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Foreword

Critical illness often presents problems of such complexity that the bedside clinician is
forced to integrate information from many data streams into the management deci-
sion. As the ‘evidence-based’ investigational paradigm gained traction and eventual
dominance in medicine, initial hope was entertained by many intensivists that solid
evidence from trials, together with advanced imaging and the laboratory data, would
generate effective ‘rules’ to guide practice. In fact, well-designed and conducted clini-
cal trials (RCTs) do characterize general behaviors and may provide defensible starting
points for making some choices, especially if positive. To this point however, we have
been disappointed by RCT output; fundamentally, such problems are too imprecisely
defined, complicated, interactive, and labile to allow RCTs, ‘snapshot’ imaging, and
biomarkers — even considered together - to reliably direct the next best step for the
individual patient.

Effective life support needs a more ‘personalized’ approach that adheres to established
principles aimed at supporting the patient’s own efforts to recover homeostasis and
viability. Our decisions must remain flexible; within the physical boundaries of the
ICU, the principles of therapeutic challenge, frequent reassessment, continual re-eval-
uation, and timely mid-course correction remain fundamental elements of the inten-
sivist’s art. Moment-by-moment access to key information relevant to the patient’s
status is central to well-timed interventions. Successful management still depends
upon having a firm grasp of the physiology of critical illness, coupled with the ability
to expertly integrate and act upon monitored information from key indicators that
reflect cardiopulmonary functioning. A few foundational elements of critical care
physiology share precedence over the others, but none is more important than the
circulation.

This important volume, written by the foremost experts of our field and directed
toward bedside management, is a wide-ranging compendium of in-depth chapters that
address essential cardiovascular physiology as well as the pragmatics of diagnosing,
monitoring, and supporting the circulatory system. The mechanistic basis for clinical
decision making is emphasized throughout. Cardio-respiratory management of the
critically ill has advanced rather impressively in recent decades, and such progress is
clearly evident in the attention given to such up-to-date topics as bedside ultrasound,
assessment of the microcirculation and perfusion adequacy, advanced monitoring
options, and extracorporeal circulatory assistance and gas exchange. The chapters of
this book are not meant to be read sequentially from cover to cover (even though such
an exercise might prove highly rewarding), but rather to be accessed in a focused man-
ner as specific clinical issues arise in patient care or when knowledge gaps need to be
filled.

In this current exciting age of rapidly expanding knowledge of genetic and molecular
sciences, exhaustive statistical analyses, empirical evidence gathering, RCTs and meta-
analysis, it sometimes seems that our attention as practitioners has been diverted from
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understanding the ‘why?’ to the ‘what and how’?. I congratulate the editors and authors
for addressing both in admirable fashion. It is refreshing and most welcome to see a
definitive work based upon the often neglected but invaluable middle ground of applied
pathophysiology. Mastery of physiology will always be needed to unravel our most dif-
ficult clinical challenges and remains the foundation of intelligent critical care.

John J. Marini
Minneapolis/St. Paul, MN, USA



Preface

An essential aspect of the care of the critically ill patient is to identify cardiovascular
insufficiency, treat it, and know when to stop over resuscitation while also attending to
the various other aspects of pathology that each patient brings to the clinical environ-
ment. No two patents are alike in their presentation of acute illness, response to therapy,
or potential for a good outcome from the treatment of disease and a minimal amount of
treatment-associated morbidities. Furthermore, most people, if they live long enough,
will experience some acute potentially life-taking process that if not treated correctly and
rapidly will result in death or morbidity before their time. These realities make the prac-
tice of critical care medicine one of the most demanding of all medical specialties, and
also one of its greatest attractions in the recruitment of dedicated and passionate bedside
clinicians.

Within this context, this volume has been crafted to systematically address all aspects of
hemodynamic monitoring-related cardiovascular diagnosis and management. Part I of
this volume addresses the essential aspects of the physiology and pathophysiology of
cardiovascular insufficiency. The authors of these eleven chapters are some of the leading
clinical investigators in the field with many years of bedside clinical experience and an
impressive publication record of clinical trials and basic science companion studies.
Although these chapters are arranged in a progressive sequence to supplement each
other, the reader can pick and choose specific chapters of interest based on their per-
ceived knowledge gaps or focused areas of interest.

Part II of this volume assumes the reader is cognizant of the underlying physiology and
pathophysiology and goes directly into their use in clinical assessment. Because once a
basic understanding of physiology is present, real-time knowledge of the patient allows
diagnosis to become personalized by addressing the unique aspects of each patient as
they face life-threatening disease processes. These five integrated chapters require an
understanding of the underlying physiology but then take that plane and elevate it to
clinical decision making and prognosis. This section in the volume represents a unique
series of chapters relative to other critical care medicine textbooks, and we hope its util-
ity to direct patient care will be innately obvious to the reader.

Part III addresses the specific measures made by various monitoring devices because at
the end of the day hemodynamic monitoring is monitoring with specific devices that
report specific information over time. Thus the focus on specific monitoring modality
and physiologic parameter discussed in these twelve chapters bring the physiology of
Part I and the pathophysiologic assessments in Part IT into reality at the bedside.

Part IV addresses the very real question of what to do and why. Targeting specific thera-
peutic end points assumes that their achievement will reduce morbidity and mortality.
But what therapies to give and why? These questions are addressed in these three very
focused chapters.



Preface

Finally, in Part V, patients usually fit into broad groupings of acute illness based on the
fundamental pathophysiologic processes that initiated their instability. Acute heart fail-
ure, septic shock, ARDS, neurologic emergencies, postoperative problems, and recently
the need for extracorporeal support. They reflect the present-day disease state/processes
commonly seen in the intensive care unit. These chapters serve to solidify the prior chap-
ters into a complete set, leaving the bedside clinician with insight and hopeful perspec-
tive as to what to expect, to monitor, and how to apply that monitoring.

The editors are profoundly grateful to the authors of this book for their excellent contri-
butions and knowledge base that made these chapters what they are; the senior editors of
the European Society of Intensive Care Medicine, who oversaw the creation of this book
within their series; and the publisher, Springer, for their support and dedication to this
very important and clinically relevant opus.

Michael R. Pinsky
Pittsburgh, PA, USA

Jean-Louis Teboul
Le Kremlin-Bicétre, France

Jean-Louis Vincent
Brussels, Belgium
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The primary goal of intensive care medicine is the prevention, reduction, and removal of
temporary risk of death in acutely ill patients, including patients exposed to risk of death
due to surgery and other therapeutic interventions. Cardiovascular organ dysfunction or
failure is, after respiratory failure, the most common organ function problem in intensive
care unit (ICU) patients [1]. The central role of hemodynamic monitoring in the ICU
armamentarium is therefore self-evident. In this context monitoring implies observing
continuously or continually changes in physiologic variables over time to reveal changes
in organ function, to prompt therapeutic interventions, and to evaluate response to thera-
peutic interventions. Monitoring per se cannot be expected to improve patient outcomes —
only timely applied right interventions can do so [2].

Hemodynamic monitoring and diagnostics are different entities, sharing common fea-
tures and overlapping, if diagnostics are frequently repeated. Monitoring tools, such as
cardiac output monitors or pulmonary artery catheter, may help to establish diagnosis,
and diagnostic tools, such as echocardiography, can be used repeatedly to monitor cardio-
vascular function and response to treatment at least over short periods of time.
Measurements and diagnostic evaluations that were intermittently done in the past (e.g.,
cardiac output, venous oximetry) can now be performed continually or continuously.
Echocardiography, traditionally a diagnostic tool, has an established role in perioperative
monitoring of cardiac surgery patients. Barriers for its use for monitoring ICU patients are
disappearing with increased availability of equipment and trained operators, although
operator dependence and the need for frequent repetitions remain limitations. The intro-
duction of miniature transesophageal echocardiography probes is likely to facilitate
echocardiography-based continual monitoring also in the ICU [3].

The use of dynamic assessment of circulation is a fundamental component of hemody-
namic monitoring. The principle of observing the physiology, inducing a perturbation,
and observing the response was emphasized by Max Harry Weil in 1965, when he
described the use of fluid challenge in shock: “The effect of fluid replacement on the clini-
cal status of the patient in shock is gauged by objective changes in circulation, such as
blood pressure, mental alertness, urine flow, peripheral venous filling, and appearance and
texture of the skin” [4]. In this elegant paper, the today well-known limitations of static
values of hemodynamic variables are discussed with great insight. In the last decades, the
physiology underlying dynamic hemodynamic assessments and their limitations in mon-
itoring the circulation have been established. Instead of using the fluid challenge to per-
turb the circulation, many of the current approaches try to predict the response to a fluid
challenge in order to avoid unnecessary fluid loading. All these dynamic approaches are
based on the principle of assessing “preload dependence.” This can be done by observing
respiratory cycle-dependent variations in intravascular pressures, vascular diameters, and
stroke volume or its surrogates or by directly observing the effect of a volume shift induced
by passive leg raising on these variables. The practical aspects of these of methods as well
as their limitations are discussed elsewhere in this book. Two major issues deserve to be
mentioned already here: first, to be preload or volume responsive is normal and does not
indicate the need for volume; second, hypovolemia and right heart failure may both man-
ifest as left heart preload dependence.

The quest for less invasive hemodynamic monitoring has been driven by the goal to
reduce the risks of invasive techniques, to reduce the need of special skills and resources,
and to make hemodynamic monitoring more widely available. This has been facilitated by
major evolution in signal processing, transducer and imaging technology, and in under-
standing physiology. Wireless transducers and biosensors, and body area networks make
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remote monitoring technically possible, although their routine clinical application is still
confronted with technical and logistic problems [5].

Another trend in hemodynamic monitoring has been the focus on microcirculation.
Research tools used for studying pathophysiology of microcirculation and peripheral tis-
sue perfusion have so far failed to break through into clinical monitoring. In order to
monitor peripheral tissue perfusion in the clinical setting, traditional clinical variables to
monitor circulation have had a renaissance. These include skin temperature, central to
peripheral skin temperature difference, capillary refill time, and evaluation of skin mot-
tling [6]. These simple measurements can be used for monitoring hemodynamics without
any special equipment, and at same time, they are amenable for new senor technologies.

Integration of hemodynamic monitoring data to provide relevant information for
therapeutic decisions becomes a major challenge, when the amount of available data
increases. At the moment, such integration can be achieved using clinical information
systems to display pathophysiologically relevant combinations of data. The development
of intelligent alarms is the next step and can help to apply hemodynamic monitoring out-
side the ICU [7].

Despite all the exciting new developments in technology, the variety of available monitor-
ing devices, and the improved understanding of pathophysiology, the most important chal-
lenge remains: What should be the hemodynamic targets? Hemodynamic monitoring can
only reveal changes in cardiovascular function, and the interpretation of such changes may
prompt therapeutic interventions. What are the right interventions and what should be their
targets remain disappointedly unclear. The application of fixed hemodynamic targets in large-
scale randomized controlled trials has given little if any definitive answers [8]. The risks of
overzealous hemodynamic support with fluids and vasoactive drugs have also been demon-
strated. Given the complexity of hemodynamic pathophysiology, it is very unlikely that any
fixed numeric targets for all patients are appropriate. Rather, assessing response to treatment
should consider changes in the individual patient’s clinical status and signs of tissue perfusion,
such as mental alertness, skin temperature and capillary refill, and urine flow, and objective
changes in hemodynamic variables provided by hemodynamic monitoring and imaging.
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Learning Ojectives

In this chapter, we will discuss the definition of shock both from the physiological and clini-
cal point of view. We will categorize shock states according to patient cardiac output. Then
we will analyze the available tools to diagnose shock and to start appropriate therapies.

2.1 Introduction

Circulatory Shock is one of the most common cause of admission to the ICU with a preva-
lence of 30% for patient already in the ICU [1].

Patients are defined in shock when tissue oxygen demand is not coupled with oxygen
supply [2]. From a clinical point of view, shock is often associated with low blood pres-
sure. Hypotension is one of the most common clinical presentations of the shock states,
even though its presence does not always represent a “conditio sine qua non.” Markers
of peripheral hypoperfusion [3] or other signs such as tachycardia not related to pain or
anxiety or fever may be other alert signs to identify patients in shock [2].

The main feature of shock condition is the decrease in oxygen utilization at cellu-
lar level with impaired cellular metabolism and consequent derangements from normal
physiology. If this situation is not promptly corrected, it leads to cellular “energetic failure”
[4] which implies arrest of all metabolic functions and multiple organ failure.

In this chapter we will discuss the shock definitions, referring both to the classical defi-
nition and exploring cellular and metabolic alterations that characterize the shock states.
The different types of shock will be analyzed, trying to highlight their main features and
recognition criteria reported into the most recent guidelines.

2.2 Definition

Many diseases may ultimately lead to a condition of shock, with impairment of the organ
perfusion and onset of multiple organ failure (MOF). From a pathophysiological point
of view, shock is classically defined as a condition in which oxygen supply is inadequate
to peripheral oxygen demand [3]. However, shock may be also defined as a condition in
which hypotension is associated with a variable degree of organ derangement (i.e., oligu-
ria, mottled skin, confusion, dyspnea, etc.). Regardless of the definition, the relationship
between oxygen delivery (DO,) and oxygen consumption (VO,) remains essential [5, 6].
DO, is the amount of oxygen delivered by the heart to the cells:

DO, = COxCa0, (2.1

where CO is the cardiac output and CaO, is the arterial oxygen content, calculated as
shown in the following Eq. (2.2):

Ca0, = (HbxSa0, x1.34) + (Pa0, x 0.003) (22)

where Hb is the hemoglobin concentration, SaO, the arterial O, saturation, and PaO,
arterial partial pressure of oxygen. These equations underline how, besides CO, Hb and
Sa0, play the major role in determining DO,, more than PaO,, which contributes to a
minor extent. Similarly, VO, is calculated as follows:
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VO, =COx(Ca0, —-CvO,) (2.3)
where
CvO, = (HbxSvO, x1.34)+(PvO, x0.003) (2.4)

and SvO, is mixed venous oxygen saturation and PvO, mixed venous partial pressure of
oxygen.

Rearranging Eq. (2.3) excluding the negligible contribution of dissolved oxygen in the
formula for CaO, and CvO, calculation, VO, may be also rewritten as follows:

VO, = COxHbx(Sa0, —Sv0, )x1.34 (2.5)

The difference between arterial and mixed venous saturation (SaO, — SvO,) is also
defined as oxygen extraction rate (O,ER) and identifies the amount of oxygen extracted by
peripheral tissues during each cardiac cycle. As shown in @ Fig. 2.1a, global VO, remains
constant, while DO, decreases until a critical point, defined as critical O,ER. Below this
point VO, decreases linearly with DO,,. This kind of relationship is possible because physi-
ologically DO, is fivefold higher than VO, so that delivery reduction can be tolerated by

B Fig. 2.1 aThis figure shows

the relationship between oxygen a
delivery and consumption. After

critical O, extraction rate (O,ER) VO, Lactate
has been reached, oxygen con-
sumption declines along with
oxygen delivery. At the same
point, anaerobic metabolism
becomes more significant, and
blood lactate level increases. DO,
oxygen delivery, VO, oxygen con-
sumption, O,ER oxygen extrac-
tion rate. b This figure shows the
relationship between oxygen
delivery and consumption in DO,

septic shock patients. Com-

pared to classical relationship b

seenin @ Fig. 2.1a, curves are

steeper and shifted higher and VO, Lactate
rightward. This implies an earlier
increase in blood lactate level
and a decrease in oxygen con-
sumption that occurs since the Shock
first phase of shock. DO, oxygen 0, ER

delivery, VO, oxygen consump-
tion, O,ER oxygen extraction rate

0,ER

Septic
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increasing O, extraction. After critical O,ER has been reached, aerobic metabolism begins
to be impaired, and a shift toward anaerobic metabolism occurs with increased lactic acid
production (B Fig. 2.1a). This kind of behavior of DO,/VO, is preserved in many shock
conditions except for septic shock which is the most common distributive shock (see sub-
sequent paragraph — @ Fig. 2.1b). Indeed, in that case, critical O,ER is shifted higher and
rightward, while the slope of the curves is much more pronounced (B Fig. 2.1b).

However, the earliest phases of the shock states may not imply an alteration of global
VO,. Peripheral organs react very differently to reduced blood flow, because of their dif-
ferent physiology. The heart, for instance, has a very high O,ER so that oxygen consump-
tion is essentially dependent upon coronary blood flow, whose decline will generate a
decrease of the aerobic metabolism, with impaired contractility [7]. On the contrary, the
kidneys that receive a very high amount of blood flow (approximately 25% of CO) extract
a very low amount of oxygen, being able to tolerate a longer period of cold ischemia [8].
Finally, during septic shock, especially after the initial phases, very low O,ER along with
high DO, may occur, and this condition has been associated with poor survival [9, 10].

Considered all the limits of the classical definitions, it may be useful reformulating the
shock definition moving from general hemodynamics to the cellular level. Regardless the
cause and the feature of each type of shock (that we will discuss in the next paragraph),
shock states may be all defined as conditions implying an altered oxygen utilization at
cellular level. Focusing the attention on the last part of the oxygen distribution chain, we
can understand that two main mechanisms are responsible for shock establishment: the
reduction of the oxygen amount available to the cells and the inability to use the oxygen
delivered by the capillary blood flow.

The reduction of the oxygen amount given to the cells may be primarily due to a
decrease of DO, consequent to a low CO or Hb decrease. In septic shock, despite normal
or high DO,, the capillary blood flow alterations determine very low cellular oxygen con-
centrations. This is in large part due to the increased distance between perfused vessels
and cells with peripheral shunt and reduced cellular O, availability.

Some experimental and clinical models have shown that even in condition of nor-
mal capillary blood flow, mitochondrial activity may be consistently reduced, due to an
increased production of inflammatory cytokines, eminently common in septic shock [4].

Whatever the cause, the poor oxygen utilization, if not promptly treated, rapidly trans-
lates in an energetic problem that impairs cellular metabolism. In this context, the deli-
cate balance between ATP supply and demand may be considered as the central part of
a complex equilibrium [11]. While ATP supply is essentially related to O, and substrate
(glucose, lipid, protein) availability, ATP demand is attributable to many cellular functions
such as DNA and RNA synthesis, protein production, and transmembrane pump activity
(particularly Na/K ATPase). When an altered oxygen utilization occurs, ATP concentra-
tion decreases, and energetic cellular activities are somehow hierarchically “hibernated,”
to allow cellular survival. ATP demand due to transmembrane pump function is in general
preserved until the last phases of shock with the aim of keeping constant the transmem-
brane physiological electrical gradient. If the oxygen utilization impairment is not rapidly
resolved, a progressive decrease in cytoplasmic ATP concentration occurs with increased
lactic acid production. The loss of functionality of the transmembrane pumps induces
cellular alterations, leading to organ dysfunction with the classical clinical signs of shock.

However, during the early phases of shock, the signs of hemodynamic impairment such
as hypotension and tachycardia may not always be so evident. Therefore, oxygen deficit and
the increased anaerobic metabolism with a certain degree of organ dysfunction may occur
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before the classical hemodynamic signs. This has been highlighted in the latest guidelines
regarding septic shock definitions, where the recognition of altered mentation, tachypnea,
and systolic blood pressure below 100 mmHg (the so-called quick SOFA, qSOFA) [12] may
anticipate the occurrence of the classical septic shock symptoms. In other cases, hemody-
namic impairment is the cause of cellular oxygen deficit, and hemodynamic alterations
slightly precede or go along with signs of anaerobic metabolism and organ failure.

In all cases, early treatment of the cause of shock and prompt correction of its hemo-
dynamic derangements may stop the progression toward MOF and death.

2.3 Shock Classification

Shock states have always been classified according to patient’s CO. The rationale behind
this approach is that CO is representative of O, delivery in the condition of stable hemo-
globin and arterial saturation.

SvO, is another parameter which may be used to assess the existence of an imbalance
between oxygen demand and supply, as well as the adequacy of CO. Normal value is about
65-70% [13]. In low-CO shock, SvO, values are typically decreased, while in distributive
shock, they are increased.

According to the underlying cause, we can identify four principal types of shock, each one
characterized by difference in hemodynamic parameters such as CO, SvO,, central venous
pressure (CVP), systemic vascular resistance (SVR), and echocardiographic signs (B Table 2.1):

2.3.1 Low-CO States

In low-CO shock the common problem is the inadequacy of oxygen transport.

2.3.1.1 Hypovolemic Shock

It occurs in about 16% of ICU patients. It is attributable to internal or external fluid loss,
and it is the most common cause of shock in trauma patients.

In hypovolemic shock, CO is usually low, because of the decreased preload; SvO,
is low because O, extraction increases in response to the decrease in DO,, as shown in
@ Fig. 2.1a; CVP is also low; and SVR are high in the attempt to keep mean arterial pres-
sure (MAP) at normal or quasi-normal value.

Echocardiography signs are the small volumes of the cardiac chambers and normal or
high contractility.

2.3.1.2 Cardiogenic Shock

It regards about 16% of ICU patients. It derives from ventricular failure caused by differ-
ent pathological conditions (i.e., acute myocardial infarction, end-stage cardiomyopathy,
arrhythmias, valvular heart disease, myocarditis).

In this kind of shock, CO is low, because contractility is impaired; SvO, is low, because
O,ER is increased, like in hypovolemic shock; CVP is high because of the increased end-
diastolic volume caused by both the inability of the failing heart to empty cardiac cham-
bers at the end of systole and to a certain degree diastolic impairment related to the loss
of ATP production, causing an increase in end-diastolic pressure. SVR are usually high in
order to keep MAP at normal values.
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B Table 2.1 Principal characteristics of different types of shock
Low cardiac output High cardiac
output
Hypovolemic Cardiogenic Obstructive Distributive
Filling Low High High Low/normal
pressure
End- Low High Low Low/Normal
diastolic (high in pulmonary
volumes embolism)
SVR High High High Low
MAP Normal/low High/normal/ Low Low
(last phases) low
Svo, Low Low Low High
Echocar- Small cardiac Dilated cardiac In tamponade: pericardial ~ Normal cardiac
diography  chambers, chambers, effusion, small right and chambers,
preserved impaired left ventricles preserved
contractility contractility In tension pneumothorax:  contractility
small cardiac chambers (unless septic
In pulmonary embolism: cardiomyopa-
small left ventricle, thy occurs)
compressed by the
dilated right ventricle
Clinical Cold and pale Cold extremi- Jugular vein distention, Mottled skin,
signs skin and ties, dyspnea, dyspnea, increased tachycardia,
extremities, peripheral respiratory rate, elevated or
tachycardia, edema, jugular tachycardia reduced body
and increased vein distension temperature

respiratory rate

SVR systemic vascular resistance, MAP mean arterial pressure, SvO, mixed venous oxygen

saturation

Echocardiography signs are represented by dilated ventricles and poor contractility.

2.3.1.3 Obstructive Shock

Less frequent than the other types of shock (about 2% of ICU patients).

It is caused by an obstruction, such as pericardial tamponade, pulmonary embolism,
or tension pneumothorax.

CO is typically low because preload is low (pericardial tamponade, tension pneumo-
thorax) or because there is an obstruction to the ventricle efflux (pulmonary embolism).
SvO, is low as in the other types of low-CO shocks, because of the increase in O,ER.CVP
is typically high, with different underlying mechanisms: the increase in pleural pressure
(tension pneumothorax), the rise of end-diastolic volume (pulmonary embolism), and the
decreased diastolic compliance (pericardial tamponade). SVR are usually high in order to
keep adequate MAP.



Shock: Definition and Recognition

Echocardiographic picture of tamponade is characterized by pericardial effusion,
small right and left ventricles, and dilated inferior vena cava; in pulmonary embolism,
dilated right ventricle and small left ventricle are present; in tension pneumothorax, the
hallmark is the compression of the right and left ventricles with small cardiac chambers.

2.4 High-CO States

In high-CO shock, the main problem is in the periphery, as DO, is generally preserved
but O,ER is impaired.

2.4.1 Distributive Shock

It represents the most common type of shock in ICU patients, accounting for 64% of
admission for shock (62% septic and 2% non-septic). It is characterized by a systemic
vasodilation due to either a release of inflammatory factors during sepsis or anaphylaxis
or a decrease in sympathetic tone in neurogenic shock.

Clinical signs and parameters are the opposite from other types of shock. CO is typi-
cally high, because of the hyperdynamic state caused by the decrease in SVR. SvO, is high
because of the decrease in O,ER in the periphery and to the increase in DO, related to the
high CO. CVP can be low or normal. MAP is typically low, at least in the latest phases.
Echocardiography in general shows normal cardiac chambers and preserved or increased
contractility (unless septic cardiomyopathy occurs).

Septic shock is the most common shock an intensivist has to deal with. Unfortunately,
in some cases the correction of hemodynamic derangements may not be effective.

Underlying mechanisms of septic shock are complex and not entirely clear. The altera-
tion of peripheral O2 metabolism can be either caused by a primary pathological mito-
chondrial and cellular dysfunction or indirectly caused by microvascular alterations with
consequent hypoxic cellular damage.

2.5 Shock Recognition

Early recognition of patient in shock is of a paramount importance in order to reduce
morbidity and mortality [12]. Prompt interventions aiming to restore normal hemody-
namics and correcting the cause of shock may effectively change the clinical course of the
disease [14] (B Table 2.2).

The clinical evaluation and physical exam are the first steps to individuate patients at
risk or patients already in shock.

Medical history can often suggest the underlying cause, for example, a history of coro-
nary artery disease may suggest a cardiogenic shock, while elevated body temperature
and dyspnea may indicate a septic shock. Similarly, after a trauma a patient is likely to
suffer from hypovolemic shock because of blood loss or obstructive shock due to tension
pneumothorax. Various types of shock can occur in combination, like the distributive
(neurogenic) shock after a traumatic spinal injury.

Some alert signs may be useful clinical tools for an early identification of shock.
Hypotension is in most of cases the sign that draws the attention of the clinician and is
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B Table 2.2 Diagnostic tools available to diagnose shock state

Diagnostic
tool

Clinical signs

Lactate

Scv0,-5vO,

CO, gap

Respiratory
quotient

Echocar-
diography

Advantages

Available bedside
Easy to detect

Good marker of tissue hypoperfusion
Available with ABG point of care
Reliable prognostic value

Trend over time has a prognostic value

Available with ABG point of care
Good marker of O, debt in conditions
of low DO,

Available with ABG point of care
Correlates CO to metabolism

Reliable marker of anaerobic CO,
production

May predict response in terms of O,
consumption

Available bedside
Useful to identify different types of
shock

Limits

Low specificity

Possibility of false positive
Relatively slow normalization (hours)

Normal values do not guarantee
adequate perfusion

pH and temperature derangements
may alter its interpretationABGs must
be drawn exactly at the same time

CO, content is complex to calculate
bedside

It requires a skilled operator
It does not give any functional
information

ABG arterial blood gas analysis, CO cardiac output, ScvO, central venous oxygen saturation, SvO,
mixed venous oxygen saturation, CO, gap difference in central venous-to-arterial carbon dioxide
tension, respiratory quotient ratio between venous and arterial carbon dioxide content and
difference in arterial-to-venous oxygen content [R = (CvCO, — CaCO,)/(Ca0, — CvO,)]

often considered one of the principal manifestations of shock. However, it can be a rela-
tively late sign in some circumstances and the degree of hypotension does not necessarily
correlate with the degree of shock if it is not accompanied by other markers of hypoxia.

Clinical examination should be complete and accurate when shock is suspected. Many
clinical alterations are common in shock states, and some of them reflect organ dysfunc-
tion due to tissue hypoperfusion, while others are related to whole body response [2].

Some of the typical signs are:

Mottled and clammy skin (especially in low-CO states)

Altered mental status (confusion, disorientation, epilepsy, coma)

Oliguria (urine output <0.5 ml per kilogram of body weight per hour).

Further signs like tachycardia, dyspnea, increased respiratory rate, jugular venous
distention, and peripheral edema are often present but are related more to the response of
the body to the ongoing shock conditions more than to the shock per se.

The importance of a thorough clinical examination has been recently highlighted in the
last published guidelines for sepsis and septic shock management, where the new “quick
SOFA” (qSOFA) score has been introduced to individuate those patients who are likely to be
septic [12] and at risk of shock mainly outside the ICU. As mentioned, this score includes
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systolic arterial pressure below 100 mmHg, respiratory rate above 22/min, and altered men-
tal status. If two out of three of such signs are present, sepsis should be suspected.

Arterial hypotension, though very common in shock, deserves a brief comment,
because its role in diagnosis and as a target of therapy has been extensively discussed over
the last years.

The first question to be addressed is whether all the patients in shock are actually hypo-
tensive. Looking at the most recent guidelines on septic and cardiogenic shock, a positive
answer should be given. Indeed, septic shock may be defined as a septic condition in which
hypotension persists despite adequate volume resuscitation, with lactate >2 mmol/L [12].
Cardiogenic shock is defined as a state of ineffective cardiac output caused by a primary
cardiac disorder with both clinical and biochemical manifestations of inadequate tissue
perfusion [15]. In recent trials, pragmatic definition always included a systolic arterial
pressure below 90 mmHg. Considering shock with low CO, hypotension may be mostly
evident only during the most severe phases, as the homeostatic mechanisms will try to
keep mean arterial pressure at a normal level by increasing SVR. In this situation, the
increase in SVR is useful to maintain a minimal level of cardiac and cerebral perfusion
but may be detrimental for other organ perfusion, decreasing blood flow and increasing
oxygen debt [16]. Many patients with acute cardiac failure may develop signs of peripheral
anaerobic metabolism without hypotension [17]. On the contrary, elevated MAP may be
detrimental because it will impair systolic ejection of the failing heart, worsening oxygen
delivery. Along the same way, patients with acute hemorrhage will try to keep MAP within
the normal value by increasing adrenergic tone which will recruit unstressed volume from
venous reservoir and increase arterial tone. However, if the hemorrhage is not promptly
controlled, this compensatory mechanism becomes deleterious, and it will lead to mul-
tiple organ failure (MOF) and death. Hypotension can be evident either only in the last
phase or if blood loss is more than a half of the circulating blood volume [18].

In conclusion we may say that hypotension is frequently associated with shock condi-
tions, but in many cases, shock may initiate without low blood pressure, and it may be a
very late sign of shock.

Another point is if all the hypotensive states may be considered as shock states. On
this purpose, though most of acute hypotensions are attributable to shock, not necessar-
ily low blood pressure is related to the impaired organ perfusion. For example, in case
of deep sedation, whole body metabolic functions are put at rest and oxygen demand
decreases significantly. Hence lower blood pressure might be tolerated without alterations
of organ perfusion. However, if very low MAP (i.e., 45-50 mmHg) can be safely accepted
for patients without clear signs of organ hypoperfusion is still on debate [19, 20], so it is
reasonable to check the causes of low blood pressure for their prompt correction.

The last, and maybe more important, aspect is the clear definition of hypotension. In
most guidelines and trials [12, 15, 21], hypotension is defined as systolic blood pressure
below 90 mmHg or MAP below 65 mmHg. Such definition comes from the assumption
that below a certain MAP, organ blood flow becomes dependent upon pressure, while
above that point the blood flow can be considered constant [22]. The thresholds represent
a mean among thousands of values and cannot be considered adequate for all patients.
While patients with normal or constitutional low blood pressure may easily tolerate MAP
below 65 mmHg, those who are hypertensive may not be able to adapt their blood flow
regulation even when the MAP is above 65 mmHg [23]. In addition, one threshold can be
adequate for some organs, but is not necessarily considered appropriate for the whole body.
Rules allowing autoregulation for each organ are different [22], and the most important
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regulator of organ blood flow - i.e., metabolic control - can vary widely in shock condi-
tion, changing completely normal physiology. Even if a general threshold of 65 mmHg
may be considered theoretically adequate, only a thorough examination of the patient that
includes the evaluation of peripheral hypoperfusion can really define the lower acceptable
value of MAP in particular cases. This is even more important considering that the need
of a specific blood pressure essentially derives from the need of our cardiovascular system
to preferentially direct the blood flow toward the organs, according to their metabolic
needs [24]. Accordingly, during sport, a decrease of SVR to increase the peripheral blood
flow in certain organs is coupled with a CO increase, to keep MAP stable and guarantee a
good organ perfusion. On the contrary, when a decrease of SVR is not due to an increase
in metabolic demand but to a dysregulated response (i.e., like in septic shock), the CO
increase is not coupled anymore to the real metabolic demands of our peripheral tissue.
In summary, hypotension is the most common alert sign during shock; however it can be
evident sometimes only in the latest phases of the disease. Similarly, a general threshold of
MAP to define shock has been adopted, but it can vary widely from patient to another, and
only other signs can tell the clinician if that blood pressure needs to be increased or not.

Other data, coming from blood sample analysis, may lead toward the diagnosis of shock
even in the absence of other clear clinical signs or can help to confirm the clinical suspicion.

Among them, arterial lactate level is the most commonly used in clinical practice.
Lactic acid is produced also in physiological conditions, but its production is increased
in condition of anaerobic metabolism and/or when its hepatic elimination is impaired
[25, 26]. Absolute blood lactate values have been associated with a worse outcome in all
kinds of shock, and their persistence over time despite treatments has been associated to
higher mortality rate [27-29]. Values above 2 mmol/L are considered alert signs associ-
ated with increased mortality up to 40%, especially if associated with hypotension [12].
Values above 4 mmol/L have been associated with higher mortality rate in septic shock
regardless of other clinical conditions [30].

If the patient has a central venous line or a pulmonary artery catheter, central or mixed
venous SO, may be measured (ScvO, and SvO,, respectively). In clinical practice, mea-
surement of ScVO, is used as a surrogate of SvO,. ScVO, reflects the oxygen extraction
only from the upper part of the body (since it is measured in the superior vena cava).
Even though their values are not completely interchangeable [31], both represent periph-
eral O,ER of the body and may guide therapies. If they are very low (<70% and 65%,
respectively), they may indicate that an increase in DO, is mandatory [32]. In 2001 a
pivotal paper showed that patients with septic shock and very low ScvO, had lower mor-
tality if a protocol aiming to keep SvO, above 70% was applied in the first 6 h after emer-
gency admission [33]. Unfortunately, three more recent trials failed to replicate the same
results [21, 34-36] so that ScvO, optimization has been waived from the last guidelines.
However, in such trials, baseline ScvO, was already >70%, making useless a protocol aim-
ing at ScvO2 optimization [37]. In many shock conditions, particularly in septic shock,
ScvO, appears normal or even high even if an oxygen debt is developing, as shown by an
increase in other markers of organ perfusion (i.e., lactate). Some papers have even shown
that higher ScvO, in septic patients are related to higher mortality [10], maybe because
it mirrors an impairment of peripheral oxygen extraction [38]. In conclusion, we should
keep in mind that low ScvO, values need to be corrected, while normal or high values do
not necessarily correlate a good organ perfusion in shock condition.

The difference between mixed venous and arterial pCO, (CO, gap) and CO is inversely
correlated [39], so that an increase in CO, gap is a marker of inadequate CO. More recently
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some authors have shown that central venous CO, may be a valid surrogate of mixed
venous CO, for CO, gap calculation [40]. A value of CO, gap >6 mmHg is an alert sign
indicating a low cardiac output with peripheral CO, stagnation [41]. CO, gap varies more
rapidly than lactate and ScvO2 could be used as an early marker of peripheral oxygen sup-
ply impairment. It has been proposed as a tool for diagnosis and a goal for therapy [42].

The ratio between CO, gap and arterial-venous difference in oxygen content (C, ,O,)
can be considered as a surrogate of the respiratory quotient (R), where the numerator is
the difference in CO, content instead in CO, partial pressure. Many authors [43, 44] have
shown that a ratio >1.7 can effectively individuate patients who are developing an oxy-
gen debt and require CO increase. Recent papers [45] have also shown that patients with
higher ratio and higher lactate are more likely to die in course of septic shock.

Echocardiography is a very useful diagnostic tool in patients in shock. It can be per-
formed bedside and allows to confirm diagnosis of shock (i.e., myocardial infarction or
pericardial tamponade) and to define the type of shock, as discussed previously. It can also
show left and right ventricular function, stroke volume, and possible valvular diseases.

Most severe shocks require advanced hemodynamic monitoring. Data coming from
such tools may help to classify the shock and adopt the most appropriate therapies. In
particular, CO may differentiate between low and high flow shock states, while cardiac
filling pressure or intrathoracic volumes may indicate if the cause of low CO is primarily
cardiac or hypovolemic.

— Take-Home Messages

== Shock is a particular condition in which a problem in oxygen utilization at cellular
level induces a variable degree of organ dysfunction.

== Shock states are usually classified according to CO and etiology of the low CO. Par-
ticularly three shocks with low CO (hypovolemic, cardiogenic, and obstructive) and
one with high CO (distributive) are classically defined.

== Some clinical signs evaluable at the bedside may help clinician to define shock
conditions.

== Hypotension is the most common sign of shock but is not always the first sign.

== The lactate increase and the CO, gap are important markers of shock states and may
guide therapy and reassessment along with echocardiography.

2.6 Self-Evaluation Questions

@ 1. What s the definition of shock?

0 2. How many types of shock exist and what are the differences among them?
@ 3. How does hypotension correlate to shock states?

© 4. What are the main clinical signs of shock?

0 5. How many diagnostic tools do we have and how can we use them?

@ 6. What s the role of lactate in shock diagnosis and treatment?
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Learning Objectives

== To appreciate that there is no single value or range of values of cardiac output that is
adequate for every individual all the time. Adequacy of cardiac output changes
continuously.

= To understand how multiple factors, including tissue perfusion and oxygenation,
interact to determine the (in)adequacy of cardiac output in individual patients.

== To be able to explain the four determinants of cardiac output—heart rate, preload,
afterload, and myocardial contractility—and how these can be optimized when
cardiac output is inadequate.

3.1 Introduction

The cardiac output is a measure of the amount of blood pumped by the heart every minute
and is an essential determinant of systemic oxygen delivery (DO,) and cellular oxygen
supply. DO, needs to constantly adapt to changing tissue oxygen requirements, so that, if
the cardiac output is inadequate, tissue hypoxia may occur leading to organ dysfunction
and failure. However, determining the adequacy of cardiac output is not always easy, nota-
bly because oxygen requirements vary among patients and in the same patient at different
times. Indeed, one cannot talk about a “normal” cardiac output value; rather one should
consider cardiac output values as being adequate or inadequate for that individual at that
point in time. Interpretation of the cardiac output therefore needs to take into account
other factors, including tissue perfusion and oxygenation (8 Fig. 3.1).

3.2 Cardiac Output as an Essential Component of DO,

As mentioned, DO, is determined by cardiac output and the arterial oxygen content,
which is itself determined by the hemoglobin concentration and its oxygen saturation.
Hence, a relatively high cardiac output in the presence of hypoxemia and/or anemia does
not guarantee a high DO, and may indeed be inadequate. By contrast, a low cardiac out-
put is always associated with a low DO, because the hemoglobin concentration cannot
increase acutely and the oxygen saturation cannot increase to more than 100%.

B Fig. 3.1 Some of the factors
that can indicate the (in) Filling pressures
adequacy of cardiac output. OPS
orthogonal polarization spectral

EKG
imaging, NIRS near-infrared Arterial pressure
spectroscopy, SvO, mixed venous
; Heart rate

oxygen saturation, chOz central \
venous oxygen saturation, EKG Urine output
electrocardiogram MlcrOC|rcuIat|on _— \ Mental status
(OPS, NIRS, ... \ Cutaneous perfusion
SvO,/ScvO,

Blood lactate
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Cardiac output is an adaptive value: it can and must adjust constantly according to the
oxygen requirements of the body. Physiologically, it changes continuously in every indi-
vidual: it is lowest in the middle of the night when asleep and highest during strenuous
exercise. If a critically ill patient is sedated and anesthetized, cardiac output may therefore
be relatively low but still perfectly adequate. An apparently “low” cardiac output therefore
does not necessarily mean that treatment is needed to increase it—it may be sufficient for
that patient under those conditions.

Cardiac output will increase in response to anxiety and exercise, as oxygen require-
ments increase. It must also increase to compensate for a reduction in arterial oxygen
content. For example, when climbing a high mountain, the hypoxemia that occurs as a
result of the lower atmospheric oxygen will be compensated for by an increase in cardiac
output in a healthy, fit individual, so that there is virtually no tissue hypoxia, even at the
top of Everest [1]. Likewise, normovolemic anemia can be very well tolerated by compen-
satory increases in cardiac output, with tissue hypoxia sufficient to cause hyperlactatemia
only occurring when hemoglobin levels decrease as low as 4 g/dL [2].

3.3 Essential Questions When Interpreting
a Cardiac Output Value

When assessing adequacy of cardiac output, it is not sufficient to look just at the cardiac
output value—other factors need to be taken into account, notably related to the presence/
absence of adequate tissue blood flow and to the degree of compensation already present.
We will consider these two aspects separately, although clearly they may overlap.

3.3.1 Is There a Critical Reduction in Tissue Perfusion?

Many individuals walk around with a low cardiac output. They may not walk fast, but
they can complete all their usual activities at their own pace. The real problem arises when
cardiac output is reduced to such a degree that there is a critical reduction in oxygen
availability to the cells. Clinically this often arises when there is hypotension, but clinical
signs also include the effects of altered tissue perfusion as shown through the three clinical
“windows” of perfusion [3]: altered cutaneous perfusion, altered mentation with disori-
entation/confusion, and decreased renal perfusion with resultant oliguria. Biochemically,
the key indication that this critical level has been reached is the presence of increased
blood lactate levels. The usual cutoft value for abnormal blood lactate is set at 2 mEq/L [3],
but any value greater than the normal range, i.e., greater than 1.3 to 1.5 mEq/L, is already
associated with increased mortality rates [4].

A critical reduction in cardiac output can be due to only one of three mechanisms:

Severe hypovolemia, for example, in hemorrhage or severe dehydration

Altered cardiac pump function, i.e., critical reduction in myocardial contractility

(e.g., massive myocardial infarction, major arrhythmia [rapid supraventricular

tachyarrhythmia or ventricular tachycardia]), or severe valvular disease

Major obstruction, for example, cardiac tamponade, massive pulmonary embolism,

or tension pneumothorax
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3.3.2 Have Compensatory Mechanisms Already Been Activated?

The activation of mechanisms to compensate for poor tissue oxygenation can indicate
whether or not cardiac output is adequate. In the outpatient context, for example, accord-
ing to the New York Heart classification, the severity of heart failure is assessed by the
capacity of exercise of the patient. The less able a patient is to compensate for increased
exercise, the greater the degree of heart failure. Similarly in critically ill patients, if com-
pensatory mechanisms have already been activated to a maximum, any worsening of the
condition will result in tissue hypoxia.

3.3.2.1 Cardiac-Level Compensation

A first, quite non-specific mechanism to compensate for reduced tissue perfusion is an
increase in heart rate. As cardiac output is the product of heart rate and stroke volume, an
increased heart rate can compensate for a decrease in stroke volume. The tissues are still
perfused but at the price of an increased adrenergic response.

Another compensatory mechanism at the cardiac level is an increase in cardiac size.
This is an important compensatory mechanism in heart failure enabling stroke volume to
be maintained somewhat by an increased ventricular preload, through the Frank-Starling
mechanism. These patients have enlarged ventricles on echocardiographic examination
and elevated cardiac filling pressures, which can result in lung and systemic edema.

3.3.2.2 Peripheral-Level Compensation

If DO, is reduced, tissues can still maintain oxygen consumption by increasing oxygen
extraction, with a reduction in the venous saturation of the hemoglobin. The SvO,, reflect-
ing the oxygen saturation in the mixed venous blood in the pulmonary artery, can be
easily assessed using a pulmonary artery catheter, but these are less widely used than pre-
viously. A central venous catheter provides access to blood in the superior vena cava and
offers a surrogate for ScvO,,. Although ScvO, is a relatively gross estimate of SvO, [5], an
inadequate cardiac output is typically associated with an ScvO, well below 70%.

Therapeutic Implications

Cardiac output is determined by four factors, and treatment of inadequate cardiac
output therefore involves optimizing these four aspects: heart rate, preload, afterload,
and myocardial contractility. The analogy has been made with the effort needed to
increase speed when riding a bicycle [6] (B Fig. 3.2): pushing harder on the pedals,
cycling with the wind from behind, cycling on the road with least resistance, and
changing gears.

Heart rate: An increase in heart rate is not very effective unless there is profound
bradycardia [7]; otherwise the increase in heart rate is compensated for by a decrease
in stroke volume. Moreover, in a patient with inadequate cardiac output, the heart
rate may already be increased as a physiological response, so increasing it further is
unlikely to bring additional benefit.

Preload: Increasing preload, i.e., the end-diastolic ventricular volume, can increase
myocardial contractility by increasing myocardial fiber stretch; this in turn increases
cardiac output. Fluid administration should be attempted in all patients with a critical
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alteration in tissue perfusion (shock) in order to increase preload, even though clinical
benefit is unlikely in cases of obstructive shock. Even in cardiogenic shock with pulmo-
nary edema, the acute nature of the lung edema is associated with a relative decrease
in blood volume secondary to the extravasation of water into the extracellular fluid.

To optimize fluid administration without causing fluid overload and its associated
harmful effects, efforts should be taken to determine the patient’s likely response to
fluid administration. The most effective means of achieving this is by repeated fluid
challenges, in which the clinical response is evaluated together with a cardiac filling
pressure as a safety measure during the rapid administration of a limited amount of
fluid [8]. A passive leg raising test, effectively an “internal” fluid challenge, represents
an alternative method of evaluating response, although the procedure is not as simple
as it may first seem [9].

Afterload: Afterload represents the forces working to prevent ventricular emptying,
effectively represented by systemic vascular resistance. Afterload can be decreased
using vasodilators, but this is possible only when the arterial pressure is adequate.

Myocardial contractility: A direct increase in myocardial contractility can be
achieved with inotropes. Dobutamine is the first choice for this purpose, and
administration of just a few mcg/kg/min can sometimes have dramatic effects, so
that infusions should be started at low doses. This is particularly the case when
vascular tone is not very high (e.g., in sepsis). Nevertheless there are always risks
associated with increased adrenergic stimulation. Importantly, some interventions
can act on more than one determinant. For example, phosphodiesterase inhibi-
tors (milrinone, enoximone) or levosimendan can increase myocardial contractility
(through an inotropic effect) and reduce ventricular afterload (through a vasodilat-
ing effect).

Importantly, the other determinants of DO, must not be neglected. Hypoxemia
should always be corrected, as it is always associated with a hyperadrenergic response,
which adds strain to the heart and increases catabolism. If there is associated anemia,
blood transfusion can be considered even when the hemoglobin level is between
7 and 9 g/dL.

@ Fig. 3.2 The four determi-
nants of cardiac output, using an
analogy to the speed of a bicycle. ﬁ(%
(Reproduced from [6]) \
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Conclusion

Just focusing on cardiac output without considering other variables is insufficient, because
any single cardiac output value can be insufficient or excessive, depending on the particular
conditions in that patient at that moment in time. If a cardiac output is unable to meet tis-
sue oxygen demand, then it is inadequate. To really assess adequacy, one needs to ask
whether the cardiac output is enabling tissue perfusion to be well maintained and whether
reserve mechanisms have been activated. This complete analysis will help to determine
whether an intervention is needed to increase cardiac output and, if so, what the most
appropriate intervention would be.

— Take-Home Messages

== There is no “normal” cardiac output value; any cardiac output value can be
inadequate or excessive depending on the specific conditions of the individual
at the time of measurement.

== Determining whether or not a cardiac output is adequate for a patient must
therefore include an assessment of tissue perfusion and the presence of com-
pensatory mechanisms.

== |f cardiac output is inadequate, treatments can be aimed at one or more of its
four determinants depending on the specific underlying causes and patient
status: Preload, afterload, myocardial contractility, and heart rate.

Conflicts of Interest 'The author has no conflicts of interest to declare.
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Learning Objectives

After reading this chapter, the reader will learn:

1. Which are the main determinants of venous return and cardiac output?

2. What is the mean systemic filling pressure, what is its importance and what is the
gradient of venous return?

3. What is the meaning of central venous pressure in the context of venous return?
What is an effective fluid challenge, using Pmsf?

4.1 Introduction

Cardiovascular failure is one of the most common reasons for admission to intensive care
units. The main function of the cardiovascular system is the transport of oxygen (O,) to
the tissues. If the concentration of haemoglobin is stable, the main determinant of O,
transport is the cardiac output (CO).

CO is total volume of blood mobilised by the heart per unit of time, and it is measured
in units of flow (L/min). In stable conditions, the cardiovascular system is a close loop
system, and the heart can only eject the amount of blood that it receives. Thus, the total
volume ejected over a period of time would equal the total volume of blood returning
from the venous system. Therefore, venous return equals cardiac output.

In this chapter we will analyse the determinants of venous return, their impact on the
cardiovascular physiology and the practical implications that those factors may play a role
in the treatment of critically ill patients. The main factors that determine the venous return
to the heart from the systemic circulation are:

1. The degree of filling of the circulation

2. The ability of the heart to maintain a low right atrial pressure

3. The resistance to blood flow between the peripheral vessels and the right atrium
4. The resistance to blood flow between the heart and the capillaries

4.2 Blood Volume and Mean Systemic Filling Pressure

The venous system contains about 70% of the total blood volume, whereas the arterial
system contains only 13-18% and the capillaries 7% [1, 2]. The venous system is a blood
reservoir, able to adjust his capacity according to the haemodynamic conditions. The
venous wall is much thinner than the arterial wall, as blood is circulating at low pressure,
but it still contains smooth muscle fibres, able to contract and expand according to the
haemodynamic situation. During hypovolaemia, sympathetic nervous reflexes cause
venoconstriction, sending blood back to the central circulation, increasing preload and
increasing cardiac output. Actually, even after 20% of the total blood volume has been lost,
the circulatory system functions almost normally because of this variable reservoir func-
tion of veins [1].

The heart pumps blood continuously into the aorta keeping the mean arterial pressure
high, averaging 80-100 mmHg. This pressure decreases progressively as the blood flows
into the systemic circulation, as low as the level of the right atrial pressure (Pra). This fall
in pressure is mainly caused by the increasing total cross-sectional area in each level of the
vascular tree (B Fig. 4.1). When the heart stops, the arterial pressure decreases, and the
RAP progressively increases. At certain point, blood will not be flowing, and if the arteri-
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B Fig. 4.1 Pressures and cross-sectional area across cardiovascular system. Pmsf mean systemic filling
pressure. This is the pressure at all points in the cardiovascular system when the heart stops. During
normal circulation, there is a point (pivot point) where the pressure equalises the Pmsf. At that point, the
pressure is independent of flow and theoretically localises at the venule territory. The drop in pressure is
mainly related to the increase in the total cross-sectional area and the compliance of the vascular wall

oles do not collapse trapping blood in the arterial space, the pressure will be the same in
all territories of the circulatory system. This pressure is the mean systemic filling pressure
(Pmsf). This pressure was described by Bayliss and Starling [3], and they figured that
somewhere in the circulation, there must be a point where the pressure is not changing
when the heart stops. Actually, during a cardiac arrest, the pressure in the small veins
(<1 mm) and venules do not change substantially; they are the “pivoting point” of the
system (@ Fig. 4.1) [4]. This pressure is less than the capillary pressure, close to the portal
venous pressure and greater than the RAP. Its anatomic location is not necessarily at the
same venous branching level in every organ. The importance of this pressure, rather than
its anatomical location, is that it provides a quantitative measurement of the intravascular
filling status independent from cardiac function: its value is equal to the Pmsf.

Let us imagine the “blood reservoir” as a distensible compartment. The volume
required to fill a distensible tube, such as a tyre or a blood vessel, with no pressure rise is
called the “unstressed” volume (V). Further volume expansion will imply necessarily a
pressure rise and an elastic distension of the wall of the tube, which depends on the com-
pliance (C) of the wall. This volume is the “stressed” volume (V) and is related to the
pressure in the next equation:

Pmsf=V,/C
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4.3 The Right Atrial Pressure

In order to move a fluid across a tube or tubular system, the variables described in
Poiseuille’s Law apply. Therefore, it is the gradient of pressure between two points in the
system, not any single pressure at any particular point, which determines the rate of flow
[5, 6]. Given that most of the blood is in the venous reservoir, the pressure at this point is
particularly interesting. Following Poiseuilles Law equation, Guyton pointed out that
venous return could be defined by three parameters: the mean systemic filling pressure
(Pmsf), Pra and the resistance to venous return (RVR). This can be also mathematically
represented as follows:

VR = (Pmsf —Pra) /RVR

Guyton [7] drew venous return curves in recently dead dogs. The heart was replaced with
a pump, and the Pra was controlled by increasing or decreasing the minute capacity of the
pump. Increasing or decreasing the total quantity of blood controlled the mean circula-
tory filling pressure. From these curves (8 Fig. 4.2), one can see that for a given Pra, the
greater the Pmsf, the greater the venous return is. Importantly, under isovolumetric con-
ditions, the greater is the Pra, the lower is the venous return. Thus, given this linear rela-
tionship, if venous return and Pra can be measured and changed without changes in the
volume status, the slope of the line could be calculated (the RVR), and the Pmsf could be
estimated. Under isovolaemic conditions, Pra depends mainly on the right ventricular
function and its ability to accommodate and pump blood to the pulmonary circulation.
Any decrease in the heart function will increase Pra and therefore create congestion in the
venous circulation.

A second factor that affects the Pra is the intrathoracic and the pericardial pres-
sure. Under normal circumstances, intrathoracic pressure is negative or equal to the

—— Pmsfa
= Pmsf b
&
3 —— Pmsfc
=
=
©
5
[5)
(=
(]
>
0 a b C Pra(mmHg)

O Fig. 4.2 Venous return and Frank-Starling curves. Pmsf mean systemic filling pressure, Pra right atrial
pressure. Each venous return curve represents different levels of volume status. To move across a venous
return curve, changes in cardiac function are required, without changes in the volume status. The black
line represents the Frank-Starling curve for a particular level of cardiac function. In order to move from
the blue to the red curve, Pmsf must change from a to ¢ without changes in resistance



31
Determinants of Venous Return

atmospheric pressure. Any increase in this pressure that translates in an increase of
Pra will result in a decrease of venous return. Similar phenomenon is observed if
there is an increase in pericardial pressure, which will increase Pra, and will result in
a decrease of venous return.

4.4 Arteriolar Resistance and Metabolic Demand

As the venous system can only transport the amount of volume that arrives from the
capillary system, the regulation of the capillary circulation will also determine the venous
return. Each tissue in the body has the ability to control its own local blood flow in pro-
portion to its metabolic needs. Rapid changes in vasoconstriction or vasodilation of arte-
rioles, meta-arterioles and precapillary sphincters may happen within seconds to provide
adequate local tissue blood flow. The main factors involved in the acute control of local
blood flow are:

1. Tissue metabolism: this is by far the most powerful factor. The higher is the local
oxygen demand, the higher is the blood flow.

2. Availability of oxygen: whenever there is a deficit of oxygen (hypoxia), there is an
increase in local blood flow. Oxygen deficit can occur in several ways, such as (1)
failure in oxygenation of blood (ARDS, pneumonia, etc.), (2) failure in transport of
oxygen by haemoglobin (CO poisoning) or (3) failure in the ability of tissue to use
oxygen (septic shock, cyanide poisoning).

3. Deficit of other nutrients: under special conditions, the lack of glucose, thiamine,
niacin and riboflavin can cause vasodilation.

4.5 Control of Venous Tone: Resistance to Venous Return

Certain parts of the venous system are particularly compliant: these include the spleen,
the liver, the large abdominal veins and the venous plexus beneath the skin. Splanchnic
and cutaneous veins have a high population of al- and a2-adrenergic receptors, so they
are very sensitive to adrenergic stimulation, contrary to skeletal and muscle veins [8]. The
control of the venous system has been extensively studied in animal models. There are
nerve terminations in the proximity of many small vein smooth muscles [9] but not in the
veins of the skeletal muscle [10]. However, circulating catecholamines can induce contrac-
tion of venules and veins of the skeletal muscle and mesentery [9, 10]. Thus, probably
catecholamines released from the sympathetic nerve termination of the arterial side may
pass through the capillary bed and affect the venous system.

Smooth muscles of the veins and arteries do not respond necessarily in the same way to
chemical signals. Dihydroergotamine can activate the veins but not the arteries [11]. The
venous system primarily has a-adrenergic receptors [12-15]. Stimulation of the B-adrenergic
receptors of arterioles cause vasodilation but has little effect on the veins [16, 17].
Angiotensin can increase Pmsf [16, 18]. Isoproterenol, a f-adrenergic agonist, causes a
decrease in Pmsf when veins are constricted with angiotensin. On the other hand, vasopres-
sin has very little effect on Pmsf [19] or on vascular capacity once reflex blockade [20] and
similar results were reported regarding natriuretic peptides [21].

Nitroglycerin and nitroprusside decrease Pmsf and increase unstressed blood volume
but do not change vascular compliance in ganglion-blockade dogs [22]. Verapamil and
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nifedipine increase venous return by reducing the resistance to venous return without
changing the Pmsf, whereas nitroglycerin in small doses can reduce Pmsf without changes
in resistance to venous return [23]. Diltiazem reduces both resistance and Pmsf increasing
CO [23].

Moderate hypercapnia and hypoxia have little direct non-reflex effect on CO and Pmsf
[24]. Severe hypercapnia (PaCO, to 114 mmHg (15.2 KPa)) caused an increase in Pmsf by
5.5 mmHg, whereas a PaO, of 34 mmHg (4.5 KPa) caused an increase in Pmsf by
2.5 mmHg [25].

4.6 Measurement of Pmsf in Humans with Intact Circulation

The Pmsf is not easy to measure in patients with an intact circulation. Schipke et al. [26]
performed a fibrillation-defibrillation sequence in 82 patients during cardioverter/defi-
brillator implantation to measure the Pmsf over 13 s. A true equilibrium pressure was not
achieved, and the arterial-central venous pressure difference was 13.2 + 6.2 mm Hg, and
differences still persisted in sequences of 20 s.

Pinsky [27] proposed a model in animals with an intact circulation to construct
venous return curves observing the relationship between isovolumetric changes in CO
and Pra during intermittent positive pressure recruitment manoeuvres. Pmsf was esti-
mated by calculation of the slope and extrapolation of the Pra value to zero CO. Pmsf
calculated was found similar to Pmsf measured during circulatory arrest. Other studies
[28-30] have confirmed this linear relationship between VR and Pra and derived Pmsf
from the regression equation in animal models with intact circulation. Maas and col-
leagues [31] applied the same rationale to study the effect of a 12-second inspiratory hold
manoeuvre to three different steady-state levels on central venous pressure (CVP), as an
estimate of Pra, and blood flow (CO) measured via the pulse contour method during the
last 3 s in mechanically ventilated postoperative cardiac patients. This study showed
again a linear relationship between changes in CVP and CO, and importantly, Pmsf
could be estimated at bedside in intensive care patients with an intact circulation.
Obviously this technique is only feasible in fully sedated patients under mechanical ven-
tilation. Keller and colleagues [32] used this method to assess the changes on venous
return with passive leg raising (PLR) manoeuvre: they observed nine postoperative car-
diac patients at baseline, during PLR and after volume expansion (500 ml of hydroxy-
ethyl starch). They reported a Pmsf at baseline of 19.7 mmHg. This increased to 22 mmHg
after PLR and to 26.9 mmHg after volume expansion (VE). Although CO increased after
PLR and VE, the gradient of pressure of venous return (difference between Pmsf and
CVP) increased by 2 mmHg after PLR and by 5.8 mmHg after VE. This could explain
why a PLR test does not consistently increase CO in fluid-responsive patients [33], or
even for a fluid challenge, the increase in Pmsf is an essential condition to effectively test
the cardiac response.

Parkin and Wright [34] proposed a method for estimating a mean systemic filling
pressure analogue (Pmsa) using the mean arterial pressure (MAP), Pra, CO and anthro-
pometric data. Pmsa algorithm is fully described in other publications [35]. In essence,
they build a mathematical model that uses the patient’s data as predictors of Pmsa. The
clinical validity of this approach was tested in ten patients in acute renal failure receiving
continuous vein-venous haemofiltration [36]. Fluid replacement therapy was electrome-
chanically controlled to a target value of Pmsa. This method was also used to analyse
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haemodynamic changes after a fluid challenge (250 ml of colloids or crystalloids in 5 min)
in patients admitted to intensive care [37]: Pmsa increased similarly in responders and
nonresponders, as expected, but interestingly Pra increased more in nonresponders, neu-
tralising the changes in the gradient of pressure of venous return as described by Guyton.
Recently, Gupta et al. [38] used Pmsa to investigate the performance of cardiac power
(defined as the product of arterial pressure and cardiac output) relative to Pmsa (CP_)).
CP,_, represents a measurement of cardiac performance adjusted to the vascular tone.
According to the authors, values below 0.047 of CP_  have a high sensitivity (97%) and not
so high specificity (57.5%) to predict fluid responsiveness.

Anderson [39] proposed a non-invasive technique to measure Pmsf by a rapid occlu-
sion of the circulation in the arm (Pmsf-arm). Once the arterial (Pa) and venous pressures
(Pv) in the arm equilibrate, the pressure measured would be Pmsf (B Fig. 4.3). Maas et al.
[40] compared these three methods in 11 postoperative cardiac surgery patients. Bland-
Altman analysis for the difference between Pmsf-arm and Pmsf showed a bias of —1.0
(+3.1) mmHg (p = 0.06) and a coeflicient of variation (CV) of 15%. Although there was a
statistically non-significant bias, one may think that this is actually quite significant con-
sidering the small sample size of this study. Regarding the difference between Pmsf and
Pmsa, there was a bias of —6.0 (£3.1) mmHg (p < 0.001) and a CV of 17%. The three
methods were useful to track changes after volume expansion.

The precision of the Pmsf-arm technique has been recently studied [41]. Four repeated
measurements were performed in 20 patients after cardiac surgery. Pa and Pv equalised
after 60 s of cuff inflation. For a single measurement, the coefficient error (CE) was 5%
(+2%), and the least significant change (LSC) was 14% (+5%). Averaging two measure-
ments, the CE improves to 4% (+1%), and the LSC was reduced to 10% (+4%).
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Practical Implications

Although the measurement of the vascular tone in the venous side of the circulation
may have a lot of potential applications, there is still very little evidence about the
clinical impact of this information on the management of critically ill patients.

1.

2.

Understanding venous return improves management of haemodynamically unstable
patients. Rangappa et al. [42] investigated the potential of a computerised decision
support system (Navigator™, Applied Physiology, Sidney, Australia) to improve the
consistency of haemodynamic evaluation and treatment decisions by intensive care
unit clinical staff with different levels of expertise and experience in 20 patients
admitted after elective cardiac surgery. The authors concluded that this system
improves consistency in decision-making. Sondergaard et al. [43] carried out a small
pilot clinical trial in 27 postoperative patients requiring goal-directed therapy to
evaluate the efficiency of the Navigator™ system in achieving haemodynamic targets
(measuring the percentage time in target zone and the average standardised
distance (ASD) from the centre of the target and time to achieve targets) and the
level of concordance between the therapy suggested by the system and an expert
clinician. The mean percentage time in the target zone was 36.7% for control and
36.5% for intervention, and the ASD was 1.5 in control and 1.6 in intervention (no p
value was reported). There was a high level of concordance between decision
support recommendation and anaesthetist action (84.3%). The authors concluded
that the treatment recommended by the Navigator™ system mirrored that of a senior
anaesthetist in the achievement of therapeutic goals. Unfortunately, this study is
probably underpowered to show differences in the efficiency measurements, fluid
balance or vasoactive medications.

The changes in Pmsf can be used to assess systemic compliance and guide the
choice between fluids or vasopressors. The current consensus on circulatory shock
and haemodynamic monitoring recommends that even in the context of fluid-
responsive patients, fluid management should be carefully titrated, especially in
the presence of elevated intravascular filling pressures [44]. The similar principle
applies to the Pmsf. A fluid challenge can be used to assess fluid responsiveness
and also, as spotted by Maas and colleagues [45], to assess systemic compliance. In
this study, systemic compliance is reported from 15 postoperative cardiac surgery
patients around 64 mL/mmHg. Systemic venous compliance could be very useful
information to prioritise treatment: a high compliance after a fluid challenge may
indicate the early use of vasoconstrictors instead of infusion of a large amount of
fluids. Another study [46] showed that administration of noradrenaline (an
al-adrenergic agonist) increased CO in preload-responsive patients. Noradrenaline
increased Pmisf either by reducing venous compliance or by venoconstriction
(reduction of venous capacity and shifting unstressed volume to stressed compart-
ment; see B Fig. 4.2). Unfortunately, the authors did not assess the effect of
noradrenaline on venous compliance. In the rest of the patients, noradrenaline had
predominantly an arterial vasoconstrictive effect, increasing cardiac afterload. This
study stressed the importance of monitoring venous tone and CO when using
Vasopressors.

Pmsf can also be used to assess the effect of IV fluid in the circulation, regardless the
cardiac response and the efficacy of a fluid challenge. In a recent study about fluid
challenges [47], the observation of the Pmsa along with other haemodynamic
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variables described the short living effect of this technique and pointed out that the
maximal change in CO is about 1 min after the end of IV fluid infusion. Pmsf-arm has
been also used to evaluate the minimal volume required to challenge the cardiovas-
cular system. This is a quasi-randomised clinical trial with 80 patients who received
between 1 and 4 ml/kg of IV fluids in 5 min. Pmsf-arm only increased significantly in
the group of 4 ml/Kg, and the proportion of fluid responders increased significantly
from 20% in the group of 1 mL/Kg to 65% in the group of 4 mL/Kg.

4. Since venous return equals CO, in practice CO and CVP changes can provide most
of the information about the Guytonian view of the circulation. However, without
the understanding how the venous tone works, the values of CVP can be misun-
derstood. Proof of this is the number of studies that looked at the CVP as a fluid
responsiveness predictor [48]. CVP preforms as the meeting point between venous
return and the cardiac function: a high CVP can be related to a high Pmsf or a low
cardiac function or both. Thus, knowing Pmsf would help clinicians to better
understand the haemodynamic status of critically ill patients at bedside.

5. Any cardiovascular intervention in critically ill patients should take into account
that the main regulation of cardiac output occurs in the peripheral tissues.
Therefore, therapy should also be guided by tissue perfusion signs, and not only by
haemodynamic measurements.

Conclusion

The venous system plays an important role in the haemodynamic stability. Most of blood
volume is stored and regulated in the venous territory. The mean systemic filling pressure
can be now measured, and it is the pressure of the pivot point of the circulation, where the
pressure is independent of blood flow. This pressure is the driving pressure of the circula-
tion and affects, along with the cardiac function, venous return. Three methods have been
described to measure Pmsf at bedside, in patients with intact circulation. This variable can
be now integrated as another piece of information that helps to understand patient’s condi-
tions and to guide haemodynamic therapy in accordance to patient’s physiology.

— Take-Home Message

== Venous return, which is equivalent to cardiac output, is finely controlled at the
microcirculatory level in the peripheral tissues. Always remember to put haemody-
namics in that context.

== The two main factors that influence the blood flow in peripheral tissues are the
metabolic level and the availability of oxygen. These two are also determinants of
venous return.

= q1-Adrenergic agonist causes venoconstriction, increasing the availability of blood
volume from the venous reservoir to increase cardiac output and blood pressure. This
is very useful in the anaesthetic induction of unstable patients, as most anaesthetic
drugs may cause profound vasodilation and a severe decrease in venous return.

== |n order to do an effective fluid challenge, it is necessary to infuse enough volume to
increase Pmsf; otherwise, there is a possibility of a false-negative response. 4 mL/Kg is
an adequate dose in most postoperative patients.
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Learning Objectives
Mean arterial pressure (MAP) is usually maintained constant as cardiac output varies
along a physiologic range of flows by the process of autoregulation.
Central autoregulatory control reflects stretch receptors in the aortic wall and carotid
body called baroreceptors that directly link to brain stem sympathetic and parasympa-
thetic nuclei altering their output.
Local metabolic demands define local blood flow over the autoregulatory MAP range;
thus both hypotension and hypertension represent a failure of normal autoregulation.
Hypertension to levels above the autoregulatory range causes excess end-organ
vascular pressurization leading to end-organ injury from both vascular strain and
edema (e.g., type Il non-ST elevation myocardial infarction, cerebral edema, acute
kidney injury).
Hypotension represents a failure of normal host adaptive mechanisms and must be
associated with end-organ hypoperfusion of some organ tissues relative to their
metabolic needs.
Normal autoregulatory range is shifted rightward and upward with pressure on the
x-axis in patients with chronic arterial hypertension; thus otherwise normal-but-lower-
than-usual blood pressure may cause end-organ hypoperfusion and injury.
The only way to know that a given MAP is adequate for organ perfusion is to assess
organ function. This may be difficult, so surrogates of perfusion like assessment of
lactate kinetics and central venous-to-arterial oxygen and carbon dioxide gradients
can be used to assess adequacy of blood flow.

5.1 Introduction

The systemic vascular system is highly heterogeneous. Central arterial pressure is kept
high owing to both a low central arterial compliance and high outflow resistance in the
peripheral arterioles. The primary role of the left ventricle is to eject its stroke volume
against these high pressures to keep this central arterial capacitor pressurized. However,
most of the blood volume resides in the post-capillary venous circulation, while the
majority of the vessel cross-sectional area is dominated by the capillary system [1], as this
is where diffusion of gases and exchange of metabolic substrates occur. Tone of the arterial
(precapillary) side of the circulation determines relative organ blood flow and perfusion.
If downstream blood flow is inadequate to meet the tissue’s metabolic demands, local
arteriolar and precapillary arteriolar tone decreases so that local blood flow can increase.
It is downstream organ oxygenation that determines this tone by direct retrograde vascu-
lar endothelial cell signaling via nitric oxide and other endothelium-derived vasodilating
factors. Similarly, independent of local metabolic needs, stress and disease states (e.g.,
adrenal insufficiency, intracranial hypertension) can cause general arterial tone to vary
independent of local metabolic demands, resulting in a generalized impairment of the
distribution of blood flow within and among organs. Autoregulation can be blunted in
sepsis and can be hyperactive in essential hypertension, even if blood pressure is effec-
tively controlled with antihypertensive medication. Importantly, not only is arterial pres-
sure controlled as much as possible, organ blood flow is also controlled even if arterial
pressure varies, with the primary goal of sustaining organ blood flow at required levels to
sustain their metabolic activity. Thus, arterial pressure autoregulation reflects one of the
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controlling input processes to sustain blood flow regulation, and the lack thereof is par-
ticularly of interest to the intensivist. This chapter will dwell on this important topic from
that perspective.

5.2 Blood Pressure Autoregulation and Its Relation
to Organ Blood Flow

In normal states, including both at rest and increased metabolic demand (e.g., agitation,
hyperpnea, digestion), the human body controls central blood pressure allowing organ-
specific regional blood flow autoregulation through multiple mechanisms that tend to
match local blood flow to the functional needs of the specific tissue. These central blood
pressure-controlling processes can be divided into short-term, intermediate-term, and
long-term mechanisms. Though all three are important, the most pertinent for the inten-
sivist is the short-term, rapidly acting mechanism that involves three pathways for control:
localischemia response, baroreceptor feedback, and chemoreceptor feedback. Importantly,
changes in arterial tone alone are only part of this complex response. When metabolic
need increases, an associated increased global sympathetic tone causes blood flow to be
diverted away from less active tissues, and venomotor tone increases to decrease vascular
unstressed volume increasing mean systemic pressure and the upstream pressure for
venous return and thus increasing cardiac output. This results in an increase in venous
return and cardiac output to sustain the increased local blood flow demands without an
undue need for increased arterial tone or changes in blood pressure.

Independent of central arterial pressure, local ischemia decreases local arteriolar tone
in that ischemic tissue. Two theories prevail as to the mechanism causing this local arterial
vasodilation: a vasodilator theory and a lack-of-oxygen theory. The former postulates that
a decrease in oxygen availability causes tissue ischemia that increases local adenosine and
lactic acid levels. Local release of adenosine and lactic acid causes immediate vasodilation.
The other theory is that local tissue ischemia results in arteriolar vasodilation via retro-
grade endothelial signaling to those feeding arterioles from the ischemic capillaries. Other
nutrients implicated in this mechanism include thiamine (e.g., beriberi disease), ribofla-
vin, fatty acids, and glucose [1]. Beyond these two mechanisms, nitric oxide, formally
known as endothelium-derived relaxing factor [2], contributes to upstream vasodilation
once local flow is increased. Increased flow causes shear stress on the local endothelium,
causing direct release of nitric oxide to give distal arterioles appropriately increased capac-
itance [3]. Other plasma substrates involved in local control of vascular tone are electro-
lytes (e.g., calcium and magnesium), hydrogen ions, carbon dioxide, and other anions
such as acetate.

There are exceptions to this local regulation in specific tissues and organs that use
blood flow for other purposes. Specifically, renal blood flow is much higher than the met-
abolic demands of the kidney because the role of the kidneys is to filter solute and intra-
vascular volume control. Thus, renal vein oxygen saturation is usually very high (close to
90%). If an otherwise healthy subject is given a large intravascular fluid bolus, although
cardiac output may transiently go up during the active infusion time, blood pressure will
remain constant, and renal blood flow and urine output will both go up proportionally.
Similarly, the skin increases and decreases its blood flow to sustain a constant internal core
temperature independent of dermal metabolic demand. Both skin and renal blood flow
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above their metabolic need level are highly dependent of arterial input pressure, and sys-
temic hypotension causes marked decreases in skin and renal blood flow.

Hence, these local metabolic demands altering local blood flow occur within the con-
text of systemic blood pressure autoregulation. As long as systemic blood pressure is above
some minimal level, local blood flow autoregulation allows tissues to maintain adequate
flow to meet their metabolic demand. However, if arterial pressure falls below a level that
would allow a totally vasodilated periphery to sustain its blood flow at levels needed to
sustain its metabolic needs, then tissue hypoperfusion occurs with its associated ischemic-
induced loss of organ-specific function. If hypotension is sustained, organ injury and
death ensue. Thus, prevention of systemic hypotension, even for short intervals, is a car-
diovascular regulatory priority.

5.3 Systemic Vasomotor Control

As a whole, the nervous system contains many different excitatory and inhibitory signal-
ing systems to maintain a regulated central blood pressure and reginal blood flow. Under
normal conditions, the net effect of these signals is one of the partial vasoconstrictions
[1]. The central blood pressure control is primarily driven by two fast-acting mecha-
nisms: over seconds by baroreceptors in the aortic arch and carotid sinus and over min-
utes to hours by left and right atrial stretch receptors and cerebral baroreceptors. When
activated, the atrial and cerebral receptors stimulate the release of atrial and brain natri-
uretic peptides (ANP and BNP, respectively) that not only change renal tubular resorp-
tion rate but also arterial tone. Finally, the aldosterone-angiotensin system fine-tunes
arterial pressure and effective circulating blood volume on a more chronic (hours to
days) time line.

Globally, the rapid response blood pressure control is mediated through the auto-
nomic nervous system, primarily through the sympathetic (and to a lesser extent, para-
sympathetic) chains that exit the thoracolumbar spinal column. Hypotension stimulates
the baroreceptor stretch receptors to increase their output to the brain stem to increase
sympathetic output. Stimulation of the sympathetic nerve fibers will lead to arterial vaso-
constriction via release of norepinephrine. This sympathetic network affects the arterial
system up to, but not including, the precapillary sphincter and capillaries [1]. Moment-to-
moment activation of this systemic sympathetic response is primarily driven by the baro-
receptor response [4, 5]. These receptors are located in the aortic arch and carotid sinus;
when these areas are stretched, afferent inhibitory signals are sent to the sympathetic path-
way leading to a decrease in systemic vascular resistance [6]. Conversely, an increase in
parasympathetic signaling is noted, commonly demonstrated as bradycardia during
carotid massage.

These baroreceptor responses are not generalizable to all disease states. With extrinsic
carotid massage, hypotension has been observed without evidence of venodilation.
However, models of hemorrhage and negative intravascular pressure (the opposite physi-
ologic stimulus to the carotid sinus) have repeatedly demonstrated venoconstriction, but
only in the splanchnic circulation and not the periphery [5].

Other cardiopulmonary pressure-sensitive receptors lie in the atria, the left ventricle,
and the lung parenchyma. Animal studies have demonstrated that lack of atrial stretch
will lead to arterial vasoconstriction [7], and to a similar effect but through an opposite
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mechanism, activation of ventricular stretch receptors will lead to vasodilation and bra-
dycardia [8], pulmonary congestion activates juxtapulmonary capillary receptors to
induce tachycardia, and inflation of the lungs leads to vasodilation [9]. In summary,
experimental models have demonstrated multiple, fast-acting, pressure-related mecha-
nisms of vasomotor control consistent with protective mechanisms to sustain a constant
perfusion pressure.

Chemoreceptors located in the aortic and carotid bodies can also modulate sympa-
thetic tone. These chemoreceptor organs are sensitive to lack of arterial oxygen, excess
arterial carbon dioxide, and excess arterial hydrogen ion concentration. Detection of any
of these three conditions will yield an increase in vasomotor tone. Interestingly, these bod-
ies also respond to decreases in arterial pressure, but they are less sensitive than the aortic
arch and carotid sinus.

The central nervous system (CNS) also plays a destabilizing role in arterial pressure
regulation when the brain experiences isolated hypoperfusion due to increased intracra-
nial pressure as part of the Cushing reflex [10]. A lack of blood flow to cerebral tissue
significant enough to cause ischemia increases local concentration of carbon dioxide,
stimulating the medullary vasomotor center, ultimately sending a powerful positive stim-
ulus to the peripheral sympathetic nervous system [1]. This causes systemic hypertension
in order to sustain central blood flow in the setting of increased intracranial pressure and
reflex bradycardia because the sympathetic output carotid and aortic body baroreceptors
are inhibited, whereas parasympathetic output is increased. Furthermore, remainder of
the vascular beds is exposed to a very high arterial pressure which often exceeds the auto-
regulatory range arterial pressure control, causing pressure-dependent hyperperfusion of
that tissue-inducing end-organ edema and injury.

Finally, central arterial pressure is not an organ perfusion pressure. Organ perfusion
pressure is defined as the input pressure minus the outflow pressure. Arterial input pres-
sure can be lower than mean arterial pressure if arterial resistance beyond the central
arterial capacitor is high. For example, hepatic arterial pressure is about 20% lower than
mean arterial pressure owing to the high hepatic arterial resistance. Furthermore, cardiac
blood flow cannot occur into a contracting heart muscle. Thus, coronary arterial input
pressure is closer to diastolic arterial pressure than to mean arterial pressure. In most non-
active tissues, the increased resting tone in the arterioles and precapillary sphincters
defines a critical closing pressure greater than venous pressure which is the back pressure
to organ flow. Importantly, this critical closing pressure is not constant, varies across and
among capillary beds and organs, and changes with changes in metabolic activity. Under
normal conditions, this allows local blood flow to be tightly controlled so as to maximize
flow efficiency. However, as hypotension develops or metabolic activity of the tissue
increases, the arteriolar and precapillary tone diminishes such that once fully dilated tis-
sue or outflow venous pressure becomes the back pressure to organ blood flow. For the
brain, the outflow pressure is either intracranial pressure or venous pressure in the head,
whichever is higher. For the left ventricle, it is left ventricular diastolic pressure or right
atrial pressure, whichever is highest. For the intra-abdominal organs, it is either intra-
abdominal pressure or central venous pressure, whichever is higher. For the kidneys, it is
intracapsular pressure, intra-abdominal pressure, or central venous pressure, whichever is
higher. Since all these back pressures can vary independent of each other in disease states,
targeting a minimal mean arterial pressure along may not insure adequate organ perfu-
sion pressure among and within organs.
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5.4 Disturbance of Normal Blood Pressure Autoregulation

In normal physiologic states, even though the above mechanisms aim at keeping blood
pressure relatively constant, organ flow is also maintained over a wide range of mean arte-
rial pressures, through the similar feedback mechanisms described above. In extremes of
flow regulatory blood pressure, control mechanisms are overwhelmed. This explains the
end-organ injury seen with acute, accelerated hypertension (e.g., posterior reversible
encephalopathy) and the scattered tissue ischemia seen in states of excess vasodilator-
induced hypotension. In the case of significant hypotension, local vasodilation can only
provide increased flow with adequate inflow pressures. Thus, when the baroreceptor gen-
eralized vasoconstrictor response can no longer augment systemic vascular tone enough
to sustain arterial pressure due to inadequate cardiac output, local tissue demands invari-
ably cannot be met by their selective vasodilation; the supply of oxygenated blood is effec-
tively defined by the organ perfusion pressure, and regional tissue vasodilation will either
be ineffective or divert flow from another vascular bed in need of flow. These conditions
are collectively called circulatory shock and underscore the concept that systemic hypo-
tension is always pathological because it reflects a failure of normal adaptive mechanisms
to sustain organ perfusion pressure.

Circulatory shock can be caused by conditions that limit cardiac output due to inade-
quate blood volume (e.g., hemorrhage), vascular obstruction (e.g., pulmonary emboli), or
impaired ventricular pump function (e.g., myocardial infarction). Similarly, circulatory
shock can be caused by vasoplegia (e.g., sepsis) even if blood flow is high. But in all these
conditions, if hypotension develops, control of local blood flow distribution is impaired
and end-organ dysfunction also develops. Circulatory shock, or the syndrome of inade-
quate organ perfusion, is a state when baroreceptors are maximally stimulated by hypo-
tension. The resultant sympathetic discharge (primarily norepinephrine release) leads to
alpha-adrenergic vasoconstriction. Relative flow is then primarily a result of alpha-
receptor concentration in the tissue-specific vascular region. The skin and skeletal muscle
have the most alpha-receptors, while the coronary arteries have very few and the brain
none [11]. Clinically this can be appreciated by skin mottling in states of shock without
pathologic vasodilation (e.g., cardiogenic shock), or skin necrosis after infusion of alpha-
adrenergic agents, such as norepinephrine [12]. This mechanism of alpha-receptor-
mediated preferential vasoconstriction not only allows for preferential blood flow to
critical organs but is an essential mechanism of efficient oxygen delivery (DO,). When
DO, drops below a critical threshold (DO,c), local tissue DO, becomes pressure-depen-
dent and tissue ischemia usually develops [13].

Sepsis, a form of vasodilatory shock, induces a vasoplegic state wherein despite
increased circulating levels of catecholamines (e.g., norepinephrine and epinephrine),
arterial vasomotor tone is decreased. Presumably, either alpha-adrenergic receptors on the
vasculature becomes unresponsive and require higher levels of catecholamines to increase
tone, or local mediators overwhelm the vasoconstrictive capacity of endogenous catechol-
amines, or both. The exact mechanisms by which this vasoplegia occurs in sepsis are not
completely understood but probably include (1) hyperpolarization of the vascular smooth
muscle cells rendering them less responsive to changes in transmembrane potential
limiting intrinsic contraction; (2) pharmacologic vasodilation by the local presence of
excess nitric oxide produced by sepsis-induced activation of inducible nitric oxide synthe-
tase and the local release of other vasoactive mediators related by local inflammatory
responses, like bradykinin, prostaglandin, and leukotriene species [12]; and (3)
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alpha-adrenergic receptor downregulation either due to autodigestion or simple internal-
ization from the associated dysfunctional membrane glycocalyx [11].

On the other end of the spectrum, chronic essential hypertension presents a different
autoregulatory challenge. Essential hypertension resets the normal autoregulatory pres-
sure and flow relations upward and to the right with pressure on the x-axis (8 Fig. 5.1).
Thus, pressure-dependent low flow below the autoregulatory range will occur in patients
with essential hypertension at mean arterial pressures much above the minimal threshold
values of otherwise healthy individuals.

Several studies have documented the “J-shaped” curve of cardiovascular and cerebral
risk in blood pressure control in patients with essential hypertension [14]. Cerebral blood
flow regulation has been demonstrated as having new set points in chronic arterial hyper-
tension [15]. If systemic blood pressure is brought too low by antihypertensive therapy,
even though the actual pressures would be in the otherwise normal range (e.g,
120/80 mmHg), there is an increased risk of stroke, renal injury, and myocardial ischemia
[16]. Since essential hypertension is one of the most common chronic diseases seen in
patients over 40 years of age, understanding this interaction between autoregulation
changes and blood flow is important.

A recent clinical trial by Asfar et al. [13] in the control of arterial pressure in septic
shock patients using norepinephrine illustrates interaction between the two states of
altered or impaired autoregulation, sepsis and essential hypertension. In this study patients
with septic shock were treated with mean arterial pressure targets of either 65-75 or
85-95 mmHg, along with usual care. They found that in otherwise normal patients with-
out prior histories of essential hypertension, there was no evidence that targeting a mean
arterial pressure of 85-95 mmHg was better at restoring organ blood flow or minimizing
risk of death as compared to the lower mean arterial pressure range of 65-75 mmHg.
However, patients treated at the high mean arterial pressure range had more arrhythmias,
presumably because of the high levels of vasoactive drug infusion they required to sustain
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these higher mean arterial pressure levels. Importantly, in those patients with both septic
shock and a history of essential hypertension, targeting the lower mean arterial pressure
range was associated with more evidence of renal hypoperfusion (increase in serum cre-
atinine) and injury (need for dialysis).

5.5 Clinical Detection of Inadequate Autoregulation

The findings of the study by Asfar et al. mentioned above cannot yet be generalized to all
patients in practice, but they are consistent with our understanding of lower limits of
autoregulation and thresholds for organ injury. The exact range of arterial blood pressure
autoregulation for any given patient cannot be determined exactly at bedside. Measuring
the perfusion of specific tissue beds is cumbersome if not impossible for patients in the
ICU. Thus the only way to know if a given mean arterial pressure is adequate for tissue is
to measure organ function. Even this can be difficult, so surrogates of organ perfusion can
be helpful in determining if a measured mean arterial pressure is adequate for the patient
at bedside.

Venous oxygen saturation, either a true mixed venous sample from a pulmonary artery
catheter (SvO,) or its surrogate from a central venous catheter in the superior vena cava
(ScvO,), can be used as a surrogate marker of organ perfusion. These values represent the
amount of oxygen bound to hemoglobin returning to pulmonary circulation after extrac-
tion from local tissues. Values below the normal values (70% and 75% for SvO, and ScvO,,
respectively) are indicative of one of three possible states: arterial hypoxemia, anemia, or
decreased blood flow. In the last state, tissues are in contact with hemoglobin molecules
longer, allowing for more oxygen extraction. Since venous oxygen saturation has many
determinants, a low SvO, value by itself does not equate to inadequate autoregulation. In
fact, SvO, may be high in states of high-output shock associated with tissue hypoperfu-
sion, due to maldistribution of blood flow as commonly seen in sepsis [17].

Concerns regarding high-output hypoperfusion have led to an interest in the measure
of arteriovenous gradients of oxygen and carbon dioxide. The mixed venous-to-arterial
carbon dioxide tension difference (Pv-aCO,) has been suggested as a cardiac output-
independent marker of tissue bed perfusion. In states of decreased perfusion, anaerobic
production of CO, increases [18]. An increasing gradient of CO, concentration between
the venous and arterial circulation is suggestive of tissue ischemia, despite a potentially
normal cardiac output [19, 20].

Serum lactate levels can also be used as a surrogate of inadequate organ perfusion.
Under normal conditions, lactate is generated by the redox conversion of pyruvate, which
itself is generated by anaerobic metabolism. Blood lactate levels have been recommended
as a marker of adequate organ resuscitation [21]. However, in disease states, multiple other
mechanisms, most prominently beta-agonist stimulation, contribute to rises in lactate
production [22]; the utility of following lactate as a marker of perfusion has been some-
times questioned [23, 24]. Nevertheless, monitoring blood lactate levels over time has
been recommended to assess the adequacy of resuscitation [25].

Organ-specific markers of injury are generally nonspecific to the cause, and hypoperfu-
sion is only one possibility. Nonetheless, historically markers of renal function have been
used to guide perfusion-oriented resuscitation. In states of systemic hypotension and resul-
tant decreased renal blood flow, multiple mechanisms lead to a decrease in glomerular fil-
tration rate and rise in serum creatinine with a decrease in urine output [26]. Unfortunately,
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a rise in serum creatinine concentration suggestive of injury can be delayed by up to 48 h
after injury [27]. Similarly, urine output measurements have been found to be nonspecific
[28]. Multiple other markers of early renal injury have been investigated, the most promis-
ing of which is the product of urinary concentrations of tissue inhibitor of metalloprotein-
ases (TIMP-2) and insulin-like growth factor-binding protein-7 (IGFBP-7) [29]. It remains
to be seen, however, how utilization of this test translates to clinical practice.

— Take-Home Messages

Arterial blood pressure is maintained through multiple systemic and local mechanisms.
Mean arterial pressure is maintained systemically by multiple rapid-acting mechanisms.
Along a wide range of systemic pressures, local vascular beds are able to regulate local
perfusion based on metabolic demands. However, disease states associated with
marked physiologic stress, with or without a chronic shift of the normal autoregulatory
range, can lead to local tissue and systemic organ dysfunction. It is of paramount
importance that measuring systemic blood pressure alone does not represent failure or
success of autoregulation. Organ hypoperfusion can be appreciated clinically, albeit
imperfectly, with the clinical exam, serum biomarkers, blood gas measurements and
gradients, and blood lactate levels.
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Learning Objectives

The pulmonary circulation is a low-pressure high-flow circuit hidden behind the thorax and
therefore difficult to assess. The characteristics of the pulmonary circulation favours gas
exchange which is crucial for preserving cell metabolism and hence organ function. In this
chapter you will learn about structural and functional characteristics of the pulmonary cir-
culation and its major physiologic differences with the systemic circulation. In addition we
will review its haemodynamic properties that are of importance when you assess the inter-
action between mechanical ventilation and pulmonary circulation or when you treat heart
and lung diseases at the bedside. Pulmonary vascular motor tone is crucial to avoid
ventilation-perfusion mismatch. On the other hand, elevated pulmonary vascular motor
tone may lead to pulmonary hypertension, hence jeopardising right ventricular function.
You will learn about the key factors that influence pulmonary vascular motor tone and if
elevated over time cause pulmonary vascular remodelling and pulmonary hypertension. At
the end we will review the spectrum of pulmonary hypertension in the setting of the inten-
sive care unit.

6.1 Introduction

The discovery of the pulmonary circulation began with the rejection of Galen’s and Ibn
Sina’s (Avicenna’s) doctrine, which stated that the liver produces blood that is enriched
with air from the lungs and heat from the heart being evaporated or consumed by the
other organs of the body. It was the seminal work of Ibn Al-Nafis (1212-1288) in the
Arab world and Michael Servetus (1511-1553) and Renaldus Columbus (1516-1559) in
the European world that led to the discovery of the pulmonary circulation, as we under-
stand it today. Based on this work, William Harvey (1578-1657) later discovered the
“motion of the heart” and the circulation of blood and Marcello Malpighi (1628-1694)
the pulmonary capillaries [1-3]. However it took another 300 years until the German
physician Julius Kolb (1865) made the first anatomic description of pulmonary vascular
disease. He reported on a high-grade pulmonary artery sclerosis with consequent hyper-
trophy of the right side of the heart found during the autopsy of a 24-year-old male [4].
Nevertheless it took another 80 years to understand the relationship between cardiac
and pulmonary physiology. André E. Cournand and Dickinson W. Richards (1945) were
the first to report results of a right heart and pulmonary artery catheterisation via a
cubital vein [5]. Together with Werner Forssmann, who introduced a urinary catheter
into his right heart in 1929 [6], they were jointly awarded with the Nobel Prize in
Physiology of Medicine in 1956. The bedside investigation of the pulmonary circulation
became only a routine after the cardiologists Harold J. Swan and William Ganz (1970)
designed a balloon-tipped pulmonary artery catheter that could be introduced in the
pulmonary circulation without fluoroscopy [7]. The use of the pulmonary catheter in the
intensive care unit is important for the understanding of the physiology and the patho-
physiology of the pulmonary circulation but requires extensive teaching of intensivists.
This became evident after the publication of the first reports upon intensivists poor
knowledge of the technology [8, 9]. In the present chapter, we will provide the basic
knowledge on the physiology and pathophysiology of the pulmonary circulation from
the perspective of the clinician taking care of his patient at the bedside in the intensive
care unit.
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6.2 Structural Characteristics of Pulmonary Vessels

Compared to other organs, the pulmonary circulation is unique due to its flexible struc-
ture that is able to meet the needs for gas exchange under different environmental condi-
tions both at rest and during exercise. In the air-filled lung, the configuration of alveoli
and capillaries is able to change rapidly in response to alterations of transmural pressure
(pressures in the air, arteries and veins). Moreover the pulmonary circulation is able to
cope with positive inspiratory pressures (within a certain limit of inspiratory pressure and
tidal volume) as they are applied during lung-protective mechanical ventilation.

The pulmonary circulation differs in its shape, structure and compliance from the sys-
temic circulation [10]. The vessels of the systemic circulation can be classified in large
conducting arteries and veins that differ from each other in diameter, wall structure and
wall thickness. These large vessels connect consecutively to small arteries and veins (with
minimal media layer) and capillaries. The muscle layer of the media of the pulmonary
arteries and veins is much thinner compared to vessels of the same size of the systemic
circulation. This difference reflects the lower pressure in the pulmonary circulation. The
difference in blood pressure between the two systems is related to the existence of high-
resistance arterioles of the systemic circulation, which are missing in the pulmonary cir-
culation [10]. In their absence much of the pressure in the pulmonary artery is transmitted
in a highly pulsatile flow to the permeable precapillary arteries and the alveolar capillaries
(B Fig. 6.1). Does the hydrostatic pressure transmitted from the pulmonary artery to the
precapillary arteries and capillaries exceed their permeability threshold, then pulmonary
oedema is formed [11]. This is the mechanism of high-pressure and high-flow pulmonary
oedema as it is found at high altitude or consequently to the resection of more than two-
thirds of the lung [12].

Systemic circulation Pulmonary circulation
120
100
jc__n 80
80
=
=
v 60 Aorta Vena Cava 60
v 40 40| | Arteries Veins
[} Large || Large i
Arteries | Veins H i
20 _ ) non-pulsatile 20 | pulsatile
Peripheral resistance/cm o flow

O Fig. 6.1 Functional differences between the systemic and the pulmonary circulation. The pulmonary
circulation differs in its shape, structure and compliance from the systemic circulation. The difference in
blood pressure between the two is related to the high-resistance arterioles of the systemic circulation that
are missing in the pulmonary circulation. In their absence, much of the pressure in the pulmonary artery is
transmitted in a highly pulsatile flow to the permeable precapillary arteries, the alveolar capillaries and the
pulmonary veins
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O Fig. 6.2 Effect of inflation on alveolar and extra-alveolar vessels. Extra-alveolar vessels, both arteries
(A) and veins (V), are surrounded by a sheath of loose connective tissue containing the origin of the
pulmonary lymphatics. Alveolar septa insert radial to the sheath of loose connective tissue surrounding
extra-alveolar vessels. Consequently the radial pool exercised by the alveolar wall during inspiration
results in the creation of a perivascular subatmospheric pressure leading to an increase in extra-alveolar
vessel diameter. Corner vessels are located inside the alveolar parenchyma and are therefore not
surrounded by a connective tissue sheath. They are protected against high alveolar air pressures and
therefore stay open in deflation and inflation. Corner vessels are characteristically found in West zones

1 and 2 and not in zone 3 of the lung

Furthermore and unique for the lung is the presence of extra-alveolar vessels, both
arteries and veins, which are surrounded by a sheath of loose connective tissue containing
the origin of the pulmonary lymphatics (pulmonary lymph vessels are crucial for the
drainage of the excess interstitial fluids within the lung) [13]. Alveolar septa insert radial
to the sheath of loose connective tissue surrounding extra-alveolar vessels [14]. Conse-
quently the radial pool exercised by the alveolar wall during inspiration results in the
creation of a perivascular subatmospheric pressure leading to an increase in extra-alveolar
vessel diameter (B Fig. 6.2). The second unique element found in the pulmonary circula-
tion are corner vessels that are located inside the alveolar parenchyma. Due to their loca-
tion, they are not surrounded by a connective tissue sheath of their one [15, 16].
Functionally they differ from the other alveolar wall capillaries in that they are protected
against high alveolar air pressures. Corner vessels are characteristically found in West
zones 1 and 2 but not in zone 3 of the lung where all alveolar capillaries are open and have
a rounded outline (B Fig. 6.3). Under zone 2 conditions, corner vessels may act as short-
cuts between precapillary arteries and veins increasing the pulmonary dead space (venti-
lated but not perfused alveoli) and right-to-left shunt [17, 18]. Importantly, most of the
patients undergoing positive pressure ventilation are in zone 2 conditions. In zone 2 the
applied PEEP opens collapsed alveoli but may also over-distend opened alveoli at the
same time.
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@ Fig. 6.3 Zonal distribution of perfusion in an upright lung as determined by the interrelationship
between arterial, alveolar, venous and interstitial pressure. Gravity-dependent lung perfusion progressively
increases from zones 1 and 2 to 3. In zone 1 the flow is limited to the alveolar corner vessels, whereas most
alveolar wall capillaries are closed. Zone 2 is similar to zone 1 except that alveolar wall perfusion is
increased by patches of open capillaries. In zone 3 alveolar capillaries are all open because venous pressure
exceeds alveolar air pressure. In zone 4, the most dependent part of the lung, interstitial pressure exceeds
venous pressure, which causes alveolar wall capillaries to close hence perfusion to decrease

6.3 Pulmonary Vascular Function

Compared to the systemic circulation, the pulmonary circulation is a high-flow low-
pressure circuit of increased frailty allowing blood gas exchange to occur [12, 19, 20]
(B Table 6.1). Consequently, the pulmonary circulation is very sensitive to mechanical
influences that may cause capillary walls to leak and under extreme conditions to rupture
with consecutive leak of plasma, proteins and red blood cells into the interstitial space.
The real filtration pressure in the lung is not the pulmonary artery occlusion pressure
(Ppao) but the pulmonary capillary pressure (Pc). Studies using the double-occlusion
techniques in animals [21, 22] and the single-occlusion technique in men [12] identified
the Pc being approximately 1-4 mmHg above the Pla (left atrial pressure). In the ICU set-
ting, the Pc can be estimated by the analysis of the pulmonary artery curve after arterial
occlusion by the balloon at the tip of the pulmonary artery catheter as shown in @ Fig. 6.4.
In healthy individuals, Pc is around 10 mmHg, and the threshold for a hydrostatic leakage
in the absence of inflammation is around 18 mmHg. Systemic and local inflammation
decreases the hydrostatic threshold for the leak of fluid into the pulmonary interstitium.
Plasmatic oncotic pressure and pulmonary lymphatics play a crucial role clearing fluid out
of the lung. Based on the measured distribution of resistances in perfused normal lungs,
with 60% arterial resistance and 40% capillary-venous resistance, Pc can be estimated
from the simple equation of Gaar et al. [23], Pc = Pla - 0.4 x (mPpa - Pla), where mPpa is
mean pulmonary artery pressure. An increase of the capillary-venous resistance has been
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B Table 6.1 Limits of normal of pulmonary blood flow and pressure

Variables Mean Limits of normal
Q L/min 6.4 4.4-8.4

Ppa systolic, mmHg 19 13-26

Ppa diastolic, nmHg 10 6-16

Ppa mean, mmHg 13 7-19

Pcap, mmHg 10 8-12

Ppao, mmHg 9 5-13

Pra, mmHg 5 1-9

PVR, dyn.s.cm™ 50 11-99

From Refs. [12, 19, 20]

These results were obtained in 55 healthy resting volunteers. Q flow, Ppa pulmonary artery
pressure, Pcap pulmonary capillary pressure (estimated by arterial occlusion pressure method),
Ppao pulmonary artery occlusion pressure (wedge pressure), Pra right atrial pressure, PVR
pulmonary vascular resistance

described, i.e. in high-altitude pulmonary oedema (hypoxic venous constriction) [12] and
in the late phase of ARDS [24], leading to high capillary filtration pressures.

The pulmonary blood flow generated by the thin-walled right ventricle is driven by the
pressure difference between the pulmonary artery (inflow pressure) and the pressure in
the left atrium (outflow pressure). Assuming that the flow through the pulmonary circula-
tion behaves as a laminar fluid within rigid straight and cylindrical capillary tubes of
Newtonian fluids (Hagen-Poiseuille law), the functional state of the pulmonary circula-
tion can be approximated by a single number, the pulmonary vascular resistance (PVR):

PVR = (mPpa —Pla)/ cardiac output

The difference (mPpa - Pla) describes the driving pressure of the pulmonary circulation.
The PVR is a good indicator of the state of constriction or dilatation of the pulmonary
resistive vessels and is useful for detecting changes in the arteriolar vessel calibre due to
changes in tone and/or structure. PVR increases with age. This is due to a slight increase
in mPpa and more importantly a decrease in cardiac output leading to doubling of the
PVR over five decades [25]. Body position affects PVR due to changes in venous return
and in the forces exercised over the lung tissue by gravity that result in a de-recruitment of
pulmonary vessels (8 Fig. 6.3). Accordingly haemodynamic measurements of the pulmo-
nary circulation in the critically ill patient should always be performed in a supine posi-
tion at rest, where a large proportion of the lung is within zone 3 conditions.

The limitation of a single PVR determination is its non-reliability for the evaluation of
the functional state of the pulmonary circulation at variable flow rates. The PVR calcula-
tion assumes that the relationship between pulmonary artery pressure and cardiac output
(Ppa/CO) is linear and crosses the pressure axis at the value of Pla allowing the PVR to be
constant and independent of the absolute level of pressure or flow. However, in a number
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O Fig.6.4 Pulmonary artery pressure (Ppa) trace obtained in a person with high-altitude pulmonary
oedema at 4559 m showing a capillary pressure (Pc) of 22 mmHg. The Pc is estimated either by visual
inspection of the pressure trace after occlusion of the pulmonary artery with the balloon of the
Swan-Ganz catheter (visual inflection point of the curve) or extrapolation of the exponential fitting of
the slow component of the pressure decay curve to the moment of occlusion (T) plus 150 ms. The
inflection point of the pressure decay curve is the intersection point between the rapid and slow part
of the curve trace. The first fast component of the curve corresponds to the stop of flow through the
resistance of the arteries (R1), whereas the second part of the pressure decay curve corresponds to
the emptying of the compliant capillaries (C) through the resistance of the veins (R2). The pressure at
the end of the pressure decay curve is the pulmonary artery occlusion pressure (Ppao)

of conditions such as hypoxia, ARDS and other pulmonary as well as cardiac diseases, it
has been shown that both the slope and the towards zero-flow extrapolated y-axis inter-
cept of the multipoint Ppa/CO plot do increase [26-28] (B Fig. 6.5). While the increase in
slope of the Ppa/CO relationship can be explained by a decrease of the cumulated surface
section area of the pulmonary resistive vessels, the cause for the increase of the extrapo-
lated intercept of the Ppa/CO plot is less clear. As a possible explanation, Permutt et al.
proposed a model made of parallel collapsible vessels with various closing pressures which
are progressively recruited while cardiac output increases (the waterfall model) [29].
Accordingly the extrapolated pressure intercept is likely to represent the weighed mean of
closing pressures, hence under normal conditions Pla. However, in some particular cir-
cumstances frequently found in the intensive care settings, the mean closing pressure
exceeds left atrial pressure, i.e. the de-recruited upper lung zone 1 [30], pulmonary hyper-
tension in ARDS [28] and left heart failure [27]. This is a tentative explanation for the
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B Fig. 6.5 Multipoint transpulmonary artery pressure (Ppa - Ppao)/flow (Q) relationship at two levels
of pulmonary vascular resistance (PVR). At the flow rates observed in the clinical setting (>2 I/min), the
Ppa/Q relationship is almost linear to the crossing point of the y-axis representing the outflow pressure
of the pulmonary circulation (left atrial pressure). Pulmonary hypertension increases the slope and the
outflow pressure (y-axis intercept) of the pulmonary circulation. The increase in slope is explained by the
increase in vascular resistance. The increase in y-axis intercept illustrates the emergence of a pulmonary
closing pressure which is higher than left atrial pressure (i.e. de-recruited upper lung zone 1 or increased
pulmonary venous resistance). The dotted lines represent the curvilinear fitting of the multipoint
relationship towards zero flow, which takes into account the natural distensibility of the pulmonary
vessels. The thin lines starting from the zero-intercept connecting to B and A and Cillustrate the
limitation of PVR calculation. From A to B, PVR does not change, while from A to C, PVR decreases in the
presence of aggravated pulmonary hypertension, as assessed by higher pressure at a given flow

increase in the towards zero-flow extrapolated y-axis intercept of the multipoint Ppa/CO
plot in these and other similar conditions.

In the pulmonary circulation, an increase in Pla is transmitted to the Ppa. The PVR
equation assumes that this is a 1:1 ratio at any level of cardiac output. However, the PVR
equation does not take into account the distensibility of the pulmonary resistive vessels,
which cause under steady flow conditions an increase in Pla to be transmitted upstream in
a slightly less than 1:1 ratio [31, 32]. In pulsatile flow conditions of the pulmonary circula-
tion, an increase in Pla causes pulmonary perfusion pressure (the difference between sys-
tolic pulmonary artery pressure (sPpa) and dPpa) to increase. Accordingly mPpa increases
more than Pla causing the transpulmonary pressure gradient (TPG), which is the numer-
ator of the PVR equation (mPpa - Pla), to rise with both an increase in stroke volume and



57
Pulmonary Circulation

Pla (8 Fig. 6.6) [31, 32]. In chronic left heart failure, the TPG is traditionally used to assess
the resistive properties of the pulmonary circulation, the upper limit of normal being
12 mmHg. Above this threshold, an “out-of-proportion” increase in mPpa is diagnosed.
However, it has been recently reported that the TPG is often higher than 12 mmHg even
in patients with purely passive transmission of mPpa [34]. To overcome this problem, it
has been proposed to use the diastolic pulmonary artery pressure (dPpa)-Pla gradient
(DPG). In fact, in chronic left heart failure with purely passive transmission of the Pla to
Ppa, the DPG does not increase, whereas in patients with a remodelling of the pulmonary
resistive vessels, DPG increases, because dPpa increases more than Pla (B Fig. 6.6). A DPG
cut off value of 7 mmHg is proposed for the differential diagnosis between poorly passive
and out-of-proportion pulmonary hypertension in left heart disease [33, 35].

6.4 Hypoxic Pulmonary Vasoconstriction

The ability of the pulmonary circulation to react to hypoxia by constriction of the pul-
monary arteries and divert blood flow away from poorly oxygenated areas of the lung
has been first described by von Euler and Liljestrand [36]. Hypoxic pulmonary vasocon-
striction involves mainly resistive arterioles of 1000 mp in diameter or less but also non-
muscular arterioles and pulmonary veins [37-39]. Globally, hypoxic pulmonary
vasoconstriction is uneven leading to inhomogeneous distribution of blood flow [40].
Chronic global hypoxic pulmonary vasoconstriction causes remodelling of pulmonary
vessels that involves all layers of the vessel wall, including fibroblasts [41]. Structural
changes of the vascular wall lead to sustained elevation of Ppa [12, 42]. To resolve nor-
moxia, it takes weeks or months [43, 44]. Hypoxic pulmonary vasoconstriction is
enhanced by acidosis, cyclooxygenase inhibition and certain drugs such as the periph-
eral chemoreceptor stimulator almitrine or low-dose serotonin. On the other hand,
hypoxic pulmonary vasoconstriction is inhibited by inhaled nitric oxide. Alkalosis,
hypercapnia without associated acidosis, inflammation, endotoxin and intravenous
vasodilators such as prostaglandins and nitrates and oral vasodilators such as Ca-channels
blockers or phosphodiesterase 5 inhibitors abrogate hypoxic pulmonary vasoconstric-
tion and cause pulmonary shunt to increase [44].

Hypoxic pulmonary vasoconstriction is quasi immediate and evolves in two phases, an
initial constrictor response that starts within minutes and a second sustained phase that
reaches its plateau within approximately 120 min [45, 46]. Alveolar capillaries have been
previously proposed as oxygen sensing with propagation of the hypoxic signal by endo-
thelial membrane depolarisation to upstream arterioles. However, current evidence links
preferably oxygen sensing to both pulmonary artery smooth muscle cell mitochondria
and nicotinamide adenosine dinucleotide (phosphate) oxidases. A change in reactive oxy-
gen species seems to be important, but there is disagreement whether the signal is an
increase or decrease in reactive oxygen species [45, 46]. The second phase of the hypoxic
pulmonary vasoconstriction is linked to the endothelium that releases different vasome-
diators including endothelin-1, prostaglandins and nitric oxide [46]. In hypoxia endothe-
lin-1 synthesis is increased and nitric oxide availability is decreased. Finally, an increase of
intracellular Ca++ levels further contributes to sustained hypoxic pulmonary vasocon-
striction [46].

In the setting of the critically ill patient with acute lung injury, hypoxic pulmonary
vasoconstriction is essential to prevent the distribution of blood flow to the nondependent
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non-ventilated lung regions [47, 48]. Interventions that have been shown to reinforce the
effect of hypoxic pulmonary vasoconstriction are prone positioning leading the redistri-
bution of pulmonary blood flow to the nondependent parts of the lung, the inhalation of
nitric oxide and the almitrine administration. The simultaneous use of all three measures
has a synergistic effect [49].

6.5 Pulmonary Hypertension in the ICU Setting

In healthy persons resting pulmonary artery pressure is on average 14 mmHg, the upper
limit being 20 mmHg [25]. However, pulmonary hypertension has been historically
defined as a mean mPpa equal or above 25 mmHg at rest as assessed by right heart cath-
eterisation. The clinical significance of mPpa values between 21 and 24 mmHg remains
unclear, because these persons were always excluded from clinical trial. However, it may
represent a subgroup of persons prone to develop pulmonary hypertension, particularly
during exercise and in hypoxia [25, 32]. Pulmonary hypertension is haemodynamically
classified in precapillary (Ppao < 15 mmHg) and postcapillary (Ppao >15 mmHg) pulmo-
nary hypertension, the latter being further divided in two subgroups, one with an isolated
postcapillary hypertension and the other with a combined pre- and postcapillary pulmo-
nary hypertension as shown in @ Table 6.2 [33-36]. Based on pathophysiological, clinical
and therapeutical considerations, the population with pulmonary hypertension is divided
into five major classes: pulmonary arterial hypertension (class 1) which includes patients
with veno-occlusive disease and/or pulmonary capillary haemangiomatosis and new-
borns with persistent pulmonary hypertension; pulmonary hypertension due to left heart
disease (class 2); pulmonary hypertension due to lung disease and/or hypoxia (class 3);
chronic thromboembolic pulmonary hypertension and other pulmonary obstructions, i.e.
malignant cells (class 4); and pulmonary hypertension with unclear and/or multifactorial
mechanisms (class 5) [50, 51]. In the intensive care settings of Europe, North America,
Australia and New Zealand, the most frequent condition associated with pulmonary
hypertension is left heart disease particularly those patients with preserved left ventricular
ejection fraction and aortic stenosis. This group is followed by pulmonary hypertension
due to lung disease or hypoxia. In developing countries, where worldwide approximately
80% of the affected population lives, pulmonary hypertension is mainly associated with

<
<

O Fig. 6.6 Effects of pulmonary artery occlusion pressure (Ppao) and stroke volume (SV) on systolic (s),
mean (m) and diastolic (d) pulmonary artery pressure (Ppa) in two left heart failure patients, one with
passive (continuous line) and the other with “out-of-proportion” (reactive) (dashed line) pulmonary
hypertension (PH). If Ppao is directly transmitted to dPpa, there is a disproportional increase in sPpa and
mPpa depending on SV, whereas if the dPpa increases more than Ppao, there is an out-of-proportion
increase in mPpa and sPpa that is a function of SV (A). In the passive patient, the transpulmonary
pressure gradient (TPG) increases depending on SV, but the diastolic pressure gradient (DPG) is
independent of both Ppao and SV (continuous line in B). In the reactive left heart failure patient, TPG
increases out of proportion, whereas DPG only slightly increases and is independent of SV (dashed line
in B). (Adapted from Ref. [33])
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B Table 6.2 Haemodynamic definitions of pulmonary hypertension at rest

Definition Characteristics Clinical groups

Pulmonary hypertension mPpa >25 mmHg All

Precapillary PH mPpa >25 mmHg WHO class 1: pulmonary arterial
Ppao <15 mmHg hypertension

WHO class 3: PH due to lung diseases
WHO class 4: Chronic thromboembolic PH
WHO class 5: PH with unclear and/or
multifactorial mechanisms

Postcapillary PH mPpa >25 mmHg WHO class 2: PH due to left heart disease
Ppao >15 mmHg WHO class 5: PH with unclear and/or

multifactorial mechanisms
Isolated postcapillary PH DPG < 7 mmHg

PVR < 3 Wood units

Combined post- and DPG > 7 mmHg
precapillary PH PVR > 3 Wood units?

PH pulmonary hypertension, mPpa mean pulmonary artery pressure, Ppao pulmonary artery
occlusion pressure, DPG diastolic pressure gradient (diastolic Ppa - Ppao), PVR pulmonary
vascular resistance

aUnits for PVR are Wood units (mmHg * min)/L or dyn.s.cm=° (80 * (mmHg * min)/L). Limits of
normal: Wood units (0.25-1.9), dyn.s.cm= (20-150)

congenital heart disease, rheumatic heart disease and various infection diseases including
schistosomiasis and HIV [52]. Pulmonary arterial hypertension and chronic thromboem-
bolic pulmonary hypertension are both rare conditions. Disorders within the pulmonary
arterial hypertension group share a similar pulmonary angioproliferative vasculopathy
that predominantly affects the precapillary arterioles. A few patients with chronic throm-
boembolic pulmonary hypertension may present with the involvement of the precapillary
arterioles as in class 1; this precludes a surgical treatment of these patients [53].

Treatment options are limited for patients with pulmonary hypertension that arrive at
the intensive care unit haemodynamically unstable due to an acutely decompensated cor
pulmonale. These patients are at high risk of death [54].

Practical Implications

To understand the physiology and the pathophysiology of the pulmonary circulation, a
low-pressure high-pulsatile flow system in close relationship with the alveolar space
and the right and the left side of the heart, the clinician at the bedside needs a good
and profound understanding of pulmonary right heart catheterisation. Echocardiogra-
phy adds important information but is not a technology fit for continuous monitoring
in the intensive care unit and does not allow the estimation of pulmonary capillary
pressure, hence the partitioning between arterial and venous components of pulmo-
nary vascular resistance. Some practical implications for frequent clinical conditions
around the assessment of pulmonary haemodynamics in the intensive care settings
will be presented.
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1. The cardiac output within the pulmonary circulation is generated by the right heart
and equals the cardiac output (CO) of the systemic circulation. Changes in venous
return and changes in right ventricular afterload (increase in pulmonary vascular
resistance) both affect the CO of the pulmonary and the systemic circulation
equally according to the formula CO = pressure * resistance. Accordingly, in the
pulmonary circulation, an increased PVR, i.e. following hypoxia or pulmonary
embolism, increases mPpa as long as CO is maintained by the right ventricle. When
the right ventricle fails, the increase in mPpa may be less pronounced, or mPpa is
even unchanged due to the decreasing CO. The opposite may be observed during
the inhalation of nitric oxide. Under these circumstances, mPpa may not decrease
because CO is increasing due to the decrease in right ventricular afterload (PVR).
Thus changes in mPpa should always be set in relation with the change in CO
(B Fig. 6.5).

2. Chronic left heart failure is the most frequent cause of pulmonary hypertension in
the ICU setting. In this condition remodelling of pulmonary resistive vessels may
occur leading to an out-of-proportion increase in mPpa. The use of the pulmonary
artery catheter is indispensable to differentiate a purely passive from a reactive
(out-of-proportion) increase in mPpa. Since the TPG (mPpa - Ppao) is affected by
changes in CO and left atrial pressure, the use of the DPG (dPpa - Ppao) is sug-
gested by the guidelines [51]. In passive transmission of an elevated left atrial
pressure, Ppao equals dPpa irrespective of the actual value of Ppao. Hence dPpa
can be used as a surrogate marker of Ppao (B Fig. 6.6). An increased resistance
across the resistive arterioles of the pulmonary circulation increases dPpa, but not
Ppao, hence the DPG (limit of normal <7 mmHg). Under these circumstances, dPpa
cannot be used a surrogate marker of Ppao.

3. Pulmonary hypertension of any class leads to right ventricular failure at the final
stage. Dysfunction of the right ventricle causes CO to decrease and right ventricu-
lar end-diastolic pressure (RVEDP) to increase, hence right atrial pressure (Pra) to
increase. Consequently, in decompensated cor pulmonale, mPpa may decrease
due to the CO that decreases while Pra increases. In the decompensated pulmo-
nary hypertension patients of the WHO classes 1, 3 and 4, urgent therapeutic
intervention is needed when Pra exceeds Ppao. Monitoring the relationship
between Pra and Ppao during the treatment of a decompensated cor pulmonale is
crucial for monitoring treatment response. In the healthy person, Pra is 4-5 mmHg
lower than Ppao.

4. In the ARDS patient, high levels of PEEP are used to recruit the dependent part of
the lungs, hence improving oxygenation. In the dependent part of the lung, the
increase in PEEP permutes regions of zone 4 conditions to zone 3 conditions,
whereas in the independent part of the lung, regions in zone 3 change into
zones 2 and 1 conditions. Consequently, in the dependent part of the lung,
pulmonary shunt is decreased, but in the nondependent parts, lung perfusion is
increased. After recruitment with PEEP, if the tip of the pulmonary artery catheter
is facing merely lung regions in zones 1 and 2, your Ppao will be determined by
alveolar pressure (outflow pressure) and not by left atrial pressure [55]. You can
solve this issue by decreasing PEEP and turning your patient from supine to
prone.
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Conclusion

Good and profound understanding of the pulmonary circulation is crucial for the manage-
ment of the critically ill patient with heart and lung diseases. The pulmonary circulation is a
fragile low-pressure, high-pulsatile blood flow circuit conceived for gas exchange. Changes
of circuit inlet and outlet pressures, blood flow, alveolar pressure and alveolar gas contents
may induce profound alterations within the pulmonary circulation leading potentially to
harm and death.

— Take-Home Message

== The pulmonary circulation is a fragile low-pressure, high-pulsatile flow circuit
allowing gas exchange to occur. Fluid clearance out of the alveoli is important
to keep them dry. Factors that influence fluid homeostasis and hence gas
exchange within the lung negatively are increased capillary pressure, low
plasmatic oncotic pressure, high alveolar air pressure and limitation/obstruc-
tion of lymphatic drainage of excessive interstitial fluid.

== Hypoxic pulmonary vasoconstriction is essential to deviate blood flow away
from poorly oxygenated areas of the lung. Sites of hypoxic pulmonary
vasoconstriction are small arteries and postcapillary veins. Chronic hypoxia
leads to a remodelling of small pulmonary arteries, capillaries and veins. An
increase in the resistance of the small arteries leads to an increase in the slope
of the Ppa/CO relationship and PVR. The PVR is useful for detecting changes in
arteriolar vessel tone and structure, the limitation being its non-reliability for
the evaluation of the functional state of the pulmonary circulation at variable
flow rates.

== |n the pulsatile flow conditions of the pulmonary circulation, an increase of Pla
is transmitted upstream to Ppa. In acute left heart failure, changes in Pla are
mirrored by dPpa; hence dPpa can be used as surrogate marker of Pla. In
chronic left heart failure, elevated Pla may lead to a remodelling of the
resistive pulmonary artery vessels. In these patients, dPpa is higher than Pla
and therefore cannot be used as a surrogate marker of Pla.

Pulmonary hypertension is defined as an mPpa equal or above 25 mmHg. Pulmonary
hypertension is classified as precapillary if Ppao is <15 mmHg and postcapillary if
>15 mmHg. The latter is further classified into an isolated postcapillary pulmonary
hypertension if the DPG is <7 mmHg and an out-of-proportion postcapillary
pulmonary hypertension if the DPG > 7 mmHg.
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Leaning Objectives
The objectives of this chapter are to review the pathophysiology, causes, and approach to
the treatment of both sinus tachycardia and sinus bradycardia in ICU patients.

7.1 Introduction

It is by no accident that the four vital signs, namely, blood pressure, heart rate, respiratory
rate, and temperature, are called vital signs. Yet, many clinicians do not appreciate the
importance of these vital signs nor how to interpret them. The blood pressure (mean arte-
rial pressure—MAP) and heart rate are the most important of the vital signs, while the
temperature is the “least vital” of all the vital signs. Any patient with an abnormal vital sign
is at an increased risk of death. The risk of death is compounded by derangements of
multiple vital signs [1]. In addition, the trends in the vital signs are vitally important in
tracking a patient’s progress.

7.2 Physiology of Heart Rate

All cardiac myocytes in the embryonic heart have pacemaker properties. Some myocytes
synthesize large amounts of contractile proteins to become “working” myocardium.
Others retain pacemaking ability and generate impulses spontaneously; the mammalian
heart region that ordinarily generates impulses at the greatest frequency is the sinoatrial
(SA) node; it is the natural pacemaker of the heart. The SA node is the phylogenetic rem-
nant of the sinus venosus of lower vertebrate hearts. In humans it is about 8 mm long and
2 mm thick. It lies in the groove where the superior vena cava joins the right atrium.

The autonomic nervous system controls various aspects of cardiac function, including
the frequency at which the heart beats. However, cardiac function does not require intact
nervous pathways as a completely denervated heart (a cardiac transplant recipient) can
adapt well to stressful situations. Ordinarily, the frequency of pacemaker firing is con-
trolled by the activity of both divisions of the autonomic nervous system. Increased sym-
pathetic nervous activity, through the release of norepinephrine, raises the heart rate
principally by increasing the slope of the pacemaker potential. This mechanism of increas-
ing heart rate operates during physical exertion, anxiety, and certain illnesses, such as
febrile infectious diseases. Increased vagal activity, through the release of acetylcholine,
diminishes the heart rate by hyperpolarizing the pacemaker cell membrane and by reduc-
ing the slope of the pacemaker potential.

7.3 Tachycardia

Cardiac output (CO) is a function of heart rate (HR) and stroke volume (SV); Cardiac
output = heart rate x stroke volume, with an increase in heart rate being the most impor-
tant mechanism of increasing cardiac output. Tachycardia, defined as a heart rate > 100/
min, therefore occurs in situations of increased oxygen demand with the need for an
increased cardiac output or in conditions associated with decreased SV. Tachycardia also
occurs in situations of increased sympathetic tone, i.e., anxiety and fight-flight response.
Stroke volume may be reduced due to decreased preload (volume depletion) or impaired
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systolic heart function. Since tachycardia reduces diastolic time during which ventricular
filling occurs, stroke volume may decrease at high heart rates; this however only becomes
clinically significant in patients with diastolic dysfunction who have impaired diastolic
filling. This implies that unless the patient has predominant diastolic dysfunction, slowing
the heart rate (e.g., with a beta-blocker) will reduce cardiac output and oxygen delivery.

There is decreased responsiveness to beta-adrenergic receptor stimulation and
decreased reactivity to baroreceptors and chemoreceptors with aging. Fibrosis and calcifi-
cation of the fibrous skeleton of the heart, composed of the annular rings and fibrous
trigones, together with calcification of the bases of the aortic cusps develop. These changes
contribute to the high incidence of sick sinus syndrome, atrial arrhythmias and bundle
branch blocks. In younger persons, cardiac output is increased predominantly by increas-
ing heart rate in response to beta-adrenergic stimulation. With aging there is a relative
“hyposympathetic state” in which the heart becomes less responsive to sympathetic stimu-
lation, possible secondary to declining receptor function. The aging heart, therefore,
increases cardiac output predominantly by increasing ventricular filling (preload) and
stroke volume rather by an increase in heart rate.

Sinus tachycardia is always an ominous sign, and its cause must always be determined.
A presenting heart rate >105/min and a sustained heart rate >90/min in patients with
hemodynamic compromise are associated with an increased risk of death [2, 3]. The
higher the heart rate, the more life-threatening the situation, and a tachycardia >110/min
in an elderly patient is a very worrying sign. Tachycardia is most commonly due to a low
stroke volume and/or a hypermetabolic state with an increased oxygen demand and in
most instances represents an appropriate compensatory response. However, the clinical
context and derangements of the other vital signs are important in assessing the implica-
tions of a tachycardia. Tachycardia in combination with hypotension (SBP < 110 or MAP
< 75 mmHg) and a high respiratory rate (>20/min) is a deadly trio [1]. A tachycardia in
the setting of left- (systolic heart failure) or right-sided heart failure (e.g., pulmonary
embolism) [4] is a particularly foreboding sign being indicative of severely diminished
stroke volume. It is important to emphasize that in almost all circumstance, one should
treat the underlying cause (if possible) of the tachycardia and not the tachycardia itself.
Always determine the cause of a sinus tachycardia (echocardiogram, stroke volume deter-
mination, etc.) and never treat an unexplained sinus tachycardia with a beta-blocker. The
higher the heart rate, the more life-threatening the situation, and a tachycardia >110/min
in an elderly patient is a very ominous sign. ICU patients with cardiac risk factors and a
persistent tachycardia (HR > 95/min) are at an increased risk of having an acute cardiac
event [5].

The role of a short-acting cardioselective beta-blocker (esmolol) in resuscitated septic
shock patients who remain tachycardiac is controversial. While Morelli et al. demon-
strated a benefit from this approach [6], this study has a number of limitations, including
the fact that all patients required high inotropic support with levosimendan and that the
overall mortality was very high, which may have concealed a potential detrimental impact
of beta-blockade. This approach may be of benefit in patients with demonstrated diastolic
dysfunction; however, this therapy is best attempted under continuous cardiac output
monitoring.

Inappropriate sinus tachycardia is defined as a sinus heart rate >100 bpm at rest (with
a mean 24-h heart rate >90/min not due to primary causes) [7, 8]. Patients are primarily
young women, and clinical symptoms range from intermittent palpitations to general
multisystem complaints.
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The more common causes of sinus tachycardia in the ICU setting include:

== Hypovolemia

== Blood loss (hemorrhagic shock)

== Myocardial dysfunction

= Sepsis

= Fever

== Hypoxemia

== Anxiety/delirium/agitation

== Substance withdrawal; alcohol, opiates, etc.

== Alcohol intoxication

== Thyrotoxicosis

== Pulmonary embolism

== Severe anemia

== Drug induced; dopamine, epinephrine, etc.

== Drug toxicity with sympathomimetic agents (cocaine, amphetamines), synthetic
cannabinoids, etc.

7.4 Bradycardia

Sinus bradycardia is defined as a heart rate less than 60 beats/min. Patients with a sinus
bradycardia usually have a rate between 45 and 59 beats/min, but on rare occasion it may
be as slow as 35 beats/min. Sinus bradycardia is often benign and does not necessarily
indicate sinus node dysfunction. In the ICU, sinus bradycardia is most commonly due to
a drug reaction, but it may occur in patients with intrinsic disease of the conducting tis-
sues of the heart. Bradycardia may also occur with hypothermia, hypothyroidism, and
raised intracranial pressure. The most commonly implicated drugs include beta-blockers,
calcium channel blockers, dexmedetomidine, propofol, clonidine, and digoxin.
Dexmedetomidine, an alpha-2 receptor agonist, decreases the production and response to
catecholamines and leads to bradycardia from these sympatholytic effects. Propofol
induces bradycardia by blocking calcium and potassium channels in cardiac cells. While
propofol and dexmedetomidine alone have a relatively low incidence of bradycardia when
combined with other AV nodal blocking medications, the risk of bradycardia increases
substantially [9].

7.4.1 Treatment

Asymptomatic bradyarrhythmias do not carry a poor prognosis, and in general no ther-
apy is indicated. Recommended initial therapy for bradycardia inducing end organ perfu-
sion problems is atropine. Atropine is an anticholinergic medication with parasympatholytic
properties leading to enhanced SA node automaticity and AV node conduction. The ini-
tial intravenous dose of atropine is 0.5-1.0 mg, which can be repeated every 5 min to a
total dose of 0.04 mg/kg (3 mg for the average adult). Dopamine and isoproterenol are
alternative agents in patients who have responded poorly to atropine. Dopamine is the
preferred catecholamine for symptomatic bradycardia refractory to atropine. Glucagon
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may be beneficial in the treatment of bradycardia associated with p-blocker or calcium
channel blocker toxicity. An initial intravenous dose of 0.05-0.15 mg/kg is recommended.
Emergency cardiac pacing is indicated for patients with hemodynamically unstable bra-
dycardia, especially for patients who have failed medical therapy. The presence of syncope,
heart failure, or other symptoms accompanying bradycardias is an indication for pace-
maker implantation.

— Take-Home Messages

== Sinus tachycardia, defined as a heart rate >100/min is an ominous prognostic
sign in the critically ill and injured patient.

== The underlying cause of the tachycardia must be determined in all cases, with
treatment directed at the underlying cause. Treatment with a beta-blocker may
be a hazardous complication.

== Sinus bradycardia, defined as a heart rate <60/min, is usually a benign rhythm
that occurs most commonly due to an adverse drug reaction.
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Learning Objectives

Circulatory shock is accompanied, and likely to be preceded, by profound alterations in
autonomic function. In stable conditions, sympathetic and parasympathetic limbs of the
autonomic nervous system work in a highly coordinated manner, by virtue of physical and
biochemical afferent signals being transduced into coordinated neural activity to maintain
homeostasis in multiple organs innervated by specialized autonomic nerves. In this chap-
ter, we assess how normal autonomic activity is regulated and the practical implications of
how perturbation of the autonomic nervous system fuels further detrimental changes in
shock. We will also highlight how autonomic regulation of cardiovascular and extra-
cardiovascular physiology contributes to circulatory shock and define autonomic dysfunc-
tion practically in a clinical context.

8.1 Introduction

The autonomic system, comprising sympathetic and parasympathetic limbs, plays a cru-
cial role in the homeostatic control of the cardiovascular system. Key neurotransmitters
and receptors mediating each limb are summarized in @ Fig. 8.1. In healthy subjects,
physiological variability in heart rate and blood pressure is controlled by the interplay
between the two limbs of autonomic system: parasympathetic and sympathetic system.
Contrary to established physiological teaching, advances in autonomic experimental tech-
niques have shed new light on the conventional model of opposing autonomic limbs [1].
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Basic anatomic organization of neurotransmitters of the autonomic nervous system
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Optimal cardiac output requires the simultaneous co-activation of both autonomic limbs,
which permits both a longer time for ventricular filling and more efficient contraction of
the myocardium [2, 3]. The maintenance of cardiovascular variability in response to rou-
tine physiological perturbation is mediated by two key physiological reflexes: the arterial
baroreflex and peripheral chemoreflex.

8.2 Arterial Baroreflex

The arterial baroreflex mechanism buffers acute fluctuations in blood pressure [4]. The
afferent limb of the baroreflex transduces changes in arterial pressure within the aortic
arch and carotid sinus into electrical signals, relayed to the brainstem via aortic and glos-
sopharyngeal nerves. These electrical signals are integrated by neurons within the brain-
stem, principally the nucleus tractus solitarius. Even small increases in blood pressure
result in increased parasympathetic activity which, via the vagus nerve, slows the heart.
Conversely, falls in arterial blood pressure lead to central neural activation of the sympa-
thetic nervous system and consequent catecholamine release (epinephrine and norepi-
nephrine). Reduced baroreceptor sensitivity is associated with excess morbidity [5] and
increased mortality in critical illness [6].

8.3 Chemoreflex

Respiratory autonomic control is regulated by central and peripheral chemoreceptors,
the latter of which are located in the carotid and aortic bodies. Changes in partial pres-
sure of oxygen and carbon dioxide are transduced into neural signals [7]. Through cen-
tral integration of this information initially within the nucleus tractus solitarii in the
brainstem and other higher respiratory centres, changes in ventilation alter efferent
autonomic neural signals acting on a diverse array of target organs. Peripheral chemo-
receptors influence cardiovascular regulation directly, through hypoxia causing
increased heart rate and sympathetic vasoconstrictor nerve activity within skeletal
muscle vascular beds, which contributes to the progression of chronic cardiac failure
[8]. Acute hypoxia results in resetting of the arterial baroreflex to higher pressures and
higher levels of heart rate and muscle sympathetic nerve activity [9]. These effects occur
without altering arterial baroreflex sensitivity and are also independent of breathing
rate and tidal volume. Thus, autonomic regulation of cardiovascular and respiratory
function is very likely to interact during acute shock states. Indeed, peripheral chemo-
receptors play a role beyond that of detecting changes in ventilation, since they also
sense a broad range of metabolic and inflammatory molecules [10]. Inflammatory
mediators robustly increase peripheral chemoreceptor discharge, which is likely to an
important reason why respiratory rate is such a strongly predictive clinical parameter
for detecting sepsis [11]. Moreover, feedback from the lungs, through hyperventilation
driven by hypoxia, acidosis and/or inflammation, also impacts on efferent autonomic
activity. Loss of chemoreflex [12] and baroreceptor sensitivity [6] is associated with
increased mortality in critical illness [13].
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8.4 Autonomic Variability: An Intrinsic Feature of Health

The successful maintenance of homeostasis, from cells through to the whole organism,
requires dynamic interaction between multiple control systems leading to highly complex,
variable patterns that are not reflected by static clinical measures such as heart rate and
arterial pressure [14]. The maintenance of autonomic variability is a crucial element con-
tributing to this dynamic control of homeostasis, reflecting the ability of afferent, central
and efferent autonomic components to detect, and act upon, subtle physiological altera-
tions [15]. While often related to cardiovascular homeostasis, a wealth of recent data
shows that the autonomic nervous system also regulates the biological activity of other cell
types, including immune cells [16, 17]. Of direct relevance to shock states, both limbs of
the autonomic nervous system alter release of inflammatory mediators through the
immunomodulatory actions of epinephrine (sympathetic), acetylcholine and vasoactive
intestinal peptide (parasympathetic). Although beyond the scope of this chapter, the
extra-cardiovascular regulation of inflammation may very well contribute to the magni-
tude, persistence and/or reversibility of shock states (8 Fig. 8.2).
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8.5 Key Features of Autonomic Dysfunction in Shock
(Circulatory Failure)

Profound changes in autonomic function accompany shock, although the type of shock
(cardiogenic, haemorrhagic, septic) may impact upon the precise autonomic phenotype.
The autonomic profile of redistributive shock, such as that occurs under general anaes-
thesia, is further complicated by the peripheral and central actions of pharmacological
agents [18]. Human (clinical) studies in humans at the onset of septic or haemorrhagic
shock are understandably rare and challenging, so the confounding influence of therapy/
sedation needs to be taken into account when understanding the autonomic changes that
accompany shock. This means that much of our human physiological understanding of
autonomic changes in “pure” shock states is derived from sophisticated physiological
experiments where lower body negative pressure is used to produce controlled hypoten-
sive shock [19]. However, it is worth bearing in mind that in patients most susceptible to
acquiring infections (e.g. cardiac failure), pre-existing autonomic dysfunction is com-
mon and likely to exacerbate the early features of the shock state through cardiovascular
and non-cardiovascular mechanisms [20]. Regardless of the model or clinical type of
shock, the most ubiquitous autonomic feature of shock is the dramatically heightened
activation of the sympathetic nervous system, leading to increased release of catechol-
amines which spill over into the circulation [21, 22]. Central neural processing of affer-
ent signals further coordinates the emergent neuroendocrine release of vasopressin and
angiotensin, amongst other neurohormones, to counteract relative hypovolaemia.
Experimental data demonstrate, through direct measurement of neural activity, that
sympathetic increases in renal, hepatic, adrenal, splenic and cardiac vascular beds occur
during the early phases of shock [23]. Even at very modest levels of hypovolaemia (abso-
lute or redistributive) when heart rate and arterial blood pressure remain unchanged, a
baroreflex-mediated increase in muscle sympathetic nerve activity serves to compensate
for acute hypovolaemic changes. Non-hypotensive hypovolaemia reduces the diameter
of both major arteries containing the stretch-sensitive aortic and carotid arterial barore-
ceptors, the deactivation of which drives heightened sympathetic drive and parasympa-
thetic withdrawal [24].

8.6 Autonomic Dysfunction and Cardiovascular Collapse

After the onset of shock, in the absence or presence of clinical intervention, circulatory
collapse may develop. This most likely occurs as a result of the acute impairment of arte-
rial baroreflex control, rather than loss of sympathetic vasomotor activity. Once coher-
ence between arterial blood pressure and sympathetic nerve activity is lost, profound
vasodilation and decreased systemic vascular resistance occur [24]. Other physiological
stressors that are common features of acute critical illness, including pain, anxiety and
sympatholytic anaesthetic/analgesic agents disrupt autonomic coherence in clinically
unpredictable ways. A similar phenomenon is attributable to circulatory collapse follow-
ing pathological cardiovagal reflex activity [25], where the sudden attenuation of barore-
flex function occurs before haemodynamic decompensation. The often unpredictable,
sudden circulatory collapse that ensues once shock is established may be underpinned by
individual differences in autonomic function. Multiple experimental studies demonstrate
highly variable individual differences in the ability of healthy humans to tolerate central
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hypovolemia. This observation is likely to be even more pertinent in patients at risk of
shock who frequently have pre-existing comorbidity associated with autonomic impair-
ment [5, 26]. Genetic variability has been linked to toleration of shock [27], as well as
differences in the release of vasoactive hormones [28], baroreflex gain of sympathetic
nerve activation [29] and speed of onset of increased sympathetic neural activity [30].
Myocardial cell injury is readily induced by excessive sympathetic activity during shock
[31], and thus persistent sympathetic activation may limit cardiac output through this
secondary mode of insult.

8.7 Autonomic Dysfunction as a Feature of Persistent Shock

The traditional notion of autonomic impairment is exemplified by abnormal responses
to the Valsalva manoeuvre and neurological syndromes characterized by paradoxical
hypotension or hypertension. Contrary to these clinically defined phenotypes, a far more
sophisticated, biologically relevant model has developed with the understanding of how
adrenoreceptor expression is regulated. Signalling mechanisms following G-protein-
coupled receptor activation (e.g. beta-adrenoreceptor) require dynamic regulatory
mechanisms that enable rapid adaptation to meet cellular demands. Within minutes of
agonist activation, the process of desensitization of GPCRs begins. In the heart, catechol-
amines bind to f1 and f2- GPCRs leading to conformational changes in GPCR structure
that trigger the dissociation of heterotrimeric G-proteins into o and py subunits. In turn,
this activates signalling via various downstream proteins. Deactivation of GPCR-elicited
signalling is essential for efficient receptor-mediated signalling, requiring GRKs to
desensitize the receptor to agonist stimulation. GRKs (chiefly GRK2 AND 5 in the heart)
firstly phosphorylate the active receptor to enable binding of B-arrestin, which subse-
quently may lead to clathrin-induced endocytosis, reactivation or degradation of the
receptor. GTPases promote G-protein trimer reformation, which reprimes the GPCR in
readiness for further agonist stimulation. When the balance between activation and
deactivation is disrupted, cardiac dysfunction develops. In clinical practice, this phe-
nomenon is manifest by acutely raised sympathetic drive (as seen at the onset of septic
shock [32]) leading to “cardiac uncoupling” where there is a functional disconnection
between sympathetic autonomic function and the physiological response of the cardiac
myocyte [33]. Moreover, experimental models, and translational studies, demonstrate
that baroreflex dysfunction is associated with reduced cardiac contractility. Reduced
baroreceptor sensitivity leads to unrestrained release of (higher) angiotensin. High levels
of plasma angiotensin generate injurious release of reactive oxygen species through acti-
vation of nicotinamide adenine dinucleotide phosphate oxidase subunit 2 leading to
reduced cardiac contractility [26]. This cardiac dysfunction is associated with the upreg-
ulation of G-protein-coupled receptor kinase expression in cardiomyocytes [26].
Persistent exposure to elevated sympathetic activity, and hence endogenous catechol-
amine release, is a core feature of critical illness following shock even after apparently
successful resuscitation. For example, prolonged bed rest is likely to contribute to persis-
tent autonomic baroreflex dysfunction [34].
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Practical Implications

Although the measurement of autonomic function may have a lot of potential
applications, there are several inherent challenges in capturing processing and
interpretation these data. Furthermore, pre-existing autonomic impairment is
common in surgical patients with a similar clinical profile as those who develop
critical illness for different reasons. This suggests that a more detailed understanding
of these patients’ autonomic physiology may help us understand rational, targeted
treatments either to prevent, or reverse, shock. However, there is still very little
evidence about the clinical impact of this information on the management of critically
ill patients. For example, heart rate variability has been explored in the critical care
setting (including in the early stages of septic shock and traumatic hypovolaemia),
but has not been widely adopted because of technical limitations and lack of
outcome data. Dynamic tests of beta-adrenoreceptor responsivity appear to hold
most promise [35-38], where the cardiometabolic response to catecholamine infusion
appears to identify a relationship between beta-adrenoreceptor signalling/physiology
and outcome. Across several studies, the failure of patients to respond to -1 adreno-
receptor agonists is strongly predictive of outcome. Even where many patients
required treatment with vasopressors for persistent circulatory shock, graded
dobutamine challenge revealed that preserved cardiac responsivity to dobutamine
stimulation was more frequently present in survivors. Early studies, using an intrave-
nous infusion of dobutamine at 10 microg/kg/min for 1 h after resuscitation, demon-
strated that survivors were far more likely to increase oxygen consumption by more
than 15%. In a study where the majority of patients continued to require pressor
support, dobutamine not only increased oxygen delivery and consumption in
responders but also exerted a significant metabolic effect as reflected by a greater
temperature increase. Thus, an intact cardiometabolic response following a dobuta-
mine “stress test” is consistent with the idea that disruption of beta-adrenoreceptor
physiology is pivotal in determining outcome from shock. Further evidence is
provided by experimental models of baroreflex dysfunction and clinical measurement
of spontaneous baroreflex sensitivity, which further support the hypothesis that
disruption of beta-adrenoreceptor recycling underlies the development, and persis-
tence, of circulatory shock.

8.8 Clinical Interventions

The developing interest in critical care of controlling heart rate with beta-blockers
[39], novel sedative agents [40] and early mobilization [41] is likely to exert profound
effects on autonomic control. For the reasons outlined previously, the benefits of
many of these apparently unconnected interventions may centre on reversing the
detrimental effects of prolonged sympathetic activation on receptor recycling
mechanisms.
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Conclusion

Shock and critical illness induce profound alterations in autonomic function. Several core
features of shock may largely be explained by the pre-existence, or rapid development, of
autonomic impairment. The longer-term implications of this are likely to mirror outcomes in
cardiovascular disease, where extremes of autonomic impairment are independently pre-
dictive of survival.

— Take-Home Messages

== Multiple drugs used in the ICU may mask or provoke features of autonomic
dysfunction. Cardiovascular therapy needs to take this into account the whole
clinical picture and not just focus on numerical targets.

== Static measures of heart rate and blood pressure do not reflect underlying
autonomic compromise. Rapid changes in patient position, or painful/stimula-
tory interventions, may evoke unpredictable, exaggerated or even ablated
changes in heart rate/blood pressure.

== Tachycardia may reflect a number of underlying pathophysiological features
that are typical of critical illness. The clinical exclusion of triggers for tachycar-
dia, such as pain, hypovolaemia and adequate sedation, does not mean that
persistently high heart rates are benign.

= |n established critical illness, recurrent episodes of postural hypotension,
intermittent pressor requirement, dysrhythmias (including atrial fibrillation)
and/or persistent tachycardia should prompt consideration of more in-depth
cardiovascular interrogation. Transthoracic echocardiography offers a rapid
evaluation of cardiorespiratory physiology that may assist in ruling out primary
autonomic abnormalities if pathological alterations are evident.
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Learning Objectives

= Oxygen delivery and its determinants, how to measure them and how to interpret
their possible derangements.

== Recognize oxygen delivery impairment before energy crisis and cellular damage
develop.

== Recognize any impairment of energy production even if oxygen delivery is still
adequate.

= “Supernormal”values theory and early goal-directed therapy (EGDT).

9.1 Introduction

Oxygen plays an essential role in aerobic life, acting as final acceptor of electrons in mito-
chondria from which energy, as ATP, is supplied to the whole organism. We may recog-
nize three primary essential steps for oxygen utilization: first, the transport of oxygen-rich
gas mixture from the ambient to the lung by ventilation and then its transfer from alveoli
to blood; second, the transport of oxygenated blood to tissues; and, third, oxygen reduc-
tion to water in mitochondria. Oxygen movement from inspired gas toward mitochondria
is possible thanks to pressure gradients: oxygen partial pressure is indeed 150 mmHg in
the inspired gas and between 4 and 25 mmHg in its final destination, the mitochondria.
After the oxygen has been delivered to tissues, the mixed venous blood returns to alveoli,
and another cycle of oxygen transport and utilization begins. Mixed venous blood con-
tains an amount of oxygen that represents oxygen that has been delivered but not con-
sumed and can be considered as a sort of reserve. Although the term oxygen transport,
strictly speaking, should refer to all the processes through which oxygen is transferred
from inhaled gas to the final place of utilization, in the intensive care literature, it usually
refers only to the hemodynamic phase. In this chapter, we will analyze primarily the
hemodynamic phase of oxygen transport, and we will give some hints about oxygen utili-
zation. It should not be forgotten, indeed, that in several conditions which may be com-
mon in intensive care patients, primarily sepsis and septic shock, the real problem is not
only in the hemodynamic phase of oxygen delivery but also the oxygen utilization. This
step relates to all the processes occurring in mitochondria where oxygen, acting as final
acceptor of the electron cascade, makes possible the high levels of aerobic energy produc-
tion.

9.2 Oxygen Transport

Oxygen transfer from lung to blood requires an adequate ventilation-perfusion ratio of
terminal lung units. Ventilation is the process that provides fresh oxygen in an amount
equal to the oxygen that is extracted from blood. Once in the blood, oxygen combines
immediately to hemoglobin, and only a small amount of it remains in blood in a dissolved
form. These two forms of oxygen transport, the dissolved one (measured as oxygen partial
pressure, PO,) and the combined one (measured as hemoglobin saturation, SO,), together
represent the total oxygen blood content, and their relationship is best described by
hemoglobin dissociation curve.
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9.2.1 Oxygen Bound to Hemoglobin

Before analyzing oxygen dissociation curve, it is necessary to know which is the maxi-
mum capability of hemoglobin to carry oxygen. At a hypothetical hemoglobin saturation
of 100%, each mole of hemoglobin is able to carry four moles of oxygen. Given a molecu-
lar weight of hemoglobin of 64,500 Da, corresponding to a molar weight of 64,500 g, the
total oxygen bound at 0 °C should be 22.4 L of oxygen for each hemoglobin mole equal to
89.6 oxygen liters in total [1]. In the Eq. 9.1, k represents the volume of oxygen that is
transported by a single gram of completely saturated hemoglobin and is referred as hemo-
globin carrying capacity.

:M=1.389mL/g (9.1)
64,500 g

The hemoglobin carrying capacity is 1.39 mL/g; this means that each gram of completely
saturated hemoglobin is able to bind 1.39 mL of oxygen. Surprisingly, however, the litera-
ture provides different coeflicients, ranging from 1.32 to 1.39, which is due to the different
molecular weights that are attributed to the hemoglobin molecule as a result of the exis-
tence of several hemoglobin subtypes with their own molecular weights. The amount of
oxygen carried by hemoglobin is easily computed using Eq. 9.2.

cHbO, (mL/dL) =1.39x Hbx SO, (9.2)

The hemoglobin oxygen binding capacity depends on the possible structural changes that
the hemoglobin molecules undergo in different conditions. This hemoglobin behavior is
graphically explained by hemoglobin dissociation curve (B Fig.9.1). The sigmoid shape of
the curve comes from changes in protein structure caused by progressive oxygen binding
as the more oxygen is bound by the hemoglobin, the more hemoglobin affinity for oxygen
increases [2]. This is true until hemoglobin has reached its maximum binding capacity
that corresponds to the plateau part of the curve. At this point even big changes in blood
PO, will produce only a small difference in oxygen saturation. There are many other fac-
tors that affect hemoglobin affinity for oxygen determining a shift of the curve toward the
right or the left (i.e., decreasing or increasing its oxygen affinity). These factors include pH,
temperature, carbon dioxide (CO,) tension, and the concentration of 2,3-diphosphoglyc-
erate. In the presence of low concentration of 2,3-DPG, lower CO, tension, high pH levels,
and low temperature, the hemoglobin curve shift toward the left. This phenomenon is
translated in a reduction in hemoglobin affinity for oxygen and an increased oxygen dis-
sociation. In the opposite conditions (high 2,3-DPG, higher CO, low pH, and high tem-
perature), the curve will shift to the right. The value that better descrlbes this behavior is
the P_, which represents the partial oxygen pressure at which the hemoglobin saturation
is 50%. For example, if P, increases from its normal value (26 mmHg in standard condi-
tion, i.e., pH 7,4, PaCO, 40 mmHg, 37 °C), the Hb dissociation curve shifts to the left,
meaning that in order to obtain the same oxygen saturation of 50%, oxygen partial pres-
sure must increase. These changes in hemoglobin oxygen affinity produce relevant conse-
quences both on the arterial side, where oxygen is loaded and CO, is released, and on the
capillary side, where oxygen is delivered and CO, is charged.
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B Fig. 9.1 Hemoglobin dissociation curve. The table displays an arterial hemoglobin dissociation curve
at PCO, 40 mmHg, pH 7.4, normal values of 2,3-DPG (5 mmol/L circa), and blood temperature 37 °C
(black line). An increase in PCO,, 2,3-DPG, or temperature or a decrease in pH produces a shift of the
curve to the right (blue line). A decrease in PCO,, 2,3-DPG, or temperature or an increase in pH produces
a shift of the curve to the left (blue line)

The sigmoid shape of the curve and its affinity has been extensively studied in the 1970s,
and several equations are available in order to compute hemoglobin oxygen saturation start-
ing from oxygen partial pressure and correcting for pH, base excess, temperature, and PCO,
[3]. The best known of these equations is the one developed by Kelman in 1966 [4]: this
equation uses seven different coeflicients in order to generate a curve. Most of these models,
however, have intrinsic biases coming from the fact that they have been built not consider-
ing the possible presence of “abnormal” types of hemoglobin, such as methemoglobin, sulf-
hemoglobin, and fetal hemoglobin. Furthermore, their reliability decreases at low PO, levels
and with most of the conditions that may cause a shift in the curve position. All these sce-
narios are quite common in clinical practice while referring to critical care patients and even
more common while analyzing different kind of blood such as the arterial and the venous
one. This means that results provided by different authors may be very similar when regard-
ing to arterial blood, but great discrepancy may be observed when these equations are used
to compute venous saturation. This problem comes from the fact that every single body
district has his own hemoglobin dissociation curve: in other words, each given PO, corre-
sponds to a hemoglobin saturation in each blood compartment. Therefore, when there is the
need to compute other variables (i.e., oxygen content) starting from saturation, it is far bet-
ter to rely on saturation measurements instead of computed ones [3].
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9.2.2 Dissolved Oxygen

A small part of the oxygen transported by the blood is dissolved both in plasma and in red
cells. The concentration of oxygen present as molecular oxygen unbound in blood, accord-
ing to Henry’s law of gases, depends on the partial pressure of oxygen in the gas phase.

C=kxP (9.3)

where C is gas dissolved concentration, P is gas partial pressure in gas phase, and k is
a fixed constant that represents the solubility for each gas, temperature, and solvent.
The equilibrium is reached when an equal number of oxygen molecules go from gas
to blood and vice versa. Talking about oxygen and blood, at a body temperature of
37 °C, oxygen solubility coefficient equals to 0.00314 mL-dL-!mmHg"}; this means
that each mmHg of PO, corresponds to 0.003 mL of oxygen for each deciliter of
blood.
Therefore, the amount of oxygen dissolved in blood (csO,) is

¢sO, (mL/dL) = 0.003x PaO, (9.4)

Considering a normal PaO, of 100 mmHg, the amount of oxygen dissolved in the arterial
blood will be 0.3 mL/dL, a volume that represents only 1.5% of the total arterial oxygen
content, and that could reasonably be negligible in clinical calculations.

9.2.3 Oxygen Total Content

After this brief discussion, we are able to talk about oxygen blood content in its totality as
the sum of oxygen transported by hemoglobin and free blood oxygen:

cO, =cHbO, +¢s0, (9.5)
¢O, (mL/dL)=1.39xHbxS0, +0.003x PaO, (9.6)
Normal arterial oxygen content value (cO,), considering a pH equal to 7.4, a temperature

of 37 °C, base excess (BE) equal to zero, a PO, of 100 mmHg, and Hb of 14 mL/dL, is about
20 mL/dL.

9.3 Blood Oxygen Measurement Techniques

Blood gas analysis represents a fundamental tool in clinical practice. It is an accessible,
reliable, and rapid instrument that could guide the clinician in the management of
most of the clinical settings starting from respiratory diseases going to hemodynamic
impairment passing through metabolic issues. In this chapter, we will discuss oxygen-
related parameters of blood gas analysis and pulse oximetry; these values can come
from a direct measurement made by blood gas analyzer or from a computation
(B Table 9.1).
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O Table 9.1 Blood gas analyzer parameters DO, related

Parameter Method
PO, (mmHg) Measured (polarography)
HHb (g/dL) Measured (spectral analysis)
O,Hb (g/dL) Measured (spectral analysis)
COHb (g/dL) Measured (spectral analysis)
MetHb (g/dL) Measured (spectral analysis)
tHb (g/dL) Computed from the above values
HHb (%) HHb/tHb*100
COHb (%) COHb/tHb*100
MetHb (%) MetHb/tHb*100
SO, (%) 0,Hb/(0,Hb + HHb)

(Eq.9.7)
O,Hb (%) 0,Hb/tHb*100
SO0, (%) Computed from PO, and corrected for PCO2, BE, and pH (see text for details)

In this table we briefly summarize blood gas analysis parameters related to DO, and how they are
obtained. Note that there are three ways to compute cHbO,: 1,39*Hb*S0O, (1); 1,39*Hb*O,Hb%
(2); 1,39*Hb*cS0O, (3). The reliability of the values obtained varies depending on the clinical
condition, but we recommend not to use the third one (see text for details)

PO, oxygen partial pressure, HHb deoxyhemoglobin, O,Hb oxyhemoglobin, COHb carboxyhe-
moglobin, MetHb methemoglobin, tHb total hemoglobin, SO, hemoglobin oxygen saturation,
¢SO, computed hemoglobin oxygen saturation, BE base excess

9.3.1 Oxygen Blood Partial Pressure (Polarography)

This technique was firstly described by Clark in 1956 [5]. ClarK’s sensor, using amperom-
etry principles, is able to quantify oxygen concentration in biological fluids. The system
can be simplified as composed by an anode, a cathode, and an oxygen-permeable mem-
brane between the sample and the electrolyte solution. Thanks to the oxygen-permeable
membrane, the oxygen concentration quickly equilibrates between electrolyte solution
and the sample, and when a potential difference is applied to the conductor, the electricity
current that passes through the system will be directly proportional to the oxygen concen-
tration of the system. Many factors regarding the collection and conservation of blood
samples could affect the accuracy of the measurement such as temperature, analysis delay,
and even syringe type. Therefore, attention to the pre-analytic phase is needed in order to
maintain this measurement accuracy.

9.3.2 Oxygen Blood Saturation (SatO,)

Modern blood gas analyzer measures Hb oxygen saturation using spectral analysis of the
hemoglobin released from a sample of hemolyzed arterial blood. Indeed, using dedicated
wavelengths for different hemoglobin species (oxyhemoglobin, HbO,; reduced hemoglo-
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bin, HHb; carboxyhemoglobin, COHb; and methemoglobin, MetHb), modern blood gas
analyzer is able to measure total hemoglobin (tHb), (Eq. 9.7).

tHb = HHb + O,Hb + COHb + MetHb 9.7)

After the machine has measured the concentrations of hemoglobin subtypes, it gives three
values related to hemoglobin oxygen saturation (HbO,, SO,, and cSO,) using the follow-
ing equations (@ Table 9.1).

H
HbO, (%) = cHbO, (0.8)
HHb + O,Hb + COHb + MetHb
H
SO, (%) = __CcHBO, 9.9)
cHbO, +cHHb
Or:
H
SO, (%) cHbO, (9.10)

~ tHb— (COHb + MetHb)

The last value is computed oxygen saturation (cSO2). This value comes (as previously
discussed) from one of the available equations that compute hemoglobin oxygen satura-
tion as a function of PO,, pH, base excess, temperature, and PCO, [3].

It must be noted that among all the detected hemoglobin species, COHb and MetHb
are not involved in oxygen transport as they are not able to bind oxygen. In normal condi-
tions, considering a negligible amount of COHb and MetHb, HbO, and SO, values should
overlap. However, in some pathological conditions (e.g., carbon oxide intoxication), HbO,
and SO, will be significantly different. In this particular condition, a patient may have a
normal SO, (or a SpO,) and arterial oxygen partial pressure (PaO,), but the effective oxy-
gen saturation may be extremely low. This condition is brought by a very low value of
HbO, and high levels of COHb.

9.3.3 Pulse Oximetry (SpO,)

Pulse oximetry is a noninvasive and simple technique that allows, using spectral analysis,
continuous measurement of hemoglobin oxygen saturation at the bedside. The two wave-
lengths commonly used are at 660 nm and at 940 nm. These two different wavelengths are
able to distinguish between reduced hemoglobin and oxyhemoglobin, as the first one
adsorbs the first wavelength (660 nm) ten times more than O,Hb, while the opposite hap-
pens with the 940 nm wavelength. The pulse oximetry probe emits these two different
wavelengths through the cutaneous vascular bed, and the system analyzes the pulsatile
characteristics of arterial blood flow neglecting all the background stationary signals com-
ing from tissues, venous blood, and the non-pulsatile arterial blood. A limitation of the
traditional two wavelengths pulse oximetry is the capability of measuring only O,Hb and
HHb, assuming a blood concentration of COHb and MetHb of zero. In the presence of
these two altered hemoglobin forms, SpO, becomes less reliable as COHb causes a falsely
high level of SpO,, and MetHb in significant concentrations forces SpO, result toward
85% regardless of real hemoglobin saturation [6]. Some modern pulse oximeters, using a
more wave lengths, are able to measure both COHb and MetHb [7].
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9.4 Cardiac Output

Once oxygen has been transferred to the blood, bound or unbound to hemoglobin, the
cardiocirculatory function is of crucial importance to the delivery of oxygen to the periph-
era] tissues. Cardiac output (CO) represents the volume of blood that is ejected by the
heart each minute and is generally measured as the product between heart rate (HR) and
stroke volume (SV):

CO(L/min) = HR xSV (9.11)

Cardiac output is the most important determinant of oxygen delivery, and its modulation
represents the best compensatory mechanism in bioenergetic crises. Cardiac output is
modulated by the autonomic nervous system and by many chemical and mechanical
stimuli. Among chemical factors, PO,, PCO,, and pH are key factors in the hemodynamic
response to tissue hypoperfusion and hypoxia [8]. Indeed, a decrease in oxygen arterial
content is promptly compensated by an increase in cardiac function. The opposite usually
doesn’t happen, as normal arterial saturation (very near to 100%) lies on the plateau por-
tion of hemoglobin dissociation curve and hemoglobin concentration cannot change in
acute if sudden impairment of hemodynamic function happens.

Cardiac output can be measured using several methods. The more common are briefly
summarized in @ Table 9.2 and recently reviewed by Laher [9].

9.5 Oxygen Delivery (DO,) and Extraction

Oxygen delivery is the oxygen volume transferred from lungs to the tissues in 1 min time.
Therefore, it may be represented as

DO, (mL/min) = caO, xCO (9.12)

In normal conditions at rest (CO equal to 5 L/min, SatO, 100%, and PaO, 100 mmHg),
therefore, the volume of oxygen transferred from lungs to peripheral tissues is about
1000 mL/min. If tissue oxygen consumption is, at rest, about 250 mL/min, the oxygen
amount that returns to the lung will be 750 mL/min. This means that only 25% of oxygen
is extracted by the tissues. Oxygen extraction ratio (O,ER) can be expressed as

VO
0,ER (%) = 5 2 %100 (9.13)
2

Therefore, oxygen that remains in mixed venous blood corresponds to 75% of total oxygen
that has been delivered. This percentage corresponds approximately to normal mixed
venous blood hemoglobin saturation (SvO,). SvO, can be precisely computed as an oxy-
gen fraction function, using the equation below:

SVO, (%) = Sa0, x [1 - \ngz J (9.14)
2
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B Table 9.2 Principal cardiac output monitoring techniques

Method Vascular Principle Pros Cons Timing
access
Swan Ganz Pulmo- Thermodi- Gold standard Invasiveness Inter-
catheter nary lution mittent
artery
cannula-
tion
Transtho- None Ultrasound Noninvasive, Operator Inter-
racic and measurement of  dependency, mittent
echocar- Doppler cardiac output variable quality
diography effect and other echocardiographic
cardiac windows in ICU
parameters patients
Transesoph-  None Ultrasound Direct measure- Minimally invasive, Inter-
ageal and ment of cardiac operator depen- mittent
echocar- Doppler output and dent
diography effect cardiac
structures
Calibrated Arterial Thermodi- Measurement of  Minimally invasive Inter-
pulse and lution plus CO plus other mittent
contour venous pulse variables and
analysis access contour continu-
analysis ous
Uncali- Arterial Pulse Measurement of Minimally invasive, Continu-
brated access contour CO plus other inaccuracy in ous
pulse analysis variables unstable patients
contour or during use of
analysis vasoactive drugs

Every situation that causes a decrease in SaO, or an increase in oxygen extraction will
result in a decrease in the saturation of the mixed venous blood.

This approach underlines the importance of measuring SvO, as an indicator of the
balance between oxygen delivery and oxygen consumption. Equation 9.15 can be
rewritten as.

Vo, (L/min)>< 1
COL/min  0.00139xHb(g/L)

SvO, =8a0, — (9.15)

This equation makes explicit the importance of SvO, monitoring. Indeed, abnormal val-
ues of SvO, (below 0.65) indicate a change in Hb levels or a worsening in the relationship
linking arterial saturation (Sa0,), tissue metabolism (VO,), and hemodynamics (CO).
Therefore, it is important to keep in mind that a decrease in SvO, does not specify which
of its determinants is altered but that one or more of them are out of range. An altered
SvO, dictates a detailed search of the underlying causes, and each of them may be life
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threatening. If mixed venous blood sampling is not possible, central venous blood satura-
tion (ScvO,) is an acceptable surrogate even if, depending on the clinical condition, it may
be higher or lower than SvO, [10].

9.6 Step Toward Energetic Crisis

In patients suffering from conditions that may affect oxygen transport, appropriate moni-

toring during the course of the disease should indicate if one of the following conditions

is developing:

1. Energy production is adequate to the patient needs.
The definition of adequate oxygen supply does not depend on a given amount of
hemoglobin, cardiac output, or oxygen saturation but may only be defined in clinical
practice by indirect methods. In other words, in different conditions a cardiac output
of 3.6 L or more could be equally adequate to satisfy the energy needs, as well as a
PO, of 90, 100, or 120 mmHg or an oxygen saturation of 90% or 100%. Defining the
best PO,, the best cardiac output or the best hemoglobin level, ignoring their associa-
tion with the energetic needs is, in our view, not only useless but potentially danger-
ous. What should help the clinician to identify if there is a problem in satisfying the
energy needs of the system is the identification of the compensatory mechanisms.

2. Energy production is still adequate but compensatory mechanisms are operating.
It is well known for decades that oxygen consumption, when plotted as a function of
oxygen transport remains constant until a critical point, which may vary, depending
on the underlying disease [11]. Below this critical point, oxygen consumption starts
to decrease while lactate starts to increase (8 Fig. 9.2).

All compensatory mechanisms are operating to maintain the aerobic energy pro-
duction constant in the range of oxygen supply that goes from normal values to the
critical point. The decrease in oxygen consumption and the increase in lactate levels
are signal of the energy crisis. The most sensitive indicator of oxygen transport is the
central venous saturation.

O Figure 9.3 displays the relative weight of each of the determinants of SvO, as
they decrease in a 10% step from the initial value, while other factors remain con-
stant. As shown, arterial saturation changes (Sa0,) are linearly related to the changes
in SvO,. As the Sa0, is easily measured by pulse oximetry, changes in SvO, due to
changes in SO, may be easily estimated considering their proportional relationship.
It is interesting to note that a 10% change in hemoglobin or cardiac output produces
exactly the same change in venous saturation. Therefore, the decrease in SvO, clearly
indicates that some of the oxygen transport mechanisms are impaired but not neces-
sarily indicates that energy crisis is taking place. Physical activity, even in normal
individuals, is associated with an increase in oxygen consumption, i.e., energy
demand. In this situation, the hemodynamic response to the augmented energy
demand is represented by an increase in cardiac output and a decrease in venous
oxygen saturation. In intensive care patients however, in whom muscle activity is
near to zero, a change in SvO, requires a diagnosis of the underlying causes. While
the meaning of a decrease in SvO, is well established, the pathophysiological mean-
ing of an increased SvO2 is less evident. Theoretically, whatever increase in cardiac
output exceeding the energy requirement should produce an increase in SvO,. The
most likely explanation, however, although not clearly defined quantitatively, is that
high SvO, is the result of one of these conditions indistinguishable from each other:
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VO, Energy crisis Compensatory Normal condition
mechanisms

Supply Supply
dependency indipendency

Critical DO,

DO,

O Fig. 9.2 Critical oxygen delivery. Table shows oxygen consumption trend when oxygen supply is
impaired. In“supply independency phase,” system responds to a decrease in oxygen delivery with an
increase in oxygen extraction in order to maintain a normal value of oxygen consumption. When a
critical value of oxygen delivery is reached, oxygen consumption becomes oxygen delivery dependent
and starts to decrease (energy crisis). VO, oxygen consumption, DO, oxygen delivery
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O Fig. 9.3 Relative “weight” of mixed venous saturation determinants. This table shows in a graphical
way the impact of a decrease (with 10% steps) in VO,, Hb, CO, and Sa0, on SvO,. Data coming from
institutional database, unpublished. SvO, mixed venous blood oxygen saturation, VO, oxygen consump-
tion, Hb hemoglobin concentration, CO cardiac output, SaO, arterial oxygen saturation
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peripheral shunting or respiratory chain alterations and uncoupling between oxygen
consumption and energy production.

Another important signal of a precritical situation comes from the kidney. In
mammalians, a hemodynamic impairment leading at the end to tissue hypoxia
dictates a flow redistribution that will be promptly sensed by the kidney that will
activate all its mechanisms devoted to volume conservation. The main players of
kidney response are renin-angiotensin-aldosterone system (RASS) and vasopressin.
These mediators are responsible for a contraction in urine output and a Na retention
that will be easily recognized by urinary electrolytes inversion (low urinary Na and
relatively high urinary K). Although this kidney response may seem not directly
related to the oxygen transport but to a reflex response to pressure changes com-
ing from baroceptors, we believe that hemodynamic in general cannot be separated
from the oxygen transport concept as all our hemodynamic apparatus evolved just
with the function of providing sufficient oxygen delivery to tissues. A complete set of
hemodynamic impairment that may anticipate tissue hypoxia or be its actual cause is
shown in @ Fig. 9.4 adapted from Schrier [12].

3. Energy production is inadequate.
The energy crisis likely begins with the appearance of anaerobic metabolism. It is
possible that it may occur at different times in different organs, but a rapid rise in

Arterial under-filling Hypothesis

Hypovolemia Vasodilation
low flow high flow
Low volume High volume

\/

Vasopressin — RAAS

Low SvO, High SvO,

Water and Na retention

B Fig. 9.4 Arterial under-filling hypothesis. In this table we show kidney response to hypoperfusion.
Hypovolemia and low flow (i.e,, hemorrhage and heart failure) cause decrease in kidney perfusion and
oxygenation, with activation of RASS, vasopressin release, increase in O,ER, and consequent SvO,
decrease (on the left). Vasodilatation and high flow (i.e., cirrosis and sepsis) are conditions in which “high
volume”is associated to a relatively hypoperfused kidney (right) with consequent activation of the same
mechanisms



93
Oxygen Delivery

lactate is an unquestionable sign, when associated with problems of oxygen trans-
port/utilization, of a life-threatening condition. When oxygen delivery is severely
impaired and reaches its critical value, a further increase in oxygen extraction is
not possible. In this situation, at cellular level, tissue hypoxia, through hypoxia
inducible factors (HIFs), activates a series of emergency mechanisms to main-
tain energy production [13]. This include an increased production of glycolytic
enzymes and a decreased production of the enzymes necessary for Krebs cycle
preparing cellular metabolism to the production of energy through anaerobic
metabolism.

The energy production by anaerobic glycolysis, however, is only 5-6% of the one
associated with aerobic metabolism. One mole of glucose (180 g) produces two moles
of lactate and two moles of ATP. As the lactate is the final acceptor of electrons, in
absence of oxygen 2 moles of ATP is the total amount of energy that is produced com-
pared to the 32/36 moles of ATP produced during aerobic metabolism.

Some of the mechanisms operating during an overt energy crisis reflect in part what has
been observed in hibernated animals. These animals decrease dramatically their energy
requirement by decreasing protein synthesis and increasing enzymes half-life. They
develop channel arrest and decrease proton movement through the ATPase as well as the
electron transport in the respiratory chain and the proton leaks through the mitochon-
drial membranes. In humans, the oxygen supply dependency is a pale representation of
the mechanism operating in hibernating animals and consists in similar systems for sav-
ing energy primarily through a decrease in protein synthesis. Unfortunately, this energy
sparing condition may last only few hours after which irreversible changes in mitochon-
dria may occur with final apoptosis and, in particular conditions, necrosis. Therefore,
when the energetic crisis appears, we know that only few hours are available for correction
and an immediate diagnosis of the underlying causes and a prompt intervention to correct
them is needed.

Summarizing, the largely accepted view of oxygen transport impairment is the following:

A decrease in tissue oxygenation is compensated at least in part by a greater oxygen

release from hemoglobin and increase in oxygen extraction.

When tissue partial oxygen pressure and oxygen concentration reach critical levels

(which are clinically difficult to be defined), lactate production increases while oxy-

gen consumption is partially decreased.

When energy is insufficient, despite all the compensatory mechanisms, cellular

dysfunction and damage begin: protein synthesis decreases, reactive oxygen species

increases, and hypoxic damages, including necrosis and apoptosis, unavoidably follow.

There are conditions, however, which may occur in intensive care in which the decrease in
oxygen consumption is not due to the decrease of transport to tissues but instead to the
oxygen utilization. This may happen, as an example, if the complex molecules of the respi-
ratory chain are structurally altered as may occur in sepsis. In addition, it is also possible
that in some conditions, the underlying mechanism is the uncoupling between oxygen
consumption and ATP production. This may occur in all the conditions which may impair
proton concentration in the intermembrane space of the mitochondria. In this case the
electrons flow down to the molecular oxygen to form water regularly, but the concentra-
tion of protons in the intermembrane space is decreased by the presence of intermediates
(uncoupling agents) which shuttle the protons from inside to outside the membrane.
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Therefore, three conditions of tissue dysoxia may be recognized which require different
interventions and attention:
Classical decrease in oxygen transport to tissues typically represented by hemody-
namic impairment, hypoxemia, or anemia
Respiratory chain impairment with decrease in ATP production
Presence of uncoupling agents which dissociates oxygen consumption from energy
production

Of note all the three conditions may present together at different extent in severe sepsis,

and it is worth to underline that what really matters is not the oxygen transport “per se”
but the energy production.

9.7 Oxygen Transport and Goal-Directed Therapy

A remarkable part of intensive care is devoted directly or indirectly to the control of oxy-
gen transport and to the prevention of its impairment or to its correction when altered.
When oxygen transport is impaired because of cardiac failure or volume depletion as in
hemorrhage, the causes of tissue hypoxia are clear, and the correction is straightforward to
renovate CO and circulating volume. The issue is less clear when other severe conditions
as sepsis are involved.

Indeed the issue of oxygen transport originated a lot of debates and controversies after
Shoemaker, one of the giants of intensive care, promoted the concept of “supernormal”
oxygen delivery [14]. This was defined as a cardiac index greater than 4.5 L/min/m?, an
oxygen delivery greater than 600 mL/min/m?, and an oxygen consumption greater than
170 mL/min/m? Shoemaker’s observations derived from his experience in high-risk sur-
gical patients in whose targeting therapies in order to reach “supernormal values” showed
to improve clinical outcome. Early trials suggested that an increase in oxygen delivery
would prevent organ failures and improve survival rates in such patients [15, 16]. The
concept of “supernormal values,” firstly developed in a particularly subset of patients, was
immediately translated to other conditions up to ICU general population. However when
the hypothesis of “supernormal” oxygen delivery was tested in clinical trials on general
ICU population, no benefits were observed and these two trials signed the end of “super-
normal” values [17, 18].

Ten years later Rivers found an impressive improvement in survival applying to severe
sepsis and septic shock patients an approach targeted primarily to a central venous satura-
tion of 70% and a MAP greater than 65 mmHg, defined as early goal-directed therapy
(EGDT) [19]. The early goal-directed therapy became immediately popular and produced
in intensive care physicians an increased attention to hemodynamics. Ten years later, three
studies together retested Rivers” hypothesis and compared patients with severe sepsis and
septic shock treated with normal care or treated following Rivers” goals [20-22]. No ben-
efits could be demonstrated, and this lead to the implicit conclusion that Scvo, monitoring
is useless. These studies rose a series of discussion which still persist, but we believe that
these results should be discussed after two considerations:

Beyond all the unavoidable differences in study populations, it must be noted that the

success of supernormal values were obtained in patients treated before the intensive

care, i.e,, in the perioperative period by Shoemaker et al. and in emergency room by

Rivers et al.
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Baseline Svo, in Rivers’ study was extremely low (around 50%), while it was higher
around 70% in all the studies performed in intensive care, meaning that Rivers’
patients were sicker.

We believe anyway that, in patients with septic shock, time of intervention plays a crucial
role, but we also believe that the negative results of these trials should switch the attention
to the fact that in patients with sepsis or septic shock, the problem is not always related to
oxygen transport to periphery per se but also to its final utilization. In our opinion this is
what all the recent studies have suggested, and the logical conclusion is not that Svo, mon-
itoring is useless but that the problems of most septic patients is not the oxygen transport.

Practical Implications

DO, monitoring should be performed in all those patients at risk of “energy crisis." This
kind of patients include those in which one or more DO, determinants are at risk of
impairment as cardiovascular, hemorrhagic, and patients with respiratory insufficiency
but also those patients in which, even if DO, is still satisfactory, there is a difficulty in
oxygen utilization, such as septic patients (see B8 Fig. 9.4).

In all these patients urinary output, mixed venous saturation (or central venous
saturation if a pulmonary catheter is not in place), urinary electrolytes, and, at the end,
lactate represent very informative tools in identifying a situation in which compensa-
tory mechanisms are activated and energy crisis is about to show.

A mixed venous saturation under 65% (or a negative trend), urinary output con-
traction, reversal in urinary electrolytes (Na lower than K), and a positive lactate trend
dictate an accurate evaluation of DO, determinants.

— Take-Home Messages

== Oxygen delivery is a parameter that is important to consider in critical patients
management. What is of crucial importance, anyway, is not oxygen delivery per
se but the early identification of all those parameters that are indirect signals of
an insufficient oxygen supply or, lately, of an energetic crisis.

== Oxygen delivery concept should go beyond the simple result of the computa-
tion of cardiac output times oxygen content and should be thought in a more
comprehensive way starting from pulmonary gas exchange and ventilation
and arriving to mitochondria’s utilization.

== Sepsis and septic shock are conditions in which a discrepancy between DO,
and VO, is more evident.
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Learning Objectives
To explain how mitochondria produce energy substrate (ATP)
To describe how mitochondrial function is perturbed in pathological conditions
To cover various techniques for monitoring mitochondrial function

10.1 Introduction

The mitochondrion is the powerhouse of the cell, utilizing over 90% of the body’s oxygen
consumption predominantly towards generation of ATP, the energy currency of the cell.
Failure of adequate delivery of oxygen to the tissues (hypoxia) and/or utilization of oxy-
gen (dysoxia) towards ATP production may be sufficient to compromise cell metabolism.
It is thus incumbent upon the clinician to identify this insufficiency as early as possible in
order to initiate effective treatments that can reverse, or at least, attenuate, the conse-
quences of tissue hypoxia and/or dysoxia that is manifest clinically as organ dysfunction.
This chapter will briefly review mitochondrial physiology and pathophysiology and dis-
cuss monitoring modalities that can assess mitochondrial function either directly or
indirectly.

10.2 The Physiology of Mitochondrial Function

Apart from erythrocytes, all other cells in the body possess mitochondria. Though usually
associated with ATP production, mitochondria play other crucial roles in maintaining cell
and organism housekeeping and functionality such as calcium regulation, hormone pro-
duction and apoptotic death pathways. These aspects will not be discussed further.

Mitochondria are 1-3 microns in diameter though they vary in size and shape both
between different organs and even within anatomically different parts of the same organ.
Numbers vary from relatively few to as many as several thousands in heavily metabolic
cells such as hepatocytes and cardiomyocytes. Most of the DNA encoding mitochondrial
proteins sit within the nucleus, with the 900 or so gene products imported from the cyto-
plasm for subsequent incorporation into the varied mitochondrial structures. However,
uniquely for another organelle, the mitochondrion also possesses 37 genes with its own
machinery for producing RNA (24 genes) and protein subunits (13 genes). These are gen-
erally considered to originate from probacteria incorporated into cells to produce eukary-
otic cells capable of utilizing oxygen for metabolic processes.

The mitochondrion consists of outer and inner membranes, separated by an inter-
membrane space, and these enclose the cristae (infolding of the inner membrane) and
matrix. The cristae enable a huge expansion of the surface area of the mitochondrial mem-
brane; Rich estimated that the average human possesses 14,000 m? of inner membrane [1].
The matrix contains many ribosomes and enzymes, including those constituting the citric
acid (Krebs’) cycle.

The outer membrane is a protein-lipid structure similar in composition to the plasma
membrane. It contains specialized transporters that can transfer ADP into, and ATP out
of, the organelle. The inner membrane contains the five protein complexes that make up
the electron transport chain: nicotinamide adenine dinucleotide (NADH) dehydrogenase
(Complex I), succinate dehydrogenase (Complex II), ubiquinone-cytochrome ¢ oxidore-
ductase (Complex III), cytochrome oxidase (Complex IV) and ATP synthase (Complex V)
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B Fig. 10.1  Mitochondrial respiration. PDH pyruvate dehydrogenase, CPT-1,-2 carnitine palmitoyl
transferase-1,-2, ATP adenosine triphosphate, ADP adenosine diphosphate, NADH nicotinamide adenine
dinucleotide, FADH, flavin adenine dinucleotide, ANT adenine nucleotide translocase

which phosphorylates ADP to ATP. In addition, the chain has two small electron carriers,
ubiquinone (coenzyme Q10) and cytochrome ¢ (8 Fig. 10.1).

The Krebs’ cycle donates electrons to the electron transport chain, predominantly to
Complex I (via NADH) but also to Complex II (via succinate to FADH,) in a ratio of 3:1.
The Krebs cycle is ‘refuelled” by provision of acetyl-CoA from both pyruvate (the end
product of glycolysis) and fatty acid oxidation. This electron donation oxidizes the energy-
rich molecules NADH (to NAD*) and FAD (flavin adenine dinucleotide) to FADH,. As
the electrons pass down the chain, protons pass across the inner mitochondrial membrane
from Complexes I, III and IV, generating a membrane potential of approximately
200 mV. Molecular oxygen is the final electron acceptor at Complex IV, and this single
enzyme is responsible for the bulk of the body’s oxygen consumption. The electrochemical
gradient provides the energy to drive ATP synthase to phosphorylate ADP into ATP. Rich
further estimated that the transmembrane proton flux is of the order of 3 x 102! protons
per second with ATP being reformed at a rate of around 9 x 10%* molecules per second,
equivalent to a turnover rate of ATP of 65 kg per day [1]. A typical adult male would
consume around 380 | of oxygen daily, and this would require 2 x 10 molecules of cyto-
chrome oxidase.

This utilization is primarily directed towards production of ATP, the energy substrate
used for cellular metabolic processes (‘coupled respiration’), but also for generation of
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reactive oxygen species and uncoupled respiration with production of heat. Most cells in
the body - with the notable exception of erythrocytes - rely on ‘aerobic’ mitochondrial
respiration (through the process of oxidative phosphorylation) to provide the bulk of ATP
production. A smaller amount of ATP is generated anaerobically by glycolysis. For every
mole of glucose oxidized, a net of 2 moles of ATP are produced by glycolysis, 2 by the
Krebs’ cycle and approximately 28-30 by the electron transport chain. Mitochondrial
reactive oxygen species (ROS) are relevant in both health and disease with important roles
in signalling and modulation of respiration. Approximately 1% of mitochondrial oxygen
consumption is used for ROS generation in health. This rises in disease states such as
sepsis, though the extent is uncertain. Similarly, uncoupling can account for up to 50% of
mitochondrial oxygen consumption in skeletal muscle [2]; how this changes in inflamma-
tory states such as sepsis is unknown, but it may plausibly contribute to the production of
pyrexia.

10.3 Mitochondrial Dysfunction in Disease States

Hypoxia is a state of oxygen-limited respiration, imposed by an imbalance between supply
to the tissues and the cellular respiratory demand. Causes of low delivery include prob-
lems related to cardiac output (circulatory hypoxia), haemoglobin (anaemic hypoxia) and/
or oxygenation (hypoxic hypoxia). Distinct from hypoxia is dysoxia, a state whereby oxy-
gen is available to the cells in sufficient amount but the mitochondria are unable to utilize
it. This may be related to direct toxicity from drugs and poisons that damage or block the
ATP-producing apparatus. The list is long and includes metformin that inhibits Complex
I, dinitrophenol that increases uncoupling, and poisons such as cyanide and carbon mon-
oxide that inhibit Complex IV. Even antibiotics can affect mitochondrial function - bacte-
ricidal antibiotics can damage the membrane and affect membrane potential, while
bacteriostatic antibiotics can compromise biogenesis (formation of new mitochondria).
Deficiency of crucial cofactors such as thiamine can affect glycolysis and the Krebs’ cycle,
causing beriberi. There may be also damage or inhibition of the electron transport chain
by excess levels of endogenous mediators, notably reactive oxygen species and nitrogen
species including nitric oxide. Nitric oxide can reversibly inhibit Complex IV by directly
competing with oxygen for the same binding site. A similar effect is seen with the other
endogenous gaseous mediators, carbon monoxide and hydrogen sulphide. A longer-
lasting inhibition can be achieved by nitric oxide or its metabolites such as peroxynitrite
through nitrosylation or nitration of all the respiratory complexes, notably Complexes I
and IV. Other mechanisms leading to mitochondrial dysfunction include decreased tran-
scription of genes encoding mitochondrial proteins, as seen in sepsis, and hormonal influ-
ences that may depress metabolism and mitochondrial activity, such as low thyroid levels
seen in critical illness as the low T3/sick euthyroid syndrome.

10.4 Mitochondrial Monitoring Modalities

A variety of techniques can assess in vivo mitochondrial function either directly or indi-
rectly. Some are currently available as bedside monitors whereas others, such as magnetic
resonance spectroscopy, require transfer of the patient to a specialized facility. It is important
to stress that surrogate measures such as plasma lactate or whole body oxygen consumption
are not specific for mitochondrial function and may also be affected by other factors.
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10.4.1 Lactate and Lactate/Pyruvate (L:P) Ratio

Lactate is a by-product of glycolysis. Glucose is metabolized to pyruvate which is then
taken up into the mitochondria and converted via pyruvate dehydrogenase to acetyl-
CoA. Any remaining pyruvate goes into equilibrium with lactate, using the bidirectional
lactate dehydrogenase. Lactate can be produced in excess if there is an accelerated rate of
glycolysis and/or a downstream block exists in the Krebs’ cycle or electron transport chain.
There may also be problems with lactate utilization, e.g. liver failure or released from
infarcted tissue.

Glycolysis can be accelerated either as part of a compensatory response to cellular oxy-
gen limitation, in an attempt to increase ATP production where oxidative phosphorylation
is compromised (‘anaerobic glycolysis’). Alternatively, oxygen may be available, but glycoly-
sis is stimulated by excess catecholamines (‘aerobic glycolysis’). Teleologically, aerobic gly-
colysis is an adaptive response to ongoing stress whereby muscle lactate is produced in excess
and released into the circulation for utilization as an important fuel substrate by other organs
including the heart, brain, liver and kidney. Within the brain, lactate derived from astrocytes
provides an important energy substrate for neurons [3]. A downstream block within the
mitochondria, related to a failure of normal functioning of the Krebs’ cycle (e.g. due to thia-
mine deficiency) or to the electron transport chain (e.g. lack of substrate/oxygen availability
due to tissue hypoxia or to inhibition/damage related to cyanide poisoning, sepsis and excess
nitric oxide production), will also result in an increase in pyruvate and thus lactate.

The L:P ratio correlates with the cytoplasmic ratio of reduced NADH to oxidized
NAD" as pyruvate + NADH + H* «——— lactate + NAD". The L:P ratio can thus be used
as a surrogate measure of the cytosolic oxidoreduction state. During tissue hypoxia, where
the L:P ratio is increased, reduced forms of oxidoreduction coenzymes such as NADH and
FADH, predominate.

Blood lactate monitors are widely available as both laboratory and point-of-care
devices; these utilize the lactate oxidase reaction. Pyruvate is more unstable, and measure-
ment requires more sophisticated laboratory equipment. In conjunction with an elevated
lactate (>2 mmol/l), a lactate/pyruvate (L:P) ratio > 25 suggests a disorder of the respira-
tory chain complex or the Krebs’ cycle and can be observed in the critically ill. In conjunc-
tion with an elevated lactate, an L:P ratio < 25 suggests a defect in pyruvate metabolism.
Abnormal concentrations of lactate, pyruvate and the L:P ratio are not however diagnostic
for any single disorder and must be interpreted in context with the patients presenting
history, clinical features and other laboratory tests.

Tissue lactate, pyruvate and the L:P ratio can be measured by microdialysis using fine
catheters implanted into tissue beds such as the brain, subcutaneous tissue, muscle, kid-
ney and liver [4]. A very slow rate (usually well below 1 microlitre/min) of perfusate fluid
is pumped through the catheters, and the dialysate is collected for analysis. This slow per-
fusion allows equilibration across the catheter membrane of lactate and pyruvate present
in the interstitial fluid with the perfusion fluid. Samples are collected into microvials that
can be analysed at the bedside by an online device or sent for measurement in a laboratory.

10.4.2 Arterial Ketone Body Ratio (AKBR)

The ratio of arterial blood acetoacetate to -hydroxybutyrate is considered to reflect the
hepatic ketone body ratio and thus hepatic mitochondrial redox potential NAD*/NADH),
which is itself an indicator of hepatic energy charge. Both these ketones are produced
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almost exclusively by the liver, from whence they are released into the circulation for uti-
lization (oxidation) as an energy substrate by various organs such as the brain, heart,
muscle and kidney. A decrease in AKBR correlates with increasing liver dysfunction. The
ratio is >1 in health but <1 in liver disease states and falling progressively with increasing
severity. The patient needs to be adequately glucose loaded. Although, multiple publica-
tions were produced in the 1980s and 1990s [5], this concept has waned in popularity and
is now rarely used.

10.4.3 Oxygen Consumption (Whole Body/Organ/Cell Level)

Oxygen is predominantly (90-95%) used within the body by mitochondria, with a
small proportion consumed by non-mitochondrial processes and oxygen-dependent
enzymes (e.g. oxidases). The main utilization of oxygen within the mitochondrion is
for ATP production by cytochrome oxidase (Complex IV); however oxygen is also
required for production of reactive oxygen species, of which the mitochondrial is the
main producer in the body, and heat through uncoupled respiration. Importantly, the
proportions by which these processes alter during critical illness are not known so
assumptions that a maintained oxygen consumption equates to adequate ATP produc-
tion may be misguided. A significant amount of oxygen consumption may be diverted
towards heat production (contributing to pyrexia) and to generation of reactive oxygen
species.

Whole-body oxygen consumption can be calculated in several ways, usually by vari-
ants of the Fick principle whereby total uptake of a substance (in this case, oxygen)
equals the product of the blood flow and the arterial-venous concentration difference
(gradient) of the oxygen. Knowledge is thus required of the cardiac output and the
contents of oxygen in arterial and mixed venous (i.e. pulmonary arterial or right ven-
tricular outflow) blood sampled or monitored from catheters in the corresponding
locations.

Arterial oxygen content is the product of haemoglobin (Hb), arterial oxygen satura-
tion (Sa0,) and 1.34 (ml of oxygen bound by 1 g Hb). The small amount of oxygen dis-
solved in plasma can be essentially excluded at normal atmospheric pressures. The
oxygen content of mixed venous blood (product of Hb, mixed venous oxygen saturation
and 1.34) is subtracted from the arterial oxygen content, thus providing the arteriove-
nous difference which, multiplied by cardiac output, provides a measure of oxygen con-
sumption. This approach excludes oxygen consumed within the lung. The normal resting
value of oxygen delivery is approximately 1000 ml/min and consumption 250 ml/min.
Low values of oxygen consumption may relate to inadequate supply of oxygen to the tis-
sues (as reflected by low values of cardiac output, Hb and/or Sa0,) or to decreased utili-
zation due to direct mitochondrial toxicity or dysfunction. In the former case, mixed
venous oxygen saturation is low (normal range 70-75%), and in the latter, it is supranor-
mal. High values of venous oxygen saturation may also be seen with large right-to-left
peripheral vascular shunts. The contribution of microvascular shunting towards generat-
ing high values of mixed venous oxygen saturation in pathological conditions such as
sepsis is uncertain.

An alternative approach using the same Fick principle is respiratory indirect calorim-
etry measuring the oxygen concentration in inspired and expired gases, using in-line



103
Mitochondrial Function

oxygen sensors and minute ventilation. Oxygen consumption is the difference between
(inspired gas volume X fractional oxygen) and (expired gas volume x fractional oxygen).
This can be measured using a metabolic cart with a canopy or hood in spontaneously
breathing individuals or through the ventilator circuit during mechanical ventilation.
Care must be taken to correct for temperature, humidification, barometric pressure and
ventilator flow by circuits as significant errors may be introduced [6].

At the organ level, oxygen consumption can be calculated by measuring organ blood
flow and the oxygen content within the arterial supply and venous drainage of that organ.

Tissues (e.g. muscle) or cells (including white blood cells) can be taken from the
patient and oxygen consumption measured ex vivo in respirometers. The tissue is placed
into fluid inside a closed chamber of known volume with an integral oxygen sensor. The
rate of fall of oxygen tension within the chamber, corrected for the weight of tissue or
number of cells, enables computation of oxygen consumption. An advantage of this
ex vivo approach is that the tissue can be exposed to different substrates, activator inhibi-
tors and uncouplers of the electron transport chain and ATP synthase. This enables
assessment of the proportion of oxygen consumed by coupled and uncoupled mitochon-
drial respiration and by non-mitochondrial processes, as well as maximal respiratory
capacity [7].

10.4.4 Microvascular Oxyhaemoglobin Saturation

Misleadingly called ‘tissue oxygen saturation’ (StO,), this technique uses near-infrared
spectroscopy (NIRS) to provide continuous, noninvasive monitoring of microvascular
haemoglobin oxygen saturation [8]. The concept utilizes the relative transparency of tissue
to light in the near-infrared (700-1300 nm) range, the oxygenation-dependent light-
absorbing characteristics of haemoglobin, and the Beer-Lambert law. Using several wave-
lengths, the relative changes in oxy- and deoxyhaemoglobin concentration can be
displayed continuously. While haemoglobin is assumed to be the main chromophore in
biological tissue that absorbs light in this NIR region, there will also be components drawn
from oxy- and deoxy-myoglobin that cannot be separated out using currently available
monitoring techniques.

Although similar in many ways to pulse oximetry, the main difference lies in what is
being sampled. Pulse oximetry monitors the percentage of oxygenated haemoglobin
within arterial blood, whereas NIRS measures changes in oxy- and deoxyhaemoglobin in
the microvasculature (arterioles, capillaries, venules) within the tissue under investiga-
tion. The most commonly used site is the thenar eminence on the thumb; however mul-
tiple factors may affect measurements [9]. The normal range in healthy volunteers is thus
very wide (67-97%) [10], so without knowing a stable healthy baseline value, a low value
may or may not be indicative of poor perfusion. Attempts to use other sites, e.g. deltoid
and masseter, have been disappointing.

Greater utility can be gained from this technique by a more dynamic assessment
involving limb vascular occlusion. The rate of fall in oxygen saturation on arterial occlu-
sion signifies local oxygen consumption, whereas the rate of recovery signal on release of
the occlusion indicates microvascular regulation. A significant reduction in oxygen con-
sumption with accompanying microvascular dysregulation was found in septic shock
patients [11].
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10.4.5 Tissue Oxygen Tension

Tissue oxygen tension (PtO,) represents the local balance between oxygen supply and uti-
lization. There is a normal range for different tissues which varies depending on their indi-
vidual blood supply and metabolic activity. So, for example, resting muscle PtO, values are
considerably higher than those seen in the liver and renal cortex [12]. A fall in PtO, occurs
when oxygen delivery cannot meet local metabolic needs (e.g. hypoxia), and the converse
is seen either when (i) oxygen delivery is excessive, (ii) metabolic need is suppressed (e.g.
hypothermia) or (iii) mitochondrial utilization of oxygen is impaired (e.g. resuscitated sep-
sis). Laboratory studies indicate that falls in PtO, are more sensitive than global markers
such as haemodynamics, arterial lactate or base deficit in detecting early hypoxia [13, 14].

PtO, can be monitored in real time by implanting oxygen sensors into tissue. The ini-
tial oxygen sensors were based on voltage changes measured by Clark electrodes, but
newer sensors utilize materials (e.g. platinum, ruthenium) that fluoresce or phosphoresce
on exposure to flashes of light with the decay half-life of the fluorescence/phosphores-
cence being inversely related to the local oxygen tension according to the Stern-Vollmer
equation. Advantages of the newer sensors are their ‘plug-and-play capability’ as in vivo
calibration is not required and their increasing accuracy at lower oxygen tensions. To date,
there has been relatively limited use in critically ill and perioperative patients including
monitoring in the muscle, brain and conjunctiva [15-17]. However, bladder wall PtO,
monitoring utilizing a modified Foley bladder catheter to allow sensor introduction into
the bladder will soon be trialled in patients.

10.4.6 Mitochondrial Redox State

Mitochondrial redox state, either the ratio of reduced NADH to oxidized NAD" or oxi-
dized to reduced cytochrome oxidase (CCO), can be monitored noninvasively using the
phenomenon of autofluorescence. NADH and oxidized CCO fluoresce when excited by
ultraviolet illumination, whereas, conveniently, NAD* and reduced CCO are not. By mon-
itoring shifts in autofluorescence intensity, in vivo changes in mitochondrial redox state
can be interrogated in real time within living tissue. The necessary assumption is that the
total pool of NADH/NAD+ and oxidized/reduced CCO remains the same; in the short
term, this is highly likely. As the redox state primarily depends upon availability of mito-
chondrial oxygen, a monitor responding to redox state can be considered directly respon-
sive to hypoxia.

NADH carries electrons generated in the redox reactions of the Krebs cycle and gly-
colysis to Complex I of the electron transport chain (ETC) (8 Fig. 10.1). The ability of
NADH to offload electrons to the ETC, and so drive the electrochemical gradient across
the inner mitochondrial membrane used to synthesize ATP, is contingent on the presence
of sufficient oxygen to accept donated electrons. If the mitochondrial oxygen tension is
insufficient, a backlog occurs within the ETC. Below a certain threshold, the rate of the
Krebs’ cycle reactions that generate NADH will exceed the rate of the reverse reactions
generating NAD*. The redox balance tilts from its resting equilibrium towards a reduced
state so the NADH fluorescence intensity increases. A similar situation pertains for cyto-
chrome oxidase which under normal conditions is in the oxidized state. A reduction in
oxygen availability results in a shift towards the reduced CCO; however, as it is the oxi-
dized form that fluoresces, the signal intensity here will decrease.
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Importantly, oxidative (aerobic) respiration can continue at near-maximal capacity,
even at subnormal partial pressures of oxygen within the mitochondria, as the K for
oxygen — the Michaelis constant, where the concentration of substrate which permits the
enzyme to achieve half its maximal activity (V) - of cytochrome oxidase is extremely
low [18]. When mitochondrial oxygen supply is significantly compromised, there is a
rapid change in NADH or cytochrome oxidase state from equilibrium towards reduction.
This provides a ratiometric value rather than an absolute measure but nevertheless can
still indicate when oxygen supply limits respiration and the cell becomes ‘unhappy’. This
may delineate the lower bounds of physiological tolerance and provide an objective target
for “permissive resuscitation” indicating, for that tissue at least, whether deranged physiol-
ogy is being tolerated. This likely varies from organ to organ so a suitable canary organ
that is readily accessible for routine clinical practice would need to be identified.

10.4.7 Mitochondrial Oxygen Tension

Mik and colleagues have developed a technique for measuring mitochondrial PO, in the
epidermal skin layer [19, 20]. It utilizes endogenous protoporphyrin IX (PpIX) which is
only located within the mitochondria as an intramitochondrial oxygen-sensitive dye.
Topical application of its precursor, 5-aminolevulinic acid (ALA), in a cream to the skin
increases the PpIX concentration, and application of a green laser flashlight results in a red
delayed fluorescence that is quenched in an oxygen-dependent manner. Applying the
Stern-Vollmer equation therefore enables a calculation of mitochondrial PO,. The signal
obtained by this technique is indeed likely to represent an index of mitochondrial PO, as
it can be ablated by topical administration of cyanide, an inhibitor of the electron trans-
port chain. Whether the absolute values obtained are accurate remains open for debate as
values obtained are higher than those obtained by other techniques for interstitial “tissue’
PO, and those assumed for mitochondrial PO, by mathematical modelling. Nevertheless,
it likely offers a means of monitoring change over time. Another use is to perform a
dynamic challenge by occluding local blood flow (e.g. with a proximal blood pressure
cuff) and measuring the oxygen disappearance rate, which should be directly related to
mitochondrial oxygen consumption.

Downsides of the approach include the need to apply the topical ALA cream for sev-
eral hours prior to measurement to enable PpIX levels to increase and the need to cover
the skin as the application of high-intensity excitation light to the ALA can induce photo-
toxicity. While it has been used to measure values in the heart and liver in animal models,
ALA is not licenced for intravenous use in patients, so it is currently restricted to epider-
mal monitoring.

— Take-Home Messages

= Production of sufficient energy substrate (ATP) by mitochondria is integral to
adequate functioning of virtually all cell types within the body.

== Monitoring of mitochondrial functionality and tissue oxygenation provides
important windows into determining the adequacy of organ perfusion and
‘cell happiness’ during critical illness.

== Several techniques - either direct measures or surrogates — are available to be
performed at the bedside.
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Learning Objectives

The perioperative period can be one of the most vulnerable times for surgical patients, par-
ticularly those who have a number of co-morbidities. The additive effects of general anaes-
thesia, mechanical ventilation and the trauma of surgery itself, unless carefully managed,
have the potential to compromise haemodynamic stability. This requires careful consider-
ation and a proactive management approach.

11.1 Introduction

Cardiovascular physiology is perfectly developed to ensure the metabolic requirements of
the body are met in most circumstances by increasing (or decreasing) the delivery of
nutrients and oxygen in accordance with needs. This complex interplay between meta-
bolic requirements, cardiovascular pump function and venous and arterial tone can be
easily seen in the perioperative period where a variety of stressing insults can risk altering
this homeostasis adversely with negative impacts for the patient. This is especially the case
in frail elderly patients with complex co-morbid conditions presenting for surgery where
at times their baseline physiological state is at best marginal and can easily be tipped over
into an acute state that the body cannot cope with.

In the perioperative setting, a patient is subjected to stressors from a variety of sources
relating to the surgical procedure and the anaesthetic management. During this period,
the body’s oxygen requirements need to increase to deal with the significant stress response
and to help the patient recover and heal from the surgical trauma [1]. If the body is unable
to increase its cardiac output, the oxygen requirements may not be met, and the patient
develops tissue dysoxia and cellular dysfunction. This phenomenon, previously described
as an acquired oxygen debt, has been associated with organ failure and death in patients
unable to meet these demands for whatever reason [2, 3].

The association between this perioperative oxygen flux and the resultant complica-
tions was originally described by Shoemaker in the 1970s who identified the key variables
impacting patient outcome as being cardiac index, oxygen delivery and oxygen consump-
tion [2]. This body of research has helped ensuring high-risk patients are admitted to
intensive care units postoperatively where they can be invasively monitored and have their
haemodynamics manipulated as will be described in this chapter.

This chapter aims to provide an overview on the haemodynamic considerations to be
made when anaesthetising patients and the impact of mechanical ventilation, and this
should provide insights into how haemodynamics can be manipulated in the intra- and
postoperative settings.

11.2 Baseline Physiology

As the population gets older in the Western world, it is becoming more common for
patients with complex medical conditions to present for surgery [4]. The prevalence of
hypertension, diabetes mellitus, chronic respiratory illnesses and heart failure is all more
common than in previous years and leads to challenging physiologic states for the periop-
erative period. On top of this, patients presenting for surgery are often debilitated by the
condition that the surgery is designed to cure, and many will come into the operative
environment with mild vascular volume deficits and changing levels of maintenance drug
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therapies due to them not being continued up and through the perioperative period.
While the exact mechanisms are not completely known, it is understood that the surgical
stress is associated with the development of complications, which can develop in regions
distant to the surgical site (i.e. a pneumonia in a postoperative hip replacement). The
development of postoperative surgical complications is associated with in-hospital mor-
tality, higher length of stay, higher costs and long-term mortality [5-7].

The Frank-Starling mechanism describes the process by which the heart is able to
accommodate and eject the blood returned to it, despite variable venous return (VR). The
increased preload, or venous return, increases the stretch of the cardiac myocyte. The
resulting increase in sarcomere length leads to an increased force of contraction with the
desired result being an increased volume of blood ejected from the heart [8].

The venous system is not a passive conduit for blood to return to the heart. It is an
adjustable reservoir that is able to modify blood flow according to changing metabolic
requirements. The veins contain almost 70% of the total blood volume, much higher than
that contained in either the arteries (13-18%) or capillaries (7%). In addition, anatomi-
cally the veins are very different to the arteries with a much higher compliance than arte-
rial walls. The veins are essentially a blood reservoir that keeps 70% of the circulating
blood volume in a distensible compartment.

According to Guyton, the majority of blood is kept in an ‘unstressed’ compartment of
the body vasculature where volume and pressure are essentially independent of one
another. But a small proportion (about 1/5) is kept within a ‘stressed’ compartment where
increases in volume directly lead to increases in mean pressure [9]. This is called the mean
systemic filling pressure (Pmsf) and is the pressure related to the intravascular volume and
the mean systemic capacity of the system.

The heart pumps blood continuously into the aorta which therefore has a high pres-
sure, averaging 80-100 mmHg. As the blood flows into the systemic circulation, the mean
pressure reduces progressively until it gets to the right heart (whose pressure can be
described by the central venous pressure or right atrial pressure (Pra)). If the heart was to
stop for any reason, the arterial pressure would fall, and the Pra would progressively
increase until a certain point when there is no blood motion. At this point, the pressure at
every single point of the circulatory system would be the same. This point equals to the
value of the Pmsf.

The rate of blood flow is determined by the difference in pressure between two points
of the cardiovascular system and not by any single pressure at any point. Given that most
of blood is in the venous reservoir, the pressure at this point is particularly interesting.
Venous return is defined by three parameters: the Pmsf, the right atrial pressure (Pra) and
the resistance to venous return (RVR). This can be also mathematically represented as
follows:

VR = (Pmsf —Pra)/RVR

The gradient of pressure between Pmsf and Pra is directly proportional to the venous
return. Guyton et al. described venous return curves changing the Pra under isovolumet-
ric conditions. As during steady conditions, cardiac output (CO) and venous return are
equal; Pmsf plays an important role on the regulation of CO [9].

Guyton described the concept that the left ventricular cardiac output is closely main-
tained and controlled by manipulations in venous tone and return [9]. Any condition that
leads to alterations in venous tone and therefore venous return to the right heart would be

11
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expected to lead to alterations in left ventricular (LV) output and therefore systemic hae-
modynamics. There are many stressors of the venous system present during surgery under
general anaesthesia so it should not be a surprise to understand that drops in cardiac
output in combination with systemic falls in arterial blood pressure are a common conse-
quence of induction of anaesthesia and maintenance of intermittent positive pressure
ventilation. There is some emerging evidence that keeping the systemic haemodynamics
at the preoperative state is beneficial to the patients, but this does require an understand-
ing of cardiovascular physiology and in complex patients the monitoring of these vari-
ables to identify the changes.

11.3 Haemodynamics and General Anaesthesia

The physiological alterations that result from induction of general anaesthesia are well
known. The impacts on the cardiovascular system include reductions in both venous and
arterial tone, myocardial depression, decreased cardiac output and hypotension. The dif-
ferent drugs used have specific patterns of change on this system, and to a certain extent,
an in-depth understanding of these impacts can help the clinician choose an appropriate
agent for any given situation.

It is the role of the anaesthetist to anticipate the haemodynamic fluctuations observed
intraoperatively to ensure adequate perfusion to the vital organs is maintained during this
stressful time. In the 1950s, Finnerty investigated the effects of inducing cerebral isch-
aemia by intravenous administration of hexamethonium and/or tilting on cerebral hae-
modynamics and metabolism [10]. It was noted that the degree of fall in mean arterial
pressure which resulted in cerebral ischaemia varied from 29 to 80 mmHg depending on
individual patient characteristics. More modern drugs have far less of an impact than this
but still need to be used with caution in patients who may not tolerate such swings in
physiological status quo.

Propofol is widely used as an induction agent due to a number of desirable character-
istics such as rapid onset and recovery. The cardiovascular depressant effects, mediated
by peripheral mechanisms such as depression of myocardial contractility, vasodilation
and inhibition of the sympathetic nervous system, are well tolerated in healthy subjects
[11]. Hypotension post induction of general anaesthesia is strongly associated with age
over 50 years, hypotension preoperatively and use of propofol as a hypnotic agent.
Propofol use can be problematic in high-risk patients with intrinsic cardiac disease or
multi-organ system disease [12]. In addition, the cardiovascular effects of propofol can be
worsened in patients who are concomitantly taking angiotensin-converting enzyme
(ACE) inhibitors. Propofol has been shown to increase endothelial production and
release of nitric oxide (NO). Malinowska-Zaprzalka postulated that the haemodynamic
compromise seen when these agents are used together could be due to an additive effect
on NO release [13], that results in both systolic and diastolic blood pressures being sig-
nificantly lowered following propofol induction in patients chronically treated with
enalapril compared to normotensive patients [13]. Recent evidence has suggested that
increased NO bioavailability may account for the enhanced hypotensive effects of propo-
fol in ACE inhibitor-treated patients [14].

The risk of induction of anaesthesia in hypertensive patients has been widely described
[15]. From the increased arterial pressure during laryngoscopy [16] to the equally delete-
rious hypotension following premedication, the patient is at risk of myocardial ischaemia,
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transient left ventricular failure and arrhythmia [17]. While Finnerty noted the increased
sensitivity to low mean arterial pressure (MAP), others have described the greater abso-
lute intraoperative blood pressure decreases among patients who had persistent hyperten-
sion compared to those with a well-controlled blood pressure. However, in order for labile
blood pressure to be associated with postoperative cardiac complications, the drop in
blood pressure needs to be significant and long lasting (50% of usual value or to 33% for
at least 10 min) 11, 18].

11.4 Mechanical Ventilation

General anaesthesia is combined with intermittent positive pressure ventilation (IPPV)
and neuromuscular relaxation. The impacts of this intervention on the cardiovascular sys-
tem can be significant, primarily by changing lung volume and intrathoracic pressure.

IPPV induces cyclic changes to the flow into the ventricles. Mechanically insuf-
flating the lungs decreases preload and increases afterload in the right ventricle (RV).
The RV preload reduction is a result of the increased pleural pressure, and the increase
in RV afterload relates to the inspiratory increase in transpulmonary pressure [19].
These effects combined lead to a reduced RV stroke volume particularly at the end of
the inspiratory period. This inspiratory reduction in RV ejection results in decreased
left ventricular (LV) filling following a phase lag of two to three heartbeats because of
the protracted pulmonary transit time [20]. Hence, the LV preload reduction may
induce a decrease in LV stroke volume which is at its minimum during the expiratory
period [19].

The effects of positive end-expiratory pressure (PEEP) on LV preload are complex and
dependent on systemic venous return, RV output and LV filling, and as such, increased
levels of PEEP may potentiate detrimental consequences for venous return and RV after-
load, resulting in reduced cardiac output. As these effects are also mediated by increased
lung volumes, it is important to be aware that these increased lung volumes cannot only
produce detrimental lung injury but will also necessitate close haemodynamic monitoring
to avoid compromising cardiac output [21, 22].

11.5 Manipulation of Haemodynamics

11.5.1 Volume Status During the Perioperative Period

The volume of fluid therapy administered during the perioperative period has been cor-
related with outcome, and increased mortality is associated with very high and very low
volumes used [23]. A recent trial from the ANZICS trials group confirmed this by ran-
domising 3000 patients to either a restrictive or liberal intravenous fluid regime during
and up to 24 h after surgery and found that the restrictive regime conferred little benefit
and the suspicion of some harm to the patients (increased infections and requirement
for renal replacement therapy) [24]. It seems clear that, especially in the highest-risk
patients, giving the right amount of intravenous fluids (not too much and not too little)
is of paramount importance and can often only be achieved with a thorough under-
standing of the underlying haemodynamics, and this often requires sophisticated hae-
modynamic monitoring.

11



11

112

K. McAndrew et al.

Differing approaches to fluid therapy are frequently seen, but what needs to be
consistent is that patients receive fluids targeted to their individual requirements.
These should effectively challenge their physiology, and overall responsiveness should
be assessed via appropriate monitoring only following volumes which are likely to
increase Pmsf [25].

To achieve the desired increase in ‘stressed’ volume that will result in sarcomere
stretch, an appropriate fluid challenge should be administered. A wide disparity in prac-
tice has been observed with crystalloids such as 0.9% saline and Hartmann’s being used in
around three quarters of fluid challenges. The average volume given as a challenge is
500 ml [26]. Aya et al. studied fluid challenges using volumes of 1, 2, 3 and 4 ml/kg over
5 min in postsurgical patients and demonstrated that 4 ml/kg was the most reliable vol-
ume to stress the cardiac system and demonstrate a response [27].

Clinical examination and cardiac monitoring can assist the clinician in predicting
whether a fluid challenge will be effective. High pulse pressure variation, vena cava col-
lapsibility and dynamic passive leg raising correlate with effective fluid challenge [28].
Myatra et al. demonstrated how reviewing the impact of a transient increase in tidal vol-
ume from 6 to 8 ml/kg in ventilated patients can also predict fluid responsiveness [29].

11.5.2 Goal-Directed Therapy

Haemodynamic monitoring techniques can be used in protocolised practices aiming to
augment cardiac output specifically in high-risk, postoperative patients. This concept is
widely described as ‘optimisation’ or ‘goal-directed therapy’

Major surgery is associated with a significant stress response which allows the body to
heal and recover from the surgical trauma [1]. Dysoxia and cellular dysfunction may arise
if the body is unable to increase its cardiac output in response to this increased demand,
and any patient who falls into this category is at high risk of complications, organ failure
and death [2, 3].

Optimisation strategies aim to ensure the circulatory status is adequate during the
perioperative period, and it does this by targeting the key variables of cardiac index, oxy-
gen delivery and oxygen consumption. Hence, they specifically aim to augment the hae-
moglobin level, the arterial oxygen saturation of haemoglobin (S 0,) and the cardiac
index in order to optimise the oxygen delivery.

The evidence for the particular targets originate from the research by Shoemaker et al.,
who hypothesised that aiming for supranormal physiological parameters would decrease
morbidity and mortality, and he described targets of cardiac output >4.5 L/min/m? and
oxygen delivery >600 ml/min/m? [2]. In recent years most strategies of GDT studies used
volume optimisation approaches alone, targeting optimal stroke volume by fluid challenge
techniques or by targeting fluid responsiveness variables.

The targeting of stroke volume and/or cardiac index requires monitoring of it, which
can be done using many of the methods described elsewhere. Once measured, if it is per-
ceived to be too low, then it is initially increased by intravenous fluid filling. Many patients
may have a heart rate and blood pressure within a normal range, but the aim of the fluid
administration is to increase preload and therefore stroke volume and cardiac output to
these supranormal targets. If this is still not achieved, then the use of an appropriate car-
diovascular agents that will improve cardiac output, such as dobutamine, can be used in
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suitable patients [25]. A number of trials have shown that this method of optimising car-
diac output is associated with reduced mortality, less complications and an overall reduc-
tion in length of hospital stay [30-32]. More recent trials such as OPTIMISE and POEMAS,
both large randomised control trials looking at GDT outcomes in high-risk patients
undergoing major abdominal surgery, have not demonstrated the same benefits [33, 34].
A possible explanation for this discrepancy is that patient care throughout the periopera-
tive period has greatly improved. Expert-led preoperative assessment ensures patients are
at a physiological peak prior to the procedure, and advancements in anaesthesiology and
cardiac monitoring throughout surgery mean that patients are in better physiological con-
ditions throughout the surgical and postoperative periods [35].

Conclusion

The physiological disturbances associated with major surgery are complex. Clinicians need
to have an in-depth understanding of cardiovascular physiology, the changes associated
with their medical interventions and how these interact with complex premorbid disease
states. If this understanding is in place, then appropriate therapies can be selected to give
patients the best chance of surviving their surgical stress.

— Take-Home Messages

= Haemodynamic alterations are very common in the perioperative period.

== Poor haemodynamic control is associated with adverse patient outcomes.

== Understanding of haemodynamic changes in patients with complex cardiovas-
cular disease may require advanced haemodynamic monitoring.

= Haemodynamic therapy is best titrated against haemodynamic endpoints that
are monitored.

= Appropriately titrated therapy can reduce adverse outcomes in this patient

group.
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Learning Objectives
Veno-arterial extracorporeal membrane oxygenation (VA-ECMO) is increasingly used as
first-line therapy for refractory cardiogenic shock [1-3]. It can be easily and rapidly implanted
at patient’s bedside, even outside of the hospital thanks to mobile ECMO units [4, 5]. It com-
bines biventricular cardiac and respiratory support, with a device delivering high and stable
blood flow. With the improvement of biomaterials and technologies, ECMO can now stay in
place several days or even weeks, as a bridge to “decision” that includes recovery, transplan-
tation, long-term mechanical circulatory support, or withdrawal in case of futility [1, 6, 7].
It should however be mentioned that VA-ECMO alters the hemodynamics of implanted
patients, depending on the type of cannulation, ECMO blood flow, and patient’s spontane-
ous residual ejection. In this chapter, we will discuss hemodynamic changes during VA-
ECMO in the macro- and microcirculation, in relation with cannulation site and the
interactions between ECMO and patients’ cardiovascular system.

12.1 Principles of VA-ECMO Circulatory Support

The VA-ECMO circuit includes drainage and return cannulas, a centrifugal pump, and a
membrane oxygenator (B Figs. 12.1 and 12.2). For peripheral femoro-femoral cannula-
tion, the multiperforated drainage cannula is placed at the entry of the right atrium (RA)
through the femoral and inferior cava veins and connected to the drainage (venous) line
(B Fig. 12.2, mark 1). The blood is drained in the circuit by the centrifugal pump
(8 Fig. 12.2, mark 3), passes through the membrane lung (B Fig. 12.2, mark 4), and is
reinjected retrogradly in the aorta through the return (arterial) cannula (8 Fig. 12.2,
mark 2) placed in the iliac artery. Peripheral VA-ECMO (PVA-ECMO) thus allows biven-
tricular support, bypassing the heart of the patient. Additionally, the membrane lung pro-
vides blood oxygenation and decarboxylation, which are determined by ECMO and sweep
gas flows (B Fig. 12.2, mark 5), and membrane FiO, (B Fig. 12.2, mark 6). Alternatively, the
axillary route can be used for the return cannula, particularly in case of peripheral arterial
disease. For central intrathoracic cannulation, the drainage cannula is placed directly in
the right atrium (RA) and the return cannula in the ascending aorta. Central cannulation
can also be used for mono-ventricular or biventricular support, depending on patient’s
condition: RA to pulmonary artery for right ventricular support and/or left atrium to the
aorta, for left ventricular support.

Pump speed (B Fig. 12.2, mark 8) is set on the ECMO device controller (8 Fig. 12.2,
mark 7), which also displays the resulting ECMO blood flow (8 Fig. 12.2, mark 9), and in
the latest-generation machine circuit pressures, hematocrit and blood oxygen saturation.
Target ECMO blood flow is 2-3 L/min/m?, to reverse clinical and biological signs of cir-
culatory shock [1, 8, 9].

12.2 Macrohemodynamics Under VA-ECMO

Pressure-volume loops describe left ventricular function (8 Fig. 12.3a), with (1) isovolu-
mic contraction, (2) ejection, (3) isovolumic relaxation, and (4) filling of the heart. End-
systolic pressure-volume relationship (ESPVR) follows a linear relation with a slope
depending on myocardial contractility. End-diastolic pressure-volume relationship
(EDPVR) is curvilinear, with its slope increasing as end-diastolic volume increases and
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@ Fig. 12.1  Schematic

representation of peripheral

VA-ECMO inserted in a patient,

with venous drainage line in blue VA
and arterial return line in red

depending on relaxation and compliance properties of the heart. Arterial impedance
might also alter myocardial performance, modifying pressure-volume loop aspect. A rise
in total peripheral resistance (part of cardiac afterload against which the heart contracts)
will be responsible for a rightward shift of ESPVR and EDPVR, increasing LV end-systolic
pressure as well as LV end-systolic volume (8 Fig. 12.3d). The failing heart combines a
decrease in myocardial contractility and in diastolic relaxation, which is transduced by a
rightward shift of the pressure-volume loop (8 Fig. 12.3a). LV end-diastolic as well as end-
systolic pressure and volume are increased, while stroke volume is decreased (@ Fig. 12.3a).

12.2.1 Hemodynamics Under PVA-ECMO

PVA-ECMO, which provides retrograde blood flow in the aorta, is responsible for a marked
increase in cardiac afterload, which further shifts rightward the pressure-volume loop of the
failing heart (@ Fig. 12.3a). As ECMO flow increases, LV end-systolic and end-diastolic pres-

12
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B Fig. 12.2 Representation of different parts of VA-ECMO circuit, with (1) drainage (venous) line, (2)
return (arterial) line, (3) centrifugal pump, (4) membrane, (5) sweep gas flow, (6) membrane FiO,, (7)
console, (8) pump speed, (9) ECMO flow rate

sures increase, while LV stroke volume markedly decreases, as contractility remains
unchanged. In conclusion, despite rescuing peripheral organs, PVA-ECMO further decreases
cardiac output. Higher ECMO blood flows may even completely abolish heart ejection, lead-
ing to increased risks of left ventricle blood stagnation and thrombosis (8 Fig. 12.3b). In
clinical practice, ECMO blood flow should be set at the minimal level to allow correction of
shock, respecting as much as possible the spontaneous ejection of the native heart.

The major risk associated to elevation of LV end-diastolic pressure is pulmonary edema,
which occurs in around 30-50% of PVA-ECMO patients [1, 8, 10, 11]. The risk is higher for
chronic heart failure patients, as adaptive mechanisms to heart failure are responsible for a
switch rightward of the pressure-volume loop, with LV end-diastolic pressure already ele-
vated. Patients with a very low spontaneous LV ejection under ECMO are also at risk, as
decreasing contractility is also responsible for a further switch rightward of pressure-vol-
ume loop [10]. Ways to control the risk of pulmonary edema under ECMO are as follows:
1. Increasing contractility. This will allow the pressure-volume loop to translate

leftward, with an increase in EDPVR slope and a decrease in LV end-diastolic

pressure and volume (8 Fig. 12.3c). It explains why inotropes are usually maintained
under ECMO for patients at high risk for pulmonary edema.

2. Decreasing the afterload (i.e., total peripheral resistance). As shown in @ Fig. 12.3d,
for a specific contractility (i.e., for a given and constant ESPVR slope), decreasing
total peripheral resistance will decrease LV end-systolic and end-diastolic pressure
and volume and will increase stroke volume.

3. Furosemide to increase diuresis, as decreasing LV preload will also decrease LV
end-diastolic pressure and LV end-diastolic volume.
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@ Fig. 12.3  Schematic representation of left ventricle pressure-volume loop a during normal
conditions, heart failure and heart failure assisted with peripheral VA-ECMO, b with increasing peripheral
VA-ECMO blood flow, c under peripheral VA-ECMO with increasing contractility, d under peripheral
VA-ECMO with decreasing total peripheral resistance. Ae arterial elastance, EDPVR end-diastolic
pressure-volume relationship, ESPVR end-systolic pressure-volume relationship, PVA-ECMO peripheral
veno-arterial ECMO, TPR total peripheral resistance. (Adapted from Burkhoff et al. [26])

12.2.2 Harlequin Syndrome

During PVA-ECMO, blood flow ejected by the patient’s heart mixes with the retrograde
PVA-ECMO flow in the aorta (B Fig. 12.4). The level where these two flows mix in the
aorta depends on the ratio between native heart spontaneous ejection (itself depending on
contractility, preload, and afterload conditions) and PVA-ECMO flow. When spontaneous
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B Fig. 12.4 Schematic representation of competing between PVA-ECMO blood flow and patient’s
spontaneous residual ejection, with reducing PVA-ECMO blood flow from a to b. (Adapted from Wong
etal. [27])

ejection is abolished, all circulation is supported by PVA-ECMO flow. The more the stroke
volume increases (after recovery and/or inotropic drug infusion and/or PVA-ECMO flow
decrease), the more the mixing zone will be far away from the aortic valve. If severe respi-
ratory failure is associated with circulatory failure, this can lead to severe hypoxemia in
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territories vascularized by the proximal part of the aorta, while the lower parts of the body
remain fully oxygenated. Upper body oxygenation could theoretically be corrected by
decreasing heart contractility (discontinuing inotropic drugs infusion) and stroke volume
by increasing ECMO flow, but this would further impair myocardial recovery and pulmo-
nary edema. The best option will be to switch to veno-arteriovenous cannulation, with
blood returned to the femoral artery and the internal jugular vein [12].

12.3 Central VA-ECMO

Central VA-ECMO use is limited by a higher morbidity compared to PVA-ECMO. The
need for sternotomy is associated with a higher risk of bleeding and infections, and the
risk of stroke is more pronounced [13]. It can be an option in case of severe peripheral
arterial disease, or for prolonged circulatory support, particularly in post-cardiotomy
patients in whom a sternotomy has already been performed. Double central cannulation
(RA-right pulmonary artery+ LV-aorta) is preferred to RA-aorta cannulation for long-
term support, to preserve pulmonary circulation and lung vascularization. Compared to
PVA-ECMO, central cannulation allows (8 Fig. 12.5) (1) a decrease of LV afterload, as the
return flow has a more physiological anterograde direction in the aorta, and (2) a better
LV unloading. Direct positioning of the drainage cannula in the RA allows indeed a more
efficient drainage of both inferior and superior cava veins. Better RV unloading decreases
LV preload, decreasing LV end-diastolic pressure and volume. The risk of pulmonary
edema is therefore significantly decreased compared with peripheral cannulation
(@ Fig. 12.5).

Heart failure

Heart failure under central VA-ECMO 1,5 L/min
Heart failure under central VA-ECMO 3,0 L/min
Heart failure under central VA-ECMO 4,5 L/min
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=
£ 100+
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12.4 Microcirculation Under ECMO

12.4.1 Impact of VA-ECMO on the Microcirculation

Although severe cardiogenic shock patients exhibit clear signs of microcirculation impair-
ment [14, 15], data reporting the effects of ECMO in this setting are scarce and report
conflicting results. In 14 neonates on VA-ECMO for acute respiratory distress associated
with myocardial dysfunction, functional capillary density significantly improved after
ECMO treatment [16]. On the contrary, in 24 adults suffering from refractory cardiogenic
shock, sublingual microvascular dysfunction did not correct after VA-ECMO initiation.
However, non-survivor patients had more pronounced microcirculation impairments
under assistance compared to survivors [17]. In another study in 13 patients under VA-
ECMO, recovery of sublingual microvascular dysfunction was associated with successful
weaning from ECMO [18]. Thus, the exact effect of extracorporeal circulation on micro-
circulation remains an area for future investigations.

12.4.2 Effects of Continuous Versus Pulsatile Flow

While unloading the heart and increasing LV afterload, VA-ECMO will further decrease
LV stroke volume, reducing blood flow pulsatility. More severe patients are exhibiting a
nonpulsatile laminar blood flow under ECMO. The potential deleterious effects of
nonpulsatile blood flow are subject to debate. Based on experimental studies, it has been
advocated that continuous blood flow could be responsible for an increase in systemic
vascular resistance and a decrease in peripheral organ perfusion, as well as increased
endothelial activation and coagulation disorders [19, 20]. In several open randomized
studies conducted by one group in patients operated for coronary artery bypass, intra-
aortic balloon pumping during CEC was associated with a reduction in postoperative
organ dysfunctions and coagulation disorders. However, these effects were not replicated
in another randomized study in 100 coronary artery bypass patients. Likewise, microcir-
culation assessment during pulsatile cardiopulmonary bypass led to conflicting results
[21-23]. Under VA-ECMO, although an observation in one patient suggested that IABP
could improve sublingual microcirculation impairment, this effect was not confirmed in a
larger physiological study in 12 patients [24].

Practical Implication

From these pathophysiological considerations, key points for hemodynamic management

of patients assisted with VA-ECMO are as follows:

= PVA-ECMO blood flow should be the lowest allowing correcting peripheral tissue
hypoperfusion. Minimal PVA-ECMO flow will limit the increase in afterload due to
ECMO, thus limiting the rise in LV end-diastolic pressure and reducing the risk of
hydrostatic pulmonary edema.

== Perfusion of inotropes may be continued under PVA-ECMO. It will increase
myocardial contractility, promote spontaneous left ventricle ejection, and
ultimately prevent blood stagnation and pulmonary edema.

== Diuretics are also frequently prescribed to prevent and treat pulmonary edema
under PVA-ECMO.
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== |ntra-aortic balloon pump (IABP), with deflation during systole decreasing LV
afterload, may also be helpful in combination to PVA-ECMO to prevent pulmo-
nary edema [25].

== The risk of Harlequin syndrome should be assessed when cardiac function
improves, with pulse oximetry and blood gazes analyzed from blood drained
from right arm arteries (as far as possible from ECMO blood flow).

== Daily echocardiography must be performed to detect LV thrombosis, to assess
residual cardiac function and to adjust inotropes, if needed, and to evaluate
cardiac recovery allowing ECMO weaning.

Conclusion

VA-ECMO is increasingly used during refractory cardiogenic shock. Understanding the complex

interactions between VA-ECMO and patient’s cardiovascular function is crucial for optimal
care. VA-ECMO settings should be tailored to each patient-specific cardiovascular function
and hemodynamic status to maximize the benefits of mechanical circulatory support with
minimal adverse effects.

— Take-Home Messages

== PVA-ECMO and central VA-ECMO are two modalities of mechanical circulatory
support that have very distinct hemodynamic consequences.

== Hemodynamic status under PVA-ECMO, resulting from the interaction of VA-
ECMO flow in one hand, and the patient residual cardiovascular function on
the other hand, is also influenced by VA-ECMO flow, preload, and afterload and
inotrope and vasopressor infusion.

== PVA-ECMO increases LV afterload, worsening residual stroke volume and increas-
ing risks of pulmonary edema and blood stagnation in cardiac cavities. These
risks can be lowered by setting the lowest possible ECMO blood flow, maintain-
ing inotropes and diuretics, and eventually combining IABP to ECMO support.
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Learning Objectives

In this chapter the reader will learn the relevance of three simple-to-use windows using
simple techniques to assess acute circulatory failure at the bedside. The three windows of
circulatory failure represent the brain, the skin, and the kidney where the tools of listening,
feeling, and observing can be rapidly used to assess the status of the patient. The reader will
appreciate after having read the chapter that any abnormality found using these tools rep-
resents a serious warning signal that necessitates further investigations and follow-up.

13.1 Introduction

Hemodynamic instability is a frequent reason for ICU admission and is associated with
significant morbidity and mortality. Many decades have been spent on the origin, the nam-
ing, and definitions of shock or circulatory failure. Despite the fact that our understanding
of the physiology of this syndrome far exceeds that of our predecessors, they already stated
in 1861 that it may be better to be able to recognize shock than define it [1]. This is also
reflected in our current guidelines, where it is stressed that early recognition and adequate
treatment are of paramount importance to prevent organ damage and improve outcome. In
the early phase, the availability of hemodynamic data is usually limited. Although changes
in blood pressure and heart rate are frequently seen as key features in hemodynamic insta-
bility, and used frequently in the definition of circulatory failure, they are not specific nor
sensitive in many clinical circumstances. As stated by the famous American trauma sur-
geon Samuel Gross in the Civil War: “It is not necessary to describe minutely the symptoms
of shock, as the nature of the case is apparent at first sight from the excessive pallor of the
countenance, the weakened or absent pulse, the confused state of mind, the nausea or nau-
sea and vomiting, and the excessive bodily prostration” [1]. As in many cases hemodynamic
monitoring is not (yet) available, we will focus in this chapter on the clinical recognition in
a patient with acute circulatory failure, and it will be a history that is repeating itself given
the revival of peripheral perfusion assessment in clinical practice (8 Table 13.1).

13.2 Historical Perspective

As observation and treatment of circulatory shock were also limited in the days before
(complex) hemodynamic monitoring became available, it makes sense to review the early
descriptions of the syndrome. The first use of the word shock originates from the 1743
English translation of a French manuscript on gunshot wounds published 2 years earlier.
Already in this publication, it was stated that although blood was still flowing in the major
arteries, it was suspended in the smaller capillaries leading to the clinical symptoms of
cold sweat and pale extremities [2]. Six months after Lord Nelson died in the Battle of
Trafalgar (1805), Benjamin West painted The Death of Nelson based on recollections of
over 50 survivors resulting in a painting on what might have been, not of the circum-
stances as they happened [3]. In the painting, the bright red faces of the soldiers clearly
stand out from the dying Lord Nelson’s pale face (8 Fig. 13.1). One hundred years after the
first use of the term shock, Johann Scherer described the first measurements of increased
lactate levels in patients who had died from shock [4]. In the first cases, he described
women dying of, what we now would call, septic shock with symptoms of altered mental
status, delirium, cold, clammy and mottled skin, and dark urine. These symptoms became
the windows of shock of modern intensive care [5].
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O Table 13.1
Window Parameter
Brain Mental state

Skin

Kidney

O Fig. 13.1

Temperature

Color

Capillary refill
time

Urine
production

Table Clinical assessment of peripheral perfusion

Limitation

Only available in non-sedated patients

Needs a communicable level of consciousness to detect
confusion, delirium, etc.

Traumatic brain injury may add to the change in mental state
irrespective of the circulatory state

Influenced by environmental temperature like outside temperature
in trauma patients and room temperature in hospitalized patients
Subjective with unknown inter-/intra-rater variability

Limited in dark skin colors
Limited in patients with significant occlusive vascular disease
(diabetes, arteriosclerosis)

Press the nailbed of the patient’s finger (usually the second or third
finger) between your thumb (which is on the nailbed) and index
finger so that the blood is pushed out (white nailbed). Do this for

5 seconds, and count the number of seconds it takes for the color of
the nailbed to return to the original color

Not available in patients without kidney function (dialysis patients)
Takes time to observe limited urine output

Painting of the death of Lord Nelson, painted 6 months after his death

13
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13.3 Circulatory Failure

An important function of the circulation is to supply the organs with adequate amounts of
oxygen and nutrients to maintain their function. Although the supply of oxygen is a factor
of the oxygen content of the blood (hemoglobin and arterial oxygen saturation), the main
element is blood flow (cardiac output). Together with regional changes in vasomotor tone,
the output of the left ventricle results in tissue perfusion coupled to the metabolic needs of
the tissues.

In case of loss of significant tissue perfusion, the sympathetic nervous system gets
activated. The aim of this response is twofold: first to increase venous return by decreasing
venous capacitance to preserve cardiac output and second to maintain blood pressure to
ensure vital organ perfusion pressure (heart and brain). Increased sympathetic tone results
in increased heart rate (activated beta-receptors), generalized vasoconstriction, increased
secretions of sweat glands (activated alpha-receptors), and increased glucose metabolism
(activated by alpha-receptors) resulting in the symptoms known for centuries: increased
heart rate, cold sweaty and/or mottled skin, decreased urine production, and increased
lactate levels. In the following we will discuss the parameters most frequently used to
assess the abnormal peripheral circulation in patients with hemodynamic instability.

13.4 Clinical Assessment of Circulatory Failure

In this chapter we focus on the three clinical windows of circulatory failure: the brain, the
skin, and the kidney [5]. For this we need only basic skills: listen, feel, and observe. These
tools are fast and cheap and don’t require monitoring devices. Abnormalities diagnosed
with these tools indicate additional measurements and follow-up (8 Fig. 13.2).

13.4.1 Brain @

Changes in mental state occur early in the course of circulatory failure. Like in the case of
the 23-year-old Eva Rumpel, in the first publication of lactate measurements, who became
delirious first while finally losing consciousness [4]. Already in the early descriptions of a
shock state, it was referred to as a state of the nervous system with early signs described as
general indifference, apathetic and disoriented to even agitated [1, 6]. Recent develop-
ments in scoring systems have revealed that changes/fluctuations in mental status and/or
attention, the presence of disorganized thinking, and an altered level of consciousness
relate to abnormal brain function [7].

When using clinical observation, almost 25% of the patients with sepsis have symp-
toms of alterations in mental status [8]. However, when using more profound diagnostic
tools, almost all sepsis patients have abnormalities [9].

In general, it is believed that changes in the cerebral oxygen delivery and changes in
microcirculatory perfusion play an important role in the deterioration of function. In
hemorrhagic shock both cardiac output and low blood pressure contribute to the changes
in cerebral perfusion and function [10-12]. Although in septic shock the cardiac output is
often preserved, loss of autoregulatory mechanisms due to iNOS activation may result in
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Changing attention span Cold, clammy Low volume of dark colored
Delirium Mottled urine in the bladder
Comatose Pale white No, low urine production in
Restless Prolonged capillary refill the first 30-60 min

etc. (sternum, finger)

@ Listen

o= Feel

@ Observe

@ Fig. 13.2 The three windows of acute circulatory failure and the basic skills to use them

g
5
2
«
o
=

microcirculatory perfusion abnormalities that lead to loss of adequate perfusion and
function [13-16]. On the other hand, the inflammatory response to infection in itself
leads to changes in mental state [17] sometimes referred to as the sickness syndrome [18]
but currently usually referred to as sepsis-associated encephalopathy where changes in
metabolism may result in an abnormal mental state in these patients [19].

Like many clinical signs described in the realm of circulatory failure, a change in men-
tal state is neither sensitive nor specific [1]. Nevertheless, a patient presenting with a sud-
den (hours) change in cerebral function should be carefully examined for possible
circulatory failure, whereas an abnormal mental state in a patient with clear circulatory
failure may be a warning signal of a patient reaching the limits of compensatory mecha-
nisms being at the brink of circulatory arrest [10, 20].

13.4.2 Skin"'(@

One of the first mechanisms to preserve tissue perfusion of the vital organs (heart, brain)
is to decrease perfusion of the non-vital organs (e.g., skin, kidney) mediated by the activa-
tion of the sympathetic nervous system present in both shock related to severe decreases
in blood flow as well as to sepsis-related circulatory failure [21, 22]. This may result in
decreased perfusion of the skin that can be monitored by several clinical symptoms. In
this section we only discuss the assessment of skin perfusion using a clinical exam without
the use of devices which bears subjectivity; all of these parameters have been related to
similar abnormalities using objective measures of skin perfusion [23-28].

13
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13.4.2.1 Temperature

The skin is the major organ in thermoregulation and has no autoregulatory mechanisms;
a decrease in skin perfusion results in a decrease in skin temperature. A shift from periph-
eral to central circulation is a key feature of circulatory failure, and thus a cool and fre-
quently clammy skin has long time been seen as an important symptom of an impaired
circulation of different origins [1]. Therefore, a cool skin, even in patients with sepsis, is an
early sign of circulatory failure [29]. Few studies have shown abnormal hemodynamic
profiles in patients with a skin cool to touch [30, 31]. In a mixed cohort of patients, Kaplan
et al. [30] showed that patients with cool skin had lower cardiac output, mixed venous
oxygen saturation, and higher lactate levels. The use of clinical parameters to estimate the
actual cardiac output of a patient (qualitative or quantitative) or changes in cardiac output
is generally inaccurate [32, 33]. A (sweaty) skin cool to the touch may thus indicate further
testing of, for instance, lactate and acid-base status to further objectify the presence/sever-
ity of circulatory failure [30].

13.4.2.2 Mottling: Color

A pale skin or mottled skin has been recognized already early in the descriptions of acute
circulatory failure. In modern acute care, this is not different. Coudroy et al. [34] found
that almost one third of the patients admitted to the ICU had a mottled skin whereas this
was present in almost 50% of the patients with septic shock. Most notably the mottling
was present on the day of admission. In a study in septic shock patients, Ait-Oufella et al.
[35] reported an incidence of up to 70% of the patients. Extensive mottling is a sign the
patient is in grave danger of an early death. Ait-Oufella et al. [35] also found that patients
with the most severe mottling were more likely to die already on the first day of admission.
Therefore, extensive skin mottling should be regarded as a medical emergency irrespective
of the blood pressure.

The mechanisms involved are poor distribution of blood flow (microcirculatory
weak units) [36, 37], loss of autoregulation [38], and nitric oxide synthase metabolites
[39]. Although mottling-like areas may also present during diffuse intravascular coagu-
lation (DIC), this is a separate clinical picture that also does not respond to regular
resuscitation measures and not to vasodilators (see later). The difference between the
two can be easily unmasked as the mottling from DIC is not responsive to pressure on
the skin. When infused with a very small dose of nitroglycerine, the mottled areas in
DIC won't respond. Only the outer perimeter of the lesions might turn red but the core
area not, which is clearly different from the mottling due to circulatory failure (see
B Fig. 13.3a, b).

13.4.2.3 Capillary Refill Time

The CRT is a fast and simple procedure that can be performed in all situations even in the
prehospital setting [40]. It reflects the time it takes for the color of the nailbed to return to
its original color when blanched by applying direct pressure to the nailbed (8 Table 13.2
table of pictograms). The concept was first introduced early after the Second World War as
an assessment of wounded soldiers [41] using qualitative descriptions like “definite slow-
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B Fig. 13.3 Pre-and post-nitroglycerin bolus in a patient with septic shock. An elderly patient with
pneumococcal septic shock was admitted to the ICU after initial treatment (fluids, mechanical ventila-
tion, antibiotics, vasopressor) in the emergency room. Following additional fluid resuscitation while
reaching a mean arterial pressure of 65 mmHg with norepinephrine at 0.8 mcg/kg.min, his legs
persistently showed extensive mottling (a, mottling score, 4). He was then treated with a slow bolus of
0.05 mg nitroglycerin upon the peripheral perfusion rapidly increased to a bright red color b. The bolus
infusion was followed up by a continuous infusion of 2 mg/h
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B Table 13.2 Table of pictograms

inconsistencies in, for instance, data/time/place (relate to the history, i.e., dementia).
Confused, delirious, anxious, and agitated
Ask for recent urine production, diarrhea, and vomiting

@ Listen to a short medical history. Listen to what the patient has to say. Notice

o Feel the temperature of the extremities with the dorsal side of your hand. Move from
the distal part of the extremities to the proximal part. Note the extension of the cold
skin. Feel if the skin is sweaty (cold)

Make sure you know from the patient’s history (if possible) that the cool skin is unusual
Do a capillary refill time on the index finger

mottling. Notice the extension of the mottling on the legs. Make sure you know from
the patient’s history (if possible) that the color is unusual.
Observe the production of urine and its color

@ Look at the color of the skin of the legs, arms, and ears. Notice a pale-white color or

ing” and “very sluggish” to indicate moderate and severe shock, respectively. It was intro-
duced in its current form (measuring in seconds) by Champion et al. [42, 43] as part of the
triage of trauma patients.

CRT has been shown to be related to more objective measurements of (skin) perfusion
like toe-to-central temperature [27] and the temperature difference between a distal finger
and the proximal skin of the arm [23]. CRT is confounded by external factors that decrease
skin temperature [24, 25].

The normal range is still being debated; however it is related to several factors like age
and sex of the patient and influenced by ambient temperature and light [25, 44, 45].
Although originally a cutoff of 2 s has been used by many, in a large study in healthy vol-
unteers, a cutoff of 3.5 s (95th percentile) was reported [44]. Studies using a higher cutoff
(4-5 s) have shown good associations with outcome parameters [23, 24, 46-48].

Although the intra-/interobserver variability has been questioned by some studies
[49], even advocating its routine use should be reconsidered [50]; studies in well-trained
ICU personnel have shown excellent variability [48, 51]. This might also be subject to bias,
as prior to the actual measurement, the doctor/nurse may already be prone to a specific
result by the status of the patient. This is supported by a study where nurses were asked to
assess CRT and the normality of the CRT using a recorded video of a CRT measurement
in patients without circulatory failure [52]. Using different levels of expertise to measure
CRT and apply it throughout the treatment of the patient may not be adequate. In a recent
study by Alsma et al. [50] on the use of CRT, medical specialists performed better than
residents and medical students.

The CRT is usually one of the first parameters to normalize during resuscitation [46,
53] where there are no meaningful relationships reported between CRT and hemodynam-
ics [51, 54] or changes in CRT and changes in hemodynamics [24, 51] although relation-
ships with lactate levels have been reported [23, 55]. The latter should however be valued
with caution as the time constant of lactate and CRT is very different [46]. However, an
important relationship between CRT and a perfusion parameter of the gut, spleen, liver,
and kidney has been reported [56]. Although the latter study was a more exploratory
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study, it may also represent an important link between persistent abnormal peripheral
circulation in patients who seem to be adequately resuscitated and the ongoing develop-
ment of organ failure [23, 24, 48, 57]. The normalization of perfusion parameters, includ-
ing peripheral parameters, may therefore be even more important than global systemic
parameters [58].

The use of CRT, and possible other clinical characteristics of circulatory failure, clearly
requires a meaningful context as using this as a universal screening tool in every patient
has limited value [50]. From the studies available, it seems that CRT is most useful in the
assessment of patients with circulatory failure [49].

13.4.3 Kidney @

Already in early publications, it was noted that patients with severe circulatory failure
produced little dark urine [4]. Although the activation of the SNS in circulatory failure
intends to preserve blood flow to vital organs, the kidney is one of the organs to shut down
first. One of the main functions of the kidney, filtering blood and removing waste and
excess fluids, is thus an early sign of an impaired perfusion of the kidneys, and thus urine
output is seen as a key marker of circulatory failure in many guidelines [59-61] and also
as an endpoint of early resuscitation [61] with a cutoff level of 0.5 mL/kg h. Although this
cutoft level is used universally to characterize acute circulatory failure and as a resuscita-
tion target, there is limited evidence for this. In fact, renal injury may be associated with
polyuria [62, 63].

Interestingly, healthy doctors are more likely to be oliguric than their patients while
having zero risk of renal failure [64]. Also, in patient studies, this threshold has been chal-
lenged. In a recent study, the use of 0.5 mL/kg h was challenged in patients undergoing
major surgery. In a study by Mizota et al. [65], a threshold of 0.3 mL/kg h was found to
indicate risk of acute kidney injury, where Puckett et al. [66] found that using 0.2 mL/kgeh
was safe in similar patients. In patients with septic shock, a 3-5 h duration of oliguria
(0.5 mL/kgeh) was found to be a threshold for acute kidney injury [67].

It therefore seems that the insult to the kidney is, in many cases, of more importance
than its symptom. Although in cases of hemorrhage and low cardiac output due to tam-
ponade, restoration of cardiac output results in a fast restoration of urine output, this is
not the case in sepsis even when renal blood flow has been restored [68, 69]. In a recent
study in patients with early septic shock and post-cardiac surgery patients, the septic
shock patients had significantly lower urine output despite similar macro-hemodynamics
[70]. Although in this study parameters of peripheral perfusion were not reported, it
complements the study by Brunauer et al. [56] who reported decreased renal perfusion
despite adequate initial resuscitation based on macro-hemodynamic parameters in septic
shock patients. The reason for this dissociation is multifactorial as many factors relate to
the decrease in renal function [71] in sepsis. However, it’s unlikely that tubular injury is an
important factor [72]; therefore the term acute tubular necrosis should be avoided to
address renal dysfunction in acute circulatory failure.

A decrease in urine output or its absence remains an alarming signal in patients with
acute circulatory failure and should prompt assessment and resuscitation.

13
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Key Points

= Simple and fast methods are available to assess the status of a patient with
possible circulatory dysfunction.

== \When using basic skills like listen, feel, and observe, powerful warning signs can

rapidly be identified.

These warning signs mandate additional assessments and follow-up.

Persistent warning signs following initial resuscitation may represent persistent

inadequacy of organ perfusion.

== Persistent warning signs after initial resuscitation are associated with increased
mortality even early in the phase of resuscitation.

= The effects of common resuscitation strategies (i.e., fluid resuscitation, vasopres-
sors, or vasodilators) should take into account the assessment of peripheral
circulation.

== Currently insufficient evidence is available to promote any of these clinical signs
of acute circulatory failure to definite endpoints.

13.5 Relation to Outcome Parameters

All of the clinical parameters of circulatory failure have been associated with increased
morbidity and mortality.

Changes in mental state in patients with sepsis have shown to be related to outcome and
an independent predictor of mortality [8, 9, 17, 73, 74]. In septic shock, brain dysfunction
is associated with multiple lesions on MRI scanning and an associated poor outcome [73].
Persistent abnormalities in cerebral function following circulatory failure have also been
associated with worse outcome parameters especially in combination with direct injury to
the brain [75]. Abnormal skin perfusion has long been related to a worse outcome when
compared to patients with normal skin perfusion. A cool and clammy skin has been associ-
ated with increased mortality in patients with cardiogenic shock [76]. A cool skin to the
touch has been associated with progressive organ failure in a mixed group of patients with
circulatory failure [23]. Mottling and prolonged CRT have all been related to increased
morbidity and mortality in a mixed group of patients [23, 24, 35, 40, 48, 51, 77]. In the
prehospital setting of trauma patients, a prolonged CRT was associated with the need for
lifesaving interventions (odds ratio 17) [40]. Ait-Oufella et al. [35] found a significant asso-
ciation between the extent of skin (leg) mottling and mortality in patients with septic
shock. In patients with (almost) complete mottling of the legs, the odds ratio for day 14
mortality was 74 while the hemodynamics were not related to mortality in these patients.
Skin mottling has also been associated with day 28 mortality [78]. Persistent mottling in
critically ill patients is an independent predictor of mortality that seems to be independent
of the severity of illness and organ failure scores [34]. Although the presence of decreased
urine output using a threshold of 0.5 mL/kg-h is unlikely to represent a specific and sensi-
tive parameter to diagnose and treat acute circulatory failure, the presence of low urine
output still represents a risk for renal failure and associated mortality [63, 76, 79]. In a study
on post-ischemic oliguria due to aortic cross-clamping, increasing levels of oliguria were
associated with increasing mortality [63]. In general, the need for renal replacement ther-
apy is a consistent predictor of mortality in many causes of acute circulatory failure [80].
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Clinical Use

A few basic statements can be made at the end of this chapter.

First, the clinical signs described in this chapter all represent a warning signal for the clinician
in every patient in a context of acute illness.

Second, although none are specific or sensitive, they warrant further clinical investigation
and follow-up.

Finally, improvements in the clinical manifestations of acute circulatory failure can be seen as
a success of the resuscitation effort.

In several studies it has been shown that improvements in peripheral perfusion occur more
rapidly than other parameters frequently used to indicate inadequate tissue perfusion (i.e., lac-
tate) and that they may represent a more accurate marker of initial success of the resuscitation
[46, 81]. In addition, specific therapies can rapidly improve peripheral perfusion parameters
in patients with acute circulatory failure even when initial resuscitation has failed to normal-
ize peripheral perfusion parameters [26]. The infusion of nitroglycerin can rapidly improve
profound mottling in patients with acute circulatory failure (8 Fig. 13.3) even in small dosages
[26]. Its use in clinical practice during the early resuscitation of patients with acute circulatory
failure has been associated with improved outcome when used in a complex resuscitation
protocol [82].

Whether oliguria should be respected as renal success or as renal failure is still open for
discussion [83]. However, current practice shows urine output to be both an indication for fluid
resuscitation as well as an endpoint of fluid resuscitation [84]. However, ongoing fluid resuscita-
tion in an effort to restore urine output seems a flawed goal as there is frequently a dissociated
response between the renal response and the macro-hemodynamic response [85], and ample
data exist to suggest the opposite [86-89] especially when the source of the circulatory failure
has not been controlled [68, 90]. Although oliguria remains an alarming signal, immediate res-
toration of urine output doesn’t need to be a clinical goal [67]. Fluid restriction, following initial
resuscitation, seems to be safe especially when peripheral perfusion is normal [47, 88] where
some even advocate that further fluid resuscitation is not warranted [85].

Thus, at the moment clear studies to promote normality of peripheral perfusion param-
eters as endpoints of resuscitation in patients with acute circulatory failure are lacking [91]. For
this, the recently completed study comparing lactate-guided resuscitation versus CRT-guided
resuscitation in patients with septic shock could help to further optimize the use of these param-
eters in clinical practice [92].

— Take-Home Messages

= A patient presenting to you with an acute illness and having abnormal
symptoms viewed from the three windows of acute circulatory failure is at an
increased risk of dying.

== Abnormalities in peripheral perfusion are not specific nor sensitive but require
immediate assessment of the circulatory status.

== When in doubt about the validity of the abnormal window views, do additional
assessments (measure lactate, blood gases, organ function parameters, etc.).

= Always follow up on the course of the abnormalities found when viewing the
three windows. When symptoms do not improve or disappear, be vigilant
about your initial assessment, adequacy of diagnosis, and/or treatment.
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Learning Objectives
To understand what is microcirculation and what are the determinants of
microvascular perfusion
To address the interest and limitations of techniques used to evaluate the
microcirculation
To illustrate the typical microcirculatory alterations encountered in critically ill patients
To understand the critical role of microcirculatory alterations in the development of
organ dysfunction

14.1 Introduction

While tissue perfusion is one of our main targets for hemodynamic resuscitation, classical
hemodynamic monitoring only provides indirect evidence of tissue perfusion. Many
patients with circulatory failure present alterations in tissue perfusion despite optimiza-
tion of systemic hemodynamics. While impaired distribution of blood flow has to be con-
sidered, microcirculatory alterations have also been implicated. Microcirculatory
alterations have been demonstrated in various experimental models. However, the identi-
fication of microcirculatory alterations in critically ill patients has long been difficult due
to the lack of adequate technology. Recent advances in technology have nevertheless
allowed the evaluation of microcirculation in patients. Microvascular dysfunction has first
been reported in patients with sepsis and septic shock [1] but was later reported in many
other conditions encountered in critically ill patients. In this chapter, we will discuss the
specificities of the microcirculation, the evidence for microvascular alterations, and the
tools that can be used to assess the microcirculation.

14.2 Anatomical Structure of the Microcirculation

The microcirculation is composed of vessels smaller than 100 microns and is composed of
arterioles, capillaries, and venules. The most usual architecture is the branched tree aspect,
with arterioles dividing at several branch points into smaller ones, up to capillaries, which
collect in venules, themselves collecting in larger venules. The role of arterioles is basically
to distribute blood flow to the different parts of the organ, adapting the flow to local
metabolism. The larger arterioles are called resistive arterioles, as they experience a large
drop in pressure between entry and exit of these vessels. Distal arterioles and capillaries are
the places where oxygen exchange with the tissues takes place. As oxygen diffuses from red
blood cell flowing in capillaries, the diffusion distance becomes the limiting factor. Hence,
at the microcirculatory level, the density of perfused vessels is more relevant for tissue
oxygenation than the velocity at which red blood cells are flowing in perfused capillaries.

Organs like the kidney and gut have different microvascular architectures, associated
with precapillary shunting or countercurrent exchange, which make these organs more
vulnerable to hypoxia than other organs.

The control of microvascular perfusion is influenced by local factors, with backward
communication through different channels, allowing adaptation of perfusion to local
metabolism.

Another important factor for oxygen delivery at the microcirculatory level is capillary
hematocrit. As the volumic effect of the plasma layer at the surface of vascular endothe-
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lium is proportionally greater at capillarylevel than in large vessels, the capillary hematocrit
is much lower than the systemic one. In addition, hematocrit is lower in side branch ves-
sels than in straight vessels, due to the kinetic inertia of red blood cells. Accordingly, capil-
lary hematocrit is difficult to predict from measurements of systemic hematocrit.

All these factors make it difficult to predict microvascular perfusion and tissue oxygen
delivery from measurements of systemic hemodynamics. Also, therapeutic interventions
aiming at increasing systemic oxygen delivery may fail to increase delivery of oxygen at
the microcirculatory level.

14.3 Microvascular Alterations in Disease

14.3.1 Sepsis

In a landmark paper published in 2002, De Backer et al. [1] demonstrated that the sublin-
gual microcirculation of patients with sepsis and septic shock was markedly altered com-
pared to that of healthy volunteers and ICU controls. Septic patients experienced a decrease
in density of perfused vessels, due to a combined increase in stopped flow as well as in
intermittently perfused vessels, with perfused vessels in close vicinity to perfused vessels
(B Fig. 14.1). These alterations were only observed in vessels smaller than 20 microns, rep-
resenting mostly capillaries. A key factor of these microcirculatory alterations is heteroge-
neity inside the observed field but also between several fields closed by a few microns.
Importantly, these abnormalities were not fixed, as topical administration of acetylcholine
fully normalized the sublingual microcirculation of these septic patients. These results
have been reproduced in more than 40 papers from different teams around the world.

What is the relevance of these alterations? In experimental models, zones of impaired
microvascular perfusion are co-localized with areas of hypoxia and even cell deaths [2].
In humans, this is more complicated to demonstrate, but improvements in microvascular
perfusion are associated with improvement in lactate levels. Several studies have shown
that sublingual microcirculatory alterations are associated with outcome [1, 3, 4]. Among
the microcirculatory variables associated with outcome, perfused capillary density and
proportion of perfused capillaries were positively associated with survival, while hetero-
geneity index was inversely related with survival [1, 3-5]. On the contrary, the velocity of
red blood cells in perfused vessels did not differ between survivors and non-survivors [6],
illustrating that diffusion and not convection is crucial for tissue oxygenation. Thus
microvascular alterations are associated in the pathophysiology of organ dysfunction and
death.

What could be the potential mechanisms responsible for these alterations?
Experimental models of sepsis highlighted that several mechanisms are implicated,
including endothelial dysfunction, impaired backward communication, impaired sensi-
tivity to vasoconstrictive and vasodilating substances, glycocalyx alterations, and adhe-
sion of circulating cells [7].

Are these alterations related to alterations in systemic hemodynamics? The relation
between microvascular perfusion and arterial pressure or cardiac output is, at best, loose
[8,9]. Microvascular alterations are similar in low- and high-cardiac-output septic patients
[10]. Hence these cannot be detected by looking at systemic hemodynamics. Can systemic
hemodynamics be neglected? Obviously not, microvascular perfusion cannot be sustained
if a minimal cardiac output or blood pressure is not obtained, but this value is quite
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O Fig. 14.1 Examples of
microvideoscopic evaluation of
sublingual microcirculation.
SDF images recorded in a
control patient (normal) and in
a patient with septic shock
(sepsis). The blue arrow denotes
a not-perfused area

variable among individuals so that it is quite difficult to identify a clear cutoff value. For
this reason, increasing perfusion pressure and cardiac output are both associated with a
variable and unpredictable response [8, 11].

14.3.2 Microvascular Dysfunction in Other Conditions

Microvascular alterations relatively similar (even though often less severe) to those
reported in septic shock have also been observed in other conditions. In patients with
cardiogenic shock, microvascular density and perfusion of capillaries are decreased,
together with an increase in perfusion heterogeneity [12, 13]. These alterations are associ-
ated with outcome [12, 13].

In patients resuscitated from trauma, the severity and duration of microvascular
perfusion are associated with organ dysfunction [14]. Similarly, high-risk surgical
patients presenting postoperative complications had more severe and more prolonged
perioperative microvascular dysfunction than their counterpart with uncomplicated
course [15].

Microvascular dysfunction has also been observed in eclampsia [16] or after cardiac
arrest [17].
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14.4 How to Assess the Microcirculation

As reported above, microvascular alterations cannot be detected by classical hemody-
namic monitoring. At best, these can be suggested in a patient with cardiac output and
arterial pressure values within targets and a high venous oxygen saturation (SvO,) pre-
senting clinical signs of hypoperfusion or with increased lactate levels. Biomarkers such as
lactate may indicate tissue hypoxia, but the origin of it cannot be located in the microcir-
culation. In addition, lactate decrease may take time once perfusion is restored.

Clinical signs may appear attractive. Skin mottling, capillary refill time, and skin tem-
perature are excellent indices of skin microvascular perfusion [18]. These are easily mea-
sured and often inexpensive. In addition, skin perfusion alterations have been associated
with outcome [19, 20]. Unfortunately, these clinical signs are only approaching skin
microvascular perfusion and are very influenced by local conditions (ambient tempera-
ture) or patient condition (peripheral arterial disease, Raynaud phenomenon, etc.) or
vasopressor use. In addition, the skin microvasculature may not reflect more central
microvascular areas, especially as skin vasoconstriction is an important physiological
response helping to preserve perfusion to more vital organs. Hence, skin microvascular
perfusion assessment is very helpful as a triage tool but lacks specificity. Chasing normal-
ization of skin microvascular perfusion thus carries the risk of overtreating some patients
or even diverting blood flow from vital organ to skin perfusion (as it may occur with some
vasodilatory agents).

14.4.1 Direct Visualization of the Microcirculation

Two different handheld microscopes are currently used to visualize the microcirculation in
critically ill patients (sidestream dark-field (SDF) and incident dark-field (IDF) imaging)
[21]. Basically, these illuminate the field using light reflection from deeper layers, and ves-
sels are visualized because light is absorbed at the selected wavelength by the hemoglobin
contained in the red blood cells. These microscopes are mostly applied on the sublingual
area (B Fig. 14.1), as skin is covered by a thick epithelium rendering difficult visualization
of the microcirculation. The sublingual microcirculation has the advantage of being rela-
tively central and at core temperature, being less influenced by ambient temperature and
peripheral vasoconstriction. Unfortunately, it is difficult to apply these devices on the sub-
lingual area in non-intubated patients. In addition great care should be taken to discard
secretions and to limit pressure artifacts. Recommendations on image acquisition and
analysis have recently been published [21]. Microcirculatory images are mostly analyzed by
offline manual analysis using a grid to count the vessels. Eyeballing is feasible and reliable
for evaluation of simple variables. Software-assisted analysis is becoming available.

14.4.2 Indirect Assessment of Microvascular Perfusion

14.4.2.1 Vasoreactivity Tests

Due to the heterogeneity of microvascular perfusion in disease, microcirculation
cannot be evaluated directly by laser Doppler or oxygen sensors. Indeed, these mea-
sure perfusion or oxygenation in a relatively large volume (at least 1 mm?) which
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contains many vessels including arterioles, capillaries, and venules. Accordingly, the
measured value represents the average of flow/PO, in the various vessels and fails to
take into account the non-perfused vessels. However, microcirculation can be indi-
rectly evaluated by the estimation of vasoreactivity after a transient occlusion. Analysis of
changes in blood flow/O, saturation during a brief episode of forearm ischemia
enables quantification of microvascular reserve. Several indices can be measured, but
the ascending slope, or recovery slope, is the easiest to measure and is the most repro-
ducible.

Iontophoresis [22] and thermal challenge [23], both coupled with laser Doppler,
can both be used to evaluate skin response to various vasodilatory drugs or to stan-
dardized heating, respectively. Compared to transient occlusion, these have the
advantage to explore more central skin areas and not to be sensitive to peripheral
vasoconstriction which occurs in response to disease as well as to vasopressor admin-
istration.

14.4.2.2 PCO, Gradients

Tissue PCO, increases in low flow conditions. In order to get rid of the influence of arte-
rial PCO,, the tissue to arterial PCO, gradient, or PCO, gap, is computed. Measurements
of tissue PCO, have been used to reflect microvascular perfusion in sublingual or even
gastric area. Unfortunately, these techniques are no more available.

Venoarterial gradients in PCO, can be used to indirectly evaluate microvascular
perfusion [24]. Venous PCO, is measured on venous blood gas obtained in central
venous or pulmonary artery catheter, simultaneous to an arterial blood gas. As PCO,
can diffuse longer distances than PO,, accumulation of PCO, in non-perfused areas is
slowly diffusing to drainage veins (B Fig. 14.2) so that the venoarterial PCO, gradient
also increases in case of microcirculatory alterations, even though less significantly
than in tissue itself. Venoarterial PCO, gradients have to be interpreted in conjunc-
tion with venous O, saturation: the increased venoarterial PCO, gradient mostly rep-
resents an altered cardiac output when venous O, saturation is low, while it mostly
represents microvascular alterations when venous O, saturation is normal or elevated
[25].

14.5 Limitations

One of the most important limitations is that we are looking at the microcirculation in one
organ expecting that it may represent the microcirculation of other organs. While the
process leading to endothelial dysfunction is affecting the microcirculation in the various
organs (it has nicely been demonstrated in experimental setting that in sepsis the micro-
circulation is similarly affected in all organs, including the brain, liver, and kidney), some
anatomical specificities or local factors can make some organs even more sensitive than
others. Accordingly, it is usually considered that the microcirculatory alterations detected
in the sublingual area likely reflect the minimal alterations that can be observed in other
organs, while other organs may present more severe alterations or respond differently to
therapeutic interventions due to local factors.
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O Fig. 14.2 Relationship

between venoarterial PCO, Sa0, 94 Sa0, 94
gradients and microvascular PaCO, 40 PaCO, 40
alterations. In normal condi- Lac1.5 l Lac1.5

tions, most areas are adequately
perfused and thus oxygenated.
Metabolic requirements are met
and there is no flow stagnation.
CO, production is rapidly
washed out, and venoarterial

PCO, gradient is minimal. In I

septic conditions, the microcir-

culation is heterogeneous, with Sa0, 80
areas that are poorly perfused PaCO; 45
in close vicinity to well-perfused Lac'1.5

areas. In the not-perfused areas,
there is CO, increase due to flow
stagnation and indirect
anaerobic CO, generation due
to buffering of H* generated by
ATP hydrolysis. Interestingly,
CO, diffuses longer distances
than O, so that it can reach
drainage venules. In the
well-perfused areas, flow
becomes excess, so that venous
SO, of this area is in excess,
contributing to the high SvO,.
Hence, the venular side of the
diseased microcirculation is

characterized by a high SvO,,
PCO,, and lactate ‘PaCOZ 45 ‘ PaCO, 50

Lac 1.5 Lac3.5

Practical Implications

1. The microcirculation is a critical determinant of organ perfusion. Once a satisfac-
tory cardiac output and arterial pressure are generated, microcirculatory altera-
tions become the primary determinant of tissue perfusion.

2. Microcirculatory alterations have been demonstrated mostly in sepsis but also in
severe heart failure, trauma, and high-risk surgery. These alterations are character-
ized by a decrease in density of perfused vessels and heterogeneity of areas close
by a few microns.

3. Microcirculatory alterations cannot be detected by classical hemodynamic tools.
The link between arterial pressure/cardiac output and microvascular perfusion is at
best relatively loose.

4. Clinical evaluation of the microcirculation is often not contributing as dissociation
from peripheral to more central circulation is often observed.

14
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5. The microcirculation should either be directly measured (handheld microscopes
applied on the sublingual area) or indirectly evaluated by measuring venoarterial
PCO, gradients.

6. Given the characteristics of the microcirculation alterations, these often fail to
classical hemodynamic interventions (fluids/inotropic agent/vasopressor agents).
While experimental studies have reported promising results with some interven-
tions, the beneficial effects of these need to be confirmed in the clinical area.

7. While evaluation of the microcirculation remains in the research area, comprehen-
sion of microcirculatory alterations is nevertheless very important for the under-
standing of persistent perfusion alterations despite correction of alterations in
systemic hemodynamics.

Conclusions

The microcirculation is a key determinant of tissue perfusion, and microcirculatory altera-
tions often persist after correction of systemic alterations. Even though investigation of the
microcirculation still belongs to the research area, it is important to understand these may
exist and contribute to organ dysfunction.

— Take-Home Message

Microcirculatory alterations are present in many critically ill patients, and especially in
sepsis, and contribute to organ dysfunction and poor outcome.

Even if it is not always feasible to directly visualize these alterations nor to manipulate
these, it is important to understand that these may exist in order either to ensure
better control of sepsis source or to prevent attempts to increase tissue perfusion by
pushing further the systemic hemodynamics while the microcirculation fails to
respond to these interventions.
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Learning Objectives
The primary goal of hemodynamic optimization is to restore and maintain the balance
between oxygen supply (DO,) and consumption (VO,) in critically ill patients. There is
increasing evidence that patients may benefit from a multimodal individualized
approach as compared to protocolized therapy, when predefined hemodynamic goal
or goals are targeted. For this purpose, monitoring actual tissue oxygenation/metabo-
lism of a given patient is a very important piece in this hemodynamic puzzle.
Mixed venous oxygen saturation (SvO,) and its surrogate, central venous oxygen
saturation (Scv0,), are two easily determined blood gas-driven parameters that can
mirror changes of the relationship between DO, and VO,
This article summarizes the physiological rationale, current knowledge, and some
aspects of the clinical applications of SvO,/ScvO, and also highlights some of the most
important pitfalls of their interpretation at the bedside.

15.1 Introduction

Physical examination plays a very important role in the evaluation of critically ill patients.
Certain features such as skin color, capillary refill, mentation, urine output, and pulse
quality can tell us a lot about the patient’s hemodynamic status. However, some very
important features remain hidden even from the most experienced observer or become
obvious only at their extremes. These are bicarbonate and lactate levels, hydrogen ion
concentrations (i.e., pH), and the balance between oxygen delivery and consumption.
Although for detailed monitoring invasive hemodynamic measurements are required,
these are not available in every patient. However, arterial and central venous catheters are
part of routine monitoring of the intensive care patient, and a simple blood gas measure-
ment can reveal important physiological processes, which cannot be detected otherwise.
In the coming chapter, we are going to discuss the rationale and clinical implication of the
venous oxygen saturation.

15.2 Physiological Notes

Tissue oxygenation is the net product of oxygen delivery and oxygen consumption, which
can be described by the following formulae:

DO, = COx Ca0,

DO, = COx(Hbx1.34xSa0, +0.003x Pa0, )
VO, =COx(Ca0, —Cv0,)
VO, = COx[(Hbx1.34xSa0, +0.003x PaO, ) - (Hbx1.34xSvO, +0.003x PvO, ) |

Oxygen extraction (O,ER) = VO, /DO,

0,ER :(Sa0, —Sv0, )/Sa0,
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If Sa0, is taken as 1, as under normal circumstances the hemoglobin is almost fully satu-
rated with oxygen, and the other hemodynamic variables are kept constant, then:

0,ER =1-SvO,

where DO, is oxygen delivery; C, cardiac output; Hb, hemoglobin; Sa0O,, arterial oxygen
saturation; PaO,, partial pressure of oxygen in the arterial blood; CaO,, arterial oxygen
content; VO,, oxygen consumption; SvO,, mixed venous oxygen saturation; and CvO,,
mixed venous oxygen content.

Taking a 75 kg healthy adult man when resting, the relationship between DO, and VO,
can be estimated as:

Oxygen delivery : CO =70 mlx 70/ min ~ 5000 ml/min

Ca0, =(150 g/Lx1.34 mlx1.00)+(0.003><100 mmHg)~ 200 ml/L
DO, ~1000 ml/min

Oxygen consumption : CO =70 mlx70/min ~ 5000 ml/ min

CvO, =(150 g/Lx1.34 mlx0.75)+(0.003x40mmHg) ~ 150 ml/L

VO, =5 1/min><(200 ml/L—-150 ml/L)~250 ml/ min

Oxygen extraction : O,ER :250 ml/min/1000 ml/ minx100 =25%

The main difference between the equations of DO, and VO, is the oxygen content
(Ca0, vs. CvO,), especially the venous oxygen saturation (this can either be mixed
venous, SvO,, or central venous, ScvO,). Therefore, it can be useful to assess the imbal-
ance between DO, and VO, in the critically ill. The potential causes of an imbalance
between DO, and VO, and the basic therapeutic interventions are summarized in
@ Fig. 15.1.

15.3 Interpreting Venous Saturations

When DO, is decreasing, oxygen consumption can be maintained - due to an increase in
O,ER - for a considerable period of time. However, without intervention, compensatory
mechanisms will become exhausted, and beyond that critical point, VO, becomes DO,
dependent (8 Fig. 15.2). Till this critical point, venous saturations should decrease pro-
portionally to that of DO,. On the steep part of the curve, cells switch to anaerobic metab-
olism; hence, lactate production increases. If urgent interventions are delayed, tissue
hypoxia and organ dysfunction can develop.

It is important to note that during resuscitation - i.e., on the steep or DO,-dependent
part of the curve — when interventions are applied to increase DO, there is also an increase
of VO ,; hence, there is little if any change in venous oxygen saturations, which may remain
“low” and will only increase dramatically when VO, becomes DO, independent (i.e.,
when the patient reaches the flat part of the curve shown in @ Fig. 15.2).
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\

DO,

O Fig. 15.2 Relationship between oxygen delivery and consumption. DO, oxygen delivery, VO, oxygen
consumption, chO2 central venous oxygen saturation. For details, see main text. Of note, this is a
simplified diagram to show the rough tendency how these parameters are related. However, due to the
irregular redistribution of blood flow as a compensatory mechanism to centralize circulation, certain
organs may start anaerobic metabolism earlier than others; therefore, lactate may increase sooner and
can be detected in the serum as compared to what is indicated in this figure as the “critical point.”
Regarding ScvO,, its decrease and increase during resuscitation may not be that dramatic, as it depends
on the relationship between VO, and DO, If VO, increases parallel with DO,, this should cause hardly any
change in ScvO, during resuscitation. However, if DO, increases faster than VO,, then ScvO, will also
increase rapidly

Another problem when interpreting venous saturations is that “high” values can indi-
cate improvement but may also indicate inadequate oxygen uptake [1]. Similar to fluid
therapy, this is also reflected in morbidity and mortality, as both high and low venous
saturations are accompanied by increased morbidity and mortality (B Fig. 15.3). Therefore,
despite the high values, further interventions may be required (fluid resuscitation, positive
inotropic agents, etc.).

Under these circumstances, when venous oxygen saturations are difficult to interpret,
the central venous-to-arterial pCO, gap [2] and/or detailed invasive hemodynamic moni-
toring may serve as complementary tools to assess the hemodynamic status [3]. These will
be discussed in other chapters.

15.4 SvO2 or chOz?

Nowadays, measurement of SvO, has become a rarity in the everyday clinical practice,
because for sampling, a pulmonary artery catheter must be placed, which is a time-
consuming, complicated procedure with significant risks [4]. On the contrary, central
venous catheters are part of routine monitoring; hence, central venous oxygen saturation
(ScvO,) measurement is readily available. It has been shown that oxygen saturation mea-
sured in the superior vena cava is a good alternative of SvO, [5].

Accurate measurement requires that the tip of the catheter is positioned at the superior
vena cava a couple of centimeters above the right atrium. The normal value of ScvO, ranges
between 67% and 77% which is 5-8% higher compared to SvO, [6]. Although the absolute
values are not interchangeable, their trends show good correlation in various disease states [7].

15



15

162

Z.Molnar and M. Nemeth

e

\/

Morbidity & Mortality

Normal ScvO,
v 1

Whattodo? | PNSTST Evideqce of tissue
increase DO, dypfOXIa ol o7rgan
and/or ysfunction?

decrease VO,

Assess Pcv-aCO,, lactate and
P(cv-a)CO,/C(a-v)O,: Normal?

Wait & Consider
Reassess echocardiography and/or
invasive hemodynamic
monitoring

O Fig. 15.3 The relationship between ScvO, and morbidity and mortality. DO, oxygen delivery, VO,
oxygen consumption, ScvO, central venous oxygen saturation, Pcv-aCO, central venous-to-arterial CO,
gap, C(a-v)0, arterial and venous oxygen content difference. This figure indicates that regardless of the
actual value of ScvO,, whether it is considered low, normal, or high, careful assessment of the full clinical
picture is necessary to best interpret results and to commence appropriate interventions in time

However, as ScvO, reflects the oxygen consumption mainly of organs draining blood
into the superior vena cava, one has to take into account that the biggest consumer of
those is the brain. Therefore, during circumstances when brain oxygen uptake is affected
(i.e., anesthesia, diffuse brain damage, etc.), ScvO, may be misleading or at least difficult
to interpret.

Nevertheless, by and large these two parameters can be discussed in a similar manner;
therefore, to avoid unnecessary citations of both, in the coming paragraphs, we will mainly
quote ScvO,, which is the most readily available of the two, unless indicated otherwise.

15.5 The Current Place of ScvO, in Clinical Practice

15.5.1 ScvO, in Sepsis and Septic Shock

Sepsis is a life-threatening organ dysfunction caused by a dysregulated host response to
infection [8]. Organ dysfunction is most likely the result of inadequate tissue perfusion
causing cellular hypoxia. Therefore, treatment strategies that are aimed to restore tissue
perfusion by improving the balance between DO, and VO, may prevent the development
of organ dysfunction syndrome and thus improve the outcome of septic patients.

Rivers and colleagues reported in a landmark paper that in patients with severe sepsis,
early goal-directed intervention guided by continuous monitoring of ScvO,, central
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venous pressure, and mean arterial pressure (MAP), with target values of CVP 8-12 mmHg,
MAP > 65 mmHg, and ScvO, > 70%, reduced mortality from 46.5% to 30.5% at the 28th
day [9].

Consequent studies applying early goal-directed therapy (EGDT) with these clinical
endpoints suggested that incorporation of ScvO, in the treatment algorithm and com-
pliance with the algorithm are beneficial in septic patients [10-12]. On the contrary, two
large randomized trials, the ProCESS and the ARISE trials, could not show any benefit
of the “protocol-based standard therapy” and “usual care” groups. They found no sig-
nificant difference in 90-day mortality, 1-year mortality, or the need for organ support
[13, 14].

The controversy around the usefulness of the “Rivers’ EGDT protocol” has been going
on for years. Detailed evaluation of these studies is well beyond the scope of this chapter.
However, there are some other issues worth discussing in this context.

During the aforementioned studies, “low” ScvO, was a warning sign that interven-
tion is needed; however, recent data suggest that high ScvO, values may also have
adverse outcomes in septic patients [15]. Due to impaired oxygen utilization, normal
or supraphysiological ScvO, values may thus represent an inability of the cells to
extract oxygen or microcirculatory shunting in sepsis [16]. This underscores that some
of these patients can be fluid responsive; in other words, their DO, can be further
increased despite high ScvO, [1]. In patients with ScvO, > 70% complimentary param-
eters, such as elevated venous-to-arterial CO, gap (dCO,) (>6 mmHg), serum lactate
levels could help the clinicians to identify tissue hypoxia. In a retrospective analysis,
septic patients with physiological ScvO, and abnormal dCO, mortality were signifi-
cantly higher compared to patients with physiological values (56.1% vs. 16.1%;
p <0.001) [17].

15.5.2 ScvO, in Cardiogenic Shock

Based on the previous physiological notes, it follows a simple logic that acute heart failure
which caused low cardiac output, irrespective from the underlying pathophysiology, can
cause VO,/DO, imbalance that could be detected by low ScvO, [18].

Indeed, it has been shown in one of the earliest papers in this field that after myocar-
dial infarction in patients with heart failure and cardiogenic shock, SvO, was 43%, while
in patients with heart failure without shock, it was 56% compared to patients without
heart failure with an SvO, of 70% [19].

Treatment effectiveness may also be supported by changes in ScvO,. When cardio-
genic shock patients were treated with fluids and inotropes, improvement of DO, resulted
in an increase in SvO, suggesting better tissue oxygenation [20]. It may also be useful in
patients with cardiogenic shock requiring the support by intra-aortic balloon counter pul-
sation. In a study, intra-aortic balloon pump assist ratio was decreased gradually from 1:1
to 1:3. In the weaning failure group decreased support was accompanied by a drop in
ScvO,, while it remained constant in the successful group [21].

Even in patients with chronic heart failure, ScvO, has important predictive values. In
these patients, the ScvO, can be chronically low. However, during acute decompensation,
major cardiac events were observed in 81% of patients with ScvO, < 60% at 24 h, while it
was only 13% in patients with higher ScvO, [22].
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15.5.3 ScvO, to Predict Successful Extubation

During the weaning procedure, there can be an increase of VO, due to the increased respi-
ratory muscle activity and increased alertness. If DO, is inadequate, then an imbalance
can occur between the VO,/DO,,. Theoretically, this can be picked up by low or at least
decreasing ScvO, values. In a recent clinical trial, a > 4% drop in ScvO, after a 30-min
spontaneous breathing trial indicated extubation failure with high sensitivity and
specificity [23].

15.5.4 ScvO, as a Physiological Transfusion Trigger

One of the most common causes of impaired DO, in critically ill patients is anemia requir-
ing red blood cell transfusions [24]. Large multicenter trials (TRICC, TRISS) suggest that
patients with hemoglobin levels above 10 mg/dl usually do not require transfusion, while
red blood cell administration is usually beneficial if the hemoglobin level is below 7 mg/dl
[25, 26]. However, there is a gray zone between 7 and 9.5 mg/dl where physicians have to
rely on clinical signs like mental status, tachycardia, tachypnea, blood pressure, and diuresis.

In this gray zone, ScvO, may offer an easily obtainable tool to detect alow hemoglobin-
related altered O,ER and hence may serve as a physiological trigger for blood transfusion
[27]. It was found during hemorrhage in animal and human experimental models that
ScvO, may be useful for the identification of patients with occult or ongoing clinically
significant blood loss [28]. In a human study, acute isovolemic anemia of hemoglobin of
50 g/l in conscious healthy resting humans did not produce hemodynamic instability, but
oxygen imbalance was acco