation. The upper left, (a), shows baseline condi-
tions in a normal person. With each spontaneous 
inspiration (insp) the cardiac function curve shifts to the 
left (dotted line) of the venous return curve (red arrow), 
right atrial pressure (Pra) falls, and RV filling increases. In 
sepsis (b), the slopes of the return function are steeper and 
the cardiac function curve is less steep; the inspiratory 
increase in RV filling is increased (blue arrow). A deeper 

inspiration (c) produces a greater increase RV filling. 
Increasing blood volume with fluids (d) shifts the venous 
return curve further to the right and, in this example, 
decreased the inspiratory increase because it moved the 
venous return closer to the plateau of the cardiac function 
curve. However, Pra also was already higher. The bottom 
half shows the effect of mechanical (positive Ppl) breaths. 
With inspiration (e) the cardiac function curve shifts to the 
right and there is a large decrease in RV filling but an 
increase in Pra relative to the atmosphere. The effect is the 
same when the stressed volume is increased (f), however, 
the swings in Pra are at higher values
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Fig. 53.7 Spontaneous (spont) and mechanical (mech) 
ventilation when venous return intersects the cardiac pla-
teau of the cardiac function curve. Conditions are the same 
as in Fig.  53.4 except that venous return function starts 
with an intersection on the plateau of the cardiac function 
curve. During spontaneous inspiration (a–d) there is no 
change in cardiac output with inspiration. However, the 
change in diastolic wall tension (double arrows) is 
increased by sepsis (b), deeper inspiration (c), and by giv-

ing more volume. The bottom (e and f) shows mechanical 
breaths with sepsis. In (e) there is a small fall in cardiac 
output with inspiration because the venous return curve is 
no longer on the flat part of cardiac function curve. In (f), 
volume is given and there this no fall in cardiac output with 
the breath because the venous return curve is again on the 
plateau of the cardiac function curve. With mechanical 
breaths, the diastolic wall tension decreases in (e) but not 
in (f) because of the increased volume

Table 53.2 Factors increasing heart-lung interactions in sepsis

(A) Spontaneous respiratory efforts
1.  Increased drive to breath and deeper 

inspiratory effort (more negative Ppl)
Larger inspiratory increase in RV filling
Increased left atrial transmural pressure (afterload effect) increases 
pulmonary edema especially because of increased capillary permeability

2. Increased respiratory rate More frequent increases in RV filling per minute
3. Lung edema produces stiffer lungs Greater fall in Ppl per breath and increased inspiratory RV filling
4.  Steeper slopes of venous return and 

cardiac function curves
Greater increase in RV filling per breath

5.  Greater demands on respiratory 
muscles.

Weaker muscle and greater potential for failure

(B) Mechanical breath
Beneficial effects
1. Decreased drive to breath Reduced inspiratory fall in Ppl
2. Positive pressure on each breath Positive pressure inhibits return to the RV

Decompresses RV (reduced transmural pressure
Removes inspiratory increase in afterload on LV

3. Maintains ventilation Prevents death from respiratory arrest
Negative effects
1.  Higher MSFP required to maintain 

venous return
Increased peripheral congestion
Excess volume needs to removed when weaning

2.  Greater swings in RV filling and 
output

Increase pulmonary arterial sheer stress and damage the pulmonary 
endothelium

3.  Increase transpulmonary pressure 
beyond critical value

Produces non-zone III condition and increases RV afterload
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a septic patient can have an even greater effect 
than in patients with just ARDS. This is because 
the resistance to venous return is reduced and a 
greater amount of volume comes back on each 
breath (Fig.  53.6[B]). The swings in venous 
return can be further exaggerated when large vol-
umes of resuscitation are given, although the 
effect is variable (Fig. 53.6). If the heart is on the 
steep part of the curve there is a greater potential 
increase before venous flow limitation occurs, 
but if the cardiac function curve is close to or on 
its plateau, the inspiratory increase in RV volume 
is reduced there will be no change in cardiac out-
put or pulmonary flow (Fig.  53.7). However, 
there still will be a large increase in the wall ten-
sion of the RV (Fig. 53.7). The rapid heart rate 
that usually occurs in septic subjects may dampen 
the respiratory swing in the ventricular filling 
because of the reduced time for blood to come 
back and smaller stroke volumes on each beat.

As discussed previously, the LV most often 
dilates in sepsis because its function is decreased. 
If this decrease in function is associated with an 
elevated left atrial pressure, this too will contrib-
ute to pulmonary capillary leak and worsens pul-
monary edema. Depressed LV function also 
makes the LV more susceptible to the increased 
afterload effect from the inspiratory fall in pleu-
ral pressure with strong inspiratory efforts as dis-
cussed in Chap. 18 (Heart Lung). Somewhat 
ironically, if the RV fails, the pulmonary capillar-
ies are protected unless excess fluid continues to 
be given and raises right-sided filling pressure 
sufficiently to be transmitted to the LV, raise left 
atrial pressure, and again contribute to pulmo-
nary edema.

Mechanical ventilation has potentially both 
beneficial and harmful effects (Figs.  53.6 and 
53.7 and Table  53.2). If the patient is volume 
overloaded, or even if not but still has lung 
edema, positive pleural pressure can potentially 
reduce pulmonary edema. On the other hand, the 
positive pleural pressure also could decrease car-
diac output and worsen tissue perfusion. The net 
effect depends on whether or not the RV is on the 
flat part of the cardiac function curve (Fig. 53.7) 
and how big the increase in positive pressure. If 
the intersection of cardiac and venous return 

function is not on the plateau of the cardiac func-
tion curve, MSFP needs to be increased, either by 
the patient recruiting unstressed into stressed vol-
ume (Nanas and Magder 1992) (see Chap. 2) or 
by the physician giving volume to maintain ade-
quate venous return for an adequate cardiac out-
put. The consequence, though, is a rise in right 
atrial pressure relative to the atmosphere and a 
further increase in upstream capillary pressures 
which contributes to tissue edema, especially if 
high PEEP values are required. Furthermore, this 
volume will need to be removed when the patient 
is being weaned and extubated, especially if there 
is decreased LV function.

Higher levels of positive end-expiratory pres-
sure and higher transpulmonary pressures can 
produce non-zone III conditions in the pulmo-
nary vasculature. This increases the load on the 
already compromised RV.  Under non-zone III 
conditions, alveolar pressure becomes the out-
flow pressure for the RV which can add a consid-
erable load on the already compromised RV. An 
increase in pulmonary vascular resistance 
because of sepsis or hypoxic vasoconstriction 
will increase the pressure drop across the pulmo-
nary vasculature and potentially increase the 
development of non-zone III conditions. As was 
discussed in Part 1, septic pigs appeared to have 
developed a marked increase in non-zone III con-
ditions based on the shift of the x-intercept of the 
volume versus pressure plot (Fig. 52.7 in Part 1) 
(Magder and Vanelli 1996). This could have been 
due to changes in the ventilator pattern but also 
could have been due to hypoxic vasoconstriction 
or a direct effect of cytokines on pulmonary ves-
sels. If it was due to direct effects and not ventila-
tion, the choice of ventilator settings will not 
have a significant effect.

It should be evident from this discussion that 
there are conflicting pulmonary and vascular 
needs that can be very difficult to manage clini-
cally. The prudent physician must be careful to 
balance the needs of all components and avoid 
excess use of both the pulmonary and systemic 
vascular interventions by using careful moni-
toring to respond to changes in the wrong direc-
tion and to then modify the therapies being 
used.
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Another component of heart-lung interaction 
in sepsis occurs with the blood flow needs of the 
respiratory muscles (see Chap. 16). The work of 
breathing is increased in sepsis and there must be 
an appropriate increase in respiratory muscle 
blood flow. If cardiac output is increased there is 
likely plenty of blood flow for the respiratory 
muscles. However, when the cardiac output is not 
increased, or more importantly, decreased, there 
may be inadequate blood flow for the needs of the 
respiratory muscles. This may lead to respiratory 
failure. As the respiratory muscles start to fail, 
the work of breathing can increase because of 
atelectasis and decreasing lung compliance, as 
well as hypoxemia. The actively working dia-
phragm also increases sympathetic drive through 
afferent nerves in the working muscle that alters 
the normal distribution of blood flow and also 
increases the drive to breathe (Hussain et  al. 
1991). This creates a vicious cycle of increased 
energy needs for the muscle with worsening sup-
ply which then leads to respiratory arrest (Hussain 
et al. 1985b). The solution is mechanical ventila-
tor support which should be instituted with signs 
of distress and before respiratory failure 
(Teitelbaum et  al. 1992). The motto should be 
“ensure balance and enough but not too much” of 
any treatment.

 Summary

Based on this discussion, we propose these prin-
ciples for the hemodynamic management of 
patients in septic shock. By definition, sepsis is 
due to an invasive organism. Therefore, of pri-
mary importance is the treatment of the infection 
and stopping the trigger for the cytokine storm. 
The aim of cardio-pulmonary resuscitation 
should be to ensure an adequate O2 delivery that 
stabilizes the patient but does not necessarily 
restore hemodynamic values to normal levels and 
certainly not to supernormal levels. There needs 
to be a careful balance between using enough 
fluid to ensure that there are volume reserves in 
the system to allow normal cardiac adaptations to 
metabolic needs, but at the same time, it is impor-
tant to not overload the vascular system and to 

avoid tissue edema. It is important to keep in 
mind that once the plateau of the cardiac function 
curve is reached, giving more volume will not 
improve, and may even worsen O2 delivery. To 
support the cardiac function and arterial pressure 
and to avoid fluid overload, likely requires earlier 
use of vasopressors and inotropes. In the mechan-
ically ventilated patient, ventilator settings need 
to be adjusted carefully to avoid excessive RV 
load and a decrease in O2 delivery. Finally, be 
wary of new magical therapies; to date, they all 
have failed. What would be especially useful is 
the development of new therapies that reduce the 
capillary leak. Tissue perfusion is all about car-
diac output and thus following the response of a 
therapy to cardiac output, either by direct or indi-
rect means, should be a central factor in the man-
agement of septic patients.
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 Introduction

Pulmonary hypertension (PH) is a hemodynami-
cally defined condition that is characterized by 
alterations in pulmonary vascular physiology that 
results in disturbed cardiopulmonary function 
and interactions. The clinical presentation and 
severity of PH are linked to these pathophysio-
logic disturbances. The primary manifestations 
in patients with PH include dyspnea and exercise 
limitation, which results in functional limitations 
and impaired health-related quality of life 
(HRQoL).

The hypertensive state in the pulmonary circu-
lation imposes an elevated afterload on the right 

ventricle (RV), which relies on several compen-
satory mechanisms to adapt to the PH state to 
maintain cardiopulmonary function. Eventually, 
these mechanisms are overwhelmed, and RV fail-
ure ensues, which is the main determinant of 
symptoms and reduced functional capacity. 
Moreover, the pathophysiologic cardiopulmo-
nary perturbations, including RV failure, signifi-
cantly contribute to the risk of adverse clinical 
outcomes in patients with PH, including prema-
ture mortality.

Rigorous initial clinical assessment, accurate 
diagnosis, and appropriate treatment choices are 
key to mitigating the risks of poor clinical out-
comes. There now are numerous medical and 

R. A. Davey 
St. Josephs Hospital PH Clinic, London, ON, Canada 

Heart Failure Service, Division of Cardiology, 
London Health Sciences Centre and St. Josephs 
Healthcare Centre, London, ON, Canada
e-mail: ryan.davey@lhsc.on.ca 

A. F. A. Alohali 
Southwest Ontario PH Clinic, Division of 
Respirology, London Health Sciences Centre,  
London, ON, Canada 

Department of Medicine, Schulich School of 
Medicine, Western University, London, ON, Canada 

Internal Medicine, Adult Pulmonary Medicine and 
Pulmonary Hypertension, Adult Critical Care and 
Cardiovascular Critical Care, King Fahad Medical 
City Hospital, Critical Care Services Administration, 
Riyadh, Kingdom of Saudi Arabia
e-mail: Afalohali@kfmc.med.sa 

S. Jia 
Department of Medicine, University of Manitoba, 
Winnipeg, MB, Canada
e-mail: jias1@myumanitoba.ca 

S. Mehta (*) 
Southwest Ontario PH Clinic, Division of 
Respirology, London Health Sciences Centre,  
London, ON, Canada 

Department of Medicine, Schulich School of 
Medicine, Western University, London, ON, Canada 

Pulmonary Hypertension Association (PHA) of 
Canada, Vancouver, BC, Canada 

Western University, London Health Sciences Centre, 
Department of Medicine/Respirology, Victoria 
Hospital, London, ON, Canada
e-mail: sanjay.mehta@lhsc.on.ca

54

http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-030-73387-2_54&domain=pdf
https://doi.org/10.1007/978-3-030-73387-2_54#DOI
mailto:ryan.davey@lhsc.on.ca
mailto:Afalohali@kfmc.med.sa
mailto:jias1@myumanitoba.ca
mailto:sanjay.mehta@lhsc.on.ca


872

 surgical treatment choices for patients with dif-
ferent kinds of PH, but initial management, sub-
sequent modification, and/or intensification of 
treatment for individual patients must be guided 
by an appropriate assessment of their status.

A comprehensive assessment of an individual 
PH patient requires understanding the severity of 
their disease, and perhaps more importantly, their 
risk for poor clinical outcomes, including prema-
ture death. This should not only be done at the 
time of initial diagnosis and initial therapy but is 
even more important during follow-up after the 
institution of therapy in order to maximally 
improve clinical outcomes. Risk assessment in an 
individual patient requires a multi-modality 
approach with both invasive and non-invasive 
investigations to obtain multiple clinical param-
eters that capture a holistic picture of the patient’s 
disease state. This includes clinical assessment, 
functional assessments, biochemical markers, 
invasive hemodynamic measurements, and tar-
geted imaging.

The World Symposium on Pulmonary 
Hypertension (WSPH) 6th Session held in 2018, 
refined the diagnostic classification of PH and its 
subtypes (Table  54.1) (Simonneau et  al. 2019). 
Our focus will be on WHO Group 1 pulmonary 
arterial hypertension (PAH). In the sections 
below, we will outline available methods for car-
diopulmonary monitoring based on a review of 
relevant pathophysiologic features, and provide a 
practical approach that clinicians can use for 
optimal assessment of PAH patients.

 Pulmonary Pathophysiology

 Cardiopulmonary Hemodynamics

 Normal Pulmonary Circulation
The pulmonary circulation is a low resistance cir-
cuit that accommodates the entire cardiac output 
at a low pressure, even when cardiac output is 
increased in conditions such as exercise. The pul-
monary circulation’s low pressure is the result of 
the structural anatomy of pulmonary arteries, 
which are more thin-walled that vessels in other 

regions and have more limited smooth muscle. 
This makes them more easily distensible than 
other vessels. Moreover, gravity-dependent zones 
of low or no perfusion allow recruitment when 
the flow is higher and also helps maintain a low 
pressure. The normal human pulmonary hemo-
dynamics and cardiac output have been estab-
lished in a systematic review of supine right-heart 
catheterization studies in healthy subjects 
(Table 54.2) (Kovacs et al. 2009).

Table 54.1 WHO 2019 PH classification system

WHO Group Subgroups
Group 1: PAH Idiopathic PAH

Heritable PAH
Drug- and toxin-induced PAH
PAH associated with: 
connective tissue disease, HIV 
infection, portal hypertension, 
congenital heart disease, 
schistosomiasis
Long-term responders to 
calcium channel blockers
PAH with prominent venous 
(PVOD) and/or capillary (PCH) 
involvement
Persistent PH of the newborn

Group 2: PH due to 
left heart disease 
(post-capillary PH)

Heart failure with preserved 
LVEF
Heart failure with reduced 
LVEF
Valvular heart disease
Congenital/acquired 
cardiovascular conditions

Group 3: PH due to 
lung diseases and/
or hypoxia

Obstructive lung disease
Restrictive lung disease
Lung disease with mixed 
restrictive/obstructive pattern
Hypoxia without lung disease 
(e.g., sleep apnea)
Developmental lung disorders

Group 4: PH due to 
pulmonary artery 
obstructions

Chronic thromboembolic PH
Other pulmonary artery 
obstructions

Group 5: PH with 
unclear and/or 
multifactorial 
mechanisms

Hematological disorders (e.g., 
hemolytic anemia)
Systemic and metabolic 
disorders (e.g., sarcoid)
Complex congenital heart 
disease

Data compiled from Simonneau et al. (Simonneau et al. 
2019)
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 Pulmonary Hypertension (PH)
PH has traditionally been defined as an ele-
vation of mean pulmonary artery pressure 
(mPAP) ≥25  mmHg at rest. This definition 
was revised at the 6th World PH Symposium in 
Nice in 2018 and now emphasizes that mPAP 
should not exceed 20  mmHg in healthy sub-
jects (Table  54.3) (Simonneau et  al. 2019). 
Furthermore, hemodynamic characterization of 
PH allows differentiation between pre-capillary 
PH and post-capillary PH, primarily through 
measurement of the pulmonary artery wedge 
pressure (PAWP). Conditions characterized by 
pre-capillary PH are hemodynamically defined 
by PAWP ≤15 mmHg and pulmonary vascular 
resistance (PVR) ≥3 Wood units (WU). Pre-
capillary PH is typical of WHO Group 1 PAH 
but the same hemodynamic pattern of PH is 
also seen in patients with hypoxia from lung 

diseases (WHO Group 3), chronic thromboem-
bolic PH (CTEPH; WHO Group 4), and some 
conditions in WHO Group 5, such as those 
with sarcoidosis and pulmonary vasculitis 
(Table 54.3).

Increased PVR and the resulting load on the 
RV in PAH can arise from a broad range of dis-
tinct pulmonary vascular pathophysiological pro-
cesses which primarily are due to proliferative 
remodeling of the vascular wall and a variable 
degree of vasoconstriction. Collectively, these 
result in the narrowing of pulmonary arteries and 
reductions in the normal compliance which can 
affect the pulse-pressure and capacitance of these 
vessels. Moreover, rarefaction of the lung micro-
circulation and loss of small arteries has become 
a more commonly recognized pathologic changes 
in pulmonary capillaries and venous system 
(Humbert et al. 2019).

Table 54.2 Resting cardiopulmonary hemodynamic indices in 882 healthy volunteers in supine position

sPAP dPAP mPAP PAWP CO CI PVR PVR

mmHg mmHg mmHg mmHg L/min L/min/m2 dyn·s·cm−5 Wood units
20.8 ± 4.4 8.8 ± 3.0 14.0 ± 3.3 8.0 ± 2.9 7.3 ± 2.3 4.1 ± 1.3 74 ± 30 0.95 ± 0.38

Data compiled from Kovacs et al. (2009)
Data are mean ± SEM
Abbreviations: sPAP systolic pulmonary arterial pressure, dPAP diastolic pulmonary arterial pressure, mPAP mean 
pulmonary arterial pressure, PAWP pulmonary arterial wedge pressure, CO cardiac output, CI cardiac index, PVR pul-
monary vascular resistance

Table 54.3 Hemodynamic definitions of pulmonary hypertension (PH)

Definition Hemodynamic criteria WHO PH group(s)
PH mPAP >20 mmHg All
Pre-capillary PH mPAP >20 mmHg

PAWP ≤15 mmHg
PVR ≥3 Wood U

WHO group 1 PAH
WHO group 3 PH (lung diseases/hypoxia)
WHO group 4 CTEPH
WHO group 5 PH (unclear/multifactorial)

Post-capillary PH mPAP >20 mmHg
PAWP >15 mmHg

WHO group 2 PH (left heart disease)

  (i) Isolated post-capillary PVR <3 WU
(and/or DPG 
<7 mmHg)

No additional pre-capillary PH component

  (ii)  Combined pre- and 
post-capillary

PVR >3 Wood U
(and/or DPG 
>7 mmHg)

Additional pre-capillary PH component due to:
  Contribution of WHO group 1, 3, 4, or 5 PH
  Remodelling due to chronic post-capillary 

PH

Data compiled from Simonneau et al. (Simonneau et al. 2019)
Abbreviations: DPG diastolic pressure gradient (diastolic PAP – mean PAWP)
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 Other Pulmonary Vascular 
Physiologic Parameters

 Introduction
Calculation of PVR assumes a simple linear pul-
monary circulation and ignores two key physio-
logic aspects: (i) normal pulsatile pulmonary 
arterial flow, and (ii) the presence of a non-zero 
downstream pressure, as per the “vascular water-
fall” hypothesis of in  vivo vascular function 
(Vonk-Noordegraaf et  al. 2013; Permutt et  al. 
1962; Naeije et al. 2013). As such, there are other 
parameters of pulmonary artery function which 
can be measured and better reflect the pulsatile 
nature of pulmonary artery blood flow. These 
parameters include compliance (and its inverse, 
elastance), as well as impedance (Table  54.4) 
(Thenappan et  al. 2016; Murgo and Westerhof 
1984; McCabe et al. 2014; Lankhaar et al. 2006).

Pulmonary Vascular Compliance
The compliance of the entire pulmonary circula-
tion reflects the ability of all arteries, capillaries, 
and veins to accommodate blood ejected by the 
RV during systole and is defined as the change in 
volume for a given change in pressure (∆V/∆P). 
In contrast, capacitance includes two volumes, 
the “unstressed” volume that fills a cylindrical 
vessel and makes it round but does not create a 
pressure, and the “stressed” volume that creates 
the change in pressure. These two terms are often 
incorrectly and interchangeably used. For exam-
ple, pulmonary circulation angiographic imaging 

techniques including magnetic resonance imag-
ing report total volume at a single or changing 
pressure but cannot differentiate stressed and 
unstressed volumes. The situation is also compli-
cated by vascular recruitment which increases 
total cross-sectional area and thus compliance.

During right heart catheterization, pulmonary 
vascular compliance can be estimated, based on 
the assumption that the pulmonary circulation is 
closed at the distal venous end, from the increase 
in pulmonary artery pressure (pulse pressure 
[PP] = sPAP − dPAP) due to the stroke volume 
(SV) during a single cardiac systole, such that 
∆V/∆P can be approximated by SV/
PP.  Pulmonary vascular compliance has an 
inverse hyperbolic relationship with PVR in the 
normal pulmonary circulation (Lankhaar et  al. 
2008; Saouti et al. 2010; Vonk Noordegraaf et al. 
2017; Ghio et  al. 2015). However, it should be 
appreciated that this measurement is in reality a 
“dynamic” compliance which incorporates resis-
tance because of blood flow at the venous end.

Pulmonary Artery Elastance
Elastance (or stiffness) is the inverse of pulmo-
nary vascular compliance, and thus is subject to 
the same issues discussed above for compliance. 
Increased elastance captures the important con-
cept of loss of vascular distensibility. Elastance is 
most commonly estimated from the dicrotic 
notch pressure of the PAP waveform, which 
reflects mPAP at rest (McCabe et  al. 2014; 
Chemla et al. 1996).

Table 54.4 Other pulmonary vascular physiologic parameters related to the pulsatile nature of pulmonary artery (PA) 
blood flow

Parameter
Units Physiologic definition

Normal 
range Reference

PA compliance (C)
mm2/mmHg

Change in PA cross-sectional lumen area for a 
given change in PAP

3.2–7.9 (Thenappan et al. 2016)

PA capacitance (Ca)
mm3/mmHg

Change in pulmonary circulation volume for a 
given change PAP

7.9 ± 4.1 (Murgo and Westerhof 1984)

PA impedance (PVZ)
dynes s/cm5

Relationship between pulsatile PA blood flow 
and pressure

20 ± 1 (McCabe et al. 2014)

PA elastance (Ea)
mmHg/ml

Relationship between end-systolic PAP and 
RV stroke volume

0.3 ± 0.1 (Lankhaar et al. 2006)

Although both two-dimensional compliance and three-dimensional capacitance are static measures independent of flow, 
and thus not affected by vascular resistance, the common clinical measurements are done under conditions of flow, such 
that resulting “dynamic” values inherently include the element of resistance
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Pulmonary Artery Impedance
Impedance is a measure of the relationship 
between pulsatile blood flow and pressure. As 
such, pulmonary vascular impedance reflects the 
time-dependent continuous variation of the PAP 
waveform and the blood flow waveform over an 
entire cardiac cycle. Calculation of impedance 
requires synchronized, high-fidelity recordings 
of PAP and pulmonary artery flow, spectral anal-
ysis of pressure and flow waveforms, and mathe-
matical Fourier analysis of the relationship 
between these two parameters to derive an 
impedance spectrum (Ghio et al. 2015).

 Pulmonary Hypertension

Introduction
PH is characterized by increased PA stiffness 
(reduced compliance) and decreased capacitance, 
which are the result of several potential mecha-
nisms, including PA distension-related strain in 
larger pulmonary arteries, as well as pulmonary 
macro- and microvascular arterial wall thicken-
ing due to both remodeling of the extracellular 
matrix and smooth muscle cell hyperplastic/
hypertrophic responses (Humbert et  al. 2019; 
Schäfer et al. 2016). Increased impedance (which 
incorporates reduced compliance and increased 
resistance) as well as enhanced pulmonary arte-
rial vasoconstrictor reactivity of medium- and 
small-sized pulmonary arterioles all worsen pul-
monary gas-exchange, as well as increase RV 
afterload (Naeije 2013).

Dynamic PA elastance provides the most 
comprehensive assessment of the pulmonary vas-
cular load on the RV, incorporating resistive, pul-
satile, and passive components (Vonk 
Noordegraaf et  al. 2017; Schäfer et  al. 2016). 
Increased PA elastance in PH decreases the 
capacity of the proximal PAs to accommodate 
RV stroke volume and also enhances arterial 
pressure wave reflection. Along with the predom-
inant contribution of increased resistance to RV 
load, increased elastance can further increase the 
load on the RV, both of which contribute to pro-
gressive RV failure and risk of death (Thenappan 
et al. 2016; Naeije 2013; Castelain et al. 2001).

Relationship Between Pulmonary Vascular 
Physiologic Parameters
There is an uncertain relationship between altera-
tions in pulmonary vascular compliance and pul-
monary hemodynamics in PH. In the most robust 
study of the relationship between PA compliance 
and pulmonary hemodynamics in 719 patients 
with incident IPAH, dynamic PA compliance was 
only modestly related to mPAP (Chemla et  al. 
2018) although it previously had been suggested 
that vascular stiffness and resistance were directly 
related, i.e., PA compliance has an inverse hyper-
bolic relationship with PVR such that the product 
of PVR and compliance (RC-time) was constant 
in health and PH (Lankhaar et  al. 2006, 2008; 
Saouti et al. 2010; Vonk Noordegraaf et al. 2017). 
As mentioned above, the clinical measurement of 
compliance (and sometimes even capacitance) 
fails to appreciate the dynamic nature of the mea-
surement which is likely dominated by 
resistance.

It has become clear that the PVR-compliance 
relationship is disturbed in PH, and is signifi-
cantly different from that observed in the normal 
pulmonary circulation (Hadinnapola et al. 2015; 
Chemla et al. 2015). PVR and PA compliance are 
inversely related in PH, in large part because of 
the use of dynamic compliance. However, PA 
compliance is poorly correlated with PVR, so 
that it cannot be estimated from PVR alone, 
which may indicate that PAH differentially 
affects PA stiffness and PVR (Chemla et  al. 
2018). Early stages of pulmonary vascular dis-
ease can result in a marked loss in PA compliance 
with only minimal increases in PVR, because of 
both pulmonary circulatory distension and 
recruitment. Increasingly severe pulmonary vas-
cular disease is characterized by significant 
increases in PVR with only minimal further 
decline in PA compliance (Ghio et al. 2017).

Clinical Significance of Altered Pulmonary 
Vascular Physiology
The changes in pulmonary vascular physiology 
discussed above all result in an increase in the RV 
afterload and likely contribute to the risk of pro-
gressive RV failure and death, although there is 
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limited direct clinical evidence that the altered 
pulmonary vascular physiologic parameters play 
a role. Specifically, the term PA capacitance, 
which was already discussed is a combination of 
PA compliance and more importantly resistance, 
has been shown to correlate with clinical severity 
of PH and was an independent predictor of mor-
tality in patients with idiopathic PAH in some 
studies (Ghio et al. 2017; Mahapatra et al. 2006; 
Gan et al. 2007; Stevens et al. 2012), but not in 
the largest study of (n  =  719) treatment-naïve 
incident IPAH patients (Chemla et al. 2018). It is 
noteworthy that PH-targeted therapy increases 
PA capacitance in proportion to the reduction of 
PVR, which confirms the important contribution 
of PVR to such dynamic measurements (Lankhaar 
et al. 2008; Ghio et al. 2017).

 Other Aspects of Pulmonary 
Physiology

 Pulmonary Gas Exchange
Hypoxemia at rest and/or during exercise are 
common findings in patients with IPAH, due to 
ventilation:perfusion mismatch, impaired diffu-
sion, and increased shunt fraction (Hoeper et al. 
2007; Khirfan et al. 2018). For example, 20% of 
292 patients with IPAH/HPAH had hypoxemia at 
rest, and 31% had exertional desaturation during 
6MWT, and these individuals had worse long- 
term survival when compared to subjects without 
hypoxemia (Khirfan et al. 2018).

Hyperventilation resulting in mild-to- 
moderate resting and exercise hypocapnia is 
common in patients with IPAH, and low PaCO2 is 
an independent prognostic marker (Hoeper et al. 
2007; Yasunobu et al. 2005).

 Pulmonary Diffusing Capacity (DLco)
A large majority (~75%) of PAH patients have 
reduced DLco, and the decrease in DLco corre-
lates significantly with worse PAH disease sever-
ity and poor prognosis (Sun et al. 2003; Jing et al. 
2009). The fall in DLco relates largely to a reduc-
tion of pulmonary capillary blood volume, which 

is driven by the rarefaction of the pulmonary 
microcirculation typical of PAH.  Severely 
reduced DLco (typically <50%) is less common 
in PAH and is more typically associated with a 
history of smoking, underlying emphysema or 
interstitial lung disease (e.g., scleroderma), and 
left-sided cardiac disease (Trip et  al. 2013; 
Olsson et al. 2017).

Reduced DLco has been identified as an early 
marker of pulmonary vascular disease in some 
patients at risk for PAH, e.g., scleroderma. Thus, 
regular monitoring of DLco is recommended as 
part of a screening algorithm for early detection 
of PH in scleroderma (Coghlan et al. 2014; Galiè 
et al. 2015).

 Airway Function
Many patients with PAH have normal spirometry, 
suggesting minimal airway disease or obstruction 
(Sun et  al. 2003). However, other physiologic 
measures do suggest airway narrowing, including 
reduced mid-expiratory flow (MEF50%) and 
dynamic hyperinflation (Jing et al. 2009; Meyer 
2002; Laveneziana et al. 2013). The pathophysi-
ology of airway obstruction in PAH is uncertain, 
but the pulmonary artery inflammatory process 
may result in adjacent airway bronchospasm and 
fibrosis.

 Pulmonary Compliance/Volumes
A minority of patients with PAH have a total 
lung capacity (TLC) that is less than 80% of 
predicted (Sun et al. 2003; Romano et al. 1993; 
Low et al. 2015). This restriction is most com-
mon in PAH associated with congenital heart 
disease (CHD), in the presence of parenchymal 
lung disease in CTD-PAH, and quite uncom-
mon in IPAH.  The physiologic basis of lung 
restriction is multifactorial and can be related 
to previous cardiothoracic surgery and lack of 
full respiratory development (e.g., CHD-PAH), 
cardiomegaly in the setting of RV failure, as 
well as reduced lung compliance due to less 
distensible,  fibrotic/hypertrophied intrapul-
monary arteries in PAH (Sun et al. 2003; Low 
et al. 2015).
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 Pathophysiology of RV Failure 
in PAH

 Normal RV Function

 Introduction
The function of the RV was noted by the early 
anatomist William Harvey (1578–1657) in that 
it “may be said to be made for the sake of trans-
mitting blood through the lungs, not for nour-
ishing them”; therefore, the RV can best be 
thought of as adding efficiency for oxygen 
exchange. It should be able to deliver all the 
blood it receives and then transmit that blood to 
the lungs without any rise in the right atrial 
pressure (Pinsky 2016).

Normally, the pulmonary vasculature has suf-
ficient adaptability through distention of the large 
arteries or recruitment of closed vessels that 
result in a decrease in PVR and allow only a min-
imal increase in PAP.  Since the RV is thinner- 
walled and more heavily trabeculated than the 
left ventricle, it is less able to manage significant 
increases in these parameters. Even more impor-
tantly, as discussed in Chap. 3, the RV end- 
systolic elastance is much less than that of the LV, 
so that the RV cannot produce a high systolic 
pressure unless there is a major adaptation of an 
increase in RV contractility, reflected by increased 
end-systolic elastance.

The geometry of the RV is more complex than 
that of the LV, and longitudinal shortening of the 
RV myocardial fibers plays a greater role in con-
tractility than short-axis shortening. In the LV, the 
lateral free wall is felt to have a greater contribu-
tion to output than the septum, whereas in the RV, 
both septum and free wall significantly contribute 
to overall ventricular function.

Finally, the blood supply to the RV comes 
mainly from the right coronary artery and, since 
there is a significant coronary-RV myocardial 
pressure differential during systole and diastole, 
coronary perfusion to the RV occurs relatively 
equally throughout the cardiac cycle (Van 
Wolferen et al. 2008). This is in stark contrast to 
the LV which, by virtue of the inherently higher 
systolic myocardial pressures generated, is 
largely only perfused during ventricular diastole. 

This unique feature of the RV becomes important 
in the presence of elevated pulmonary pressures.

 RV Failure

 Introduction
The pulmonary vascular physiologic effects of 
PH (increased PA impedance and resistance, and 
reduced compliance) all contribute to increased 
afterload on the RV. Because of its anatomy and 
normal low-pressure function, the RV is poorly 
adapted to act as an efficient pump in the setting 
of increased PAP and PVR.  Although both the 
RV and LV are sensitive to changes in preload, 
the RV is particularly sensitive to even small 
increases in afterload, which significantly reduce 
RV output (Vonk-Noordegraaf et al. 2013).

After some typically prolonged period of 
increased RV afterload, which is often clinically 
asymptomatic, RV function begins to decline. It 
is at this point that symptoms worsen and clinical 
signs of RV failure develop. Typical symptoms 
include worsening dyspnea, increasing periph-
eral and abdominal edema, and eventually, exer-
tional chest pain and syncope. Signs of RV failure 
include jugular venous distension, hepatomegaly, 
and lower extremity edema. These clinical fea-
tures should alert the astute practitioner to the 
presence of RV failure before the onset of wors-
ening end-organ function, e.g., renal failure, 
which is associated with a high risk of mortality.

 RV Failure: RV-PA Coupling Versus 
Decoupling
In the initial stages of PH, when the RV is faced 
with mild-moderate increases in PAP and PVR, 
the RV can compensate for the increased after-
load with early remodeling changes, including 
myocyte hypertrophy and mild fibrosis (Seo and 
Lee 2018). RV decompensation in the face of 
persistent afterload is characterized by progres-
sive loss of myocyte mass and fibrotic changes 
progress. These pathologic changes are function-
ally important. They negatively affect diastolic 
RV function first with prolongation of the iso-
volumic phase of relaxation, and then with a sim-
ilar increase in the duration of isovolumic 
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contraction; therefore, there is a concomitant 
increase in right ventricular end-diastolic 
volume.

However, with persistent and progressive 
increases in afterload, the RV is unable to com-
pensate and further, maladaptive increases in 
ventricular dimensions result. This has multiple 
effects including a drop in cardiac output and dis-
tortion of perivalvular geometry (especially in 
the tricuspid apparatus) with further increases in 
RV end-diastolic pressure/right atrial pressure 
(Vonk-Noordegraaf et  al. 2013). As the process 
continues, there is a drop in sPAP and pulmonary 
circulation pulse pressure, as the RV becomes 
increasingly unable to generate an adequate 
stroke volume. This late-stage clinical finding is 
known as ventricular-arterial decoupling (Tello 
et al. 2019). In some patients in whom the RV has 
had early and chronic exposure to high PAP (e.g., 
in certain types of CHD), the compensated RV 
can maintain reasonably intact function for many 
decades. In contrast, in patients with most types 
of PAH other than CHD-PAH (e.g., IPAH, CTD- 
PAH), the presence of more significant or more 
sustained elevations in PAP and PVR typically 
have a fairly rapid and progressively deleterious 
effect on RV function. This is commonly termed 
“decoupling” between increasing RV load and 
falling RV pressure generation because of 
impaired contractility (falling end-systolic elas-
tance), with a resultant decrement in stroke vol-
ume and impaired cardiac output.

 RV Failure: RV Ischemia
The normal myocardial mass of the RV is consid-
erably less than of the LV. When the RV mass 
increases to adapt to the increased RV load in PH, 
microvascular growth fails to match myocyte 
hypertrophy and as well microvascular dysfunc-
tion develops (Crystal and Pagel 2018). The ris-
ing RV systolic pressure also can inhibit the RV 
systolic coronary flow and thereby cause a “sys-
temic ventricularization” of the RV. Changes in 
myocardial oxygen demand during a state of 
heightened afterload then can result in ischemia 
which further worsens RV function (Haddad 
et al. 2008). Ongoing RV dysfunction results in 
an inability to offload its volume and causes fur-
ther ventricular distension. This sets up a cycle of 

worsening ischemia and leads to worsening signs 
of clinical RV failure (peripheral and abdominal 
congestion along with poor forward flow).

 RV Failure: Ventricular 
Interdependence
The failing RV has multiple adverse effects on 
the LV, through multiple mechanisms, including 
changes in RV size/shape and common pericar-
dial constraint. Firstly, with ongoing increases in 
afterload, the normal crescentic shape of the RV 
becomes more spherical and exerts an additional 
leftward force on the septum which in turn alters 
LV geometry to become narrower and more coni-
cal (Kind et al. 2010).

Since the total cardiac volume is constrained 
by the compliance of the pericardium, increases 
in RV size begins to limit LV size. This negative 
geometric change is known as ventricular inter-
dependence (Peluso et al. 2014). This change can 
further reduce cardiac output by decreasing LV 
distensibility, preload, and ventricular elastance, 
thereby adversely affecting LV diastolic filling. 
Somewhat paradoxically in PAH, the increasing 
constraint can elevate the left atrial pressure and 
further impair pulmonary vascular unloading. 
This sets up a deleterious cycle whereby worsen-
ing pulmonary artery pressures cause worsening 
biventricular function which increase vascular 
resistance and further decrease overall cardiac 
output. At this stage, pump failure is imminent. It 
is crucial, therefore, both to recognize when 
patients are at this point, and perhaps more 
importantly, attempt to avoid it through careful 
and particular attention to all of their antecedent 
hemodynamic parameters.

 Cardiopulmonary Monitoring 
of the PAH Patient

 Introduction

Pulmonary arterial hypertension is an uncommon 
but progressive disease associated with signifi-
cant morbidity and eventual mortality. Although 
there are many therapies that are now available to 
clinicians which have helped mitigate these nega-
tive outcomes, their appropriate usage remains a 
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challenge. These therapies comprise a spectrum 
of complexity ranging from oral formulations, to 
parenteral administrations, and to surgical 
options such as lung transplantation. Inherently, 
these therapies have adverse effects that range 
from being mild and just a nuisance to being very 
disabling, and so both under-treatment and inap-
propriate intensification of treatment can result in 
poor patient outcomes. It is therefore crucial for 
the treating practitioner to appropriately assess 
the patient’s clinical status and determine where 
the patient sits on this continuum. This can allow 
for appropriate therapeutic choices at the appro-
priate time in a given patient’s clinical course.

There are many parameters that are likely rel-
evant in the assessment of a patient with PAH and 
these include clinical, laboratory, imaging, and 
hemodynamic variables. It should be noted that 
no single parameter can accurately indicate pro-
gression or improvement of the disease state 
(Benza et  al. 2010). As a result, multiple risk 
assessment and stratification approaches have 
been proposed in the PH literature, some are 
detailed and some are abbreviated, some include 
only variable parameters while others are fixed. 
In the sections below we will endeavor to outline 
the most relevant investigations for a clinician 
treating PAH and provide a workable approach to 
integrating them into practice.

 Cardiopulmonary Monitoring 
of the PAH Patient: Clinical 
Parameters

 Symptomatic/Functional Classification
One of the most important clinical effects of PH 
is reduced ability to be physically active, to exer-
cise, and to perform activities of daily living. As 
such, the specific determination of a patient’s 
abilities to perform everyday activity and tasks 
with or without symptoms is a key part of the ini-
tial assessment of patients with PH and during 
long-term monitoring. Moreover, this is one key 
component of assessment of how patients are 
affected by the disease, or their health-related 
quality of life (HRQoL).

Since PH and resulting RV failure manifest 
signs and symptoms similar to left-sided heart 
failure, the New  York Heart Association’s 
(NYHA) functional classification (FC), first 
 published in 1928, has also been used to function-
ally classify patients with PH.  However, due to 
the recognition of subtle but relevant differences 
in clinical features, the NYHA FC was modified 
(mNYHA) at the 1993 World Health Organization 
(WHO)-sponsored World Symposium on PH to 
be a more PH-specific FC system (Table  54.5); 
this specifically highlights the significance of pre-
syncope, syncope and chest pain in the assess-
ment and monitoring of these patients.

At the time of the initial diagnosis, baseline 
NYHA FC reflects the clinical severity of PH as 

Table 54.5 Functional classification of PH

WHO (Modified NYHA)  
FC (PH)

NYHA FC (Heart 
failure)

I.  Patients without limitation 
of physical activity. 
Ordinary physical activity 
does not cause undue 
dyspnea or fatigue, chest 
pain or near syncope.

1.  No limitation of 
physical activity. 
Ordinary physical 
activity does not 
cause undue 
fatigue, palpitation, 
dyspnea.

II.  Patients with a slight 
limitation of physical 
activity. They are 
comfortable at rest. 
Ordinary physical activity 
causes undue dyspnea or 
fatigue, chest pain or near 
syncope.

2.  Slight limitation of 
physical activity. 
Comfortable at 
rest. Ordinary 
physical activity 
results in fatigue, 
palpitation, 
dyspnea.

III.  Patients with marked 
limitation of physical 
activity. They are 
comfortable at rest. Less 
than ordinary activity 
causes undue dyspnea or 
fatigue, chest pain or near 
syncope.

3.  Marked limitation 
of physical activity. 
Comfortable at 
rest. Less than 
ordinary activity 
causes fatigue, 
palpitation, or 
dyspnea.

IV.  Patients with inability to 
carry out any physical 
activity without 
symptoms. These patients 
manifest signs of right 
heart failure. Dyspnea 
and/or fatigue may even 
be present at rest. 
Discomfort is increased 
by any physical activity.

4.  Unable to carry on 
any physical 
activity without 
discomfort. 
Symptoms of heart 
failure at rest.
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well as the burden of living with PH. FC is also 
one of the most robust and consistent prognostic 
markers in PH in general and importantly, spe-
cifically in PAH (Brenot 1994; Boucly et  al. 
2017). Moreover, a significant correlation 
between baseline NYHA FC and survival was 
found in the first US NIH registry of idiopathic 
IPAH patients, several single-center cohorts from 
many countries, and in the US REVEAL, the 
largest registry ever of 2716 PAH patients of all 
subtypes (Benza et al. 2010).

FC is a responsive measure of the severity of 
PH and its effect on patients, as FC has been 
shown to improve in PAH patients treated with 
PH-targeted medications (Galiè et  al. 2009; 
Farber et al. 2015). Moreover, after the institution 
of effective PAH therapy, a clinical improvement 
from initial FC III/IV to FC II is associated with 
improved prognosis.

Most importantly, there is strong evidence that 
the improvement in NYHA FC in treated PAH 
patients strongly predicts improved clinical out-
comes, including a lower risk of disease progres-
sion and better long-term survival. For example, 
in the REVEAL registry, patients who improved 
from FC III to FC I/II, regardless of PAH cause, 
had better survival compared with patients who 
remained in FC III or worsened to FC IV (Barst 
et al. 2013; Nickel et al. 2012). Although this has 
only been demonstrated in open-label or retro-
spective analyses (Boucly et  al. 2017; Hoeper 
et al. 2017; Kylhammar et al. 2017), the consis-
tency of the prognostic importance of changes in 
FC across multiple clinical registries from vari-
ous countries/regions supports the strength of 
this association.

Recommendations for Clinical Practice
WHO/mNYHA FC is the most commonly used 
parameter in clinical practice to assess dyspnea 
and functional ability in PAH patients, and it pro-
vides important information regarding the sever-
ity of PAH and the effect of the illness on a 
patient’s everyday life. Furthermore, all current 
PH clinical practice guidelines (e.g., ESC/ERS 
PH guidelines) (Galiè et  al. 2015) and PH risk 
stratification systems (e.g., WSPH 2019 (Galiè 
et al. 2019), REVEAL registry 2.0 (Benza et al. 

2019)) emphasize the critical importance of mon-
itoring FC in determining prognosis in individual 
patients. Limitations in the reliability of FC 
assessment are recognized, including in subjects 
of older age and with comorbid conditions, as 
well as poor inter-/intra-observer reproducibility.

Nevertheless, mNYHA FC is a simple, repro-
ducible, and clinically important assessment tool 
and prognostic measure in PAH patients at the 
time of diagnosis and especially during follow-
 up assessment of treated PAH patients. Repeated 
assessment of FC reflects the response to therapy, 
and strongly predicts the prognosis for long-term 
clinical wellbeing and survival. The simple, prac-
tical goal is for each patient to achieve better 
daily functional capacity, specifically mNYHA 
FC 1 or 2.

We endorse the regular use of WHO/mNYHA 
FC assessments but recommend caution in the 
over-reliance on FC as a singular determinant of 
patient clinical status and prognosis.

 Health-Related Quality of Life (HRQoL)
Patient-reported outcomes (PROs) can include 
physical symptom scores (e.g., Borg dyspnea 
index), psychological wellbeing vs distress, and 
formal measures of a patient’s HRQoL.  Most 
importantly, PROs such as HRQoL measures are 
increasingly important clinical assessment tools, 
as they provide a direct, holistic reflection of a 
patient’s perspective of their own clinical status. 
PROs may also be considered important potential 
endpoints for clinical trials. Ancillary benefits 
include enhanced patient engagement, improved 
medication and lifestyle adherence, as well as 
greater patient satisfaction (Anker et  al. 2014; 
Howard et al. 2014; McGoon et al. 2019).

A number of HRQoL measures have been 
studied in patients with PH.  Initially, the Short 
Form-36 (SF-36) and Nottingham Health Profile 
(NHP) were used but these are not PH specific 
questionnaires. Additionally, the Minnesota 
Living with Heart Failure Questionnaire 
(MLHFQ) has been used to assess PH patients, 
sometimes in a modified form to account for spe-
cific aspects in the PH patient population (Reis 
et  al. 2018). More recently, the CAMPHOR 
(McCabe et al. 2013), emPHasis-10 (Yorke et al. 
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2014), and PAH-SYMPACT (McCollister et  al. 
2016) scores have been developed to directly 
assess PH-specific HRQoL.  Both CAMPHOR 
and PAH-SYMPACT are somewhat intricate, 
being developed for use in clinical research trials 
and have been validated in large clinical trials of 
PAH medications. By contrast, emPHasis-10 is 
designed as a PRO that can be more readily inte-
grated into a standard clinic visit. Table  54.6 
below lists specific aspects of and different 
domains assessed by the 3 PH-specific PROs.

Recommendations for Clinical Practice
We recommend the use of a PH-specific PRO in 
the routine clinical assessment of PAH patients, 
e.g., emPHasis-10. We also recommend that all 
future PH clinical trials should include a 
PH-specific PRO, and that expectation of an 
improvement in a patient’s perceived HRQoL 
should be an expectation of the drug approval 
process.

 Physical Examination
The physical examination of a patient with sus-
pected PH can detect the presence of PH and 
assess the degree of fluid overload which reflects 
the severity of RV failure. Although the findings 
of PH on physical exam are often subtle and dif-
ficult to confidently ascertain, a careful physical 
exam helps monitor PH patients during regular 
follow-up.

The most common finding on physical exam 
suggestive of PH is an accentuated pulmonary 
component of the second heart sound (P2). Other 
findings commonly include jugular venous dis-
tension with a large V wave indicative of tricus-
pid regurgitation (TR), peripheral edema, and 
less commonly a left parasternal RV heave, a 

pansystolic murmur of TR, and a diastolic mur-
mur of pulmonary insufficiency. In more 
advanced states of RV failure, PH patients may 
manifest systemic hypotension, a third or fourth 
heart sound originating in the RV, hepatomegaly, 
and abdominal bloating due to ascites.

Additionally, patients with PH in association 
with underlying medical conditions can have spe-
cific physical exam findings. Examples include 
patients with congenital heart disease and right- 
to- left shunting (e.g., clubbing and central cyano-
sis), connective tissue disease associated PAH 
(e.g., cutaneous manifestations such as sclero-
dactyly and telangiectasia), and portopulmonary 
hypertension (e.g., sequelae of cirrhosis such as 
palmar erythema and spider angiomas).

There is only weak evidence to support the 
clinical utility of the physical examination in the 
detection of the presence of PH. Historically, the 
most specific and greatest predictive finding of 
PH was a loud P2 (positive likelihood ratio 56.4, 
95% CI 7.9–401.7) (Sutton et al. 1968). However, 
more recent studies have found more modest 
likelihood ratios for the presence of PH in patients 
with a loud P2. For example, one study reported 
a positive likelihood ratio of 1.9, but this did not 
improve the overall ability of physicians to accu-
rately diagnose PH (Colman et  al. 2014). The 
largest, most rigorous prospective study of physi-
cal exam findings assessed 116 patients pre- 
RHC, of whom 87% were confirmed to have PH 
based on mPAP ≥25  mmHg (Braganza et  al. 
2019). Although no single finding reliably diag-
nosed or excluded PH, the combination of ele-
vated JVP >3 cm above the sternal angle and RV 
heave best discriminated the presence of PH. The 
combination of RV heave, JVP >3 cm above the 
sternal angle and peripheral edema were 100% 
predictive of having a severely elevated mPAP 
≥45 mmHg. Presence of a loud P2 was not shown 
to be independently predictive of PH (Braganza 
et al. 2019).

Recommendations for Clinical Practice
Overall, the physical exam can suggest the 
presence of PH, but cannot be used to reli-
ably diagnose or exclude the presence of 
PH.  Furthermore, the accuracy and utility of 

Table 54.6 PH-specific patient-reported outcome (PRO) 
tools

Domains CAMPHOR emPHasis-10
PAH- 
SYMPACT

Baseline 
symptoms

Yes (25 
questions)

Yes (4 
questions)

Yes (11 
questions)

Activity 
tolerance

Yes (15 
questions)

Yes (1 
question)

Quality of 
life

Yes (25 
questions)

Yes (5 
questions)

Yes (11 
questions)
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regular physical examination of PH patients 
in order to monitor the severity of PH or RV 
failure has not been formally studied. Given the 
poorer reliability of physical exam prediction 
of PH in newer versus older studies, we sus-
pect that decreased sensitivity and specificity is 
a result of the deterioration of modern physical 
exam skills.

We recommend that clinicians not rely on the 
presence or absence of a loud P2 to suspect or 
exclude PH.  We recommend regular physical 
examination of all PH patients for evidence of 
RV failure (elevated JVP, RV heave, peripheral 
edema), which is of particularly worrying clinical 
concern. If signs of RV failure are present or 
worsening, thorough investigation for contribut-
ing factors as well as appropriate management 
should be promptly undertaken.

 Cardiopulmonary Monitoring 
of the PAH Patient: Exercise Capacity

 Introduction
PH is typically associated with symptoms on 
exertion, and many patients experience reduced 
activity tolerance to the point of functional limi-
tation and disability. As such, objective assess-
ment of specific functional capacity is an 
important aspect of the assessment of disease 
severity in PH patients. This is most commonly 
done with two specific exercise testing methods, 
6-minute walk test (6MWT) and treadmill or 
cycle cardiopulmonary exercise testing (CPET).

 6-Minute Walk Test (6MWT)

Introduction
This is a simple, safe, reproducible test which 
assesses submaximal functional capacity of 
patients using the most common daily activity, 
walking. 6MWT is typically performed accord-
ing to recommended technical standards, includ-
ing physical space, procedure, and monitored 
variables (Crapo et  al. 2002). The 6MWT dis-
tance (6MWD) walked by a patient is typically 
reported as an absolute value in meters. Normative 
values have been established in a single study of 

290 subjects including 173 females, resulting in 
sex-specific reference equations (Enright and 
Sherrill 1998). Reporting of individual patient 
data as % predicted has not yet been considered 
by guidelines, as prognostic ability does not 
appear superior to that of absolute 6MWD (Lee 
et  al. 2010). A simpler weight-adjusted 6MWD 
(6MWD [m] × weight [kg]) has also been pro-
posed (Oudiz et al. 2006).

Effects of PH on 6MWT
Registry data from studies in France, United 
States, China, and Spain have reported reduced 
6MWD in patients with many subtypes of PAH, 
which is proportional to the clinical severity of 
PH as assessed by NYHA FC (Benza et al. 2010; 
Brenot 1994; Miyamoto et al. 2000). Moreover, 
there is an association between reduced 6MWD 
and lower CPET VO2PEAK (Miyamoto et al. 2000), 
although the correlation between weight-adjusted 
6MWD and VO2PEAK appears to be significantly 
stronger than for the unadjusted 6MWD (Oudiz 
et  al. 2006). 6MWD is importantly related to 
health-related quality of life (HRQoL) in indi-
vidual patients. For example, 6MWD correlated 
with seven of eight subscales of the SF-36 
(Halank et al. 2013). Although 6MWD is reduced 
in most patients with PH, it is generally only 
modestly correlated with hemodynamic PH 
severity, including some cardiopulmonary 
parameters (e.g., CO, RAP, and TPR), but typi-
cally not with mPAP (Miyamoto et al. 2000).

Effects of PH-Targeted Therapy on 6MWT
In PAH patients who are treated with PH-targeted 
medical therapy, 6MWD typically improves sig-
nificantly, with a range from 15 to 90 m depend-
ing on the specific PH-targeted medication (Galiè 
et al. 2009). Improvement is usually less marked 
following the addition of a 2nd medication in 
monotherapy-treated PAH patients (Lajoie et al. 
2016). Functional capacity of PH patients, 
including those with PAH, also improves signifi-
cantly following exercise rehabilitation therapy. 
This includes slight increases in VO2PEAK (e.g., 
2.2  mL/kg/min; 95% CI 0.4–3.9) and more 
marked increases in 6MWD (e.g., 73 m; 95% CI 
46–99 m) (Buys et al. 2015).
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The improvement in 6MWD in PAH patients 
treated with PH-targeted medications is inversely 
correlated with the decline in PVR (Savarese 
et al. 2012). Moreover, improved NYHA FC in 
PAH patients treated with current PH-targeted 
medications was associated with greater increases 
in 6MWD as compared to patients with 
unchanged NYHA FC (Barst et  al. 2013). 
However, a minimal clinically important differ-
ence (MCID) for improvement in 6MWD has not 
been clearly defined in PH. A statistical minimal 
important difference (MID) was identified at 
approximately 33  m, using both distributional 
and anchor-based methods in PAH patients 
treated with the PDE-5 inhibitor tadalafil (Mathai 
et al. 2012). Similarly, in sildenafil-treated PAH 
patients, a MID of 42 m corresponded to a statis-
tically significant reduction in clinical events 
(Gilbert et al. 2009).

Prognostic Value of 6MWT in PH
Many studies support the strong negative prog-
nostic value of poor baseline 6MWD in newly 
diagnosed PAH patients. For example, IPAH 
patients with baseline 6MWD less than the 
median value (332 m) had a significantly lower 
survival rate than those walking farther than the 
median (Miyamoto et al. 2000). Similarly, there 
was a significant difference in survival (p = 0.002) 
based on a baseline 6MWD >330 m vs <330 in a 
single-center study from France (Provencher 
et al. 2006). In contrast, in a cohort of 178 French 
patients with more severe IPAH (required treat-
ment with IV epoprostenol), there was a 2.2-fold 
increased risk of death with baseline 6MWD less 
than the median (250  m) (Sitbon et  al. 2002). 
Patients with a significantly reduced 6MWT 
(<165 m) or marked deterioration (e.g., >70 m, 
>15% reduction from baseline) are at high risk; a 
cut-off value of 165 m performed best in prog-
nostication of mortality, whereas patients above 
440 m appear to be at low risk of death in 1-year 
(Zelniker et al. 2018).

 Cardiopulmonary Exercise Test (CPET)

Introduction
Treadmill or cycle ergometer, incremental, 
symptom- limited CPET provides the most com-

prehensive non-invasive assessment of integrated 
exercise responses involving the pulmonary, car-
diovascular, hematologic, and neuromuscular 
systems. Technical aspects of CPET are critical 
for safe assessment of PH patients and to obtain 
clinically relevant data, but will not be reviewed 
here as they are well-summarized elsewhere 
(Ross et al. 2001). CPET has proven value in the 
evaluation of patients with symptoms such as 
dyspnea and exertion intolerance, based on clas-
sic patterns of dynamic abnormalities suggestive 
of respiratory, cardiac, or other conditions includ-
ing unfitness (Ferrazza et al. 2009).

CPET Patterns in PAH
In patients with PH, a panel of characteristic sub-
maximal and peak exercise CPET abnormalities 
have been consistently described which may 
identify the presence of significant pulmonary 
vascular disease. As well, CPET’s comprehen-
sive assessment of dyspnea and exercise limita-
tion, key clinical features of PH, can categorize 
the functional severity of PH and associated RV 
failure (Sun et  al. 2001a; Arena et  al. 2010; 
Weatherald et  al. 2017; Farina et  al. 2018a). 
Moreover, classic cardiopulmonary abnormali-
ties may be prognostic in individual patients and 
may also be responsive to PH-targeted therapy 
(Groepenhoff et al. 2013).

Several large case series have reported find-
ings on incremental, symptom-limited, maximal 
CPET in PH patients, most commonly idiopathic 
PAH patients (Sun et  al. 2001a; Wensel et  al. 
2002). It is clear that CPET parameters typically 
are markedly abnormal in most PAH patients 
compared to healthy control subjects. The classic 
CPET pattern is characterized by a marked reduc-
tion in overall exercise capacity, as reflected by 
reduced work rate (WR) and VO2PEAK, with a 
blunted VO2/WR relationship, associated with 
evidence of impairment of both cardiovascular 
and ventilatory responses (Fig. 54.1).

Cardiac abnormalities largely specific to the 
RV are central to the symptoms and exercise lim-
itation in patients with PH. RV output is normally 
inversely correlated with PAP, such that PH 
results in a decreased ability of the RV to increase 
stroke volume (as reflected by the impaired 
increase in oxygen pulse) and cardiac output. In 
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addition, based on principles of ventricular inter-
dependence, RV enlargement and resulting septal 
flattening or leftward shift can result in important 
alterations in LV geometry, diastolic function, 
and systemic perfusion.

The consequence of impaired cardiac function 
and reduced CO/CI is inadequate tissue O2 deliv-
ery and early-onset lactic acidosis (Weatherald 
et  al. 2017; Groepenhoff et  al. 2010; Holverda 
et al. 2006), resulting in lower AT, and a resulting 
excessive HR response for any WR, which is also 
driven in part by sympathetic hyperactivity. 
Moreover, cardiac responses at the onset of exer-
cise appear to be delayed in PAH patients, as CO 
may actually transiently decline, possibly due to 
increased venous return resulting in RV disten-
sion and reduced stroke volume (Lador et  al. 
2016). Overall, there is a less efficient coupling 
of O2 delivery and VO2, contributing to impaired 
VO2 kinetics in PAH and blunted VO2/WR 
relationship.

In healthy subjects, normal levels of VE, 
VE/VCO2, and PaCO2 (PETCO2) reflect the appro-

priate matching of ventilation and perfusion at 
rest and exercise. In PAH patients, the ventilatory 
pattern is characterized by increased VE at rest 
and at any exercise WR (Hoeper et  al. 2007; 
Velez-Roa et al. 2004; Farina et al. 2018b). This 
excessive ventilation is a function of several 
stimuli, including: (i) the above cardiovascular 
abnormalities which result in early lactic acidosis 
due to impaired CO, (ii) arterial hypoxemia and 
carotid body chemoreceptor stimulation, (iii) 
high levels of physiologic (total) dead space 
(VD/VT) characterized functionally by areas of 
either absent or markedly impaired perfusion 
with relative over-ventilation, as well as (iv) 
increased chemosensitivity of peripheral chemo-
receptors (driven by hypoxia, catecholamines, as 
well as lactic acid and lower pH), potentiated by 
neural sensing of central pulmonary artery and 
right atrial/ventricular stretch (Velez-Roa et  al. 
2004; Farina et  al. 2018b; Naeije and Van De 
Borne 2009).

Importantly, despite the increased total VD/VT, 
the increase in VE in PAH is typically excessive 

Overall Exercise

Peak VO2

Peak Work Rate (WR)

VO2/WR

Slope of HR response

VE (rest, exercise)

VD/VT (rest, exercise)

P(A-a)O2 differences
(exercise)

Peak HR

Peak O2-pulse

VO2/WR

PaCO2, PETCO2 (rest)

PETCO2 (AT)

SpO2 (early, without

PaCO2 rise)

Cardiovascular

Ventilatory

Fig. 54.1 Characteristic 
disturbances in CPET 
parameters in patients 
with PAH vs healthy 
controls. Abbreviations. 
VO2 oxygen uptake, WR 
work rate. PaCO2 
arterial carbon dioxide 
tension. PETCO2 
end-tidal carbon dioxide 
tension. AT anaerobic 
threshold. SpO2 arterial 
oxygen saturation by 
pulse oximetry. VE 
minute ventilation, VD 
dead space volume. VT 
tidal volume, P(A–a)O2 
alveolar–arterial oxygen 
tension difference
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and inefficient, resulting in a reduction of resting 
PaCO2 and often a further decrease during exer-
cise. This ventilatory inefficiency is best reflected 
by an increased VE/VCO2 ratio (and less reliably by 
increased VE/VO2 ratio), which is most evident at 
specific exercise levels (e.g., anaerobic or venti-
latory threshold), as well as the increased slope 
of the overall, continuous VE/VCO2 relationship 
(Hoeper et al. 2007; Velez-Roa et al. 2004; Farina 
et  al. 2018b). Moreover, this ventilatory ineffi-
ciency is reflected by a widened difference 
between PaCO2 and PETCO2; specifically, PETCO2 
is even more dramatically reduced than PaCO2 at 
rest and declines further during exercise. 
Hypoxemia in PAH is common, typically only 
mild at rest but commonly significantly worse on 
exercise. Hypoxemia is the result of multiple car-
diopulmonary physiologic disturbances most 
prominent on exercise, including lower SvO2 
(impaired cardiac output), impaired alveolar–
arterial O2 diffusion, as well as increased right- 
to- left shunting which can be both intrapulmonary 
as well as through a patent foramen ovale (Hoeper 
et al. 2007; Dantzker et al. 1984; Sun et al. 2002).

In summary, PH is characterized by marked 
abnormalities of V/Q matching resulting in exces-
sive VE and higher VE/VCO2, due both to increased 
VD/VT as well as hyperventilation and reduced 
PaCO2 (and PETCO2) both at rest and during exer-
cise compared to normal subjects (Velez-Roa 
et al. 2004; Farina et al. 2018b). Such ventilatory 
abnormalities are clinically important, as the 
reduction in PETCO2 correlates inversely with the 
elevation in mPAP, and is proportional to the 
impairment of VO2PEAK (Yasunobu et al. 2005).

Correlation of CPET Parameters 
with Severity of PAH
The degree of abnormal CPET cardiopulmonary 
responses are strongly associated with the sever-
ity of PAH (Yasunobu et  al. 2005; Sun et  al. 
2001b; Correale et  al. 2017). Worsening PAH, 
especially in association with RV failure, is asso-
ciated with progressively worse overall exercise 
capacity (e.g., WR, VO2PEAK), lower VO2/WR 
ratio, as well as greater abnormalities in cardio-
vascular (e.g., lower exercise HRPEAK, lower O2- 
pulsePEAK, earlier AT) and ventilatory responses 

(e.g., higher VD/VT at rest and exercise, higher 
VE/VCO2 at AT and overall slope, lower PETCO2 at 
AT) (Arena et  al. 2010). For example, exercise 
cardiac index correlated with VO2PEAK, and fur-
thermore, was the only independent predictor of 
VO2PEAK in multivariate stepwise linear regression 
analyses (Blumberg et al. 2013). In addition, the 
reduction in PETCO2 correlates inversely with the 
elevation in mPAP, and is proportional to the 
impairment of VO2PEAK (Yasunobu et al. 2005).

Prognostic Value of CPET Parameters 
in PAH
CPET parameters correlate importantly with the 
severity of PAH and RV failure, and correspond-
ingly, may have clinical utility as markers of 
prognosis in individual PAH patients. One of the 
strongest predictors of worse survival in PAH 
remains an impairment of overall exercise capac-
ity, as reflected by reduced VO2PEAK. In various 
studies, different threshold values of VO2PEAK have 
been identified, e.g., 10.4, 11.5, and 13.2 ml/min/
kg, below which mortality is increased (Wensel 
et  al. 2002; Deboeck et  al. 2012; Groepenhoff 
et al. 2008). Similarly, PAH patients with VO2PEAK 
more than 65% predicted have a good prognosis 
for 5-year survival (Wensel et al. 2013). Similarly, 
other markers of impaired overall exercise capac-
ity are also associated with worse survival, e.g., 
lower HRPEAK (Groepenhoff et al. 2013). Aerobic 
capacity can improve following treatment of 
PAH patients with PH-targeted medications; a 
greater change in VO2PEAK was associated with 
better survival, and this change in aerobic capac-
ity was significantly related to changes in RVEF 
(Groepenhoff et al. 2013).

Other CPET parameters also appear to be 
important prognostic markers in PAH patients, 
particularly markers of impaired cardiac function 
(e.g., lower peak sBP, reduced O2-pulse) and 
ventilatory inefficiency (higher VE/VCO2, reduced 
PETCO2) (Groepenhoff et al. 2013; Wensel et al. 
2002; Groepenhoff et  al. 2008). For example, 
increased VE/VCO2 slope (e.g., greater than 48) is 
associated with worse survival (Groepenhoff 
et al. 2008, 2013). Similarly, another study found 
worse survival with VE/VCO2 slope >62, as well as 
poor prognosis with VE/VCO2 >54 specifically at 
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AT (Deboeck et al. 2012). Impaired oxygenation 
on exercise also appears to be an important prog-
nostic marker. Indeed, exercise-induced right-to- 
left shunt strongly predicts death or transplantation 
in PAH patients, independently of hemodynam-
ics and other exercise parameters including 
VO2PEAK (Oudiz et al. 2010).

Following exercise, post-exercise HR recov-
ery (1  min) response, which is delayed in PH 
patients vs controls, appears to be a marker of 
poor prognosis (Ramos et  al. 2012). Indeed, 
patients with more rapid HR recovery had better 
NYHA FC, resting hemodynamics and 6MWT 
distance. It is unclear whether all parameters are 
responsive to treatment. For example, the change 
in O2-pulse following PH-targeted therapy pre-
dicted survival whereas changes in VE/VCO2 slope 
did not (Groepenhoff et al. 2013).

Rather than using individual CPET parame-
ters, the prognosis may be better predicted by 
using either combinations of several CPET 
parameters, or a combination of CPET and other 
parameters, e.g., hemodynamic. For example, in 
multivariate analysis, reduced VO2PEAK and low 
sBP at peak exercise were both independent pre-
dictors of survival; specifically, patients with 
combined lower VO2PEAK (<10.4 mL/kg/min) and 
peak sBP (<120 mmHg) had the worst survival 
rates at 12 months (Wensel et al. 2002).

Similarly, combining CPET abnormalities 
(e.g., low VO2PEAK, and low ΔHR) and resting 
hemodynamic abnormalities (e.g., high PVR) or 
RV dysfunction by imaging may improve the 
ability to predict prognosis in PAH patients 
(Wensel et al. 2013). For example, 10-year sur-
vival was best (up to 75%) in patient with both 
high VO2PEAK and low PVR. In addition, a risk pre-
diction model performed better when incorporat-
ing both exercise O2-pulsePEAK and echo RV 
systolic function (using fractional area change), 
indeed better than traditional clinical, 6MWD, 
and invasive hemodynamic parameters 
(Badagliacca et al. 2016).

Summary
CPET is not currently widely used globally, 
even in major PH centers, largely because of a 
lack of medical expertise in the test, and a result-

ing lack of comfort in the safety, reliability, and 
usefulness of testing. Indeed, the STRIDE-1 
randomized clinical trial of sitaxsentan was the 
only trial to use VO2PEAK as a co-primary end-
point (along with 6MWD); despite improved 
6MWD, the trial was widely perceived as nega-
tive because of a lack of change in VO2PEAK, 
largely because of lack of clinical expertise and 
inadequate technical standardization of CPETs 
(Barst et al. 2006).

Nevertheless, rigorously performed and care-
fully monitored CPET is a safe and sensitive tool 
for the detection of PH, as well as characteriza-
tion of the severity.

Recommendations for Clinical Practice

Diagnosis of PH
CPET can serve as a diagnostic tool in patient 
with exertional dyspnea of unknown origin and 
in those with echocardiographic findings of sus-
pected PH. Impaired exercise capacity (reduced 
VO2PEAK) is common in many patients with dys-
pnea and exercise intolerance, and is not suffi-
cient to suggest the presence of PAH.  Rather, 
disturbances of ventilatory parameters appear to 
be most specific in identifying a potential diagno-
sis of PAH.  Among these, the most robust are 
PETCO2 and VE/VCO2, especially at AT. The combi-
nation of an increase in VE/VCO2 slope with 
reduced values of end-tidal carbon dioxide ten-
sion (PETCO2) has high diagnostic accuracy, iden-
tifying the likelihood of pulmonary vasculopathy 
(Yasunobu et  al. 2005; Sun et  al. 2001b). For 
example, threshold values have been identified 
for reductions in PETCO2, such that 
PETCO2 < 30 mmHg at AT suggests PAH is pos-
sible, but <20  mmHg indicates a strong likeli-
hood of PAH (Yasunobu et al. 2005). Combined 
analysis of both PETCO2 and VE/VCO2 ratio at AT 
permitted even more precise estimates of the risk 
of PAH (e.g., unlikely, suspect, likely, or very 
likely). For example, increased VE/VCO2 slope 
along with reduced PETCO2 was found to accu-
rately identify the presence of PAH in patients 
with unexplained dyspnea (Sun et al. 2001b) and 
in subjects with echo-suspected PH (Ferrazza 
et al. 2009).
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The presence of increasing numbers of CPET 
abnormalities, especially combinations of cardio-
vascular and ventilatory parameters, is a stronger 
marker of the presence of PH. For example, the 
combination of increased VE/VCO2 slope and early 
AT had a specificity of 95% and a sensitivity of 
92.6% for the identification of PAH (Zhao et al. 
2017). Although CPET parameters predict an 
increased risk of the presence of pulmonary vas-
cular disease, there is no pattern that can confirm 
a diagnosis of PAH.  Most importantly, CPET 
abnormalities should support a clinical indication 
for a right heart catheterization.

Assessment of PH Severity/Prognosis
CPET is an emerging tool with high potential for 
clinical utility, based on several parameters which 
could serve as novel prognostic markers in the 
serial assessment and cardiopulmonary monitor-
ing of PAH patients. Specific patterns of abnor-
malities may be suitable for establishing and 
guiding therapeutic management in PAH patients. 
A number of CPET variables have been shown to 
be consistently altered in patients with PAH 
(Schwaiblmair et al. 2012). These include VO2PEAK 
as well as VE/VCO2 absolute value (e.g., at AT) and 
slope. Although many of these variables provide 
prognostic information, VO2PEAK is most widely 
used for therapeutic decision making (Arena 
et al. 2010; Wensel et al. 2002, 2013; Diller et al. 
2005).

Further studies on PAH are needed to allow 
for a more valid, comprehensive, and defined 
integration of CPET parameters into guidelines 
for monitoring of PH patients (Galiè et al. 2015). 
Based on some robust evidence from multivariate 
analyses, specific CPET parameters (e.g., 
VE/VCO2, O2-pulse) may provide added value in 
combination with common clinical and hemody-
namic variables in the modern treatment context 
(Deboeck et al. 2012; Wensel et al. 2013). CPET 
may be most useful in specific PAH subgroups; 
e.g., worsening CPET abnormalities during fol-
low- up may be more sensitive in young patients 
with excellent 6MWD in whom disease progres-
sion may be quite significant before 6MWD falls 
to less than 440 m.

 Cardiopulmonary Monitoring 
of the PAH Patient: Invasive 
Hemodynamics

 Right Heart Catheterization (RHC)

Introduction
Since the diagnosis and differentiation of pulmo-
nary hypertension relies on accurate pressure 
measurements, to date there is no test which has 
been shown superior to that of direct pressure 
transduction via insertion of a right heart cathe-
ter. Not only does RHC document pulmonary 
pressures, it also helps determine RV function, 
LV function, pericardial parameters and valvular 
function.

Performing pressure measurements in the 
right heart was first undertaken by Forssmann in 
the 1920s using himself as a subject (Chatterjee 
2009; Nossaman et al. 2010). However, it was not 
until 1970 that the balloon-tipped Swan-Ganz 
catheter was developed and allowed for easier 
measurements in a clinical laboratory setting but 
also at the bedside. This catheter has become the 
most widely used tool for RHC, because it per-
mits multiple functions: pressure transduction, 
measurement of temperature for thermodilution 
cardiac output, and ability to sample blood as 
well as infuse through multiple ports.

The technical procedure and relevant issues 
have been described in detail (Rosenkranz and 
Preston 2015). In brief, required venous access is 
typically accessed via the right internal jugular, 
brachial, or femoral veins. The SG catheter is 
advanced into the pulmonary artery using con-
tinuous pressure transduction, but fluoroscopy 
can also aid in appropriate catheter positioning, 
especially in cases where right-heart chamber 
sizes are increased. Potential pitfalls include the 
appropriate placement of the transducer or “zero- 
level” and effects of respiratory cycle and effort. 
Pressures that should be routinely measured 
include PAP, PAWP, right atrial pressure (RAP) 
and right ventricular pressure, as well as CO and 
mixed venous oxygen saturation (SvO2). 
Parameters calculated from these measurements 
include the transpulmonary pressure gradient, 
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diastolic pressure gradient, PVR, and CI. Cardiac 
output is most commonly measured via the ther-
modilution method, the Fick method, or both.

RHC in PH Patients
RHC is a critical tool in the assessment of every 
patient with suspected, clinically significant 
PH. Diagnosis of PAH depends on the identifica-
tion of pre-capillary hemodynamics, principally 
characterized by appropriately low left-heart fill-
ing pressures, e.g., PAWP and/or LVEDP. In the 
presence of more severe PH, especially with sig-
nificant pulmonary vascular remodeling (e.g., 
PAH), the compliance of the pulmonary artery 
may be decreased and accurate PAWP measure-
ment requires more attention to appropriate bal-
loon positioning. Careful review of the 
characteristic PA wedged balloon waveform may 
help accurately measure PAWP, but in some 
patients with suspected LV diastolic dysfunction, 
transaortic LV pressure tracing may be required 
to determine LVEDP.

A number of functional tests can then be per-
formed if indicated (Table 54.7). In some patients 

who appear to have pre-capillary PH but are vol-
ume contracted (normal/low RAP), the presence 
of left-sided cardiac contribution to PH may be 
masked by over-diuresis and resulting “normal” 
PAWP.  In such patients with co-morbid condi-
tions associated with LV dysfunction (especially 
diastolic dysfunction) and post-capillary PH 
(e.g., obesity, coronary disease, atrial fibrilla-
tion, systemic hypertension, presence of diabe-
tes mellitus) and the finding of apparent 
pre-capillary PH, consideration should be given 
to a fluid challenge in order to unmask abnormal 
LV function associated with increased PAWP 
and important contribution of post-capillary PH 
(Fujimoto et al. 2013).

Care must be taken when measuring the mixed 
venous O2 saturation at the pulmonary artery 
level (SvO2) so as not to miss a possible left-to- 
right shunt. This may have clinical implications 
for diagnosis and treatment. In general, SvO2 
≥75% with a normal hemoglobin (>130  g/L) 
should alert the clinician to the presence of a pos-
sible left-right shunt. In this case, additional O2 
saturation readings should be taken at all points 

Table 54.7 Potential provocative tests during RHC in PH patients

Provocative test Purpose Method Interpretation
Pulmonary 
vasoreactivity

To identify potential therapeutic 
use of CCB (selectively IPAH, 
HPAH, Drug/Toxin-PAH)

Preferred: Inhaled nitric 
oxide (10–40 ppm via 
nasal prongs) for 5–10 min

Positive acute vasodilator 
test:
  mPAP decreases ≥10 to 

<40 mmHg AND
  Stable/increased CO

Exercise To identify the presence of 
exercise-induced PH

Steady-state exercise for 
5–10 min
e.g., Recumbent cycle at 
25W, arm exercise with 
saline bags

No consensus but concern 
when:
  mPAP >30 mmHg AND
  CO <10 L/min AND
  TPR >3 WUa

Fluid challenge To identify the presence of 
“masked” post-capillary PH in 
patients with pre-capillary PH 
hemodynamics

Rapid administration of IV 
normal saline
e.g., 500 mL over 5 min

Positive fluid challenge:
  Post-bolus PAWP 

>15 mmHg, with initial 
RAP <5–10 mmHg 
(Fujimoto et al. 2013)

Systemic 
vasodilator

To identify the presence of 
pre-capillary component in 
patients with post-capillary PH 
hemodynamics

Sublingual NTG 
0.4–0.8 mg
Milrinone 50 mcg/kg IV 
over 5 min
Nitroprusside 1–5 mcg/kg/
min for 5–10 min

Positive response:
  Increased CO AND 

reduction in PAWP 
<15 mmHg AND either

   (i)  Reduction in mPAP 
<20 mmHg OR

   (ii)  Reduction in PVR 
<3 WU

aTotal pulmonary resistance (TPR) is defined as mPAP/CO in Wood Units (WU)
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along the venous return including superior and 
inferior vena cavae, RA and RV. Multiple points 
in each chamber may be helpful in localizing the 
shunt but imaging should also be performed 
which allows for sufficient visualization of all 
possible anomalous connections (Lilly and 
Section 2012).

Clinical Importance of Pulmonary 
Hemodynamics in PH
Baseline abnormalities in cardiopulmonary 
hemodynamics are essential to the diagnosis of 
PH and the definition of the hemodynamic cause 
(e.g., pre-capillary vs post-capillary), and are 
also prognostically important in each individual 
patient. The initial report of the NIH Registry of 
Primary Pulmonary Hypertension (PPH; cur-
rently labelled IPAH) first suggested that the 
hemodynamic severity of PH was prognostically 
important (D’Alonzo et  al. 1991). Specifically, 
higher mPAP and RAP, as well as lower CI were 
independent predictors of mortality. Many other 
reports have confirmed the fundamental nature of 
abnormal cardiopulmonary hemodynamics in 
PH, and the important contribution to morbidity 
and mortality (Benza et  al. 2010; Sitbon et  al. 
2002; McLaughlin et al. 2002). The most consis-
tently validated parameters include measures of 
the severity of pulmonary vascular disease, as 
reflected by PVR, as well as of right ventricular 
adaptation to the increased load in PH, as 
reflected specifically by RAP, cardiac index (CI), 
and mixed venous O2 saturation (SvO2) (Galiè 
et al. 2019). Despite its central importance to the 
diagnosis of PH, mPAP is not consistently associ-
ated with prognosis, as mPAP initially increases 
with progression of pulmonary vascular disease, 
but in the setting of advanced RV failure often 
with markedly elevated RAP, a falling mPAP is a 
bad prognostic sign (Sitbon et  al. 2002; 
McLaughlin et al. 2002).

Although baseline cardiopulmonary hemody-
namics are prognostically important in each indi-
vidual patient, the severity of cardiopulmonary 
hemodynamic abnormalities are of even greater 
prognostic importance during ongoing clinical 
monitoring following institution or modification 
of PH-targeted therapy (Nickel et al. 2012). For 

example, initial follow-up data on IV 
epoprostenol- treated IPAH patients reported bet-
ter survival with lower TPR (>30% decline from 
baseline) and mean RAP (<10 mm Hg), as well 
as higher SvO2 (≥62%) and CI (>0.5  l/min/m2 
increase from baseline) (Sitbon et  al. 2002; 
McLaughlin et al. 2002).

Most of the evidence in support of the prog-
nostic role of cardiopulmonary hemodynamics in 
PAH comes from open-label, observational stud-
ies. This idea has importantly been confirmed 
with data from a post hoc, sub-group analysis of 
a blinded RCT (Galie et al. 2017). Specifically, 
baseline hemodynamic parameters (mPAP, RAP, 
PVR, CI, SvO2) were prognostic of adverse 
future clinical outcomes over 3 years, but values 
observed after 6 months of follow-up were more 
highly prognostic, especially CI >2.5 L/min/m2 
and RAP <8 mmHg.

Recommendations for Clinical Practice
RHC remains essential in the initial assessment 
of every patient with suspected clinically signifi-
cant PH and may also be useful in the ongoing 
monitoring of patients with confirmed PAH.  In 
general, it is a well-tolerated test and an experi-
enced operator should allow for a relatively com-
fortable patient experience with a serious 
complication rate that should be below 1 in 1000 
cases. However, not all newly diagnosed patients 
receive RHC as part of their diagnostic work-up, 
even in PH expert centers (Deaño et  al. 2013; 
Zuckerman et al. 2013).

 Cardiopulmonary Monitoring 
of the PAH Patient: Echocardiography

 Introduction
The primary imaging modality for nearly all car-
diovascular diagnosis is the echocardiogram. Its 
use of two-dimensional, and increasingly three- 
dimensional, imaging along with its Doppler 
functions and the more recent advancement of 
speckle-tracked strain imaging, provides a pow-
erful tool to delineate cardiovascular structures 
and determine their function. Although tradition-
ally valvular structures and left ventricular func-
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tion have formed the basis of echocardiographic 
analysis, the increased recognition of the impor-
tance of right ventricular function has helped to 
focus the field on improving the accuracy of 
imaging this structure. Additionally, echo analy-
sis is heavily favored in clinical guidelines for the 
initial recognition of pulmonary hypertension 
(Galiè et al. 2015).

 Echocardiography in PH

Overall Approach
Echocardiography provides the principal screen-
ing tool for the presence or absence of PH. It is 
important however not to rely on a single echo 
measurement to either rule in or rule out the pres-
ence of significantly elevated pulmonary pres-
sures but to rather take into account a number of 
different parameters that echo can assess. 
Guidelines recommend that a detailed echo eval-
uation of all patients with suspected PH be per-
formed (Galiè et  al. 2019; Hirani et  al. 2020). 
Although systolic PAP can be approximated from 
the calculated RVSP through Doppler measure-

ment of the tricuspid regurgitant velocity (TRV), 
this measurement alone is equally likely to both 
underestimate and overestimate the presence of 
PH (Fisher et al. 2009). For example, underesti-
mated TRV results from an insufficient Doppler 
envelope or eccentric TR jet. It is therefore essen-
tial to adopt a more complete approach to the 
analysis of echo images in evaluating the possi-
ble presence of PH (Table  54.8) (Rudski et  al. 
2010). In additional to parameters reflective of 
elevated PAP, a qualitative analysis of the RV 
adds important details such as regional wall 
motion abnormalities and a global impression of 
overall ventricular function (Fig. 54.2).

2-D Evaluation
There are three standard echocardiographic views 
that are routinely used. Below we detail the impor-
tant structures visualized in each view as they relate 
to the right heart and PH (Grapsa et al. 2011).

• Parasternal views
This view is best for visualization of the 

interventricular septum as most right heart 

Table 54.8 Typical echocardiographic parameter abnormalities in PH

Modality Parameter
Abnormal 
value Relevance

2-D/m-mode analysis RV sizea ≥41 mm Multiple uses including RV function, 
chronicity and severity of disease

RVFAC ≤31% RV systolic function

TAPSE <17 mm RV systolic function
RA area >18 cm2 RV diastolic function
LA volume index >34 mL/m2 LV diastolic function
IVC width ≥20 mm RA pressure, RV diastolic function

Continuous-wave and 
pulse-wave Doppler 
analysis

Tricuspid regurgitant 
velocity (TRV)

>2.9 m/s PA systolic pressure; single most useful 
value in determining presence of PH by 
echo.

Pulmonary 
regurgitant velocity 
(PRV)

No 
recognized 
value

End-diastolic PA regurgitant Doppler 
velocity may aid in determining PA diastolic 
pressure.

Tissue Doppler analysis Tricuspid S′ <11 cm/s RV systolic function
Tei index >40 (PW)

>55 (TD)
RV systolic and diastolic function

Strain imaging RV strainb ≥45% RV contractility

Data compiled from Rudski et al. (Rudski et al. 2010)
Abbreviations: RVFAC RV fractional area change, TAPSE tricuspid annular plane systolic excursion, PW pulse-wave, 
TD tissue Doppler
aAs measured in 4-chamber view at the RV base
bDetermined by Doppler peak strain at the RV base (best validated method)
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structures are either not seen or incompletely 
seen at this level. In the long-axis view, the 
moderator band is usually seen close to the 
interventricular septum traversing the RV and 
care should be taken not to include the mod-
erator band in the measurement of the septal 
structure and function. Additionally, the long-
axis view allows for partial visualization of 
the RV inflow tract. The tricuspid regurgitant 
jet can usually be visualized in this view but 
the accurate quantitation may not be possible.

In both the short-axis and long-axis views, 
the RV outflow tract can be visualized, and in 
some patients, this allows for quantification of 
the main pulmonary artery diameter and even 
the main pulmonary branches. Pulmonary 
regurgitation can also be seen best in these 
views.

• Apical views
This view provides for the best visualiza-

tion of the right ventricle along with both 
qualitative and quantitative evaluation of size 
and function. Additional care should be given 

to the examination of the apex which is often 
hypertrophic and/or akinetic – a scenario that 
can predispose to the formation of thrombus 
formation. Opening of the tricuspid leaflets 
during diastole can also be assessed in this 
view which may appear restricted as PA pres-
sures rise and RV function continues to 
decline.

• Subcostal view
This view can be helpful in patients where 

parasternal or apical window views are diffi-
cult to image, such as those with pulmonary 
disease/WHO Group III PH. It also provides 
the best view for the measurement of RV infe-
rior wall thickness and allows for imaging of 
the atrial septum to assess for a patent fora-
men ovale or other septal defects.

The inferior vena cava is also imaged from 
this view to allow for an estimate of right atrial 
pressure. By convention, both the diameter of 
the IVC (with a cut-off of less 20 mm) and its 
collapsibility during sharp inspiration (with a 
cut-off of greater than 50%) should be normal 

RV Function

RV FAC

TAPSE

Tricuspid S’

RV strain

Pericardial effusion

Myocardial Performance

(Tei) Index

RV size

TR velocity/RVSP

PR velocity

IVC Diameter

RA area

PA acceleration time

IVC Inspiratory
Collapse

Pulmonary Dynamics

Volume Status

Fig. 54.2 Characteristic 
changes in /rt parameters 
in PAH vs healthy 
controls. Abbreviations: 
RVFAC (Right 
ventricular fractional 
area change), TAPSE 
(tricuspid annular plane 
systolic excursion), PA 
(pulmonary artery), IVC 
(inferior vena cava), TR 
(tricuspid regurgitation), 
RVSP (right ventricular 
systolic pressure), PR 
(pulmonary 
regurgitation), RA (right 
atrium)
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in order to report normal right atrial pressure, 
estimated at approximately 3  mmHg. When 
both are abnormal, right atrial pressure is esti-
mated at least 15  mmHg with intermediate 
values usually estimated at 8 mmHg (Rudski 
et al. 2010).

Doppler Examination
Doppler analysis is the additional complement to 
2-D analysis and provides important functional 
information in echo analysis (Fisher et al. 2009). 
This analysis can generally be grouped in pulsed- 
wave, continuous-wave, and tissue Doppler anal-
yses. The details of these evaluations are outside 
the scope of this section. However, continuous- 
wave Doppler analysis of the triscupid regurgi-
tant jet, as mentioned above provides the single 
most utilized value for the diagnosis of PH. The 
calculation of RVSP can be supplemented with 
continuous-wave analysis of the pulmonary 
regurgitant jet to help determine pulmonary dia-
stolic pressures. These values are all dependent 
on the determination of the best location to sam-
ple the regurgitant jet and, as a result, are suscep-
tible to underestimation.

Right-Heart Chamber Evaluation
It is well documented that right heart chamber 
size and function are important predictors of 
symptom severity, morbidity, and mortality 
(Galiè et al. 2015). In echocardiographic analy-
sis, size determinations of the right atrium and 
ventricle are key parameters in the PH patients 
along with functional assessment of the right 
ventricle, both qualitative and quantitative. 
Traditionally this was done using only 2-D imag-
ing techniques, but more modern analysis now 
incorporates Doppler parameters and speckle 
tracking to assess for myocardial strain.

Current guidelines suggest using RA area and 
a cut-off of 18cm2 as measured in the standard 
apical four-chamber view. More recently, right 
atrial volume has been put forth as a more accu-
rate assessment of right heart function. Right 
atrial volume is usually indexed to body surface 
area and is calculated from the apical four- 
chamber view or from the subcostal view and is 

measured at maximum atrial volume at end- 
systole. The single plane area–length method is 
used and right atrium volume is measured using 
the area and the long-axis length of the atrium 
using the formula: RAVI  =  (0.85  A2/L)/BSA, 
where A is the atrium area in any view (cm2), L is 
the long-axis atrium length (cm), and BSA is 
body surface area (Wang et al. 1984).

Functional assessment of the RV can be under-
taken either qualitatively or quantitatively. On the 
basis of the parameters of RV dilation, hypertro-
phy and contractility, an experienced echocardiog-
rapher will be able to make a good qualitative 
assessment of RV function and will be able to 
grade it as mild, moderate, or severe impairment. 
However, the addition of quantitative measures 
can aid in further refinement of the qualitative 
assessment and also allow for values which the cli-
nician can follow over time. Overall RV function 
can be commonly assessed by fractional area 
change from diastole to systole known as RVFAC, 
by measuring the excursion of the tricuspid annu-
lus during systole known as TAPSE, and by assess-
ing the systolic wave velocity (S′) of the RV lateral 
wall using tissue Doppler analysis. Although RV 
ejection fraction is technically possible, especially 
with the advent of 3-D imaging, it is often labori-
ous due to the geometry of the RV and as a conse-
quence, is not well validated in any large patient 
population. The Myocardial Performance (or Tei) 
Index combines Doppler data taken during systole 
and diastole and, despite lack of wide adoption, 
may provide for an excellent global analysis of RV 
function (Tei et al. 1995).

Newer echocardiographic techniques such as 
exercise evaluation for early detection in at-risk 
populations has been proposed but clear clinical 
cut-offs have yet to be accepted (Grünig et  al. 
2009). Using speckle-tracking technology to 
examine myocardial strain and strain rate in the 
deformation and rate of deformation, respec-
tively, of the myocardial segment and, in PH, 
RV systolic strain and strain rate has been shown 
to predict morbidity and mortality (Sachdev 
et al. 2011). In one study of a cohort diagnosed 
with PAH, all patients had a depressed RV sys-
tolic strain (−15%  ±  5%) and strain rate 
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(−0.80 ± 0.29 s−1). Of the parameters assessed, 
average RV free wall systolic strain worse than 
−12.5% identified a cohort with greater severity 
of disease (82% were FC III/IV), greater RV sys-
tolic dysfunction (RV stroke volume index 
26 ± 9 mL/m2), and higher right atrial pressure 
(12  ±  5  mm Hg). Patients with a RV free wall 
strain worse than −12.5% were associated with a 
greater degree of disease progression within 
6 months, a greater requirement for loop diuret-
ics, and/or a greater degree of lower extremity 
edema, and it also predicted 1-, 2-, 3-, and 4-year 
mortality (unadjusted 1-year hazard ratio, 6.2; 
2.1–22.3). After adjusting for age, sex, PH cause, 
and FC, patients had a 2.9-fold higher rate of 
death per 5% absolute decline in RV free wall 
strain at 1 year (Sachdev et al. 2011).

Recommendations for Clinical Practice
Although echo provides a widely accessible, 
non-invasive assessment of PH, accurate and 
clinically useful information depends upon image 
analysis by a cardiologist specializing in echo-
cardiography at a center with a high volume of 
PH patients.

We agree that all echocardiographic reports 
should include measurements, descriptions of all 
valves, the proximal great arteries, the heart 
chambers, the pericardium, and Doppler find-
ings. But, when PH is the reason for the referral, 
we encourage special emphasis to be put on pul-
monary pressures, right heart chamber size and 
function and any finding that may indicate a sec-
ondary cause (e.g., LV dysfunction, left heart 
valve disease, or congenital heart disease). 
Furthermore, when a diagnosis of PH is already 
confirmed, the report should also include the var-
ious parameters that provide prognostic informa-
tion (e.g., right atrial volume index, inferior vena 
cava diameter, eccentricity index, presence of 
pericardial effusion, and TAPSE).

Although not all centers have the access and 
training to perform more advanced techniques 
such as Tei Index or strain imaging, we recom-
mend that where possible, these are used prefer-
entially in PH analyses so as to help prognosticate 
outcomes.

 Cardiopulmonary Monitoring 
of the PAH Patient: Cardiac MR

 Introduction
Cardiac magnetic resonance imaging has been in 
use for many years to aid in the description of 
both structural and functional abnormalities. 
Specifically, CMR has been particularly valuable 
in congenital heart disease for the characteriza-
tion of shunts and anatomic vascular and struc-
tural variants. Additionally, in coronary disease it 
has been used to assess for myocardial viability 
along with the characterization of many different 
types of infiltrative and inflammatory conditions. 
At this point, it can also be considered to be the 
gold standard for assessment of RV metrics 
including size and function, that is, ventricular 
volume, ejection fraction, and presence of 
regional wall motion abnormalities. Additionally, 
the use of gadolinium contrast can aid in deter-
mining myocardial characteristics such as the 
presence of fibrosis.

CMR is non-invasive, can image in three 
dimensions, and has an excellent temporal reso-
lution. It unfortunately lacks spatial resolution as 
compared with other imaging modalities such as 
CT or echocardiography and is very sensitive to 
motion artefact. Additionally, patient-related fac-
tors such as long scan times, claustrophobia and 
the presence of metal fragment and/or medical 
devices can limit or preclude its use.

 Cardiac MR in PH
The use of CMR in the diagnosis and follow-up 
of patients with PH has continued to evolve. 
There are data that directly correlates CMR mea-
surements with clinical parameters.

Stroke volumes obtained by CMR in patients 
with PH correlate well with 6MWD; specifically, 
a change in SV of approximately 10 mL (range: 
8–12 mL) was highly associated with a statistical 
change in 6MWD (van Wolferen et al. 2011).

Changes in RVEF also appear to relate to 
overall mortality in patients with 
PAH.  Specifically, a cohort of patients that 
showed preserved RVEF by CMR preserved their 
mortality rates over time as compared with those 
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who showed a decline in RVEF. The same cohort 
also demonstrated that a baseline reduction in 
indexed LV and RV end-diastolic volumes 
(LVEDVI and RVEDVI) had worse outcomes 
with a significant cut-point of LVEDVI <40 mL/
m2 and RVEDVI <84  mL/m2 (Peacock and 
Noordegraaf 2013).

The presence of late gadolinium enhanced 
at the so-called RV insertion point also has 
been shown to be clinically relevant (see 
Fig. 54.3). Approximately 40% of PAH patients 
with this abnormality had an event associated 
with clinical worsening at 1 year (Peacock and 
Noordegraaf 2013).

Despite these powerful findings, CMR has yet 
to supplant traditional invasive methods such as 
right heart catheterization for the overall diagno-
sis and risk modeling in PAH (Benza et al. 2008; 
Grunig and Peacock 2015) as there are still only 
limited studies of acceptably large patient popu-
lations to promote this approach. Additionally, 
the availability and expertise in this approach is 
still lacking even at most academic centers.

Recommendations for Clinical Practice
We recognize both the diagnostic and predictive 
power of CMR in patient with PH. Although still 
not in wide use at most centers for the ongoing 

follow-up of these patients, we would recom-
mend the implementation of CMR, wherever 
possible, at centers that specialize in the treat-
ment of PH. Although the routine follow-up may 
not be feasible due to resource allocation and/or 
patient preference, we recommend that CMR be 
used in the initial evaluation of the stable outpa-
tient population so as to further refine clinical 
decision-making via the use of CMR-derived 
parameters like RV ejection fraction, stroke vol-
ume, and indexed end-diastolic volumes.

 Cardiopulmonary Monitoring 
of the PAH Patient: Biomarkers

 Introduction: PAH Vascular Biology
The pathobiology of each of the different types of 
PH is quite distinct, although there are areas of 
commonality including endothelial cell (EC) 
injury and dysfunction. Changes in pulmonary 
vascular physiology are strongly related to struc-
tural and functional alterations in the entire pul-
monary circulation, especially the pulmonary 
arteries. These biologic changes can be driven by 
a genetic predisposition. More than 30 genes 
have been identified which may contribute to the 
pathobiology of PAH, including many with 
strong evidence of a causal role (Garcia-Rivas 
et  al. 2017; Morrell et  al. 2019). Specific 
 mutations in some of these genes contribute to a 
risk of hereditary PAH in individual patients, the 
most frequent of which are Bone Morphogenetic 
Receptor type 2 (BMPR2) in adults and T-box 4 
(TBX4) in children (Morrell et al. 2019). In most 
PAH patients, pulmonary vascular injury is most 
likely initiated by a second, acquired, extrinsic 
insult including infection (HIV), inflammatory- 
fibrotic disease process such as the connective 
tissue disease scleroderma, or high pulmonary 
arterial blood flow as seen in CHD with left-right 
shunt.

Pulmonary arterial pathology is characterized 
by remodeling of all layers of the arterial wall, 
including intima, media, and adventitia (Humbert 
et al. 2019). Intimal lesions account for most of 
the reduction of luminal area of small pulmonary 
arteries and largely explain the increased 

Fig. 54.3 Short-axis MR image of right ventricle show-
ing gadolinium enhancement (fibrosis) of right ventricu-
loseptal insertion point (see arrows). (Courtesy: Nikolaos 
Tzemos, MD)
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PVR.  These lesions consist of both concentric 
and eccentric intimal fibrosis, inflammatory cell 
infiltration, as well as endothelial proliferative 
plexiform and dilation/angiomatoid lesions. In 
situ thrombosis also contributes to luminal nar-
rowing. Medial changes include inflammatory 
cell infiltration, as well as smooth muscle cell 
hypertrophy, hyperplasia, and distal arterializa-
tion of smaller pulmonary arteries. There are 
increasingly appreciated pathologic changes in 
the pulmonary capillaries and veins, typically to 
a lesser degree than arterial abnormalities, but in 
individual patients, these capillary and venous 
changes can be predominant.

Regardless of the underlying genetic and 
extrinsic insult-driven mechanisms of injury, the 
most common result is pulmonary arterial EC 
injury and dysfunction, which results in dysregu-
lation of multiple pathobiologic pathways, which 
have been recognized to contribute to PH pulmo-
nary vascular pathophysiology (Humbert et  al. 
2019).

 Biomarkers Which Reflect 
the Pathobiology of PAH
There is no specific marker for the pulmonary 
vascular remodeling of PAH, although a vast 
number of potential biomarkers continue to be 
investigated (Table  54.9) (Galiè et  al. 2015; 
Sitbon and Morrell 2012; Foris et  al. 2013; 
Al-Naamani et al. 2016). Potential biomarkers in 
PAH include markers of vascular dysfunction 
and inflammation, as well as of the resulting RV 
strain and dysfunction, including markers of 
myocardial stress, impaired tissue perfusion, and 
secondary organ dysfunction. One of the first 
pathobiologic abnormalities identified in PH was 
an imbalance of circulating vasoconstrictor and 
vasodilator mediators. This includes increased 
production of the vasoconstrictors endothelin, 
thromboxane, and serotonin, and reduced 
 synthesis of vasodilators prostacyclin and nitric 
oxide (Sitbon and Morrell 2012).

Blood levels of many of these biomolecules 
can be measured; however, few have been con-
firmed as adequately robust diagnostically or 
clinically useful in biologically phenotyping 
patients. For example, soluble levels of endothe-

lin are elevated in many patients with PAH; how-
ever, there is no evidence to support routine 
measurement of endothelin at either baseline or 
during follow-up in PAH patients.

At present, many potential biomarkers of PAH 
pathobiology have been identified, but very few 
are recommended for routine clinical use, as 
most have not been validated for any clinical util-
ity in the diagnosis or management of an indi-
vidual patient with PAH. There is great excitement 
about the potential future utility of biomarkers in 

Table 54.9 Cardiopulmonary monitoring: Potential bio-
markers in PAH

Pathobiologic feature Potential biomarkers
Pulmonary vascular 
dysfunction

Nitric oxide (NO) and related 
metabolites
Asymmetric dimethylarginine 
(ADMA)
Endothelin-1
Angiopoietins
Von Willebrand factor
Platelet-derived growth factor 
(PDGF)
Basic fibroblast growth factor 
(bFGF)
5-hydroxy-tryptamine (5-HT)
VEGF

Inflammation C-reactive protein
Interleukins (e.g., 1B, 6)
Chemokines (e.g., CCL21)

TNFα
Soluble urokinase plasminogen 
activator receptor (suPAR)
Matrix metalloproteinases 
(e.g., MMP9)

Myocardial stress Atrial natriuretic peptide
Brain natriuretic peptide 
(BNP)/NT-proBNP
Troponins
Heart type fatty acid binding 
protein (H-FABP)
Soluble suppression of 
tumorigenicity 2 (sST2)
Uric acid

Low CO and/or 
tissue hypoxia

Growth differentiation factor 
15 (GDF-15)
Osteopontin
Creatinine

Markers of 
secondary organ 
damage

Bilirubin
Creatinine
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a precision medicine approach, whereby an 
assessment of the underlying PAH pathobiology 
in each individual patient guides clinical deci-
sions regarding the most effective or safest 
PH-targeted medical therapy or more effectively 
assess prognosis.

 Natriuretic Peptides (ANP, BNP, 
NT-proBNP)

Introduction
Natriuretic peptides (NPs) consist of four groups 
of hormones, including atrial type, B-type natri-
uretic peptide (BNP), C-type, and dendroaspis 
D-type, each with its own characteristic func-
tions. The most studied and clinically useful in 
PH are BNP and NT-proBNP (Foris et al. 2013). 
In response to RV and/or LV wall stretch or ten-
sion, BNP is synthesized as a prohormone 
proBNP (108 amino acid polypeptide), which is 
secreted intact and subject to cleavage in the 
bloodstream yielding the N-terminal 76 amino 
acid fragment (termed NT-proBNP) and a bioac-
tive C-terminal 32 amino acid fragment (termed 
BNP-32) (Yeo et al. 2003). BNP and NT-proBNP 
have many systemic biological effects, specifi-
cally diuresis (including natriuresis and kaliure-
sis), systemic vasodilatation, inhibition of renin/
aldosterone production, cardiac, and vascular 
myocyte growth (Hall 2004).

Plasma BNP correlates with the severity of 
PH, specifically the degree of RV failure (Nagaya 
et al. 1998; Tulevski 2001; Mauritz et al. 2011), 
and specifically RV wall stress (Uchiyama et al. 
2019). BNP also correlates significantly with 
clinical severity (e.g., NYHA FC) and hemody-
namic severity (e.g., mPAP, CO, RAP) of idio-
pathic PAH (Nagaya et  al. 2000). Similarly, 
NT-proBNP also correlates with clinical (e.g., 
NYHA FC) and hemodynamic severity of PAH 
(e.g., RAP, mPAP, PVR, heart rate, CI, SvO2) 
(Mauritz et  al. 2011; Andreassen et  al. 2006). 
Moreover, NT-proBNP was inversely correlated 
with VO2PEAK on CPET (Andreassen et al. 2006). 
Plasma NT-proBNP levels were also found to 
correlate with PAH severity specifically in sclero-
derma patients (Mukerjee et al. 2003).

Prognostic Role of BNP and NT-proBNP
There is strong evidence to support a prognostic 
role for the measurement of BNP and/or 
NT-proBNP levels in individual patients (Benza 
et  al. 2010; Mauritz et  al. 2011; Nagaya et  al. 
2000; Fijalkowska et  al. 2006). For example, 
higher plasma levels of BNP (>150  pg/mL at 
baseline) and after initiation of PH-targeted ther-
apy (>180  pg/mL) were associated with worse 
survival (Nagaya et  al. 2000). Similarly, higher 
NT-proBNP levels (≥1400  pg/mL) identified 
patients with poor long-term prognosis 
(Fijalkowska et  al. 2006). A similar level 
(≥1256  pg/ml) was identified as the optimal 
NT-proBNP threshold for predicting a higher risk 
of mortality at the time of diagnosis in PAH 
patients (Mauritz et al. 2011).

There also is evidence that both BNP and 
NT-proBNP are responsive to PH-targeted medi-
cal treatment. Indeed, levels of both BNP and 
NT-proBNP decline in PAH patients treated with 
PH-targeted medications (Uchiyama et al. 2019; 
Nagaya et  al. 2000; Andreassen et  al. 2006; 
Fijalkowska et  al. 2006). Moreover, an annual 
decrease in NT-pro-BNP (>15% /year) was asso-
ciated with better survival in treated PAH patients 
(Mauritz et al. 2011).

Recommendations for Clinical Practice
At present, one of the most critical aspects in the 
management of PAH patients is the assessment of 
RV dysfunction for risk stratification and assess-
ment of response to treatment. Current guidelines 
recommend multi-parameter assessment of RV 
function vs dysfunction, including clinical 
assessment of RV failure, RV imaging (e.g., 
echocardiography, CMR), and assessment of 
blood levels of BNP/NT-proBNP.

Blood levels of BNP or NT-proBNP should be 
assessed at diagnosis, regularly during follow-up, 
e.g., 3–6 months intervals, specifically at the time 
of any clinical deterioration, and also after any 
changes in medical therapy. Although guidelines 
recommend monitoring of blood levels of BNP 
and/or NT-proBNP in PAH patients in order to 
assess the degree of RV failure, it should be rec-
ognized that these natriuretic peptides are not 
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specific for PH, but can be elevated in many other 
cardiac conditions associated with both RV and 
LV dysfunction.

The major goal of management of PAH 
patients is improvement in RV failure, which is 
reflected in achieving lower and possibly normal 
levels of BNP/NT-proBNP.  Normal levels of 
BNP and NT-proBNP are age- and sex- dependent, 
such that values tend to rise with increasing age. 
It is yet unclear if BNP values should be normal-
ized to age- and sex-specific predicted. In addi-
tion, although BNP and NT-proBNP tend to be 
concordant, there is an increasing discrepancy in 
the presence of renal impairment, which tends to 
elevate NT-ProBNP levels more than BNP 
(Farnsworth et al. 2018). Although plasma levels 
of NT-ProBNP are more sensitive to changes in 
renal function than BNP, potentially reducing the 
diagnostic accuracy of NT-proBNP for RV dys-
function in patients with impaired renal function, 
NT-proBNP may actually be superior to BNP as 
a mortality marker in PH patients with renal 
insufficiency (Leuchte et al. 2007).

 Cardiopulmonary Monitoring 
of the PAH Patient: Summary

Multiple parameters can be assessed which 
reflect the clinical status of PAH patients. Some 
of these may be useful at the time of initial diag-
nosis and especially during ongoing follow-up in 
order to determine individual patient-specific risk 
for worsening and poor clinical outcomes. The 
major outcome that has typically been assessed is 
mortality, and it is clear that no single assessment 
parameter reliably and reproducibly predicts the 
risk of death in PAH patients. Therefore, PH phy-
sicians commonly use a panel of parameters  – 
some variable and some fixed – in an attempt to 
predict patient mortality. Clinicians rely on these 
variables to not only to help guide the intensity of 
initial and subsequent therapy but also, perhaps 
just as important, to inform and engage patients 
in understanding the severity of their disease pro-
cess at diagnosis and following institution of 
treatment (Table 54.10) (Gan et al. 2007; van de 
Veerdonk et al. 2011; van Wolferen et al. 2007).

Table 54.10 Cardiopulmonary monitoring of the PAH 
Patient: Practical vs complete assessment

Parameter Low risk Specific goal
Practical assessment
  History No or only 

mild 
limitation

mNYHA FC 1 or 
2

  HRQoL Good – 
excellent

EmPHasis-10 
score <15

  Physical exam No or only 
mild RV 
failure

JVP <5 cm ASA
No/minimal 
peripheral edema
Absence of: RV 
heave, 
hepatomegaly

  Functional 
(6MWT)

Very 
good – 
excellent

6MWD >440 m
6MWD >80% 
predicteda

  Imaging 
(Echo)

No or only 
mild RV 
failure

No/mild RV 
dilation and/or 
systolic 
dysfunction
TAPSE >18 mm
IVC diameter 
<2.0 cm
RA area <18 cm2

  Metabolic No or only 
mild RV 
failure

NT-pro-BNP 
<300 pg/mL
BNP <50 pg/mL

Complete assessment
  Functional 

(CPET)
Very 
good – 
excellent

VO2PEAK > 65% 
predicted

No/mild 
ventilatory 
inefficiency

VE/VCO2 < 45

  Hemodynamic Normal or 
only mild PH

mPAP 
<35 mmHg

Normal RV 
function

RAP <8 mmHg 
AND
CI >2.5 L/min/m2 
AND
SvO2 > 65%

  Imaging 
(CMR)

No or only 
mild RV 
failure

RAC >16% (Gan 
et al. 2007)
RVEF >35% (van 
de Veerdonk et al. 
2011)
RVEDVI 
<84 mL/m2 (van 
Wolferen et al. 
2007)

Abbreviations. RAC relative area change, RVEDVI RV 
end-diastolic volume index, RVEF RV ejection fraction
aSpecific populations in which 440  m may not be an 
appropriate goal, e.g., young, elderly, SSc-PAH
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The most commonly used sets of parameters 
are derived from the ERS/ESC guidelines on PH 
(Galiè et al. 2015) and those from the REVEAL 
registry (Benza et  al. 2010, 2019). Common 
parameters that were most predictive include, 
WHO/mNYHA FC (I or II), 6MWD (≥440 m), 
BNP (<50 pg/ml)/NT-proBNP (<300 pg/ml), and 
CI (>2.5 l/min/m2). Future risk of mortality over 
time can be calculated and predicted for each 
individual patient. For example, patients meeting 
low-risk criteria for WHO/mNYHA FC, 6MWD, 
and BNP/NT-proBNP at first follow-up follow-
ing institution of initial therapy had a 1-year sur-
vival rate of 97% in the French registry, 95% in 
the COMPERA registry, and 93% in REVEAL 
(Boucly et  al. 2017; Hoeper et  al. 2017; Benza 
et al. 2019; Hoeper et al. 2018).

There is no current model that perfectly pre-
dicts the risk of individual PAH patients, and as 
such, there is a lack of international consensus on 
a recommended model. Moreover, there contin-
ues to be detailed analyses comparing different 
models, as well as modifications of all models, as 
new data emerge such as the inclusion of renal 
dysfunction and hospitalization. For example, a 
preliminary c-index analysis (Benza et al. 2018) 
reported that revised risk models using the origi-
nal REVEAL registry, colloquially referred to as 
REVEAL 2.0 and mini-REVEAL scores, main-
tain very good discriminative ability (c-index 
≥0.7) compared to the ESC/ERS models.

With increasing access to high-powered com-
puting and machine learning, risk modeling 
appears ready to make a quantum leap forward. 
The NIH-funded PHora project (https://myphora.
org) seeks to use Bayesian statistical methods to 
further elucidate individual patient risk via com-
plex assessment of multiple pathways and their 
interactions. We see great promise in this method 
and eagerly await the results of this endeavor.
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Monitoring and Management 
of Acute Pulmonary Embolism

Jenna McNeill and Richard N. Channick

 Introduction

Acute pulmonary embolism (PE) is a commonly 
encountered medical condition that contributes 
up to 15% of total hospital mortality (Lehnert 
et al. 2018; Scarvelis et al. 2010). In the United 
States, PE has been associated with 200,000 
deaths annually and the incidence of PE has been 
quoted to be between 600,000 to slightly less 
than one million annually (Dalen and Alpert 
1975; Bell and Simon 1982). The true incidence 
of PE might be underestimated because it can go 
undiagnosed, with up to one-third of fatal PEs 
being identified post-mortem (Goldhaber et  al. 
1982; Stein and Henry 1995). The mortality asso-
ciated with PE is linked to the categorization of 
disease severity: massive, sub-massive, or low- 
risk PE. Early recognition and treatment of mas-
sive PE is vital, as massive PE is associated with 
a mortality rate that can exceed 50% (Goldhaber 
et al. 1999). To combat the rapid clinical deterio-
ration that can occur with PE, it is important to 
understand the natural history, pathophysiology, 

and therapeutic options in acute PE, changes in 
hemodynamics that occur in the right ventricle 
(RV), and options for treatment.

 Pathophysiology

Pulmonary embolism at a fundamental level 
derives from clot formation in peripheral veins 
which dislodge and then pass to the pulmonary 
vasculature with consequent clinical and labora-
tory abnormalities. Increased patient risk for pul-
monary embolism is based on the principles of 
Virchow’s triad which involve alterations in 
blood flow, vascular endothelial injury, or inher-
ited or acquired hypercoagulable states. Inherited 
risk factors for clot formation include factor V 
leiden mutation, prothrombin gene mutation, 
protein S deficiency, protein C deficiency, and 
antithrombin deficiency. Acquired risk factors for 
clot formation include malignancy, trauma, sur-
gery, immobilization, drugs (e.g., hormonal ther-
apy, tamoxifen, steroids), pregnancy, tobacco 
use, and chronic obstructive lung disease. Most 
PEs arise from proximal lower extremity veins 
and commonly PEs occur in conjunction with 
deep venous thrombosis. The mortality and 
hemodynamic compromise that is associated 
with high-risk PE arise secondary to acute 
increase in pulmonary vascular resistance (PVR) 
and RV failure. The proposed mechanism for the 
increase in PVR involves both mechanical 
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obstructions from the emboli as well as vasocon-
strictive mediators.

In patients without underlying cardiac or pul-
monary conditions, RV pressure elevation occurs 
when 25–30% of the pulmonary vasculature is 
occluded. RV failure is associated with 50–75% 
of pulmonary vasculature occlusion (McIntyre 
and Sasahara 1971; McIntyre and Sasahara 
1977). The emboli create ventilation and perfu-
sion mismatch. Dead space, ventilation without 
perfusion, is created in areas of the lungs distal to 
the clot. In acute PE, the total dead space will 
increase which will cause a rise in arterial PCO2. 
This rise in PCO2 is sensed by the medullary 
chemoreceptors and in response patients will 
have a rise in total minute ventilation (Goldhaber 
and Elliott 2003). By increasing total minute ven-
tilation, acute PE patients can present with nor-
mal to below normal PCO2 (Goldhaber and 
Elliott 2003). There is also shunting as vascular 
compromise reduces surfactant production which 
results in atelectasis in parts of the lungs. 
Hypoxemia can also be seen in the setting of 
acute PE secondary to the low partial pressure of 
oxygen within the venous system (Goldhaber and 
Elliott 2003). In the setting of low cardiac output, 
oxygen is extracted by the tissues at a higher rate. 
When the oxygen content in the venous system is 
low there is an enhanced effect of ventilation and 
perfusion mismatch as it moves through areas of 
atelectatic lung.

The notion pulmonary vasculature occlusion 
is the sole cause for elevated PVR and RV failure 
has been challenged by cases where clot burden 
less than 25% has caused a significant elevation 
in mean pulmonary artery pressure (Miller et al. 
1998; Bshouty 2012; Alpert et al. 1978). This has 
raised further investigation into the role of vaso-
constrictive mediators in the setting of acute 
PE. The most commonly discussed vasoconstric-
tive mediators include thromboxane-A2 (TxA2), 
serotonin, and endothelin-1.

 Vasoconstrictive Mediators

Thromboxane-A2(TxA2) is a potent vasocon-
strictor that is one of the end products of arachi-
donic acid metabolism (Smulders 2000). The 

primary source of TxA2 production is platelets 
which aggregate in the setting of clot formation 
(Utsonomiya et  al. 1982). Many studies have 
examined the serum concentration of TxA2 or its 
degradation product thromboxane B2 in the set-
ting of PE and have found that TxA2 rises acutely 
after embolus formation and higher levels are 
associated with greater mortality (Reeves et  al. 
1983). The inhibition of cyclooxygenase (COX), 
which is the upstream enzyme for the formation 
of TxA2  in arachidonic acid metabolism, can 
reduce the increase in PVR and pulmonary artery 
pressure which is associated with a PE (Todd 
et al. 1983; Weidner 1979).

Serotonin has been associated with the forma-
tion of increased pulmonary artery pressures in 
both the acute and chronic PE. The role of sero-
tonin as a pulmonary vasoconstrictor in PE was 
first described by Comroe in 1952 and he pro-
posed that platelets were the source of serotonin 
release and the consequent pulmonary hyperten-
sion, bronchoconstriction and eventually brady-
cardia, hypotension, and apnea (Daily and 
Moulder 1966). A number of animal studies have 
examined the role of serotonin as the cause of the 
elevated PVR in patients with PE. Depletion of 
serotonin by agents such as reserpine or cypro-
hepatine reduces the PE-induced rise in PVR 
whereas serotonin reuptake inhibitors, such as 
fluoxetine, worsen PVR and lead to hypotension 
(Chou and Canning 2011; Utsunomiya et  al. 
1981; Rosoff et al. 1971).

Endothelin-1 is produced when there is endo-
thelial vascular injury induced by clot and is 
released by thrombin activation. Endothelin lev-
els have been noted to be elevated in patients with 
acute PE in comparison to healthy matched con-
trols (Sofia et  al. 1997). In animal models in 
which endothelin receptor antagonists have been 
used in the setting of acute PE, there has been 
lower PA pressures and PVR (Lee et al. 2001).

 The Role of the Right Ventricle

The RV is structurally very different than the left 
ventricle (LV) and in particular, has a much lower 
pressure tolerance. Thus, the acute pulmonary 
pressure rise can result in dramatic changes in 
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RV function. The RV has fibers that are arranged 
in series while the LV has fibers that are arranged 
in parallel (Matthews and McLaughlin 2008). 
The RV is crescentic in shape, with a thin free 
wall that allows a three to four-fold increase in 
stroke volume without a significant increase in 
pressure (RV compliance is high). While the RV 
is able to handle large alterations in preload, it 
does not handle significant changes in afterload 
without hemodynamic consequences.

In the setting of acute PE, the sudden increase 
in RV afterload results in acute RV dilation and 
increased RV end-diastolic volume (Miller et al. 
1998). This increase in RV end-diastolic volume 
creates more wall stress on the RV leading to 
decreased stroke volume of the RV.  Unlike the 
LV which can handle large amounts of increased 
afterload with only small declines in stroke vol-
ume, the RV can have a significant decline in 
stroke volume for only small changes in afterload 
(Fig. 55.1) (Chin et al. 2005; Braunwald 1980). 
The higher wall stress applied secondary to 
greater end-diastolic volumes in the RV also cre-
ates an increased myocardial oxygen demand 
(Crystal and Pagel 2018). Unlike the LV, the nor-
mal RV receives coronary blood flow in both sys-
tole and diastole. However, when the RV needs to 
generate a higher systolic pressure it behaves 
more like the left ventricle and only is perfused 
during systole. When the RV systolic pressure 
exceeds coronary perfusion pressure the RV will 

become ischemia. This results in a decrease in 
RV output and thus LV output and further drop in 
coronary perfusion pressure and more myocar-
diac ischemia (Vlahakes et  al. 1981; 
Konstantinides et  al. 2014). If this cycle if not 
reversed, cardiovascular collapse and death will 
ensue (Fig. 55.2).

Besides the link between the RV and LV in the 
maintenance of coronary perfusion to the right 
heart and development in patients with PE of RV 
ischemia, interventricular dependence between 
the RV and LV also plays a significant role in the 
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production of hemodynamic instability. Under 
normal conditions during systole, the LV con-
tracts and the septum is shifted towards the RV. In 
the setting of high-risk PE, the increase in RV 
volume and right ventricular diastolic pressure 
causes the interventricular septum to intrude into 
the LV. This presents as septal flattening or the 
“D sign” on transthoracic echocardiography 
(TTE). Compression of the LV can alter its com-
pliance, decrease its volume, and thus reduce LV 
stroke volume and cardiac output. The LV car-
diac output can further be reduced as RV stroke 
volume decreases resulting in a decrease in stroke 
volume within the LV.

 Categorization of Pulmonary 
Embolism

It is important to identify the severity of the PE 
because the potential for hemodynamic compro-
mise and outcome are dependent on the severity. 
Deterioration can occur quickly; two out of three 
patients who eventually die from PE succumb to 
death within the initial 2  h of presentation 
(Belohlavek et al. 2013a). The major classifica-
tion of PE is based on hemodynamic stability. 
Massive PE or high-risk PE is defined as sus-
tained hypotension (SBP < 90 mmHg for at least 
15 minutes or requiring inotropic support), pulse-
lessness, or persistent profound bradycardia 
(heart rate < 40 bpm with signs and symptoms of 
shock) (Jaff et al. 2011). Submassive PE or inter-
mediate risk is defined as the presence of RV dys-
function or myocardial necrosis without the 
presence of systemic hypotension 
(SBP > 90 mmHg) (Jaff et al. 2011). Low-risk PE 
has no evidence of RV dysfunction, myocardial 
necrosis, or systemic hypotension (Jaff et  al. 
2011). The prevalence of high-risk PE is 5% and 
the mortality rate is 30% and can increase to 
greater than 70% if associated with cardiac arrest 
(Abrahams-van Doorn and Hartmann 2011; 
Becattini and Agnelli 2008). Submassive or inter-
mediate risk PE has a prevalence of 10–25% and 
a mortality rate between 3% and 10% (Becattini 
and Agnelli 2008). Low-risk PE is the most com-

mon presentation and has a mortality rate within 
1–3% (Becattini and Agnelli 2008).

 Diagnosis of Acute PE

The diagnosis of acute PE is aided by laboratory 
testing, clinical imaging, and scoring systems 
that assess the clinical likelihood such as Wells 
criteria and revised Geneva score (Table 55.1).

 Laboratory Testing

Cardiac troponins (troponin I and T) and brain 
natriuretic peptide (BNP) have been used as 
markers of cardiac necrosis as well as volume 

Table 55.1 Scoring systems for grading PE: Wells Score 
and Revised Geneva Score (Penaloza et al. 2011)

Wells score
Variable Points
Previous deep vein thrombosis (DVT) or PE 1.5
Recent surgery or immobilization 1.5
Cancer 1
Hemoptysis 1
Heart rate > 100 beats/min 1.5
Clinical signs of DVT 3
Alternative diagnosis less likely than PE 3
Clinical probability
Low 0–1
Intermediate 2–6
High >7
Revised Geneva score
Variable Points
Age 65 or over 1
Previous DVT or PE 3
Surgery or fracture within 1 month 2
Active malignant condition 2
Unilateral lower limb pain 3
Hemoptysis 2
Heart rate 75–94 beats per minute 3
Heart rate > 95 beats per minute 5
Pain on deep palpation of lower limb and 
unilateral edema

4

Clinical probability
Low 0–3
Intermediate 4–10
High ≥11
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overload. Troponin elevation is thought to be 
related to subendocardial ischemia created from 
a mismatch of increased cardiac demand and 
decreased coronary perfusion. Cardiac troponin 
has been used as a prognostication tool, with 
patients presenting with elevated troponin and PE 
having a higher odds ratio for death of 15.2–
21.0 in comparison to the patient with no eleva-
tion (Giannitsis et  al. 2000). Similarly, BNP 
elevation has been associated with between a six 
and nine- fold increase in the risk of death from 
PE and is thought to reflect the degree of RV 
afterload experienced secondary to the PE 
(Kostrubiec et al. 2007).

Presence of elevated plasma d-dimer unlike 
troponin or BNP does not help categorization of 
the severity of the PE but does aid in the diagno-
sis. In the setting of an acute clot, the fibrinolysis 
system is activated and d-dimer is elevated as a 
reflection of fibrin degradation. Plasma d-dimer 
elevation is not specific to PE and can also be 
elevated in infection, malignancy, inflammation, 
and aortic dissection. A typical abnormal cut-off 
for a d-dimer is greater than 500  ng/mL; how-
ever, adjustments for the cutoff should be 
increased in the setting of advanced age (Urban 
et al. 2014).

 Transthoracic Echocardiography

TTE has become a very useful tool in the diagno-
sis of massive and submassive PE. The presence 
of RV dysfunction found on TTE in the setting of 
normotensive patients has been associated with a 
higher rate of developing shock and increased 
hospital mortality in comparison to normotensive 
patients without RV dysfunction (Grifoni et  al. 
2000). RV dysfunction on TTE can present as RV 
to LV ratio greater than 1  in an apical four- 
chamber view, global hypokinesis of the RV free 
wall also known as McConnell’s sign, reduced 
inferior vena cava collapse with inspiration (less 
than 40%), right atrium pressure elevation, eleva-
tion in the RV end-diastolic diameter, increased 
tricuspid regurgitation and deviation of the inter-
ventricular septum creating a “D-sign” in the 
parasternal short axis (Fig. 55.3) (Matthews and 

McLaughlin 2008). On a TTE, right ventricular 
systolic pressures (RVSP) are estimated by 
observing the tricuspid regurgitant jet velocity 
(TRV) and using the formula RVSP = 4TRV2 + RA 
pressure. When a patient has an RVSP greater 
than 40 mmHg, tricuspid jet velocity > 3.7 m/s or 
RV wall thickness > 5 mm there should be suspi-
cion of an underlying chronic component to their 
RV dysfunction (Matthews and McLaughlin 
2008). With chronic RV afterload, remodeling 
occurs resulting in hypertrophy of the RV. As the 
RV becomes thicker its shape changes, losing its 
typical triangular shape resulting in tricuspid 
annular dilation. With the change in the shape of 
the RV, the TRV increases and therefore the 
RVSP increases (Gerges et al. 2014).

 Computed Tomography  
Angiography (CTA)

Computed tomography angiography (CTA) is the 
imaging modality of choice to help with the diag-
nosis of PE.  CTA can identify the degree of 
thrombus load as well as identify the presence of 
both acute and chronic thrombi formation. There 
are multiple scores, such as the Miller, which 
quantify the degree of pulmonary vasculature 
obstruction by reviewing the number of segments 
involved and the degree of obstruction in each 
lung zone on a four-point scale (Yu et al. 2011). 
While it is helpful to understand the level of clot 
burden, at the current time there is no established 
association between clot burden and mortality 
(Abrahams-van Doorn and Hartmann 2011). 
Similar to TTE, CTA when viewed in the axial 
cuts can display the RV to LV ratio. A RV/LV 
ratio >0.9 has been proposed as an indication of 
right ventricle dysfunction and a higher likeli-
hood for decompensation (Gibson et al. 2005).

 Management

The management of hemodynamic comprising 
PE should focus on initially stabilizing the patient 
with supportive measures including oxygen ther-
apy, blood pressure support in the form of vaso-
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pressors, and/or inotropy and then move on to 
consideration of definitive treatment which can 
include anticoagulation, thrombolytics (pharma-
cological, catheter-directed, surgical embolec-
tomy) or mechanical circulatory support 
(extracorporeal membrane oxygenation).

 Anticoagulation and Thrombolytics

Anticoagulation has been the foundation of PE 
management. Anticoagulation in the form of low 
molecular weight heparin, unfractionated hepa-
rin, or direct oral anti-coagulants (DOACs) is a 
first line therapy for patients with low-risk PeEs; 

however, it may not be the therapy of choice for 
hemodynamically unstable patients (Leentjens 
et al. 2017).

For patients who present with intermediate 
and high-risk PE, systemic thrombolysis at the 
earliest time point can be the key to reduction 
in pulmonary vascular bed obstruction and 
restoring stability. There are numerous medica-
tion options for systemic thrombolysis which 
include alteplase (tPA), streptokinase, uroki-
nase, reteplase, and tenecteplase (Belohlavek 
et  al. 2013b). Alteplase has been the most 
widely studied and frequently used in clinical 
practice. Alteplase is typically given in one of 
two forms. Alteplase is bolused 50  mg over 

a c

b d

RV

RV

RA LA

LV

LV

Fig. 55.3 Classical echocardiographic signs of massive 
and submassive pulmonary embolisms. (a) “D-Shape” of 
the left ventricle (LV). Thrombus formation in the right 
ventricle (RV). (b) Dilation of the right atrium (RA) and 

right ventricle (RV). (c) Jet of tricuspid regurgitation cor-
responding with pulmonary hypertension. (d) Abnormal 
tricuspid regurgitation
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2  minutes and can be rebolused 50  mg after 
15 minutes or alteplase is administered with a 
10 mg IV bolus over 1–2 minutes followed by 
90  mg IV over the course of 2  h. Although 
alteplase thrombolysis can be performed in 
combination with a heparin infusion, many pro-
viders will choose to start heparin after the 
alteplase infusion has discontinued.

The role of systemic thrombolysis in the set-
ting of intermediate risk or submassive PE is still 
debated. The PEITHO trial evaluated the role of 
heparin alone versus heparin plus systemic 
thrombolysis (Meyer et al. 2014). Patients were 
randomly assigned to receive heparin plus 
tenecteplase or heparin plus placebo. The heparin 
plus tenecteplase group had a reduced likelihood 
for hemodynamic decompensation (1.6% vs. 
5.0%; P = 0.002); however, there was no statisti-
cally significant difference in mortality at 7 days 
(1.2% vs. 1.8%; P = 0.42) which was the primary 
end-point. The heparin plus tenecteplase group 
was associated with a higher risk of major extra-
cranial bleeding (6.3% vs. 1.2%; P < 0.001) as 
well as stroke risk (2.4% vs. 0.2%; P = 0.003). 
Absolute contraindications to thrombolytic ther-
apy include active internal bleeding, ischemic 
stroke within 6 months, brain tumor, history of 
intracranial hemorrhage, gastrointestinal bleed-
ing within the past 4 weeks or recent extensive 
trauma or surgery within 3  weeks (Belohlavek 
et al. 2013b).

Catheter-directed thrombolysis (CDT) is an 
increasingly utilized option for patients with 
acute PE. CDT involves the placement of infu-
sion catheters into the pulmonary artery and 
direct infusion of a thrombolytic agent. Lower 
doses of thrombolytics (12–24  mg tPA) have 
been utilized in CDT studies. Although there 
are several favorable reports reporting on the 
benefits of CDT, including a reduction in RV 
dilatation and pulmonary artery pressure, to 
date there are very limited controlled data. One 
method of CDT, ultrasound enhanced throm-
bolysis, has been studied in a small randomized 
controlled trial that demonstrated improved 
RV/LV ratio at 24  h in patients receiving this 
treatment compared to heparin alone (Kucher 
et al. 2014).

In addition to CDT, there are several extrac-
tion devices that fragment the clot and allow aspi-
ration of thrombi. Extraction is typically 
performed with concurrent intravenous unfrac-
tionated heparin (Zarghouni et  al. 2016; Kuo 
et al. 2015; Jaber et al. 2016). These methods can 
create significant reductions in RV afterload even 
with only partial clot removal.

In patients who have life-threatening PE (e.g., 
shock, cardiac arrest) and are unable to receive 
thrombolytic therapy, open surgical embolec-
tomy is an option. The mortality of surgical 
embolectomy ranges from 3% to greater than 
60%, with the greatest predisposing factor being 
cardiac arrest prior to embolectomy. When surgi-
cal embolectomy has been compared to repeat 
systemic thrombolytics in patients who initially 
failed thrombolysis, embolectomy has been asso-
ciated with reduced mortality as well as reduced 
recurrence of PE (Yavuz et  al. 2014). Recent 
studies have looked the usefulness of RV/LV 
ratio to determine which patients may fail sys-
temic thrombolysis. Patients with an initial RV/
LV ratio >1.5 on CT imaging were more likely to 
fail systemic thrombolysis and convert to surgi-
cal embolectomy as definitive treatment (Aymard 
et al. 2013).

Mechanical circulatory support in the form of 
venous-arterial extracorporeal membrane oxy-
genation (VA-ECMO) has been used to provide 
clinical stability or to allow for a bridge until 
definitive therapy can be performed in patients 
with sustained hemodynamic instability. VA 
ECMO can off-load the RV as deoxygenated 
blood is removed from the inferior vena cava via 
femoral vein cannulation site. This can cause the 
reduction of preload in the RV, decrease the pul-
monary artery pressures, and bypass the obstruc-
tion within the pulmonary vasculature 
(Belohlavek et  al. 2010). Deoxygenated blood 
from the venous cannula is then passed through 
an external oxygenator and returned to the arte-
rial system via the femoral artery into the aorta. 
Of note, it is important to closely monitor for pul-
monary edema in the setting of VA ECMO (Baran 
2017; Burkhoff et  al. 2015). As flows are 
increased in the circuit, LV afterload is increased 
and LV volume can also increase. This can create 
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an increase in pulmonary capillary wedge pres-
sure and the formation of pulmonary edema 
(Baran 2017; Burkhoff et al. 2015). Management 
of this requires some process to decompress the 
left ventricle which can include performing a 
septal puncture or using another mechanical 
device to off-load the LV. There have been sev-
eral case series reporting the use of VA ECMO 
for massive PE.  In a retrospective review of 78 
patients who received VA ECMO for acute mas-
sive PE, the mean duration of VA ECMO support 
was 4.47 ± 2.98 days (Yusuff et al. 2015). Forty- 
three patients had a cardiac arrest prior to initia-
tion of VA ECMO and cardiac arrest significantly 
increased the risk of death with an odds ratio of 
16.71 (Yusuff et al. 2015). The overall mortality 
was 29.9% for all patients who received VA 
ECMO with the leading cause of death being 
multi-organ dysfunction (Yusuff et al. 2015).

The decision to attempt systemic antico-
agulation, CDT, surgical embolectomy, or 
VA ECMO in the setting of high-risk PE can 
be challenging. Given the complexity of sub-
massive and massive PE cases, a Pulmonary 
Embolism Response Team (PERT) was first 
created at Massachusetts General Hospital. The 
PERT is a multidisciplinary rapid response team 
complied of physicians in cardiovascular medi-
cine and surgery, emergency medicine, hematol-
ogy, pulmonary/critical care, and radiology. The 
adoption of the PERT approach has expanded 
to numerous institutions across the country and 
even worldwide.

 Vasoactive Medications

Supportive treatment of shock and hypoperfusion 
in massive PE is challenging, but is critical for 
maintaining organ function and, hopefully pre-
venting the “death spiral.”

Fluid resuscitation, although tempting in the 
setting of hypotension, is rarely beneficial and 
may, in fact be harmful (Ducas and Prewitt 1987). 
The already elevated right atrial pressure and RV 
volume overload seen in massive PE indicates 
that RV filling is limited and more fluid cannot 
increase cardiac output and more volume only 
worsens RV function by bulging the septum into 
the LV. Thus, avoiding volume challenges should 
be stressed.

The selection of vasopressor medication to 
help support the blood pressure in a hemodynam-
ically unstable patient with a PE can vary across 
institutions. The main goal of vasopressors is 
simply to achieve a high enough mean arterial 
pressure to maintain adequate coronary and sys-
temic perfusion. Given that the right coronary 
fills throughout the cardiac cycle, when there is 
high right ventricular pressure, coronary perfu-
sion pressure must be adequate or RV ischemia 
can result.

Several pressors are available (Table  55.2). 
Norepinephrine acts on alpha-1 and beta-1 recep-
tors. It acts on alpha-1 causing vasoconstriction 
leading to increases in mean systemic pressures. 
With high systemic pressures, there is better cor-
onary perfusion to the RV which helps prevent or 

Table 55.2 Vasopressor and inotropy mechanism of action for hemodynamically unstable PE

Receptor of action

α 1 β 1 β 2 D V1 Other
Norepinephrine ++ +
Epinephrine ++ ++ +
Vasopression +
Dopamine
<5 μg/kg/min

+ ++

Dopamine
5–10 μg/kg/min

+ ++ ++

Dopamine
>10 μg/kg/min

++ ++ ++

Dobutamine ++ +
Milrinone Phosphodiesterase-3 inhibitor

Abbreviations: D dopaminergic receptor, V1 vasopressin receptor, + low effect, ++ moderate to high effect
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reduce myocardial ischemia (Ventetuolo and 
Klinger 2014). Norepinephrine also acts on 
beta-1 receptors creating inotropic support. 
Epinephrine acts on alpha-1, beta-1, and beta 2 
receptors. Similar to norepinephrine it promotes 
vasoconstriction causing increases in systemic 
blood pressure, however has larger effects on 
beta-1 which can promote arrhythmia which can 
be detrimental to perfusion. By acting on beta-2 
receptors it may produce a slight reduction in 
pulmonary vascular resistance (Ventetuolo and 
Klinger 2014). Dopamine has a dose-dependent 
effect on receptors. At doses less than 5 μg/kg/
min it acts mainly on dopaminergic receptors, 
from 5 to 10 μg/kg/min on beta-1 receptors and 
>10  μg/kg/min alpha 1 receptors. Dopamine 
shares similar risks to epinephrine at higher doses 
for arrhythmias (Ventetuolo and Klinger 2014). 
Vasopressin acts on V1 receptors and has been 
associated with pulmonary vasodilation via stim-
ulation of endothelial nitric oxide at low doses. 
Inotropic agents can be used when additional 
support is necessary to maintain adequate perfu-
sion. Prior to using inotropic agents, it is impera-
tive that the mean systemic blood pressure is high 
enough to maintain perfusion as these agents can 
cause a drop in blood pressure which could pre-
cipitate RV failure if used in isolation. 
Dobutamine acts on beta-1 and beta-2 receptors. 
At doses of 5–10  μg/kg/min, dobutamine has 
been demonstrated to reduce PVR as it acts on 
beta-2 receptors (Ventetuolo and Klinger 2014). 
At higher doses, there is concern it can cause 
increased vasodilation and potentially lead to 
systemic hypotension (Ventetuolo and Klinger 
2014). Milrinone is a phosphodiesterase-3 inhibi-
tor and has been used in biventricular failure as it 
has been demonstrated to improve cardiac output 
while also reducing PVR (Ventetuolo and Klinger 
2014). A relatively newer inotropic agent, levosi-
mendan, improves cardiac contractility by 
increasing the sensitization of Troponin C to cal-
cium (Ventetuolo and Klinger 2014). It has been 
demonstrated to act independently of cyclic- 
AMP, therefore may cause less ventricular 
arrhythmias as it does not use intracellular cal-
cium. Levosimendan has vasodilating properties 
by a proposed mechanism of activating potas-

sium channels within the vascular smooth muscle 
cells. When studied in the setting of acute PE, 
levosimendan reduced PVR and increased RV 
contractility, and when compared to dobutamine 
in animal models levosimendan reduced RV 
afterload to a greater extent (Kerbaul et al. 2007; 
Kerbaul et al. 2006). At the current time, there is 
not a general consensus on what vasopressor or 
inotropic support is ideal for hypotension in the 
setting of PE; however, the goal should be to 
maintain mean arterial pressures (MAP) >65 to 
reduce RV ischemia.

Selective pulmonary vasodilators such as 
inhaled nitric oxide (iNO) or inhaled epopros-
tenol can be used to counteract the vasoconstric-
tion that can occur in acute PE. These agents are 
potentially ideal given their selectivity to the pul-
monary vascular bed and their selectivity within 
the lung that may improve V/Q matching and 
oxygenation (Ventetuolo and Klinger 2014). 
Although numerous case reports describe the 
benefits of inhaled NO in acute PE, to date there 
are no randomized control trials (Kline et  al. 
2017; Bhat et al. 2015).

 Airway Management in PE

Intubation should ideally be avoided in patients 
with hemodynamically compromising PEs. In a 
hypotensive patient, the transition from negative 
pressure to positive pressure ventilation can 
increase intrathoracic pressure and subsequently 
reduce RV preload. A further reduction in pre-
load can compromise cardiac output which could 
further worsen a patient’s hypotension. If a 
patient does need intubation, assuring adequate 
mean arterial pressure with the use of vasopres-
sors (discussed above) is key to prevent cardiac 
arrest.

If a patient is intubated it is important to con-
sider transpulmonary pressures, and lung vol-
umes for these patients are at high risk for RV 
failure. Increased transpulmonary pressures can 
increase the load on the right ventricle by creat-
ing non-west zone III condition during lung infla-
tions as discussed in Chap. 5 (Mitzner). When 
this occurs the downstream pressure for the RV is 
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the alveolar pressure and not the left atrial 
 pressure. Pulmonary vascular resistance changes 
with alterations in lung volumes secondary to 
compression of intra (arterioles, capillaries, and 
venules) and extra alveolar vessels (pulmonary 
arteries and veins) (Ventetuolo and Klinger 2014; 
Murray 1986) The ideal lung volume thus is 
likely around functional residual capacity. This is 
important to consider in ventilated patients, as 
FRC may not reflect lung-protective volumes in 
each patient.

 Conclusion

Submassive and massive PEs can lead to hemo-
dynamic compromise, therefore early recogni-
tion and treatment is key. Diagnosis of RV 
dysfunction can be aided through troponin, BNP, 
and TTE. Management can range from anticoag-
ulation, CDT, surgical embolectomy, and VA 
ECMO. Treatment should focus on the resolution 
of the clot while also maintaining mean arterial 
pressure and cardiac output with the utilization of 
vasopressors and inotropy. Given the challenging 
nature of many PE cases, PERT can be a valuable 
resource to determine the best course of action.
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Clinical Neurologic Issues 
in Cerebrovascular Monitoring

Thomas P. Bleck

The relationship between cerebral blood flow 
and the oxygen demands of the brain is fre-
quently disrupted by disease. Focal disorders of 
blood flow occur acutely as a consequence of 
arterial disorders, most commonly ischemic 
stroke but also in the tissue adjacent to an intra-
cerebral hematoma (primary, such as a hyperten-
sive hemorrhage, or due to trauma or hemorrhage 
from a tumor). Cerebral venous occlusion also 
affects oxygen delivery, as venous stasis will 
prevent oxygenated blood from entering the 
affected tissue. Multifocal ischemia commonly 
occurs in the setting of cerebral vasospasm after 
aneurysmal subarachnoid hemorrhage, and may 
also be seen as a consequence of head trauma. 
Global cerebral ischemia is typically a conse-
quence of cardiac arrest, but may also be seen in 
conditions such as drowning, hanging, or 
asphyxiation (physical or chemical). In addition 
to such primary injuries, any condition increas-
ing intracranial pressure can impair cerebral per-
fusion. This relationship is discussed in detail in 
(Chaps. 11 and 23).

In any setting, clinical evaluation of the patient 
often suffices to determine that global cerebral 
perfusion is adequate. If the patient is sufficiently 

conscious to make appropriate verbal responses, 
or to protect against noxious stimuli, perfusion at 
that time is adequate, and invasive pressure moni-
toring is not indicated for clinical management. 
However, since many causes of brain swelling 
will progress over hours, placement of an ICP 
monitor is often prudent based either on the like-
lihood of clinical worsening, or imaging findings 
that may presage such a decline. The choice of a 
monitoring device depends on many factors; 
parenchymal monitors are less invasive than 
external ventricular drains, but the latter allow 
removal of cerebrospinal fluid to reduce pressure 
as well as monitor it.

Intracranial pressure monitoring allows the 
clinician to determine the cerebral perfusion 
pressure (CPP); CPP management is one of the 
cornerstones of acute brain trauma care for mod-
erately or severely injured patients (Carney et al. 
2017). Monitoring CPP requires an arterial line 
as well as an ICP monitor. The arterial line should 
be leveled at the level of the foramen of Monro 
for calculation of CPP, rather than at the phlebo-
static axis, since when the head of the patient is 
elevated, the arterial pressure experienced by the 
brain will be reduced by the height of the column 
of blood above the heart (Thomas et  al. 2015). 
Practically, this is accomplished by keeping the 
transducer near the tragus of the ear, so that 
changes in head elevation are automatically 
applied to the arterial line.
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The optimal value of CPP is a subject of 
debate. In general, a CPP of 60 mmHg is the typi-
cal goal in adults, with age-dependent lower val-
ues in children. As discussed below, there are 
circumstances in which a higher CPP may be tol-
erated in order to improve cerebral oxygenation.

Many therapeutic modalities are applied to 
improve CPP.  Raising the MAP with vasopres-
sors is often required, and is usually the most rap-
idly effective. Lowering the ICP can be 
accomplished in several ways. If a mass lesion is 
responsible for elevating the ICP, its expeditious 
removal is usually an important component of 
treatment, but this may not be possible, or other 
therapeutic approaches may be required in order 
for the patient to survive long enough to get to the 
operating room. Table 56.1 presents a history of 
modern attempts to treat intracranial 
hypertension.

Monitoring and management of CPP does not 
predict or prevent all problems with intracranial 
pressure; it is most useful when the cause of the 
ICP elevation is global. Herniation from one 
intracranial compartment to another occurs 
because of a pressure gradient, but even the 
higher pressure driving herniation may not 
exceed the commonly accepted upper limit of 
normal (e.g., 22 mmHg). Physical signs of her-
niation (e.g., pupillary or eye movement changes, 
or the development of asymmetric weakness or 
posturing) may also require therapies to lower 
ICP in order to decrease such gradients.

Jugular venous oxygen measurements (of 
either saturation, which can be monitored con-
tinuously, or partial pressure, or content) were 
some of the earliest approaches to studying cere-

bral oxygenation in trauma. The mixing of 
venous blood in the confluence of sinuses is 
rarely complete, however, and the values obtained 
when both jugular veins are studied may be quite 
disparate. Finding diminished oxygen in jugular 
venous blood is a reliable marker of inadequate 
delivery for demand, and thus indicates cerebral 
ischemia. A minority of patients, especially 
young patients, have had increased oxygen in 
their jugular veins; this was previously thought to 
indicate hyperemia, which might be safely treated 
with hyperventilation. However, this circum-
stance more likely indicates the inability to uti-
lize the oxygen being delivered, either because of 
mitochondrial dysfunction or impaired diffusion 
(vide infra). This is not to say that true hyperemia 
never occurs, but recent measurements with bet-
ter time resolution that the older studies often 
reveal that hyperemia may occur as a conse-
quence of spikes in MAP, as the arterial pressure 
rise precedes the increase in CBF (Akbik et  al. 
2016).

The major factors controlling cerebral arterial 
caliber are the extracellular pH and the extravas-
cular concentrations of potassium and nitric 
oxide; carbon dioxide itself plays a minor role, 
but is crucial because of its effect on pH. CO2 is 
freely diffusible across the blood-brain barrier, 
whereas buffers such as bicarbonate and phos-
phate are not. Thus, alterations in PaCO2 almost 
immediately change the cerebral extracellular 
pH; hyperventilation produces vasoconstriction, 
decreasing the caliber of arterioles (and possibly 
of venous structures), decreasing cerebral blood 
volume and thus ICP. This effect is very rapid, a 
drop in ICP occurring in less than 1 minute after 
hyperventilation begins.

Once the increase in minute ventilation leads 
to a new PaCO2 steady state, it is common to see 
that the ICP slowly begins to rise. This is often 
interpreted as a failure of hyperventilation. 
However, the arteriolar response to the rise in pH 
does not appear to fatigue. Instead, three factors 
mitigate against a sustained effect on ICP. First, 
the choroid plexus begins to export bicarbonate 
when the CSF pH exceeds its normal value of 7.3 
(Christensen et  al. 2018). (Another explanation 
based on the strong-ion difference to acid-base 

Table 56.1 Therapeutic approaches to intracranial 
hypertension

1918: Tentorial incision (Cushing)
1923: Osmotic diuretics (Fay)
1955: Hypothermia (Sedzimir)
1957: Hyperventilation (Furness)
1960: Ventricular drainage (Lundberg)
1961: Steroids (Gailich and French)
1971: Decompressive craniectomy
(lateral: Ransohoff; bifrontal: Kjellberg)
1973: Barbiturates (Shapiro)

T. P. Bleck



919

balance is that Na + is extruded which will lower 
the bicarbonate concentration  – see acid-base 
Chap. 41.) This compensation is complete within 
6 hours in normal subjects, but appears to be 
slower in patients with brain injuries. Second, the 
cause of the ICP elevation is usually progressive, 
so the decreased blood volume will be counter-
acted by the pathologic process at work. Third, as 
the minute ventilation is further increased in sub-
sequent attempts to control the ICP, the increases 
in tidal volume and respiratory rate will eventu-
ally result in increasing intrathoracic pressure to 
the point that jugular venous return is impaired, 
which itself will elevate the ICP.

In the 1970s, investigators became concerned 
that excessive hyperventilation might produce 
cerebral ischemia. Mechanistically one might 
expect that the acidosis accompanying ischemia 
would counteract the vasoconstrictive effect, but 
it seemed prudent to examine whether hyperven-
tilation might have an effect on outcome. 
Muizelaar et al. compared severely head injured 
patients who were randomized to PaCO2 partial 
pressures of 30–35 mmHg with those ventilated 
to PaCO2 partial pressures between 24 and 
28 mmHg (Muizelaar et al. 1991). The value of 
30–35 was chosen as the control because these 
patients often maintained themselves in that 
range when not controlled. Interim analyses at 3 
and 6  months suggested that the more severely 
hyperventilated group had poorer outcomes as 
measured by the Glasgow Outcome Scale score, 
leading to premature termination of the trial. This 
difference was no longer present at 12  months, 
but this study is frequently invoked as an indica-
tion to avoid hyperventilation for ICP control. 
More recent work suggests that hyperventilation 
in the range of 30–35 mmHg does not adversely 
affect cerebral metabolism.

Global insults such as head trauma can pro-
duce both generalized and localized abnormali-
ties in blood flow. One technique to assess 
regional blood flow abnormalities is “cold” (non-
radioactive) xenon CT scanning. A 1992 study of 
severely head-injured patients found that a sub-
stantial minority had diminished CBF, even in the 
absence of intracranial hematomata (Bouma 
et  al. 1992). This study found no patients with 

hyperemia; those with diffuse swelling had the 
worst CBF.

Positron emission tomographic (PET) studies 
of hyperventilation using 15O-labeled water to 
measure CBF with high spatial resolution have 
yielded results with conflicting interpretations. 
The Cambridge neurocritical care group reported 
that hyperventilation increased the volume of 
hypoperfused tissue, although they noted that the 
response varied among patients and that no 
PaCO2 threshold for ischemia could be estab-
lished (Coles et  al. 2002). They also noted that 
hyperemia was rare. The same group later showed 
that the oxygen extraction fraction (OEF) 
increased, in some regions to levels that the 
investigators considered critically high. Using 
similar techniques, the Washington University 
neurocritical care team obtained similar results, 
but considered that the increase in OEF repre-
sented successful compensation for diminished 
regional cerebral blood flow (Diringer et  al. 
2002). This disagreement remains unresolved.

One of the principles underlying CPP man-
agement is pressure autoregulation. Under nor-
mal conditions, CBF remains constant over a 
range of MAP extending from about 50 to 
150 mmHg; this is accomplished by progressive 
constriction of arteriolar sphincters. However, 
pressure autoregulation may fail in pathologic 
situations. Studies in head trauma patients, using 
transcranial Doppler flow velocity measurements 
as a surrogate for actual CBF measurements, sug-
gest that pressure autoregulation fails in about 
55% of patients, resulting in CBF that increases 
passively as MAP increases through the normally 
autoregulated range (Lang et  al. 2003; Oertel 
et  al. 2002). A few studies using CT perfusion 
measurements suggest that this phenomenon may 
be less common, perhaps occurring in 24% 
(Peterson and Chesnut 2009). The slope of the 
increase in MAP appears to be steeper than the 
slope of CBF increase, indicating that raising the 
MAP can still increase the CPP, but not to the 
extent that would occur if pressure autoregulation 
was intact.

Oxygen-derived free radicals are generated 
when previously underperfused areas experience 
a return of blood supply, especially when iron is 
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available to catalyze the Fenton reaction. Studies 
of free radical scavengers such as tirilazad mesyl-
ate, or substances to reduce free radical concen-
trations such as superoxide dismutase, have failed 
to improve outcome in brain injuries of various 
types. The largest such study, MRC CRASH, 
which used a dose of methylprednisolone that 
was a very effective free radical scavenger, actu-
ally had higher mortality in the active treatment 
group (Edwards et al. 2005). Chelating iron has 
similarly been ineffective. Improved strategies 
for dealing with oxygen-derived free radicals are 
in development (Ma et al. 2017; Frati et al. 2017).

In the mid-1990s, deoxyglucose PET studies 
indicated the presence of hyperglycolysis in areas 
of severe injury, suggesting that mitochondria 
were unable to use the oxygen being delivered 
(Bergsneider et al. 1997). This finding correlated 
with microdialytic studies suggesting the same 
problem. Studies of mitochondria in resected tis-
sue specimens indicated a defect in the function 
of mitochondrial transition pores, which could be 
partially corrected with cyclosporin (Yokobori 
et al. 2014). However, initial human studies with 
cyclosporin were discouraging, and research into 
its use in the treatment of this problem has stag-
nated (Mazzeo et al. 2009).

More recent studies by the Cambridge neuro-
critical care group have underscored another 
potential cause of mitochondrial metabolic diffi-
culty after trauma. Electronic microscopic analy-
sis of tissue resected in the management of 
increased intracranial pressure suggests a sub-
stantial degree of impairment of oxygen diffusion 
from the capillaries to the mitochondria because 
of endothelial swelling, microvascular collapse, 
and perivascular edema (Menon et al. 2004).

The finding that mitochondria may not be 
receiving adequate oxygen to supply the energy 
needs of the brain suggests that attempts to 
improve oxygen delivery may be useful. Tissue 
brain oxygen monitors, discussed in (Chap. 23), 
allow the clinician to introduce therapies to 
restore brain oxygen delivery to more normal lev-
els. Early attempts to do so in head trauma 
(Spiotta et  al. 2010) and subarachnoid hemor-
rhage (Ramakrishna et al. 2008) appear promis-
ing. A phase 2 trial comparing conventional ICP/

CPP management to brain oxygen optimization 
showed that the techniques proposed for improv-
ing brain oxygen delivery were successful in 
accomplishing this goal safely (Okonkwo et  al. 
2017). Although clinical outcomes were not the 
object of the study, both mortality and poor out-
comes were lower in the brain oxygen group. 
Techniques used to improve brain oxygen are 
listed in Table  56.2. A phase 3 study has been 
funded to determine whether this strategy 
improves clinical outcomes.

The future of cerebrovascular monitoring will 
depend in part on its inclusion as a component of 
multimodality monitoring. The most important 
additional techniques are surface and cortical 
electroencephalographic monitoring to detect 
sustained depolarizations, which appear to play 
an important role in secondary injury in both 
trauma and cerebrovascular disorders (Eriksen 
et  al. 2019). Originally described in 1944 by 
Leão as “spreading depression,” (Leão 1944) this 
phenomenon is capable of producing ischemia at 
sites removed from the original injury and helps 
to explain many potentially destructive phenom-
ena such as delayed ischemic damage after sub-
arachnoid hemorrhage.
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Delirium in the Critically Ill Patient
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and Biren B. Kamdar

 Introduction: ICU Delirium and its 
Consequences

The Diagnostic and Statistical Manual of Mental 
disorders (DSM-5) defines delirium as “a distur-
bance of consciousness characterized by acute 
onset and fluctuating course of inattention 
accompanied by either a change in cognition or a 
perceptual disturbance, so that a patient’s ability 
to receive, process, store, and recall information 
is impaired” (American Psychiatric 2013). This 
disturbance is acute, typically developing over 
hours to days, and a stark deviation from the 
patient’s baseline. Moreover, this change in con-
sciousness cannot be explained by another cause 
such as intoxication or an underlying medical 
condition (e.g., dementia).

Delirium is common in the intensive care unit 
(ICU). Various studies have demonstrated that at 
least one-third of critically ill patients will 
develop delirium over the course of their ICU 
stay (Ely et  al. 2007; Ely et  al. 2004; van den 
Boogaard et  al. 2012; Salluh et  al. 2015). 
Incidence of delirium is even higher among 
mechanically ventilated patients (Ely et al. 2007; 
Ely et  al. 2004; van den Boogaard et  al. 2012; 
Salluh et  al. 2015). Delirium is associated with 
increased mortality and length of hospital admis-
sion (Ely et al. 2004; Ely et al. 2001a). A recent 
meta-analysis demonstrated that the development 
of delirium in the ICU was associated with a two- 
fold increased relative risk of in-hospital mortal-
ity (Salluh et al. 2015).

An episode of delirium can have severe, last-
ing consequences extending beyond the index 
hospitalization. Patients experiencing ICU delir-
ium have increased mortality up to 12  months 
following hospital discharge (Pisani et al. 2009). 
Delirium has been identified as an independent 
predictor of cognitive impairment 3 and 
12 months following hospital discharge (Girard 
et  al. 2010a; Pandharipande et  al. 2013). 
Additionally, increased duration of delirium was 
associated with impairment in activities of daily 
living and motor sensory function (Brummel 
et al. 2014). To date, delirium has not been asso-
ciated with an increased risk of mental health 
problems such as anxiety, depression, or post- 
traumatic stress (Wolters et al. 2016).
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Established tools have been validated for bed-
side detection of delirium in the ICU (Ely et al. 
2001b). Identification of risk factors and evalua-
tion of non-pharmacological and pharmacologi-
cal management strategies are ongoing areas of 
investigation. Emphasis on identification, pre-
vention, and treatment of delirium is vital in 
improving outcomes in critically ill patients. This 
chapter discusses the pathophysiology and risk 
factors for delirium in the ICU, along with man-
agement approaches.

 Delirium Definition 
and Epidemiology

Delirium is described as an acute disturbance of 
consciousness, characterized by fluctuating lev-
els of inattention and disorganized thinking. 
While the clinical presentation of delirium is 
variable, it typically develops early during ICU 
admission, with the majority of afflicted patients 
developing delirium within the first 48 hours of 
their ICU stay (Peterson et  al. 2006). Clinical 
manifestations of delirium in the ICU are diverse 
and vary from patient to patient. Patients often 
experience impairments in memory and orienta-
tion, accompanied by difficulty with language 
and thought processes. Other frequently observed 
symptoms include sleep-wake cycle disruption, 
motor disturbances (hyperactive or hypoactive), 
mood changes, and hallucinations and/or delu-
sions. Sleep-wake cycle disruption is often the 
earliest manifestation of delirium, characterized 
by insomnia, daytime sleepiness, and/or com-
plete sleep-wake reversal. Inattention is also 
often present in the early stages of delirium. 
Patients can suffer from hallucinations, described 
as simple, visual, or somatic in comparison to 
more complex hallucinations associated with 
other major psychotic disorders (Meagher 2009).

Delirium is categorized into three subtypes: 
(American Psychiatric 2013) hyperactive (agi-
tated); (Ely et  al. 2007) hypoactive; and (Ely 
et al. 2004) mixed. Hypoactive delirium is char-
acterized by lethargy, slowed speech, and psy-
chomotor slowing (Liptzin and Levkoff 1992). 
Hypoactive delirium can be difficult to differenti-

ate from acute metabolic encephalopathy, and for 
this reason is often missed by clinicians 
(Pandharipande et al. 2007a). Hyperactive delir-
ium is easier to recognize as patients are overtly 
agitated and often require pharmacologic or 
physical interventions.

In critically ill patients, hypoactive and mixed 
delirium subtypes predominate, comprising 
27–55% and 36–44% of delirium episodes in the 
ICU, respectively (Peterson et  al. 2006; Rood 
et al. 2019). Older patients (e.g., ≥65 years old) 
have a higher rate of hypoactive delirium as com-
pared to younger patients (Peterson et al. 2006). 
As compared to hyperactive delirium, hypoactive 
and mixed delirium have been associated with 
higher mortality; however, further research is 
needed to evaluate this association (Rood et  al. 
2019; Meagher et al. 2000).

 Delirium Pathophysiology

Though its mechanisms are complex and poorly 
understood, the high prevalence and adverse con-
sequences of ICU delirium have motivated a grow-
ing body of research aimed at disentangling causal 
pathways. Several pathways have been proposed, 
including those involving neurotransmitter imbal-
ance, inflammation, hypoxia, sleep disruption, and 
circadian rhythm disturbance. In critically ill 
patients exposed to a complex ICU environment, 
these pathways co-exist, rarely acting indepen-
dently (Maldonado 2013). The theories underlying 
the pathogenesis of delirium provide a framework 
for studies focused on the identification, treatment, 
and prevention of delirium in the ICU.

Neurotransmitter imbalance during acute ill-
ness, specifically acetylcholine (Ach) and dopa-
mine, are linked to delirium. Acetylcholine plays 
an important role in attention and consciousness 
(Hshieh et al. 2008). Increased serum anticholiner-
gic levels are often seen in patients with delirium 
(Flacker et al. 1998). The involvement of Ach is 
reinforced by the observation that anticholinergic 
medications are associated with delirium and 
hyperactivity (Han et  al. 2001; Meagher 2001). 
Despite these observations, delirium prevention 
trials evaluating the use of medications that oppose 
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anticholinergic activity, such as one involving the 
anticholinesterase inhibitor  donepezil in the post-
operative setting, have been largely unsuccessful 
(Liptzin et al. 2005).

Dopamine excess has also been cited as a con-
tributor to delirium development (Trzepacz 
2000). The importance of the dopaminergic sys-
tem is reflected clinically in the pharmacological 
approach to delirium management. Dopamine 
antagonism serves as a key target for delirium 
prevention, although most trials to date have been 
inconclusive (discussed in more detail in 
“Prevention and Treatment” below).

Abnormalities in GABA and glutamate are 
also identified as participants in the delirium 
pathway. GABA levels vary based on different 
clinical scenarios (Maldonado 2013). For exam-
ple, elevated GABA is thought to play a role 
in the development of hepatic encephalopathy 
(Maldonado 2013; Ahboucha and Butterworth 
2004; Ahboucha et  al. 2004). Additionally, this 
mechanism has been linked with the observed 
association of benzodiazepine sedative infusions 
and incident delirium (Pandharipande et al. 2006).

A neuro-inflammatory mechanism is also 
implicated in ICU delirium. A systemic inflam-
matory state is common in patients admitted to 
the ICU.  Elevation in inflammatory cytokines 
such as IL-8 is seen in patients with delirium (van 
den Boogaard et  al. 2011). Pro-inflammatory 
cytokines have been linked with decreased cho-
linergic activity (Eikelenboom et  al. 2002). 
Hypoxia, oxidative stress, and disruption in oxi-
dative metabolism contribute to cerebral dys-
function (Seaman et al. 2006). Furthermore, the 
pro-inflammatory state experienced by many 
ICU patients can lead to disruption in the blood- 
brain barrier/endothelium allowing pathogens 
and cytokines to penetrate the brain, causing neu-
ronal dysfunction leading to delirium (Slooter 
et  al. 2017). Hence, delirium is considered by 
some to be the central nervous system (CNS) 
manifestation of systemic inflammation 
(Maldonado 2008).

Finally, sleep-wake and circadian rhythm dis-
ruption are implicated in the development of 
delirium (Jacobson et al. 2008). As discussed in 
“Definition and Epidemiology” above, sleep- 

wake disturbance is often an early sign of delir-
ium. Melatonin is intricately tied to the sleep-wake 
regulation. Primarily synthesized in the pineal 
gland, melatonin release is suppressed by light 
and promotes a new cycle of melatonin synthesis 
(which peaks at night). Darkness then prompts 
melatonin release. Melatonin exerts considerable 
influence over the suprachiasmatic nucleus, which 
is responsible for maintaining circadian rhythms. 
Delirious patients often exhibit low levels of mel-
atonin (Mo et  al. 2015). For example, irregular 
and low levels of melatonin are seen in the patients 
who develop delirium (Miyazaki et al. 2003). The 
irregular melatonin secretion alters the homeo-
static circadian sleep- wake rhythm (BaHammam 
2006). The association between melatonin, sleep-
wake rhythm disturbance, and delirium is clear; 
however, a causal relationship has not been estab-
lished. The relationship of melatonin, sleep-wake 
disturbance, and delirium represents intriguing 
areas of research.

 Delirium Identification

Recognition of delirium is a critical first step in 
management. Early studies showed that delirium 
is generally under-identified in real-world ICU 
settings (van den Boogaard et al. 2012). Several 
widely available delirium screening tools have 
been developed, and two, the Confusion 
Assessment Method-Intensive Care Unit (CAM- 
ICU) and Intensive Care Delirium Screening 
Checklist (ICDSC), are recommended in the 
Society of Critical Care Medicine Clinical 
Practice Guidelines (Ely et al. 2001a). The CAM 
was initially introduced for screening delirium in 
non-ICU hospitalized patients (Inouye et  al. 
1990); a modified “ICU” version was subse-
quently developed for use in the critical care set-
ting. The CAM-ICU is simple to perform, 
requiring <2  minutes, and can easily be per-
formed by any member of the medical team 
(Table  57.1). Both CAM-ICU and ICDSC are 
simple and efficient screening tools specifically 
intended for the critical care environment.

As part of standard ICU delirium screening, a 
standardized sedation evaluation is required, 
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most often utilizing the Richmond Agitation- 
Sedation Scale (RASS) (Table  57.2) or Riker 
Sedation Agitation Scale (SAS) (Sessler et  al. 
2002; Riker et al. 1999). RASS scores range from 
minus-5 (comatose) to plus-4 (combative, vio-
lent, danger to staff), and corresponding SAS 
scores range from 1 to 7, with RASS  =  0 and 
SAS  =  4 indicating a calm and cooperative 
patient. For a patient to be evaluated for delirium, 
they must have a RASS of minus-3 (SAS = 3) or 
higher, denoting moderate sedation-movement or 
eye-opening to voice, but no eye contact. These 
sedation scales further delineate hyperactive ver-
sus hypoactive delirium. For example, if a patient 

is identified as delirious by the CAM-ICU assess-
ment, a corresponding positive RASS score 
would indicate hyperactive delirium, while a 
negative score would indicate a hypoactive 
subtype.

Importantly, several novel strategies are cur-
rently under investigation such as the Edinburgh 
Delirium Test Box (EDTB-ICU), which incorpo-
rates computerized, objective, graded assessment 
of delirium that can be monitored over time 
(Green et al. 2017). Additional research is aimed 
at creating prediction models to identify high- 
risk patients to provide targeted, intensive, pre-
ventative strategies. (van den Boogaard et  al. 
2012)

 Risk Factors

The risk of developing ICU delirium rises in the 
presence of predisposing factors, such as older 
age and pre-existing cognitive impairments, and 
precipitating factors such as critical illness and 

Table 57.1 Delirium screening methods

The confusion assessment 
method for the intensive care 
unit

The intensive care 
delirium screening check 
list

CAM-ICU ICDSC
1.  Acute onset and/or 

fluctuating mental statusa

2. Inattentionb

3.  Altered level of 
consciousness (RASS ≠ 
0)c

4.  Disorganized thinking
Interpretation:
Positive CAM-ICU 
(indicating delirium):
Criterion 1 and 2 both 
positive AND
Either 3 or 4 positive

1.  Altered level of 
consciousnessd

2. Inattention
3. Disorientation
4.  Hallucination 

delusion or psychosis
5.  Psychomotor 

agitation or 
retardation

6.  Inappropriate speech 
or mood

7.  Sleep-wake cycle 
disturbance

8.  Symptom fluctuation
Scoring (1 point for 
each item present)
0: No delirium
1–3: Subsyndromal 
delirium
4–8: Delirium

CAM-ICU and ICDSC are two methods commonly used 
to screen for delirium in the ICU. Both screening methods 
require RASS score (−) 2 to (+)4. CAM-ICU and ICDSC 
cannot be performed on deeply sedated or comatose 
patients (RASS -4, −5) (Ely et al. 2001a; Ely et al. 2001b; 
Bergeron et al. 2001; Ouimet et al. 2007).
aAcute change in mental status or fluctuation from base-
line within the past 24 hours
bInattention is evaluated using either visual or auditory 
components of attention screening examination (ASE)
cPositive if RASS score is any value other than 0
dAssessed based on number of errors in answering a pre- 
defined set of yes or no questions, or if patient is nonver-
bal, errors in completing 2 step commands

Table 57.2 Richmond Agitation-Sedation Scale (RASS)

4 Combative
Overly combative, violent, 
immediate danger to staff

3 Very 
agitated

Pulls or removes tubes or 
catheters

2 Agitated Frequent non-purposeful 
movement, fighting ventilator

1 Restless Anxious but movements not 
aggressive or vigorous

0 Alert and 
calm

Alert and calm

(−)1 Drowsy Not fully alert, but has 
sustained awakening (eye- 
opening or eye-contact) in 
response to voice (>10 seconds)

(−)2 Light 
sedation

Briefly awakens with eye 
contact to voice (<10 seconds)

(−)3 Moderate 
sedation

Movement or eye opening to 
voice, but no eye contact

(−)4 Deep 
sedation

No response to voice, but 
movement or eye opening to 
physical stimulation

(−)5 Unarousable No response to voice or 
physical stimulation

Reprinted with permission of the American Thoracic 
Society. Copyright © 2019 American Thoracic Society. 
Sessler et al. (2002)
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medications. Risk factors for ICU delirium can 
be categorized into non-modifiable versus modi-
fiable, and predisposing as well as precipitating 
(Table 57.3).

 Delirium Prevention and Treatment

 PADIS Guidelines and the ABCDEF 
Bundle

In 2018, the Society of Critical Care Medicine 
appended their 2013 Clinical Practice Guidelines 
for the Prevention and Management of Pain, 
Agitation/Sedation, Delirium (PAD) in Adult 
Patients in the ICU, adding Immobility and Sleep 
Disruption (PADIS) to provide an up-to-date, 
comprehensive framework for use in all adult ICU 
settings (Devlin et  al. 2018). Implementation of 
these guidelines requires an interdisciplinary, 
multicomponent approach such as the “ABCDEF” 
bundle, referring to complementary actions to (A)
ssess, prevent, and manage pain; promote (B)oth 
spontaneous awakening and breathing trials; (C)
hoose Analgesia and Sedation; assess, prevent, 
and manage (D)elirium; promote (E)arly mobility 
and exercise; and encourage (F)amily engage-
ment and empowerment (Table 57.4) (Marra et al. 
2017). Notably, each implemented component of 

the ABCDEF bundle has been shown to produce 
step-wise improvements in clinical outcomes, 
including incremental decreases in duration of 
mechanical ventilation and hospital length of stay 
(Hsieh et al. 2019). While delirium is a specific 
domain of this implementation bundle, each bun-
dle element influences the other, with all elements 
playing a role in delirium management. The key 
delirium- focused elements of PADIS and 
ABCDEF are discussed below.

 Nonpharmacological Interventions

The optimal approach for delirium prevention 
must be tailored based on barriers and opportu-
nities unique to each ICU. As a rule of thumb, 
non- pharmacological interventions are the cor-
nerstone and first step of delirium prevention and 
treatment.

Table 57.3 Delirium risk factors (Pandharipande et  al. 
2006; Zaal et al. 2015; Miyazaki et al. 2011; Van Rompaey 
et al. 2009)

Predisposing Precipitating
Older age
Alcohol use
Baseline hypertension
Baseline cognitive impairment
Genetics (e.g., apoprotein E4 
polymorphism)
Nicotine use

Non-modifiable
Emergency surgery
Metabolic acidosis
Illness severity
Anemia
Organ failure
Modifiable
Benzodiazepine 
infusions
Mechanical 
ventilation
Immobilization
Unwanted sounds
Lack of daylight
Disrupted sleep-wake 
cycles
Physical restraints

Table 57.4 ABCDEF Critical Care Bundle

Bundle 
component Description
(A)  Assess, 

prevent, 
and manage 
pain

Understand pain and its triggers and 
utilize screening tools to determine 
the best analgesia only or 
analgosedation strategy for the 
patient

(B)  Both SAT 
and SBT

Light sedation is preferred in 
mechanically ventilated patients. 
Pair interruptions in sedation with 
spontaneous breathing trials

(C)  Choice of 
analgesia 
and 
sedation

Choose the right sedative for the 
patient’s clinical picture. Avoid 
benzodiazepines when able

(D)  Delirium: 
Assess, 
prevent, 
and 
manage

Routinely screen for delirium with a 
validated tool. Promote early 
mobilization and sleep. Avoid 
benzodiazepines. Pharmacologic 
prophylaxis is not recommended

(E)  Early 
mobility 
and 
exercise

Early (within 48 hours) mobility 
and exercise is necessary for all 
patients, even those who are 
mechanically ventilated

(F)  Family 
engagement

Family involvement in decision 
making and treatment can improve 
recovery

The ABCDEF critical care bundle has evolved over time 
with the addition of additional components to optimize 
care of critically ill patients (Devlin et  al. 2018; Marra 
et al. 2017; Balas et al. 2014)
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 Environment
Because the interventions are often low cost, 
common sense, easy to perform, and of minimal 
risk to patients, environmental optimization 
should be considered “first line” in the manage-
ment of ICU delirium. Such interventions include 
critical evaluation of the patient environment and 
delivery of familiar devices or aids (i.e., glasses, 
hearing aids, time outdoors, pets, music) or mini-
mization of noxious stimuli, including unwanted 
sounds and lights (see Sleep below).

 Early Rehabilitation and Mobilization
Immobility is common in critical illness and 
associated with adverse outcomes including criti-
cal illness myopathy, pressure ulcers, and delir-
ium. While prolonged bed rest was once 
considered essential to recovery (Brower 2009), 
numerous studies over the past decade have 
flipped this paradigm, demonstrating that early 
and frequent rehabilitation and mobilization 
interventions are safe, with minimal adverse 
events observed, and associated with improved 
ICU outcomes (Devlin et al. 2018; Nydahl et al. 
2017). These findings were supported by a land-
mark randomized controlled trial (Schweickert 
et al. 2009; Schweickert and Kress 2011) which 
evaluated early exercise and mobilization com-
bined with daily sedation interruption (within the 
first 72 hours of intubation) versus usual care in 
mechanically ventilated patients. As compared 
with the usual care arm, patients in the interven-
tion arm experienced a shorter duration of delir-
ium (4 versus 2 days), ventilator-free days (23.5 
versus 21.1 days), and increased return to inde-
pendent functional status at discharge (59% ver-
sus 35%) (Schweickert et al. 2009; Schweickert 
and Kress 2011). Additionally, a pre-post quality 
improvement study demonstrated that a multi- 
disciplinary early rehabilitation intervention 
decreased ICU and hospital length of stay by 2.1 
and 3.1 days, respectively. Finally, a recent sys-
tematic review evaluating 22,351 mobility ses-
sions in 7546 critically ill patients demonstrated 
that potential safety events (i.e., hemodynamic 
changes) were rare, occurring in fewer than 3.8 
of every 1000 mobilization/rehabilitation ses-
sions (Nydahl et al. 2017). Hence, early rehabili-

tation and mobilization are safe, vital to patient 
outcomes, and, importantly, should occur early 
during ICU admission, within the first 48 hours. 
Early rehabilitation and mobilization interven-
tions should be considered a cornerstone of mod-
ern ICU care.

 Sleep
Sleep disruption in the ICU also likely has impli-
cations in the development of delirium. Numerous 
studies have demonstrated that critically ill 
patients commonly experience poor sleep quality 
(Elliott et al. 2013; Cooper et al. 2000). While the 
association of poor sleep quality and delirium 
remains unclear and methodologically compli-
cated to evaluate, a correlation has been shown 
between REM deprivation and delirium, and 
between lack of N2 sleep, delirium severity, and 
increased odds of death (Trompeo et  al. 2011). 
Despite a paucity of clear causative data, the 
majority of intensivists feel poor sleep adversely 
affects ICU outcomes and is a contributor to 
delirium (Kamdar et al. 2016a). While poor sleep 
is gaining attention as a problem in the ICU, pro-
tocolized sleep-promoting interventions are gen-
erally lacking (Kamdar et  al. 2016a). Initial 
efforts to improve sleep should include the for-
mation of a multidisciplinary team (Kamdar et al. 
2014; Kamdar et al. 2016b) and identification of 
feasible intervention targets, such as discontinua-
tion of unnecessary medications that may inter-
fere with sleep and minimization of unwanted 
noise (i.e., staff conversations, alarms, and 
squeaky shoes) in the ICU (Freedman et  al. 
2001). Although noise levels in the ICU can be 
problematic, the abrupt changes in noise level 
may be particularly disruptive to sleep in the ICU 
patient (Stanchina et  al. 2005). Non- 
pharmacological interventions such as ear plugs 
and eye masks may also play a role in sleep 
improvement (Demoule et al. 2017). Music ther-
apy, another example of nonpharmacologic inter-
vention, showed a significant decrease in patient 
anxiety, and a greater reduction in sedative expo-
sure (Chlan et al. 2013). Finally, increased atten-
tion is being paid to the promotion of daytime 
wakefulness, including out of bed activities and 
provision of bright light, as methods to promote 
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sleep and prevent sleep-wake rhythm misalign-
ment (Oldham et al. 2016; Danielson et al. 2018).

 Pharmacological Interventions

Individual drugs (e.g., benzodiazepines), drug- 
drug interactions, and withdrawal from drugs 
have been associated with delirium in the 
ICU. Thus, medication lists should be reviewed 
frequently and modified, if possible, if poten-
tially deliriogenic medications have been pre-
scribed. Recent literature has highlighted the 
potential role of medications for delirium pro-
phylaxis and treatment, with mixed results.

 Drugs for Delirium Prophylaxis 
and Treatment
Several studies have evaluated the efficacy of 
pharmacologic prophylaxis for delirium (Wang 
et  al. 2012; Su et  al. 2016; Prakanrattana and 
Prapaitrakool 2007). Specific drugs have been 
targeted based on the pathophysiological path-
ways implicated in the development of delirium 
such as typical and atypical antipsychotics. For 
example, haloperidol is a dopamine antagonist 
that targets the dopaminergic system, a pathway 
often upregulated in delirium (Trzepacz 2000). 
Dexmedetomidine is another drug of interest and 
specifically activates alpha-2 receptors and is 
involved in neurotransmitter regulation, although 
its exact mechanism is not entirely understood 
(Gertler et al. 2001).

Early studies evaluated the use of haloperidol, 
dexmedetomidine, and risperidone in a prophylac-
tic role (Wang et  al. 2012; Su et  al. 2016; 
Prakanrattana and Prapaitrakool 2007). For exam-
ple, two early studies evaluated pharmacologic 
prophylactic strategies, in non-cardiac post-opera-
tive patients using haloperidol and dexmedetomi-
dine (Wang et al. 2012; Su et al. 2016). Both studies 
showed decreased incidence of delirum in the first 
seven days following surgery in the pharmacologic 
intervention group. Similarly, atypical antipsychot-
ics such as risperidone were also trialed in post-
operative cardiac patients, with similar results 
(Prakanrattana and Prapaitrakool 2007); however, 
these studies were limited in their enrollment of 

mostly post- operative patients who were less vul-
nerable to delirium (Wang et  al. 2012; Su et  al. 
2016; Prakanrattana and Prapaitrakool 2007). Two 
subsequent larger trials evaluated pharmacologic 
interventions in general ICU populations, with 
equivocal results (Kamdar et  al. 2014; Kamdar 
et al. 2016b). First, the REDUCE randomized clin-
ical trial, which enrolled 1789 patients examined 
haloperidol in a prophylactic role and showed no 
improvement in delirium prevention or overall 
mortality (van den Boogaard et al. 2018). Another 
recent study evaluated the administration of low-
dose dexmedetomidine at night for delirium pre-
vention and sleep promotion (Skrobik et al. 2018). 
Although nocturnal low- dose dexmedetomidine 
showed a reduction in incident delirium, it did not 
lead to improved sleep; additional studies are 
needed in this area (Skrobik et al. 2018).

Overall, based on current evidence, there is no 
recommendation for pharmacologic prophylaxis 
of delirium in the ICU (Devlin et  al. 2018). 
Similarly, pharmacologic treatment of delirium, 
once it has occurred, has not been shown to 
improve outcomes (Devlin et  al. 2010; Girard 
et al. 2010b; Page et al. 2013; Girard et al. 2018). 
Specifically, the MIND-USA trial evaluated the 
administration of haloperidol or ziprasidone ver-
sus placebo in critically ill patients with hypoac-
tive and hyperactive delirium (Girard et al. 2018). 
The primary outcome was median days alive 
without delirium or coma, with no difference 
demonstrated when comparing the intervention 
and control groups (Girard et  al. 2018). While 
many studies are underway, including studies 
evaluating haloperidol for delirium treatment, the 
influence of dexmedetomidine or propofol on 
ICU delirium (ClinicalTrials.gov ID 
NCT02807467), ramelteon (NCT02807467), as 
well as ketamine for delirium prevention in post- 
surgical patients (NCT02807467), there are cur-
rently no compelling data to support the use of 
medications to either prevent or treat delirium. 
Hence, the mainstay of delirium management 
involves non-pharmacologic interventions, 
including avoidance of deliriogenic medications 
and interventions involving the promotion of 
early mobility/rehabilitation and aligned sleep- 
wake cycles.
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 Analgesia and Sedation Management
Analgesia and sedation are often considered con-
currently, and play an important role in ICU 
delirium. Pain assessment and management 
should be prioritized before adding sedative 
agents (Devlin et al. 2018). Control of pain is par-
ticularly important not only for patient comfort 
but for preventing delirium precipitated by 
uncontrolled pain (Chanques et  al. 2010). The 
PADIS guidelines suggest regularly assessing for 
pain in the ICU and initiating appropriate treat-
ment (Devlin et  al. 2018). Although vital sign 
changes can often clue providers to uncontrolled 
pain, particularly in mechanically ventilated 
patients, their role as a proxy for pain is largely 
inconsistent and therefore should be interpreted 
with caution (Arbour and Gelinas 2010). The 
PADIS guidelines recommend a multimodal 
approach to pain: use of both opioid and non- 
opioid analgesics as well as non-pharmacologic 
interventions. Regarding opioid therapy, the low-
est effective dose to achieve analgesia is recom-
mended. Adjunctive non-opioid and 
non-pharmacologic therapies are emphasized to 
facilitate opioid-sparing management.

After addressing analgesia, some patients will 
also require sedation, especially those receiving 
mechanical ventilation. Sedation targeted to a 
specific level, with a thoughtful selection of seda-
tive agents, is vital to minimize sedation-induced 
delirium and associated adverse outcomes.

In general, critically ill mechanically venti-
lated patients should be maintained on as little 
sedation as possible, e.g., with a RASS target of 
minus-2 to plus-1 (Devlin et al. 2018). This con-
cept stemmed from the introduction of the spon-
taneous awakening trial (SAT) (Kress et  al. 
2000), where mechanically ventilated patients 
were randomized to daily sedation interruption 
versus usual care. As compared to usual care, this 
study demonstrated a significant association with 
daily sedation interruption with decreased length 
of mechanical ventilation (4.9 versus 7.3  days) 
and ICU length of stay (6.4 versus 9.9  days) 
(Kress et al. 2000). Building on the daily sedation 
holiday concept, experts now recommend mini-
mal/light sedation throughout the day instead of a 
single daily interruption (Devlin et  al. 2018). 
Although light sedation has not been shown to 

decrease incident delirium or mortality, 
(Pandharipande et al. 2007b; Shehabi et al. 2013) 
minimal sedation practices decrease time to extu-
bation, need for tracheostomy (Tanaka et  al. 
2014), and facilitate rehabilitation and mobiliza-
tion interventions (Devlin et  al. 2018). When 
considering ventilator liberation, sedation inter-
ruption should be paired with spontaneous 
breathing trials with the goal of having an awake 
and alert patient breathing comfortably on mini-
mum ventilator settings.

Sedative choice is also important to minimize 
delirium risk. In 2006, a landmark study of 
mechanically ventilated ICU patients demon-
strated an independent association of continuous 
benzodiazepine infusions with incident delirium, 
with a dose-dependent effect (Pandharipande 
et  al. 2006). Alternatives such as propofol and 
dexmedetomidine are used preferentially for 
sedation in critically ill patients (Schweickert 
et  al. 2009; Schweickert and Kress 2011). This 
recommendation is based on various studies, 
including the multicenter SEDCOM RCT which 
demonstrated that mechanically ventilated 
patients randomized to receive dexmedetomidine 
versus continuous midazolam infusions, with as- 
needed fentanyl and haloperidol boluses in both 
arms, experienced less delirium (54% versus 
77%) and had a shorter time to extubation (3.7 
versus 5.9 days) (Riker et al. 2009). A subsequent 
randomized controlled trial examining dexme-
detomidine versus midazolam or propofol infu-
sions demonstrated that patients in the 
dexmedetomidine arm had a shorter duration of 
mechanical ventilation; however, they experi-
enced increased adverse effects, specifically 
hypotension (Jakob et al. 2012). Large retrospec-
tive analyses comparing patients receiving pro-
pofol- versus benzodiazepine-based sedative 
infusions demonstrated that patients receiving 
propofol had significantly shorter ICU lengths of 
stay and decreased risk of ICU (RR ≈ 0.70) and 
hospital (RR ≈  0.77) mortality (Lonardo et  al. 
2014). Notably, while each of these sedation 
studies evaluated continuous benzodiazepine 
infusions, they did not examine the effect of ben-
zodiazepines administered intermittently as 
needed or scheduled in bolus form. Limited data 
exist regarding delirium risk and bolus-dosed 
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sedation, a compelling area of ongoing 
investigation.

Choice of sedative agents should take into 
account patient specifics in addition to medica-
tion side effects. Bradycardia and hypotension 
occasionally occur with dexmedetomidine (Jakob 
et al. 2012). Additionally, because dexmedetomi-
dine is intended for light to moderate and not 
deep sedation, it should not be administered as 
monotherapy for patients requiring neuromuscu-
lar blockade. Alternatively, propofol also carries 
the risk of propofol infusion syndrome, which 
typically occurs when on high doses of propofol 
for >48 hours and traditionally is associated with 
elevated triglycerides, hepatomegaly, and refrac-
tory bradycardia (Kam and Cardone 2007). There 
is also rising interest in the use of ketamine for 
ICU sedation, although additional studies are 
needed. Currently, propofol and dexmedetomi-
dine are preferred for sedation in the ICU; how-
ever, overall sedation strategy should be 
determined based on individual patient 
characteristics.

 Conclusion

Delirium presents a complex pathophysiologic 
phenomenon that frequently occurs in the inten-
sive care environment and poses a challenge to 
clinicians and health care staff. It is associated 
with adverse patient outcomes both during the 
index hospitalization and months to years later. A 
multifaceted approach is required to identify and 
manage this common ICU phenomenon, includ-
ing frequent identification of modifiable risk fac-
tors, optimization of the patient environment, 
sedation minimization, early mobilization/reha-
bilitation, and promotion of sleep-wake 
alignment.
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Obesity in Critically Ill Patients

Kathryn A. Hibbert and Atul Malhotra

 Introduction

With the rising prevalence of obesity (McTigue 
and Kuller 2008; McTigue et al. 2006), a nuanced 
understanding of the physiologic impact and 
clinical implications of obesity in the critically ill 
are integral to clinical practice (Malhotra and 
Hillman 2008). In the United States, recent data 
show that roughly one-third of the population 
have a normal BMI, one-third are overweight, 
and one-third are obese (BMI  >30  kg/m2) 
(McTigue and Kuller 2008; McTigue et al. 2006). 
In some areas of the country, the prevalence of 
obesity reaches >40%. In addition, morbid obe-
sity (BMI >35–40 kg/m2) is on the rise, and these 
patients are increasingly prevalent in the inten-
sive care setting. Across Europe, obesity preva-
lence varies by country but ranges from 9% to 
30% and is also steadily increasing. These data 
emphasize the importance of obesity and related 
conditions in patient care. Even in a state of rela-
tive health, obesity has major effects on cardio-
pulmonary physiology, and some of these are 

exacerbated by critical illness. Additionally, 
obese patients can be challenging to manage due 
to issues including line placement, transporta-
tion, drug dosing, and imaging. Of note, mor-
bidly obese patients are often excluded from 
major clinical trials and therefore reliance on 
physiological principles is generally required to 
guide management.

 Changes in Baseline Physiology

Obese patients experience a number of changes 
in their baseline physiology (i.e., before critical 
illness) compared to lean controls (Owens et al. 
2012). Baseline alterations in respiratory mechan-
ics of obese patients include a decrease in total 
lung capacity (TLC), functional residual capacity 
(FRC), and vital capacity (VC), as well as 
increases in pleural pressure, and increased upper 
and lower airway resistance (Malhotra and 
Hillman 2008) (Fig. 58.1).

The decreased TLC, FRC, and VC are due to 
an overall decrease in respiratory system compli-
ance, which in turn is secondary to the increased 
weight of the chest wall and increased abdominal 
pressure due to obesity (Malbrain and Cheatham 
2011; Malbrain et al. 2007). In studies that have 
carefully measured lung and chest wall compli-
ance, measured compliance of the chest wall 
is  relatively normal, but the position of the 
 pressure  volume curve is shifted to the right 

K. A. Hibbert (*) 
Division of Pulmonary and Critical Care Medicine, 
Massachusetts General Hospital, Boston, MA, USA 

Harvard Medical School, Boston, MA, USA
e-mail: kahibbert@mgh.harvard.edu 

A. Malhotra 
UC San Diego, Department of Medicine,  
La Jolla, CA, USA
e-mail: amalhotra@health.ucsd.edu

58

http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-030-73387-2_58&domain=pdf
https://doi.org/10.1007/978-3-030-73387-2_58#DOI
mailto:kahibbert@mgh.harvard.edu
mailto:amalhotra@health.ucsd.edu


936

(Behazin et al. 2010) (Fig.  58.2). In contrast, 
measured lung compliance is often low, likely 
due to atelectasis, and thus the measured value of 

compliance varies with recruitment along the 
pressure volume curve (Owens et al. 2008). A 
key physiological parameter in obese patients is 
transpulmonary pressure, which is the distending 
pressure across the lung (i.e., airway opening 
pressure minus pleural pressure) and which is 
distinguished from trans-chest wall pressure (the 
difference between pleural and atmospheric pres-
sures) (Mead et al. 1970). With the increased 
pleural pressure in obesity, transpulmonary pres-
sure becomes less positive (or more negative dur-
ing a spontaneous breath) and the lung 
parenchyma experiences less distending (and 
more collapsing) pressure. The increase in pleu-
ral pressure, and resultant decrease in transpul-
monary pressure, varies with gravitational 
position. Obese patients therefore have consider-
able atelectasis in some regions (e.g., dependent 
on the lung), whereas other regions remain well 
aerated (e.g., non-dependent on the lung) (Schetz 
et al. 2019). Atelectasis in obesity results in both 
impaired gas exchange and decreased compli-
ance (Pelosi et al. 1996, 1997, 1998).

Some authors have questioned the occurrence 
of negative transpulmonary pressures in obesity, 
i.e. pleural pressure in excess of pressure mea-
sured at the airway opening (Bernard 2008). 
However, such pleural pressure elevations without 
complete lung collapse are commonly observed 
during forced exhalation, when expiratory muscle 
activity raises pleural pressure and airway opening 
pressure remains atmospheric (Loring et al. 2010). 
Other situations in which pleural pressure eleva-
tions are common are expiratory flow limitation 
and airway closure, in which high pleural pressure, 
which is the pressure outside of the major airways, 
leads to airway narrowing or collapse, thereby 
allowing alveolar pressures to exceed those at the 
airway opening. Negative transpulmonary pres-
sures are therefore commonly seen clinically even 
if not directly measured, and as described above, 
the resultant atelectasis is an important consider-
ation in obese patients, even in the absence of 
additional lung pathology.

FEV1 and FVC are reduced in proportion to 
each other in obese patients, but small airways 
dysfunction has also been observed in obese 
patients, and in some, expiratory flow limitation 
(Dixon and Peters 2018; Dixon and Poynter 2016; 

VC

FRC

TLC

TLC

RVERVTVIRV

Fig. 58.1 Impact of obesity on lung volumes. In the set-
ting of increased chest wall weight and increased pleural 
pressure, patients with obesity often have decreased tidal 
volume (TV), expiratory reserve volume (ERV), and 
residual volume (RV). These result in a lower vital capac-
ity (VC), functional residual capacity (FRC), and total 
lung capacity (TLC)

Volume

Residual 
volume (RV)

TLC

Pressure

Fig. 58.2 Pressure volume curve of the respiratory sys-
tem in obesity. Although the measured respiratory system 
compliance in patients with obesity is often low, the pres-
sure volume curve is typically shifted to the right but has 
a similar compliance (slope)
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Dixon and Suratt 2017; Shore 2008, 2013, 2017). 
This phenomenon can result in the development of 
intrinsic PEEP at rest. During exercise, it can 
cause air trapping and a dynamic increase in end-
expiratory lung volume. Even in the absence of 
increased end- expiratory lung volume, alveolar 
pressure may be elevated at end-exhalation sec-
ondary to the increased intra-abdominal pressure 
observed in obesity. These changes, combined 
with the intrinsic mechanical loading of inspira-
tory muscles in obesity, increase the work and 
oxygen cost of breathing both at rest and during 
exercise (Pankow et al. 1998).

A decrease in lung compliance and increase in 
airway resistance have been observed in sedated, 
paralyzed, and morbidly obese patients without 
underlying lung pathology (Pelosi et al. 1996; 
Suratt et al. 1984a; Cherniack 1958; Naimark and 
Cherniack 1960). As stated above, this decrease in 
compliance is likely due to atelectasis and a shift of 
the pressure-volume curve of the lung rather than 
alteration of the underlying parenchyma. Obese 
patients frequently have arterial hypoxemia and an 
elevated alveolar to arterial oxygen (A-a) gradient. 
These changes are hypothesized to be secondary to 
a combination of atelectasis with shunting and V/Q 
mismatch due to airway narrowing and variations 
in lung perfusion.

Obesity has many important effects on non- 
pulmonary physiology, including vascular physi-
ology and endocrine function, and it is accompanied 
by comorbidities that complicate critical illness. 
These issues are complex – for example, measured 
vascular pressures are higher in obese patients, 
which reflect both issues of accurate measurement 
and actual physiologic changes – and are reviewed 
extensively elsewhere in the literature (Malhotra 
and Hillman 2008; Pelosi et al. 1996).

 Obesity and the Abdomen

When considering chest wall compliance in obe-
sity, the role of the abdomen is frequently under- 
appreciated, particularly in critically ill patients. 
Abdominal compartment syndrome is well rec-
ognized by trauma surgeons, but the recognition 
of its high prevalence in medical ICUs has been 
less well appreciated. Malbrain et al. performed 

an observational study in mixed ICUs across 
Europe and demonstrated a remarkably high 
prevalence of raised intra-abdominal pressure in 
unselected ICU patients (Malbrain et al. 2007, 
2006a, b). Based on an elevated intra-abdominal 
pressure >20 mmHg, 8% of patients had evidence 
of abdominal compartment syndrome. 
Recognizing that normal intra-abdominal pres-
sure is typically atmospheric, the authors reported 
that 58% of medical ICU patients had an intra-
abdominal pressure of >12 mmHg. In multivari-
ate analysis, body mass index (BMI) was the only 
independent predictor of intra-abdominal pres-
sure, emphasizing the critical importance of obe-
sity in the ICU. Of note, obesity rates are much 
greater in the United States than in Europe, sug-
gesting that the incidence may be even higher 
depending on the geographic setting and 
demographics.

Raised intra-abdominal pressure has multiple 
consequences, particularly in the ICU. First, the 
elevated pressure can affect visceral organ func-
tion. For example, when IAP is sufficiently ele-
vated, renal failure is thought to occur by 
compression of renal veins and the subsequent 
reduction in perfusion. Second, elevated intra- 
abdominal pressure can contribute to raised intra- 
thoracic pressure since some pressure is 
transmitted across the diaphragm. The extent to 
which IAP is transmitted to the thorax is variable 
and likely depends upon patient position, chro-
nicity, and other individual chest wall mechanical 
characteristics and, as discussed above, can have 
important implications for transpulmonary pres-
sure. Increased abdominal weight also increases 
diaphragmatic loading, which increases the work 
of breathing in spontaneously breathing patients 
(Cherniack and Guenter 1961). These effects are 
especially important in the supine position and 
should not be underestimated in the obese and 
critically ill patient.

 Obesity Control of Breathing/
OSA/ OHS

Obstructive sleep apnea (OSA) is a common con-
dition with major neurocognitive and cardiovas-
cular sequelae. Recent estimates suggest that at 
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least 13% of men and 6% of women have clini-
cally important OSA, with up to 1 billion people 
affected worldwide (Benjafield et al. 2019; 
Peppard et al. 2013; Heinzer et al. 2015). Obesity 
is a major risk factor for OSA, although up to 
30% of OSA patients are not obese. OSA is char-
acterized by intermittent hypoxemia and recur-
rent surges in catecholamines, which contribute 
to its clinical manifestations.

OSA is now thought to be a complex disease 
with multiple underlying endotypes (Jordan et al. 
2014). Anatomical compromise of the upper air-
way is a common underlying feature as measured 
by the critical closing pressure (Pcrit) of the air-
way (i.e., the pressure that must be overcome to 
keep the airway open) (Gold et al. 1996). A posi-
tive value for the Pcrit reflects a “floppy” airway 
that requires positive intraluminal pressure to 
restore patency (Strohl et al. 2012). On the other 
hand, a negative Pcrit value reflects a “sturdy” 
airway that requires subatmospheric pressure to 
promote collapse. Alterations in transmural pres-
sure of the upper airway are particularly impor-
tant for non-intubated patients, including 
post-extubation (Epstein 2002). In addition to 
anatomy, pharyngeal dilator muscle function is 
thought to be affected in some patients. This dys-
function in upper airway muscles can be further 
exacerbated with sedative medications including 
benzodiazepines and propofol (Malhotra et al. 
2000, 2001; Genta et al. 2011; Eastwood et al. 
2002). Lastly, instability in ventilatory control 
(elevated loop gain) also plays an important role 
in a subset of OSA patients (Khoo 2000a, b, 
2001; Younes et al. 2001; Wellman et al. 2003, 
2004, 2007). Unstable ventilatory control may 
promote patient/ventilator asynchrony, although 
data in this context are sparse (Beitler et al. 
2016a; Meza et al. 1998).

Obesity hypoventilation syndrome (OHS) 
occurs in a subset of patients with OSA (and 
rarely in the absence of OSA) and has several 
important implications in critical illness (Nowbar 
et al. 2004; Berger et al. 2001). OHS is defined 
by elevated PaCO2 in the context of obesity with-
out major parenchymal lung disease and is 
thought to result from the combination of a low 
central ventilatory drive and abnormal respira-

tory mechanics (O’donnell et al. 1999). In aggre-
gate, the data suggest that at least 10–20% of 
obese patients being evaluated for OSA have 
OHS, although the diagnosis is still proportion-
ately infrequent and may be under-diagnosed 
(Mokhlesi 2010; Mokhlesi and Tulaimat 2007). 
Indeed, data suggest that roughly 30% of patients 
with a BMI of 40  kg/m2 will have evidence of 
OHS if appropriately evaluated (Mokhlesi et al. 
2019). Second, several studies suggest that even 
though OHS is a chronic condition, OHS com-
monly comes to clinical fruition in the ICU 
(Esquinas and BaHammam 2013; Sequeira et al. 
2017). That is, patients with respiratory infection 
may arrive with an unexplained elevation in 
bicarbonate or, in some cases, they are misdiag-
nosed as acute exacerbations of chronic obstruc-
tive pulmonary disease based on assumptions in 
the setting of an acute or chronic hypercapnia. 
Thus, an appropriate level of clinical suspicion is 
required for this diagnosis to optimize manage-
ment of these patients. Third, considerable data 
have shown that a diagnosis of OHS changes 
management not only in the ICU but also during 
follow-up. Although newer strategies are avail-
able for non-invasive ventilation of these patients, 
including volume-assured pressure support 
modes, the bulk of the recent data suggests that 
nasal CPAP (continuous positive airway pres-
sure) provides good long-term results (Masa 
 et al. 2019).

The impact of OSA and OHS on critical ill-
ness is complex and incompletely studied. 
Potential implications include management con-
siderations for non-intubated patients who have 
vulnerable upper airways and the potential for 
abnormal breathing patterns including ventilator 
asynchrony and spontaneous breathing patterns. 
Chronic intermittent hypoxia and hypercapnia 
also have metabolic sequelae that affect the criti-
cally ill (Xue et al. 2017). These factors can con-
tribute to cardiovascular risk and also may 
include a protective effect in some ICU patients 
through ischemic preconditioning (Sanchez-de-
la-Torre et al. 2018). Lastly, the clinician must 
understand these effects in order to return patients 
to their baseline physiology and a state of relative 
health.
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 Obesity as a Risk Factor for Critical 
Illness

In addition to the changes in respiratory mechan-
ics, obese patients experience chronic alterations 
in circulating inflammatory mediators derived 
from adipose tissue (collectively known as adipo-
cytokines) (Mantzoros et al. 2011). Obese 
patients have increased circulating levels of cyto-
kines (including TNF-α and IL-6), increased che-
mokine production (including IL-8), and altered 
levels of hormones produced by adipocytes such 
as leptin and adiponectin. A causal link between 
this inflammatory milieu in obese patients and 
asthma or airway hyper-responsiveness has been 
more thoroughly explored than the potential link 
with other critical illnesses (Dixon and Peters 
2018; Dixon and Poynter 2016; Shore 2010). 
Additionally, in the setting of the baseline 
changes in physiology described above, obese 
patients may be more likely to have acute respira-
tory failure and even to meet criteria for acute 
respiratory distress syndrome (ARDS) without 
true lung injury, given their propensity to atelec-
tasis and subsequent hypoxemia (Pepper et al. 
2014, 2016, 2017, 2019).

 Airway Management

Airway management is a key issue in critically ill 
obese patients. Even relatively healthy obese 
patients who undergo surgery have an increased 
risk of complications and respiratory failure peri-
operatively. There is ongoing discussion about 
the degree to which obesity predicts difficult 
endotracheal intubation. Other predictive tools 
such as Mallampati scale may outperform body 
mass index (BMI) as a prognostic tool (De Cassai 
et al. 2020; Moon et al. 2019). Obese patients 
often have anatomical changes to head and neck 
regions that can make intubation difficult. These 
include increased soft tissue mass in the neck, 
decreased airway diameter, and increased airway 
collapsibility (Shore 2017; Pankow et al. 1998). 
When sedation and paralytics are given, the criti-
cal closing pressure (Pcrit) of the upper airway 
increases as muscle tone decreases and also is 

affected by other factors such as airway structure. 
Thus, complete airway closure is common during 
intubation of obese patients following muscle 
relaxation (Suratt et al. 1984a; Cherniack 1958; 
Naimark and Cherniack 1960; Suratt et al. 
1984b).

Based on the known effects on respiratory 
mechanics, obesity results in reduced end- 
expiratory lung volume and the subsequent atel-
ectasis, and ventilation/perfusion mismatch can 
yield rapid desaturation during intubation, 
despite pre-oxygenation. There is also an 
increased prevalence of gastroesophageal reflux 
disease (GERD) in obese patients that can com-
plicate intubation by increasing risk of aspiration. 
Although many patients will do well with the 
standard practice of “rapid sequence intubation” 
(with use of short-acting neuromuscular block-
ade, short-acting sedatives, and standard tech-
nique of pre-oxygenation), if there are additional 
issues that may lead to difficult intubation, then it 
is reasonable to pursue an awake fiberoptic intu-
bation (Brodsky et al. 2002).

There are also additional considerations when 
extubating obese patients, especially those with 
OSA who are predisposed to airway collapse and 
who have increased risk of re-intubation. Residual 
effects of sedatives and muscle relaxants may be 
more pronounced in obese patients given their 
unique pharmacodynamics. In addition to 
decreased wakefulness drive to breathe as seda-
tives wear off, the presence of an endotracheal 
tube can blunt upper airway reflexes that nor-
mally help maintain airway patency (Benumof 
2001; Brown et al. 2010). Non- invasive positive 
pressure ventilation can assist in successful extu-
bation and can help prevent reintubation in high-
risk patients (de Larminat et al. 1995). Notably, 
use of non-invasive ventilation after the develop-
ment of post-extubation respiratory failure has 
been shown to delay, but not prevent, reintuba-
tion and is also associated with high mortality 
(Nava et al. 2005; Esteban et al. 2004). 
Conversely, pre-emptive non- invasive ventilation 
at the time of extubation of high-risk patients has 
been shown to shorten the duration of invasive 
mechanical ventilation without increasing the 
risk of reintubation, ICU length of stay, or mor-
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tality. These data suggest that non- invasive venti-
lation may be useful in patients who are at high 
risk of extubation failure, though this strategy is 
not specific to obese patients. We recommend 
extubation to non-invasive ventilation in patients 
with known OSA and history of failed extuba-
tion, as well as patients in whom there is co-exist-
ing CO2 retention due to either obstructive 
airways disease or obesity hypoventilation syn-
drome. Although the role of tracheostomy in the 
ICU has been debated, it does represent definitive 
therapy for OSA.  Thus, we consider tracheos-
tomy in our ICU patients with variable CNS sta-
tus and complex cardiopulmonary disease, 
particularly with underlying OSA or control of 
breathing abnormalities.

 Ventilator Management in Obese 
Patients

When obesity is coincident with respiratory fail-
ure, there are specific issues for mechanical ven-
tilation and management. With increased 
abdominal pressure and concomitant elevated 
pleural pressure, obese patients develop atelecta-
sis and therefore have a more heterogeneous lung 
at baseline, with some areas of lung being well 
aerated and other areas being relatively collapsed. 
This heterogeneity may be compounded in the 
acute respiratory distress syndrome (ARDS), in 
which increased pleural pressure is combined 
with increased surface tension due to surfactant 
dysfunction. Obese patient with ARDS can thus 
experience considerable atelectasis with resultant 
gas exchange abnormalities and potential risk of 
additional lung injury. Atelectasis in ARDS pre-
disposes to ventilator-associated lung injury 
(VALI) in multiple ways. Cyclic opening and 
closing of lung units can result in shear stress, the 
so-called atelectrauma (Slutsky and Drazen 
2002; Slutsky and Ranieri 2013). There are also 
concentrations of stress at the intersection of 
open and closed alveoli (i.e., junctions between 
normal and abnormal lungs). On conventional 
ventilator settings, the effective pressures gener-
ated in these heterogeneous areas are estimated 
theoretically to exceed 100 cmH2O, which greatly 

surpasses the generally accepted “safe” maxi-
mum transpulmonary pressure of 25 cmH2O 
(Mead et al. 1970). Lastly, atelectasis results in a 
small functional lung and so even a “low tidal 
volume” ventilation strategy may result in high 
regional strain, the so-called volutrauma (Beitler 
et al. 2016b).

These mechanisms of lung injury have led to 
an “open lung” strategy of ventilation, in which 
attempts are made to create parenchymal homo-
geneity. Strategies to achieve this end have 
included recruitment maneuvers (e.g., applying 
sustained high airway pressures (40 cmH2O) for 
brief periods) and PEEP titration to optimize 
respiratory mechanics (Hubmayr and Malhotra 
2014). This “open lung” strategy has traditionally 
been balanced with attempts to minimize airway 
pressures, which are also thought to contribute to 
ventilator-associated lung injury (the so-called 
barotrauma). The relevant distending pressure to 
the lung parenchyma is the transpulmonary pres-
sure, and thus in theory reducing transpulmonary 
pressure may be a desirable target to reduce lung 
injury. In the setting of obesity with raised pleural 
pressure, high plateau airway pressures can be 
applied without lung overdistention since trans-
pulmonary pressures <25 cmH2O at end- 
inspiration are generally considered safe. By 
extension, high PEEP is often required in the con-
text of obesity to prevent end-expiratory collapse, 
and the concomitant elevation in plateau pressure 
on fixed tidal volume is generally well tolerated. 
Recent data suggest that driving pressure is better 
associated with outcomes in ARDS than plateau 
pressure, and this finding may be especially true 
in patients with obesity in whom elevated plateau 
pressure can be misleading (i.e., a function of 
elevated pleural pressure rather than of elevated 
transpulmonary pressure) (Meier et al. 2020; 
Amato et al. 2015; Loring and Malhotra 2015).

Failure to account for increased pleural pres-
sure, which is rarely measured directly, can result 
in under-titration of PEEP and increased shear 
stress and lung injury. In contrast, empiric titra-
tion to a high PEEP may result in lung overdis-
tention and hemodynamic compromise. In theory, 
esophageal manometry, which estimates a pleu-
ral pressure, allows titration of ventilator settings 

K. A. Hibbert and A. Malhotra



941

based on the physiological requirements of the 
specific patient, i.e., to achieve a positive trans-
pulmonary pressure at end-exhalation.

Clinical data on the use of esophageal manom-
etry have shown mixed results. An initial study by 
Talmor et al. showed improved gas exchange and 
a trend toward improved survival as compared to 
standard mechanical ventilation based on the 
ARDSNET protocol (Talmor et al. 2008). 
However, a subsequent recent study by Beitler 
et al. that used higher PEEP in the control group 
failed to show important benefits to esophageal 
balloon-guided therapy (Beitler et al. 2019). 
Nonetheless, we still find the concept of esopha-
geal pressure a useful one at the bedside even if not 
directly measured routinely – for example, it offers 
the unique advantage of separating the mechanics 
of the chest wall from that of the lungs. One study 
that compared different PEEP titration strategies 
in obese patients (BMI >35 kg/m2) did not demon-
strate a physiological benefit to PEEP titration by 
esophageal manometry compared to titration to 
optimal respiratory system compliance. In the 
absence of compelling data to suggest improved 
outcomes with any specific titration strategy, we 
recommend titration of PEEP based on local 
expertise and individual responses. Methods may 
include use of esophageal balloons, analysis of air-
way pressure-time curve profiles (stress index), 
and titration of PEEP to optimize tidal compli-
ance, recognizing that the individual response to 
therapy may be an important consideration.

Importantly, even though higher airway pres-
sures can be tolerated in obesity, the strategy of 
low tidal volume ventilation is still paramount, 
and tidal volumes should be based on ideal body 
weight (Malhotra 2007). This recommendation is 
because as body weight increases, lung size does 
not increase concomitantly and, therefore, indi-
viduals of the same height and different weights 
should receive the same tidal volume (approxi-
mately 6  ml/kg ideal body weight (IBW)). It 
must be noted that this low tidal volume strategy 
is frequently accompanied by hypercapnia, which 
in obese patients may reflect both the acute ill-
ness and chronic hypoventilation.

In addition to the titration of PEEP, prone 
positioning may be an important recruitment 

strategy in obese patients with lung injury. 
Proning allows the weight of mediastinal tissue 
to be supported by the sternum, and thus less 
lung tissue may be susceptible to collapsing 
forces (Scholten et al. 2017). These issues are 
especially relevant in obese patients. Prone posi-
tioning in the obese patient may offer the same 
putative benefits as in lean patients, including 
more homogeneous distribution of perfusion, 
recruitment of atelectatic lung in the non-depen-
dent position, and improved oxygenation through 
reduction of shunt and improved ventilation/per-
fusion matching. Small case-controlled clinical 
studies have demonstrated the safety of proning 
in patients with obesity (BMI ≥35 kg/m2) and a 
greater improvement in oxygenation compared 
to leaner patients, perhaps reflecting a greater 
fraction of atelectatic lung that is recruitable. 
Intra-abdominal pressures may increase in the 
prone position, and that increased IAP may be 
transmitted across the diaphragm to the pleural 
space leading to atelectasis. This effect may 
depend on whether the abdomen is suspended 
(e.g., in a specialty bed) or is lain upon by the 
patient in the prone position. Additionally, the 
impact of obesity and fat distribution with result-
ing influences on position-induced changes in 
abdominal pressure has not yet been studied, and 
it may be a critical variable explaining some of 
the variance in clinical trials. Additionally, there 
may be logistic concerns for transitioning very 
obese patients between the supine and prone 
positions. However, there are no data to suggest 
reduced benefit of prone positioning in obese 
patients with ARDS.

These important physiological considerations 
are also relevant to the liberation of patients from 
mechanical ventilation. A study of obese patients 
without lung injury and also of patients with asci-
tes demonstrated that a reverse Trendelenburg 
position at 45 degrees facilitated liberation from 
the ventilator. This finding is presumably due to a 
reduction in trans-diaphragmatic pressure, 
decreased atelectasis, and improved gas exchange 
with the postural change. Such benefit may also 
be seen prior to ventilator liberation in patients 
with a large fraction of recruitable lung (Richard 
et al. 2006).
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 Additional Considerations

There are multiple additional considerations in 
the care of critically ill obese patients. Many 
critical care trials have excluded patients with a 
weight greater than 1 kg/cm of height (approxi-
mately BMI of 45 kg/m2), and even those studies 
without an exclusion for obese patients have had 
a relatively moderate mean BMI in their study 
population leading to perhaps limited ability to 
extrapolate to the morbidly obese population 
(Guerin et al. 2013). At many institutions, some 
therapies such as extra corporeal membrane oxy-
genation (ECMO) remain available only to 
patients below a threshold BMI (e.g., 40–45 kg/
m2), and so experience and data to guide use are 
limited.

Special considerations are required for 
interventions such as central line placement in 
morbidly obese patients. Variations in fat dis-
tribution and underlying anatomy may make 
one site preferred over another (e.g., avoiding 
subclavian site if the clavicle is not palpable). 
The length of the central line is also important 
since anecdotes have shown that infusions can 
extravasate into the soft tissues even when the 
distal tip of the line is in the lumen of the ves-
sel. In addition, the femoral site may be associ-
ated with risk of deep venous thrombosis, 
which may be a particular concern in obese 
patients. Appropriate prophylaxis is recom-
mended in all ICU patients particularly among 
the obese. We typically recommend both anti-
coagulant therapy and sequential compression 
devices (SCDs) if there are no contraindica-
tions in morbidly obese patients, even though 
recent data have not supported the use of SCDs 
for this purpose in general ICU patients (Arabi 
 et  al. 2019). Pharmacokinetics in obesity is 
also unique. There can be delayed clearance of 
lipophilic drugs, which can lead to extended 
sedation. Drugs that are dosed by weight may 
also be optimally dosed by ideal body weight 
(IBW) or by lean body weight (LBW), while 
others should be dosed by total body weight 
(TBW) based on volume of distribution 
(Bernard et al. 2001).

 Obesity and Outcomes

The clinical literature regarding obesity and out-
comes in the ICU has produced somewhat mixed 
results and is in need of further study. In several 
cohort studies, obesity has been associated with 
improved outcomes, although the mechanism 
underlying this observation is unclear. Several 
potential theories have been proposed but no 
definitive answer has emerged. In theory, obese 
patients may be less susceptible to iatrogenic 
injury since they are subject to fewer procedures 
and less transport for radiology assessments. In 
addition, some have suggested a survivor effect 
in surgical intensive care units (i.e., the sickest 
patients with morbid obesity are unlikely to 
undergo elective surgery). Obesity effects on the 
chest wall may also have a protective role from 
the standpoint of overdistension since the ele-
vated pleural pressure associated with obesity 
results in lower transpulmonary pressure com-
pared to lean individuals. Patients with obesity 
may also be more likely to qualify as having 
moderate or severe ARDS due to underlying atel-
ectasis and not true lung injury and, therefore, 
may have a higher chance of survival. Thus, fur-
ther work is clearly needed in this area (Pepper 
 et al. 2014, 2017, 2019).

 Conclusion

The many alterations in baseline physiology with 
obesity and the impact of obesity on critical illness 
are increasingly important as the prevalence of obe-
sity continues to increase. A thorough understand-
ing of the physiological considerations related to 
obese patients with lung injury is becoming essen-
tial for optimal patient care given the obesity pan-
demic and ongoing prevalence of ARDS.  An 
individualized approach to the care of these patients 
can be invaluable, since a “one- size- fits-all” 
approach may be problematic for some patients. We 
support further clinical trials using individual 
patient measurements and response to guide ther-
apy rather than overly simplified algorithms that are 
likely to provide heterogeneous results.
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The Future

Sheldon Magder, Charles C. Hardin, 
Kathryn A. Hibbert, and Atul Malhotra

Speculations on the future must inevitably be a 
mixture of fears and hopes, anticipating new 
challenges but also adopting new ways of dealing 
with them. We will begin with the fears to get the 
depressing side out of the way before dealing 
with our positive hopes for the future.

Populations are aging, and although many 
older individuals are increasingly functional, 
when ill they have little reserves. Aging also is 
associated with a progressive loss of immune 
capacity, in what is called immune senescence 
(Weyand and Goronzy 2016; Goronzy and 
Weyand 2013). Because of the many newer life-
preserving therapies, patients who would have 
died at an early stage from their disease are now 
living longer but the therapies prolonging their 
lives often increase their vulnerability to other 
diseases, compromise their immune systems, and 
decrease their overall functional status. These 

therapies also often are extremely expensive and 
are putting an increasing burden on the already 
high costs of health care. As the world increas-
ingly becomes a global village, the old challenges 
of viral illnesses, such as the COVID-19 pan-
demic, are likely to become more common. Yet, 
besides vaccines, we still have minimal direct 
therapies for most viral illnesses that compare to 
the direct actions of antibacterial agents. Our cur-
rent management of patients who are seriously ill 
from a viral infection is limited to providing life-
sustaining therapies while waiting for host 
defenses to deal with the invading organism. 
Therapies that effectively direct attack viruses 
thus will need to be a major goal for the future.

We also can expect an ongoing escalation of 
the negative health effects of climate change, 
including its impact on infectious diseases, air 
quality-related lung disease, and potential nega-
tive health consequences from global warming. 
Worsening economic inequity will exacerbate 
these issues, as we have seen during the 
COVID- 19 pandemic in which the concentration 
of resources often has been away from the most 
heavily impacted communities (Danziger 2020).

With modern critical care, even very frail indi-
viduals can be supported through acute illnesses, 
but considerable resources are frequently required 
to do so. This demand will further aggravate the 
already very large variations in health care distri-
bution which is heavily affected by where one 
lives and socio-economic status. Because of 
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impending limits on available support, it is likely 
that physicians will have to deal with the difficult 
task of balancing the needs of the patient in front 
of them with the impact on society as a whole. 
Labor issues also likely will become worse 
because the population is aging and there will be 
fewer individuals of working age to provide the 
needed care, especially long-term care for the 
elderly and incapacitated. These issues, while 
distinct, are closely related to the ever present 
need to judge the appropriateness of increasingly 
sophisticated and invasive therapies with the 
goals, values, and prognosis of the individual in a 
patient-centered approach to care.

The availability of increasingly specialized 
interventions, such as Extra Corporal Membrane 
Oxygenation (ECMO), also will present new 
demands on the organization of care. We will 
need to consider what structures should be put 
into place to facilitate the transfer of patients 
from smaller facilities to centers that have the 
structures, experience, budget, and economy of 
scale to provide these more sophisticated thera-
pies while still maintaining equitable access to 
these therapies. Indeed, as critical care matures 
as a field, it may be important to explore whether 
formal triage and transfer systems, similar to 
those in place for trauma centers, are required.

On the other hand, there is a lot of hope for the 
future. Life expectancy around the world has 
steadily increased, and even more importantly, 
the aged are living more functionally. In the last 
two decades, there has been an important decrease 
in the mortality of patients presenting with sepsis 
despite aging and sicker patients. What is even 
more striking is that these improvements in sep-
sis outcomes have occurred despite the failure to 
show survival benefits in almost all major ran-
domized trials of new therapeutic approaches in 
the critically ill. It can be said that in recent years, 
the major theme in critical care research has been 
the extreme rarity of positive trials. Importantly, 
many studies included innovative therapies that 
had strong basic science rational, but still failed 
to show clinical benefits. A major priority in the 
near term will be sorting out the reasons for these 
failures. Importantly, we must ask if failure was a 
result of inadequate understanding of the biology, 

the heterogeneity of patient populations, or was it 
simply because of the technical challenges 
involved in performing clinical trials in the ICU.

In the meantime, it seems fair to say that 
improvements in outcomes of critically ill 
patients have largely come from a better under-
standing of the underlying pathophysiological 
processes and the course of diseases, as well as 
the widespread adoption of relatively simple sup-
portive interventions. Two of the most significant 
advances likely have been the appreciation that 
early identification and treatment of patients in 
shock prevents a downhill spiral to death, and 
that less intervention is better than more! Surgical 
outcomes, too, have dramatically improved over 
the past decades. In the 1990s mortality in reports 
from studies that attempted to augment oxygen 
delivery with high-risk surgery was 20% (Boyd 
et al. 1993) but it was down to less than 2% in the 
control group 20  years later in a study by the 
same investigators (Pearse et  al. 2014). This 
change is likely because clinicians now have a 
better understanding of what matters and what 
does not. A remarkable example has been the 
shortening of hospital stay for colorectal surgery 
from 10 to 12 days to the current 2 days and in 
some cases, same day; and this has come with a 
marked reduction in surgical mortality 
(Gustafsson et al. 2019; Ljungqvist et al. 2017). 
The increasing use of less invasive approaches 
with laparoscopy and radiological guidance 
likely have had a major impact on outcomes, and 
the use of these approaches continues to expand. 
Greater use of simulation for education likely 
also has helped across critical care. This technol-
ogy has allowed clinicians to gain more hands-on 
and technical experiences and to develop a sys-
tematic approach to management, even with a 
declining number of actual cases. Further refine-
ment of basic clinical skills and more rational, 
physiologically based therapies likely will con-
tinue to improve outcomes even without elabo-
rate new technological developments.

The rapidly expanding capacity to collect, 
store, and analyze bedside data likely will pro-
vide additional insights into ways to improve 
patient outcomes (Seymour et al. 2019a; Knaus 
and Marks 2019) but this, too, will come with its 
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own set of challenges. Big data approaches 
already have been used to describe different 
patient phenotypes that are indicative of which 
patients are expected to respond to a specific 
therapy versus those who will not (Knaus and 
Marks 2019). Currently, this information is 
largely only available retrospectively (Seymour 
et  al. 2019b), but with improved computing 
capacities, and artificial intelligence techniques, 
this type of information likely will be available in 
real time and could provide prospective insights. 
This information still may not be useful in indi-
vidual patients because data are collected with 
tight restrictions that are needed to allow 
population- based statistics. However, insights 
gained should allow us to further refine therapies 
by providing constant feedback about the 
patient’s potential outcome. It should also 
strengthen the use of Bayesian approaches to 
support decision-making (Browner and Newman 
1987). Given the intense interest in machine 
learning and big data approaches, it seems safe to 
predict widespread availability of decision sup-
port of this nature in the future. However, it also 
is worth sounding a note of caution. The fields of 
phenotyping and data analysis will face a crucial 
fork in the road in the near future. Do we content 
ourselves with outcome associations and purely 
statistical knowledge, or do we use the insights 
available from data analysis to formulate and test 
the mechanistic hypothesis? we still contend that 
bedside medicine is about formulating a hypoth-
esis about the cause of a patient’s condition and a 
hypothesis of how to treat it. With this construct, 
the data given to the clinician only can be used to 
further strengthen the probability of the hypoth-
eses and support the continuation of the same 
clinical approach, or it could indicate inconsis-
tencies which should trigger re-evaluation of the 
hypotheses and the potential need to develop new 
ones.

A tremendous advance over the past decade 
has been the immediate access to medical infor-
mation. Gone are the days when it was necessary 
to go to a library to find an article on a specific 
subject. The world literature is now available at 
the bedside to any physician who has a modern 
cell phone. It will be important to make sure that 

this essential information remains accessible to 
all. A down side to our access to so much infor-
mation is that the amount of information can 
become overwhelming and indiscriminant. This 
is already an issue with patients and families who 
regularly come to us with advice from Dr. 
Internet! In the future it will be essential that the 
organization, prioritization, and evaluation of 
new evidence become more efficient. Individual 
journals will continue to provide a general format 
for special interests and detailed analysis but 
there likely will be the expansion of the “encyclo-
pedic” approaches which already have developed 
links to the supporting evidence on their sites. 
These are necessary to allow clinicians to make 
critical evaluations for the benefit of the patient in 
front of them rather than just considering the 
“mean” population-based response. With easy 
access to summary information, it will be impor-
tant to encourage medical professionals making 
decisions that have major clinical implications to 
go back to the original data and assess the strength 
behind the recommendations. There thus needs to 
be a component of the personalized physician 
and not just personalized medicine. This philoso-
phy also will need to impact on medical educa-
tion. Curriculums are moving more and more to 
management driven by guidelines and formulaic 
treatments and so is the evaluation of trainees. 
Less time is spent in the curriculum on develop-
ing the scientific skills, as well as statistical skills, 
to evaluate the evidence that guidelines are based 
upon. It will be important to make sure that phy-
sicians of the future obtain the capacity to deal 
with the rapid increase in medical knowledge.

Increased understanding of the pathophysio-
logic pathways in critical illness has offered up 
many potential therapeutic targets. However, 
despite these insights into the basic biochemical 
pathways, there have been few therapeutic 
advancements. This likely is because of the com-
plexity and redundancy of the pathophysiology 
of critical illness, and caution is warranted rather 
than enthusiastic early adoption. A common fac-
tor in many failed clinical trials in the critically ill 
is that a single therapeutic agent was thought to 
be able to reverse a complex and multifactorial 
process that has many redundant effectors such 
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as septic shock. Classic examples of this simplis-
tic reasoning were the targeting of single signal-
ing proteins such as tumor necrosis factor 
(Abraham et al. 1995; Abraham et al. 1997) and 
other cytokines, use of antibodies to block endo-
toxin (McCloskey et al. 1994; Cross 1994), and 
inhibition of nitric oxide production (Lopez et al. 
2004). While these mediators are key factors in 
the inflammatory process, none of them are 
solely responsible for the inflammatory cascade 
in critical illness, and each also is involved in 
normal physiological functions, including activa-
tion of anti-inflammatory processes. Many other 
potentially important targets likely will emerge, 
but in the future, we will need to avoid the temp-
tation of targeting a single molecule and plan 
more coordinated or personalized approaches.

Decoding the human genome had promised a 
great potential for individualizing care. 
Identification of genetic polymorphisms explains 
in part why some patients have worse outcomes 
with the same disease and the same therapy 
(Rautanen et al. 2015). Faster identification of an 
individual’s genetic code could therefore provide 
better patient-centered care. However, although 
decoding of the genetic code has given insights 
into many new biochemical pathways, to date, it 
has added very little to therapeutic outcomes in 
the critically ill. It is worth paraphrasing Edmund 
Burke: “Those who don’t know history are des-
tined to repeat it” (Burke n.d.). Just as targeting 
single agents in the pathophysiologic pathways 
of critical illness failed to yield powerful thera-
peutic approaches, the promise of so-called per-
sonalized medicine based on more precise 
knowledge of a patient’s genetic profile has failed 
to deliver outcome improvements and likely will 
not provide a simple solution. Biological systems 
are complex. They are composed of pathways 
with multiple interactions that act across a spec-
trum that seeks to develop thermodynamic equi-
librium and not with a dichotomous response. It 
will be difficult, therefore, to precisely titrate 
therapy in an individual patient based only on a 
genetic code. Furthermore, identifying the 
genetic code responsible for proteins production 
is just the first step. In addition to the transcrip-
tional and translational controls that determine 

actual protein production, other variables usually 
increase or decrease protein activity so that it is 
very difficult to predict what will happen in an 
individual patient under all conditions. On the 
other hand, the use of a specific therapy in all 
patients should occur with constant assessment 
of the responses and adjustments as necessary in 
what we have called “responsive” management. 
This part of patient-centered care is essential.

Another molecular approach being considered 
is the manipulation of the epigenetic processes 
that regulate protein expression (Browner and 
Newman 1987). This approach has been used 
with success for cancer treatments, but the abnor-
mal processes in cancers are in specific cell types 
and persist over long periods of time. In contrast, 
in critically ill patients processes are more com-
plex and acute. The pathological process effect 
multiple organs, and each one has its own varying 
expression profile. Furthermore, processes are 
constantly and rapidly changing with a time scale 
of minutes to hours. A patient with severe sepsis 
can go from being in refractory shock to being 
awake, stable, and recovering within 12 hours if 
the offending invasive agent is rapidly identified 
and treated.

A better use of molecular tools may be to 
expand the phenotypic description of critically ill 
patients. Current monitoring is largely limited to 
heart rate, blood pressure, temperature, urine out-
put, lactate and white blood cell count, and per-
haps cardiac output. A rapid deeper biochemical 
profile obtained with modern molecular tools at 
the bedside could provide more detailed insights 
into underlying processes. The same way that a 
falling lactate, falling creatinine, and rising urine 
output indicate that a patient is responding to 
therapy, more specific biochemical markers could 
add more sensitive and rapid insights into under-
lying processes and allow an adaptive approach 
to therapy. For example, perhaps there could be a 
detector of the ongoing activity of nuclear 
factor-κB (NFκB), a central transcriptional regu-
lator of many molecules in the inflammatory cas-
cade, or ongoing monitoring of the redox state in 
blood, or perhaps even in tissues of critically ill 
patients. In this approach, these disturbed bio-
chemical processes would be used as indicators 
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of the course of disease and not as targets of ther-
apy similar to the way that lactate currently is 
used, but hopefully with more precision and more 
insights into underlying processes. Readily avail-
able, and more detailed phenotyping and endo-
typing of critical illness, perhaps even at the 
organ level, also will allow more efficient and 
high yield clinical trials, either through predictive 
enrichment (including only those patients most 
likely to benefit from a therapy) or through a 
responsive trial design that adapts the interven-
tions based on patient responses. Importantly, 
these tools will have to have a proven benefit 
compared to standard bedside evaluation. For 
example, one of the best indicators of a patient’s 
state is wakefulness. If a previously comatose 
patient is awake and talking, or at least interact-
ing spontaneously and coherently, it likely does 
not matter what the value is of any other indica-
tors! Bedside assessment likely will remain a cor-
nerstone of patient evaluation and care. An 
important limitation on the utility of newer bio- 
markers will likely not be the assay of biomark-
ers but rather the knowledge that it is necessary to 
interpret the significance of the level of the bio-
marker in the appropriate context.

Genetic and molecular techniques have great 
potential for the treatment of infectious agents, 
but here the greatest benefit likely will be derived 
from the genetics of the invading organism rather 
than the host’s genetics. Recent experience with 
the COVID-19 pandemic illustrates the potential 
of these techniques to rapidly identify the organ-
ism as well as to track its epidemiology by 
detailed genetic analysis. Rapid genetic identifi-
cation of pathogenic organisms can allow rapid 
identification of potential resistance to current 
standard treatments. This approach would be a 
major breakthrough because we have learned that 
the faster and more precise the treatment of an 
invading organism, the better the outcome. Better 
genetic profiling of invading organisms poten-
tially also can help us understand the transmis-
sion of resistant organisms and strengthen public 
health policies. In addition, the rapid definition of 
the genetics of novel pathogens is a prerequisite 
for the development of novel therapies, to say 
nothing of vaccines.

An area in which there have been tremendous 
advances is in patient imaging technologies. 
Improvements in ultrasonography have allowed 
rapid bedside evaluation of patient’s interior 
structures. Tissue tracking approaches are 
enhancing evaluations of cardiac muscle func-
tion, and likely will provide new insights into 
other organ pathologies. Increasing use of 
Doppler signals allows non-invasive evaluation 
of regional blood flows. In the future, it is likely 
that these tools will be combined with challenges 
to the system that tests the limit of responses and 
the reserves in the system in the same way that 
exercise testing is regularly used to evaluate car-
diac limitation, and glucose is infused to test 
insulin responses. The future likely will provide 
more portable and less expensive devices that can 
be kept at the bedside of critically ill patients and 
provide dynamic information as the disease 
course evolves. An example is electrical imped-
ance tomography. Techniques are beginning to 
evolve that will allow real-time assessment of 
ventilation-perfusion matching in the lung. This 
potentially will be used to adjust ventilator set-
tings and would allow the clinician to better take 
into account heart-lung interactions, which is a 
major theme of this book. In the future, we should 
expect newer technologies that will expand on 
computed tomography and nuclear magnetic res-
onance by providing bedside approaches to 
patient investigations and more rapid processing. 
Resolution will also likely continue to improve as 
technology advances. Lastly, metabolic monitor-
ing and profiling is another area ripe for develop-
ment. It has long been said that “death begins in 
radiology” so the ability to obtain quality cross- 
sectional imaging without the need to transport 
critically ill patients will be an unalloyed good.

Mitochondrial dysfunction is considered to be 
a major component of multi-organ failure. 
Currently, evaluation of mitochondrial function 
only can be done in vitro or in genetically modi-
fied animals, but perhaps newer imaging tech-
niques will evolve that will allow assessment 
in vivo. We would then be able to evaluate how 
therapies affect mitochondrial function. It is 
unlikely that mitochondria could be a simple tar-
get of a single therapy because their dysfunction 
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is most likely organ-specific, but this information 
would lead to a greater understanding of disease 
processes and the consequences of our overall 
treatments.

Membrane dysfunction is likely also a major 
component of critical illness. It leads to vascular 
leak and the loss of blood volume, which is one 
of the greatest challenges in managing patients 
with distributive shock. It also leads to the fail-
ure of organs that require maintenance of a 
strong transmembrane potential such as the 
heart, smooth and skeletal muscles, the brain, 
and perhaps even mitochondria. Potential agents 
to improve this function currently are being stud-
ied, mainly at the cellular level, but hopefully in 
the future agents will be developed that will 
allow moderation of these processes in patients 
(Gavard 2014).

With the increasing availability of extracorpo-
real membrane oxygenation and CO2 removal, 
we have the ability to maintain life and provide 
time for organ recovery. A future concept may be 
to use these devices to “rest” injured tissues, i.e., 
heart and lungs, while they recover. For example, 
such advanced support could be important for 
avoiding ventilator-induced lung injury or for 
decompressing a distended left heart, thereby 
protecting the lungs from high vascular pres-
sures. However, caution will be required because 
these aggressive approaches may lead to tissue 
injuries themselves by removing normal func-
tions. In addition, before broadly applying such 
intensive therapy, better predictive tools will be 
necessary to identify patients who may benefit so 
that life is prolonged instead of just prolonging 
dying. To date, this hypothesis of organ rest has 
not been supported by available data.

As we get better at improving early survival, 
we will need better approaches to the long road to 
recovery (Herridge et al. 2011). It is evident that 
patients with post-intensive care syndrome 
(PICS) are left with multi-organ dysfunction and 
functional impairment. They most often have 
long-term disabilities in muscle, joints, and sen-
sory functions. They frequently suffer from 
depression, post-traumatic stress disorder, and 
chronic pain syndromes (Herridge et  al. 2011). 
There also are major disruptions in their social 

structures, and in many health care systems, the 
financial toxicity of critical illness is increasingly 
recognized (Cameron et al. 2016). We will need 
to learn what we can do at early stages to prevent, 
or at least reduce, these complications. Early 
mobilization and nutritional support have 
improved functional outcomes to a degree, but a 
very large burden of chronic disease during ICU 
recovery remains. This issue is especially prob-
lematic in patients over 50 years of age (Herridge 
et al. 2003). It will be a major challenge to find 
therapeutic interventions that alleviate the burden 
in these individuals who make up the increasing 
proportion of critically ill patients.

Ultimately, one of the best ways to treat the 
critically ill is the prevention of the factors that 
endanger patients. Thus, a better understanding 
of risk factors, and better preventive approaches 
in those at risk, should be a major priority in 
future management. Important measures should 
include improved hospital design with greater 
use of single rooms, improved surfaces for better 
cleaning and prevention of contamination, and 
advancements in hospital ventilations systems. 
As technologies advance, and our potential to 
sustain life improves, it will be important to eval-
uate how effectively new life-prolonging thera-
pies provide a meaningful chance of recovery 
and an acceptable quality of life. Failure to con-
sider this, the indiscriminant use of aggressive 
new technologies, and an increasing number of 
potential patient candidates, could overwhelm 
our health care systems without providing tangi-
ble benefits to patients.

In summary, in some ways, the future is here. 
Outcomes of critically ill patients, and those 
undergoing complex surgical procedures, have 
improved dramatically. Further improvements 
will continue to require close and continuous 
attention to each patient’s clinical course, but 
more importantly, there needs to be an ongoing 
evolution of our understanding of the underlying 
physiological and pathophysiological processes. 
In addition, better bedside management will 
continue to require a skilled and well-trained 
workforce, which currently often is challenged 
by fragmented management and over-reliance on 
new technologies. The values obtained with new 
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devices only can be as good as the questions 
asked of them by the treating team. When evalu-
ating new technologies, it is worthwhile consid-
ering the words of the late Neil Postman, who 
was an expert in the social consequences of tech-
nologies (Postman 1992). What is the problem 
that this new technology solves? Whose problem 
is it? What new problems do we create by solv-
ing this problem? Which people and institutions 
will be most impacted by a technological 
solution?

To end, we had some fun speculating on pri-
mary predictions and will finish with our list of 
favorites:

 1. Technology: real time, non-invasive readout 
of intravascular volume and cardiac output.

 2. Predictive analytics: use of big data to pre-
dict individual outcomes by using deep 
learning with iterative algorithms that 
improve with experience.

 3. Smart pharmacology: Some drugs can help 
and some may hurt subgroups of patients; 
use of genomics and physiology may help us 
move past the one-size-fits-all approach by 
indicating who is most likely to respond.

 4. Real-time lung imaging: This could help 
titrate PEEP and peak transpulmonary pres-
sure in order to minimize atelectasis and 
over-distension.

 5. Immunomodulation: better understanding of 
immune system dynamics may lead to more 
targeted approaches to immune modulation, 
for example, suppression of the response at 
some stage and stimulating the response at 
another time during the course of the illness. 
Humoral, T cell and neutrophil function are 
all different, some patients need more, some 
need less, and in some circumstances per-
haps patients at risk should be vaccinated 
with endotoxin prior to sepsis.

 6. Anti-infection: bedside, rapid genetic char-
acterization of invading organisms will pro-
vide more rapid identification of the 
appropriate therapeutic agent.

 7. Development of active antiviral agents that 
have comparable therapeutic effects as anti-
bacterial and antifungal agents.

 8. Development of drugs that stabilize vascular 
permeability and prevent the marked increase 
in fluid loss in sepsis.

 9. Prevention and recovery  – Better under-
standing of the mechanism of post-intensive 
care syndrome will lead to changes in care 
delivery and therapies to prevent the long- 
term sequelae of critical illness.

 10. Understanding of the microbiome: a better 
understanding of the role of the microbiome 
will lead to both smarter use of antibiotics to 
avoid ablation of the host flora, but also will 
direct therapeutic manipulation of the micro-
biome itself.

 11. Targeted therapies for common comorbidi-
ties; much intensive care unit mortality is 
related to underlying conditions but rapidly 
developing, targeted molecular therapies for 
common medical illness (heart failure, can-
cer) will lead to greater patient resilience in 
the face of critical illness.

 12. Monitoring: as the use of single rooms with 
isolation capacity increase, alarms hopefully 
will finally be removed from around the 
patient’s head and moved to a control panel 
outside the patient’s room. Remote facilities 
will be established so that ventilators, pumps, 
and other controls can be managed remotely 
outside the room especially when patients 
are isolated for infection control.

Maybe we will be right, maybe we will be 
wrong, or maybe the future will outshine the best 
of any predictions that we came up with and all 
our current thoughts will just seem naïve!
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osmotic pressure, 140, 141, 143
plasma volume, 144
positive elements, 141, 142
water movement, 141

principles, 137
pure water and dextrose, 146
role of water, 137, 138
sodium bicarbonate solution, 149
volume and generation of blood  

flow, 138, 139
Fluid-responsiveness, 366, 369

fluid challenge, 406, 407
heart-lung interactions, 414
passive leg raising test, 411–413
pulse pressure variation, 407
respiratory occlusion tests, 413, 414
static indices, 405
stroke volume variation, 408, 410
vena cava, 410, 411

Fluorine gas MRI, 623
Focal disorders, 917
Focal lung diseases, 510–512
Force balance, 171
Forced oscillation technique, 480
Force-velocity relation, 522
Fourier transform analysis, 128
Frank-Starling curve, 613
Frequency-domain analysis, 561–562
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Fuid responsiveness, 414
Functional EIT (fEIT) images, 589
Functional residual capacity (FRC), 474, 534

G
Gambelgrams, 657
Gamblegrams, 656
Gas exchange, 625–627
Gastric pressure (Pga), 539
Gastric-to-esophageal pressure, 555–556
Gatorade®, 777
Genetic and molecular techniques, 955
Gibbs-Donnan effect, 146
Global cerebral ischemia, 917
Global inhomogeneity index (GI index), 592
Global ventilation, 590
Glucose, 673
Glycocalyx-cleft model, 77
Glycocalyx-junction model, 77
Gravitational energy, 111, 112
Guillain-Barre’ syndrome, 534
Guyton’s analysis, 13, 14, 100

H
Heart disease, 628
Heart lung interactions, 243, 244, 267

active expiration, 264
clinical implications, 244
Guyton’s graphical, 246–248
HJR, 264
inverse pulsus paradoxus, 263
lung inflation, 255
mueller maneuver, 265, 266
Ppl, 249, 251–254
pulsus paradoxus, 260, 262
respiratory variations, 256–260
transpulmonary pressure, 255–257
valsalva, 267

Heart-lung mechanical coupling, 709
Heart rate

action potential, 87
Bainbridge reflex, 99, 100
beta-blockers and ejection fraction, 98, 99
diastolic limitation, 101
during exercise, 96–98
Guyton analysis, 100
intrinsic heart rate, 95, 96
periodicity, 87
rhythmicity

APD, 94, 95
SAN (see Sinoatrial node (SAN))

stroke return, 87
supply-demand of, 101, 102
tachycardia and hypovolemia, 99
time constants and volume constraints, 87–89

Hemodynamic measurements, 319
CVP, 329–332
frequency response, 328, 329
measuring pressures, 321–324

Ppao, 333, 334
pulmonary artery pressure, 334, 335
transmural pressure, 324–327
understanding pressure measurements, 320, 321
volume vs. pressure measurements, 319, 320

Hemoglobin-mediated interactions, 641
Hemoglobin respiratory function

adaptation of erythrocytes, 641–643
adaptation to life, 643
anaerobic origin of hemoproteins, 636
clinical alterations of, 645
clinical physiology and pathophysiology

acylation, 647
ambient hypoxia, 644
carboxyhemoglobinemia, 646–647
CarHb, 647, 648
deamination, 647
hemoglobinopathy, 644–646
human fetal hemoglobin, 646
increased metabolic demand, 643
methemoglobinemia, 647
post-translational modification, 647–648
unstable hemoglobins, 646

coupling of O2 and CO2 exchange, 639
erythrocytes, 638–641
oxygen carrier, 636–638

Henderson-Hasselbalch equation, 654
Hepatojugular reflux, 264
Heat moisture exchanger (HME), 603
Hooke’s assessment, 9
Hospital design, 956
Hydrogen (H+) ion

acidemia or alkalemia, 653
albumin, 659–660
CO2, 658, 659
empiric equations, 654
Henderson-Hasselbalch equation, 654
serum electrolytes, 653
strong ions, 655–658
water, 654, 655

Hydrostatic pressure, 140, 143, 144
Hydrostatic zero reference point, 275
Hypercapnia, 196
Hyperinflation, 695
Hyperpolarisation-activated cyclic nucleotide-gated 

(HCN), 89
Hypertonic saline, 158
Hyperventilation, 156
Hypovolemia, 99
Hypoxic pulmonary vasoconstriction (HPV), 196

I
IABP Shock II registry, 763
IABP Shock II risk score, 764
Idiopathic pulmonary fibrosis, 510
Impedance ratio, 590
Impella®, 777, 793
Indicator-based signal (IBS), 589
Inferior vena cava (IVC), 392
Innovative non-invasive technologies, 278

Index



965

Input impedance, 127–129
Inspiratory and expiratory intercostal muscle, 208
Intensive care unit (ICU), 2
Intensive therapy, 956
Intermittent non-invasive arterial blood pressure 

measurement, 275, 276
Interstitial lung diseases (ILDs), 510
Interstitial pressure, 80
Interstitial space, 138, 139, 142–144
Interstitial syndrome, 499–503
Intestinal mucosa, 79
Intra-aortic balloon pump (IABP), 793–797
Intracardiac nervous system (ICNS), 92
Intracellular spaces, 142, 143, 148
Intracranial monitoring, 337

cerebral oxygenation, 347, 348
cerebral perfusion pressure, 345, 346
clinical application, 342–345
electrophysiology, 351
history, 339
indications, 345
modes of measurement, 341
pressure, 338
techniques, 342
waveform analysis, 339–341

Intramuscular electrodes, 560
Intra-thoracic bioimpedance, 585
Intratidal gas distribution (ITV), 593
Intravenous fluids

assessment of hydration, 671
blood flow, 670–671
colloids, 678–679
crystalloid solutions, 676–678
fluid infusion, 669
intravenous solutions, 674
maintenance and daily needs, 672

chloride, 673
glucose, 673
potassium, 673
sodium, 672, 673
water, 672

managing hydration status, 679–680
Na+ balance and vascular volume, 671
for resuscitation, 669, 674–676
types of, 676

Intrinsic positive end-expiratory pressure (PEEPi), 550
Invasive arterial blood pressure measurement (arterial 

catheter), 273–275
Ischemia, 155
Iso-oncotic colloids, 148

J
Jugular venous bulb oximetry (JVBO), 348
Juxtacapillary receptors, 213

K
Kigali modification, 509
Kinetic energy, 109–111
Krogh’s two compartment model, 18, 19
Kussmaul’s sign, 265

L
Labor issues, 952
Larynx, 212
Laser Doppler flowmetry (LDF), 436
Laser Doppler perfusion imaging, 436
Left heart function

cardiac muscle characteristics, 49, 50
contractility, 55
ESPVR, 51–53
maximum elastance (Emax), 53, 54
myocardial oxygen consumption, 57
pressure-volume relationships, 51,  

52, 57, 58
tension-length relationships, 50, 51
time-varying elastance, 53, 54
ventricular energetics, 55, 56

Lempel-Ziv index, 572
Length-tension relation, 522
Life expectancy, 952
Life-sustaining therapies, 951
Lorazepam, 159
Lower inflection point, 686, 687
Low-frequency probes (5-1 MHz), 502
Lung

barotrauma and volutrauma, 172
collapse and overdistension, 593
edema, 184
inflation, 68, 69, 167, 169, 170
injury, 227
mechanical ventilation, 167
prestress and shear modulus, 170
stress and strain

non-uniform inflation, 172
pressure and volume, 168, 169
transmission, 170, 171

viscoelasticity, respiratory rate and mechanical 
power, 172–174

Lung elastance (EL), 479
Lung resistance (RL), 479
Lung ultrasound (LUS) assessment

alveolar syndrome, 502–503
anterior and lateral chest, 499
ARDS, 509, 510
cardiogenic (hydrostatic) pulmonary  

edema, 508
clinical application of, 513
diagnosis and monitoring, 503, 512–515

of alveolar syndrome, 502
of interstitial syndrome, 501
of pneumothorax, 506

focal lung diseases, 510–512
ILDs, 510
interstitial syndrome, 499–502
lung ultrasound scanning protocols, 514
normal lung ultrasound, 498–500
physics of, 493–495
pleural effusion, 507–508
pneumothorax, 503–507
training, 515
ultrasound systems, 495

LUS-Berlin criteria, 509
Lymph nodes, 79
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M
Magnetic stimulation, 540–541
Main-stream capnographs, 602
Mannitol, 157, 158
Manufacturer and User Facility Device Experience 

(MAUDE) database, 816
Maximal diaphragm thickening fraction, 528
Maximal expiratory airway pressure (PEmax), 535
Maximal inspiratory pressure (PImax), 535
Maximal transdiaphragmatic pressure (Pdimax), 533
Maximum elastance (Emax), 51, 53, 54
Mean airways-alveolar interface, 605
Mean circulatory filling pressure (MCFP), 12
Mean systemic filling pressure (MSFP), 12, 25, 670
Measurement precision, 310, 311
Measurement trueness, 309
Measurement uncertainty, 311
Mechanoreceptors monitor, 208
Melatonin, 925
Membrane-clock, 89, 90
Membrane dysfunction, 956
Mesenchymal stromal cells (MSCs), 736
Methemoglobinemia, 647
Microcirculation, 429

capillaroscopy, 432
function, 438, 439
handh-held vital microscopes, 432, 433, 435, 436
laser-based techniques, 436
LDPI, 436, 437
LSCI, 437, 438
monitoring techniques, 430, 431
tissue oxygenation, 430

Microvascular pressure, 79, 80
Midazolam, 159
Mild hypoxemia, 198
Mitochondria, 156
Mitochondrial dysfunction, 955
Mitral annular plane systolic excursion (MAPSE), 369
Mobile biomonitoring, 278
Mobile health monitoring, 278
Mueller-expulsive maneuver, 265, 266, 538–539
Multifocal ischemia, 917
Multiple inert gas elimination technique  

(MIGET), 194, 195
Myocardial oxygen consumption (MVO2), 56, 57, 101
Myogenic peptides, 92, 93
Myosin, 49

N
Nanocomposites, 278
Near-infrared spectroscopy (NIRS), 439, 453
Nephrotic syndrome, 145
Neural breathing modulates, 558
Neurally adjusted ventilator assist (NAVA), 565
Neurocritical care, 337, 339, 348
Neuromuscular coupling, 564
Neuromuscular junction blockers, 160
Neuroventilatory coupling, 564, 565
Newton’s laws of motion, 476

Newton-Raphson algorithm, 589
Non-invasive continuous arterial blood pressure 

measurement, 276–278
Nuclear factor-κB (NFκB), 954

O
Obesity

and abdomen, 937
additional considerations, 942
airway management, 939, 940
baseline physiology changes, 935–937
control of breathing/OSA/OHS, 937, 938
and outcomes, 942
physiologic impact and clinical implications, 935
prevalence, 935
risk factor, 939
ventilator management, 940, 941

Observatoire Regional Breton sur l’infarctus registry, 763
Occlusion test, 485
Ohm’s law, 61
Oncotic pressure, 143
“Open lung” strategy, 689
Opioids, 159, 160
Oscillometry, 275, 482
Osmoles

albumin molecules, 143
analbuminemia, 144
definition, 140
diffusive permeability and refection coefficient,  

142, 143
Gibbs-Donnan relationship, 143
glucose, 142
membrane, 141
osmotic pressure, 140, 141, 143
plasma volume, 144
positive elements, 141, 142
water movement, 141

Osmotherapy
hypertonic saline, 158
mannitol, 157, 158

Oxygen delivery
critically ill, 467
DO2, 465–467
equation, 461, 462
fluid administration, 462
mechanical ventilation, 463
optimizing arterial oxygen content, 463, 464
tissues, 464
vasoactive medications, 463

Oxygen electrodes, 438
Oxygen enhanced MRI, 622
Oxygen extraction fraction (OEF), 155

P
Packed red blood cells, 463, 466
Palpatory method, 275
PaO2/FIO2 ratio (“P/F ratio”), 195
Partial pressure of carbon dioxide (PaCO2), 702
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Passive leg raising test, 366, 369, 411
Patient self-inflicted lung injury (P-SILI), 488
Patient’s work of breathing (WOB), 488
PCO2 gap, 420–422

clinical practice, 422, 423
errors, 425, 426
oxygen-derived variables, 424, 425
SvO2, 425

Pendelluft, 594
Peripheral perfusion indexes, 447–448
Personalized medicine, 954
Pharynx, 211
Phospholipid, 235, 236
PiCCO system, 297
PICO® device, 778
Plethysmography, 482
Pleural effusion, 507–508
Pleural line abnormalities, 510
Pleural pressure (Ppl), 247, 485
Pneumonia, 510, 511
Pneumothorax detection, 594
Point-of-care ultrasound (POCUS), 299, 386
Poiseuille’s law, 10, 61, 108
Portal doppler waveform, 390, 391
Positive end-expiratory pressure (PEEP), 173, 463, 464, 

466, 486, 549, 552, 553, 700
airway closure, 688–690
airway P-V curve, 689
alveolar recruitment, 685
auto-PEEP, 185–187
baby lung, 685
“braking” effect, 184
cardiopulmonary effects, 184, 185
clinical applications, 185
definition, 177
dynamic hyperinflation, 185–187
EIT, 691, 692
esophageal pressure manometry

absolute esophageal pressure, 690, 691
chest wall to respiratory system, 691
estimating transpulmonary pressure, 690

EXPRESS study, 688
hemodynamic monitoring, 185
left ventricular afterload, 182
lung edema, 184
lung recruitability

CT scan images, 692–694
global integrative clinical approach, 694–695
lung volume and simplified method, 694
pressure-volume curves, 694
rationale, 692

mean airway pressure and hemodynamics, 180
myocardial contractility and compliance, 181, 183, 

184
PEEP-FiO2 table, 687, 688
recruitable lung regions, 685
regional heterogeneity, 179, 180
respiratory system compliance, 686–687
right ventricular afterload, 182, 183
spontaneous vs. passive inflation, 184, 185

transmural pressure, 177–179, 182
venous return and Starling curves, 180, 181
ventilation/perfusion abnormalities, 200

Post-intensive care syndrome (PICS), 956
Potassium, 673
Pressure–time index (PTI), 220
Pressure-time product (PTP), 551
Pressure volume, 236
Pressure-volume-area (PVA), 56
Primary lung cancer, 512
Primary percutaneous coronary intervention  

(PPCI), 761
Principal component analysis (PCA), 595
Prone position (PP), 197, 200

ARDS, 699, 700
distribution of alveolar size, 701
hemodynamics, 700
lung, 700–702
maneuver, 702–704
monitoring, 704
Swimmer’s position, 703

Prone position maneuver, 702–704
Propofol, 159
Protein effect, 663
Protocol based care for early sepsis (ProCESS), 822
Proton imaging, 622
Pulmonary artery occlusion pressure (Ppao), 325, 335
Pulmonary artery pressure (Ppa), 64, 65, 365, 370
Pulmonary capillary wedge pressure (PCWP), 67
Pulmonary contusion, 511
Pulmonary embolism, 511, 624
Pulmonary functional imaging, 619
Pulmonary hypertension (PH), 623, 624

airway function, 876
apical views, 891
biomarkers, 894–896
cardiac magnetic resonance imaging, 893, 894
cardiopulmonary hemodynamics

definition, 873
hemodynamic characterization, 873
normal pulmonary circulation, 872–873
pre-capillary PH, 873
pulmonary vascular resistance, 873

cardiopulmonary monitoring
adverse effects, 879
HRQoL, 880–881
morbidity and mortality, 878
risk assessment and stratification, 879
symptomatic/functional classification, 879, 880

clinical practice, 889
clinical presentation and severity, 871
comprehensive assessment, 872
definition, 871
diagnosis, 886–887
diagnostic classification, 872
echocardiography, 889–893
ERS/ESC guidelines, 898
exercise capacity, 882

6-minute walk test (6MWT), 882–883
cardiopulmonary exercise test (CPET), 883–887
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Pulmonary hypertension (PH) (cont.)
natriuretic peptides (NPs), 896, 897
normal RV function, 877
PA elastance, 875
parasternal views, 890
PA stiffness, 875
physical examination, 881–882
practical vs. complete assessment, 897
preliminary c-index analysis, 898
pulmonary arterial vasoconstrictor reactivity, 875
pulmonary artery elastance, 874
pulmonary artery impedance, 875
pulmonary compliance/volumes, 876
pulmonary diffusing capacity (DLco), 876
pulmonary gas exchange, 876
pulmonary hemodynamics, 875, 889
pulmonary vascular compliance, 874, 875
pulmonary vascular physiology, 875, 876
PVR calculation, 874
PVR-compliance relationship, 875
right heart catheterization (RHC), 887, 888
risk assessment, 872
RV failure, 877, 878
RV-PA coupling Versus decoupling, 877, 878
severity/prognosis assessment, 887
subcostal view, 891, 892
ventricular interdependence, 878

Pulmonary perfusion, 609, 623, 624
Pulmonary sarcoidosis, 510
Pulmonary stability, 171
Pulmonary stretch receptors, 212
Pulmonary vascular resistance (PVR)

compliance, 65–67
definition, 61, 62
interpretation, 67, 68
lung inflation, 68, 69
starling resistors, 63–65
vascular distensibility, 62, 63

Pulmonary wedge pressure (PWP), 67
Pulsatile haemodynamics, 124–126

and central aortic pressure, 132–134
and ventricular arterial coupling, 134, 135

Pulsatility index of arterial pressure (PIPressure), 388
Pulse pressure respiratory variation (PPV), 379, 381
Pulsed wave Doppler (PWD), 376
Pulsus paradoxus, 712

Q
Quantitative pulmonary perfusion, 623

R
Reconstruction algorithm for EIT (GREIT), 589
Regional pressure–volume (P/V) curves, 591
Regional ventilation delay (RVD), 592–593
Regional ventilation delay index (RVDI), 592–593
Relative workload, 97
Remifentanil, 160
Resistance and reactance, 480
Resistive loading, 221
Respiratory muscle function monitoring

abdominal-pleural pressure ratio, 557
airway and expiratory pressures, 536
clinical assessment, 533, 534
electromyography

clinical applications of, 565–566
esophageal electrodes, 559, 560
frequency-domain analysis, 561–562
intramuscular electrodes, 560
left panel, 557
neuromuscular coupling, 564
neuroventilatory coupling, 564, 565
right lower panel, 558
right upper panel, 558
time-domain analysis, 562–564

esophageal and gastric pressure tracings
gastric-to-esophageal pressure, 555–556
gastric-to-transdiaphragmatic pressure, 556–557
pleural pressure-abdominal pressure diagram, 

553–555
imaging

chest x-ray and fluoroscopy, 566
computed tomography, 566
diaphragm ultrasonography, 566–571
magnetic resonance imaging, 566

muscle fiber vibration assessment
surface mechanomyography, 572–573
surface phonomyography, 572

output (see Respiratory muscle pressure output)
pulmonary function testing, 534
transdiaphragmatic twitch pressure, 544

Respiratory muscle pressure output
effort

pressure-time product, 550–551
tension-time index, 551, 552
work of breathing, 548–550

strength
airway pressures, 535–537
airway twitch pressure, 544
cough Pga, 540
electrical and magnetic stimulation, 540–544
evoked maneuvers, 547–548
magnetic stimulation, 540–541
Mueller-expulsive maneuver, 538–539
phrenic nerve stimulation, 540–547
pressure relaxation rate, 539
sniff Pdi values, 539
transdiaphragmatic pressure, 537–539
twitch interpolation technique, 545–547
voluntary maneuvers, 540

Respiratory muscles
anatomy, 219, 220
blood flow

animal models, 228
cardiogenic shock, 226–228
diaphragm, 221, 222
E coli, 226
fatigue, 223, 224
mechanical ventilation, 224–226
O2 consumption, 222, 223
PCO2, 224, 225
principles, 221–223
pulmonary edema, 227, 228
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respiratory rate, 222
sepsis, 226, 227
septic shock, 226

efferent fibres, 228–230
energetics and mechanics, 220, 221

Respiratory quotient, 420, 424, 425
Respiratory system elastance (Ers), 479
Respiratory system resistance (Rrs), 479
Respiratory volumes, flows and pressures

body plethysmography, 477, 478
clinical applications, 482
input-output relationships, 474
kinked/blocked airway, 474
onset of pulmonary edema, 474
oscillometry and impedance, 480–482
resistance and elastance, 478–480
spirometry

Bernoulli effect, 475, 476
equal pressure point, 475
expiratory flow limitation, 474
FEV1 and FVC, 476
forced expiration, 475
intra-airway pressure, 475
low value of FEV1, 477
Poiseuille flow, 475
transmit transpulmonary pressure, 474
wave speed, 476

sudden bronchospasm, 474
x-ray computed tomography, 474

Responsive management, 954
Responsive therapy, 2
Revised Starling principle, 72

vs. classical Starling principle, 73, 74
endothelial glycocalyx, 72
filtration rate, 74–77
fluid exchange, 75
sub-glycocalyx space, 72, 73

Richmond agitation-sedation scale (RASS), 926
Right heart function

acute processes, 21
aerobic function, 40, 41
origins of, 21, 22
right ventricular and left ventricular

afterload, 37
clinical and physiological significance, 37
compartment model, 35
consistent response, 40
coronary blood flow, 41–43
diastolic pressure, 36–38, 43
diastolic-volume interaction, 35
dysfunction, 34, 35
EEC, 23
electrophysiological differences, 23
embryological development, 22
failure, 34, 35
limitation, 34
Mueller maneuver, 36
pharmacological differences, 23, 24
pressure load vs. volume load, 33, 34
pressure-volume loops, 28–33
principles, 24–28
properties, 23

pulmonary arterial compliance, 32, 33
pulmonary hypertension, 40
P-V plots, 37, 38
septal shift, 36
shape and load differences, 24–26
systolic pressure, 39
tetralogy of Fallot, 38, 39
volume effects, 35, 36

S
Sagawa’s concept, 769, 770
SAVE score, 763, 765
Sepsis, 226, 227, 952, 954

animal data, 827–830
antibiotics, 821
capillary permeability, 853
cardiovascular responses to major drugs, 854
clinical manifestations, 834
clinical presentation, 822–823
coronary flow and myocardial ischemia, 832, 833
definition, 822
dobutamine, 861, 862
epidemiology, 823
epinephrine (Epi), 860, 861
examples, 821
experimental studies, 849
heart-lung component, 863–866
human data, 823–826
intracellular calcium regulation, 839, 840
intracellular signaling pathways, 833
intravascular pressures, 853
management, 821
mechanical requirements, 829–832
milrinone, 862
mitochondria, 838
mortality, 821
myocardial depression, 852
nitric oxide and superoxide, 836–838
norepinephrine, 854–859
O2 delivery management, 851
pathogen-associated molecular patterns (PAMPS), 833
permeable barriers, 840–842
phenylephrine, 859, 860
potassium ATP channel, 835, 836
quick SOFA score (eSOFA), 822
role of volume, 851–853, 855, 856
SOFA score, 822
standard initial management, 851
survival, 821
symptoms and signs, 821
systemic inflammatory response (SIRS), 821
therapeutic options, 842
transcription factor-3 (ATF3), 833
treatments, 849–851
tumour necrosis factor-α (TNFα), 833
vascular collapse and multi-organ failure, 842
vascular dysfunction, 834, 835
vascular failure, 834
vascular leak, 852
vasopressin, 860
volume infusions, 852
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Shear-wave elastography, 570
Side-stream capnographs, 601
Single-compartment model, 478, 480, 481
Single-photon emission computed tomography  

(SPECT), 596
Sinoatrial node (SAN)

calcium-clock, 90, 91
definition, 88
extrinsic control, 89

central nervous system, 90, 91
circulating factors, 91, 92

function, 89
intrinsic control, 89

ICNS, 92
myogenic peptides, 92, 93
tissue stretch, 93

membrane-clock, 89, 90
Skeletal muscle structure, 558
Sodium, 672, 673
Spine sign, 508
Starling resistors, 63–65
Starling’s cardiac function curve, 13, 14
Step-wise acid-base analysis, 661
Sternomastoid activity, 534
Stressed volume, 9
Strong ion difference (SID), 654
Strong ion gap (SIG), 660
Strong ions, 654
Subtracting fEIT images, 590
Surface mechanomyography, 572–573
Surface phonomyography, 572
Swallowing reflex, 211
Swimmer’s position, 703
Systemic vascular resistance (SVR), 118
Systolic overshoot, 275

T
Tachycardia, 99
TandemHeart® p-VAD, 808–810, 813
Tension-time index, 551–553
Tension time index of the diaphragm (TTdi), 220
Terlipressin, 752
Thoracic EIT, 585
Thoracocardiography, 304
Tidal impedance variation (TIV), 590
Time and volume-based capnography, 602, 603
Time-based and volume based capnography, 603
Time-domain analysis, 562–564
Time-varying elastance, 10, 27
Tissue hypoxia, 419, 422, 424
Tissue tracking approaches, 955
Tissue stretch, 93
Total lung capacity (TLC), 476, 534
Transdiaphragmatic twitch pressure (Pditw), 538, 539, 

541, 542, 546, 569, 572
Transesophageal echocardiography (TEE), 359, 375–377

clinical applications, 379–383
monitoring cardiac flows, 377, 378
2-D TEE, 378, 379

Transmural pressure, 325
Transpulmonary pressure, 235, 237, 253, 254, 479
Transthoracic echocardiography (TTE), 377, 909, 910
Transthoracic ultrasound, 523
Tricuspid annular plane systolic excursion  

(TAPSE), 362
Troponin/tropomyosin, 49

U
Ultrasonography, 955
Ultrasound systems, 495
Unstable hemoglobins, 646
Unstressed volume, 9

V
Valsalva, 266, 267
Van’t Hoff equation, 140
Vascular compliance, 65–67
Vascular distensibility, 62, 63
Vascular impedance

arterial resistance, 127
arterial wave reflections, 129–131
changes of waveforms, 131, 132
characteristic impedance, 127
frequency domain assessments, 127
history, 126
implications, 126
input impedance, 127–129
time domain assessments, 127

Vascular smooth muscle, 670
Vascular unloading technology, see Volume clamp 

method
Vasoactive intestinal polypeptide (VIP), 92
Vasopressin vs. Norepinephrine Infusion in Patients with 

Septic Shock (VASST), 823
Vasopressors

adrenergic vasopressor agents, 752
adverse effects, 751
angiotensin II, 753
autoregulation threshold, 751
on left ventricular function, 754, 755
non-adrenergic vasopressor agents, 752
outcomes, 753, 754
in right heart failure (RHF), 755, 756
vasopressin derivatives, 752

Venous Doppler waveform, 390
Venous return (VR), 709
Veno-venous extracorporeal membrane oxygenation 

(VV-ECMO)
advantage, 741
assisted mechanical ventilation, 747, 748
description, 741
principles of gas exchange, 742, 743
technological limitations, 741
total rest vs. open lung ventilatory strategy, 745
ventilation parameters, 744
ventilator management, 741
ventilatory strategy during early phase, 743, 745–747
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Ventilation/perfusion abnormalities
aging, 198
ARDS, 200
clinical assessment, 195, 196
gas exchange

AaDO2, 193, 194
alveolar gas approach, 191
alveolar gas concentrations and Va/Q ratio, 190
Bohr dead space, 193
Bohr effect, 191
mass balance, 190, 191
oxygen concentration, 191
shunt, 192

gravity and posture, 196–199
healthy young subjects, 196
lung disease, 190, 199
MIGET, 194, 195
obesity, 198
positive airway pressure, 200
pulmonary gas exchange, 189
tidal volume, ventilation mode, and cardiac output, 

200, 201
VA/Q ratio, 189, 190

Ventilation-perfusion matching, 955
Ventilation-related signal (VRS), 589
Ventilator induced lung injury (VILI), 486

biotrauma and inflammation, 734, 735
etiology and pathophysiology, 732, 733
histologic alterations, 731
historical perspective, 732
inflammation and fibrosis, 735
mechanical and biological pathways, 735, 736
mechanotransduction, 733, 734

Ventilator-patient dyssynchrony
assessment, 722–724
clinical consequences, 726
entrainment phenomenon, reverse triggering, 721, 

724, 725
insufficient assistance (high respiratory drive)

double trigger and breath stacking, 720, 723
flow starvation, 718–721
premature/short cycling, 719, 720, 722

management, 724–726
over-assistance (low respiratory drive)

delayed cycling, 717–719
ineffective triggering (IE), 716–718

Venturi effect, 475
Vigileo™-FloTrac system, 297
Viscoelastic model, 480
Volume clamp method, 276, 277
Volumetric capnography, 609, 612, 614

definition, 601
hemodynamic monitoring

capnodynamic method, 611
capnography, 613
capnotracking method, 610, 611
fluid responsiveness, 612
Frank-Starling curve, 613
NICO monitor, 610
preload assessment, 612–613
preload-dependency assessment, 613
quantitative monitoring, 610
thermodilution, 611

main-stream capnographs, 602
respiratory monitoring monitoring gas exchange, 

608–609
respiratory monitoring monitoring ventilation, 

604–608
side-stream capnographs, 601
time and volume-based capnography, 602
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