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Mean Systemic Filling Pressure Is an Old
Concept but a New Tool for Fluid
Management

Hollmann D. Aya and Maurizio Cecconi

Abstract

Purpose of the review: Most of our blood volume is contained in the venous
compartment. The so-called “compliant veins” are an adjustable blood reservoir
that is playing a paramount role in maintaining hemodynamic stability. Several
autonomous reflexes govern the capacity of this reservoir. The mean systemic
filling pressure (Pmsf) is the pressure in the cardiovascular system when there is
no blood flow, and is pressure that can describe the capacitance of the venous
reservoir. This pressure can be measured in human patients by both non-invasive
or minimally invasive methods. However, the significance of this hemodynamic
variable is still not fully understood. The purpose of this review is to summarize
what is known about the venous reservoir and the Pmsf and how we can use this
information to assess the cardiovascular state of critically ill patients.

Findings: The venous tone is governed by sympathetic reflex, mainly related
to barocerectors via a(alpha)-adrenergic stimulation and to chemoreceptors. The
vasoconstriction affects significantly the capacitance of the system by shifting
blood between the stress and non-stress volume compartments. The Pmsf is the
pivot pressure of the circulation, and a quantitative index of intravascular vol-
ume, and it is also governed by the mechanisms that affect the venous tone. Pmsf
can be measured at bedside by three methods described in critically ill patients.
This pressure can be also modified by fluid therapy and vasoactive medications.

Pmsf along with other haemodynamic variables can provide valuable infor-
mation to correctly understand the cardiovascular status of critically ill patients
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and better managing fluid therapy and cardiovascular support. Future studies
using Pmsf will show its usefulness for fluid administration.

Key Points

1. The venous system serves a blood reservoir adjustable to the blood flow
requirements.

2. The venous tone is governed by the sympathetic activity via baroreceptors (using
afalpha]-adrenergic receptors) and chemoreceptors.

3. The Pmsf is a quantitative measurement of the volume status and represents a
measurement of the venous reservoir tone.

4. Pmsf can be measured at bedside by using inspiratory hold maneuvers, by using
a stop-flow arterial-venous equilibrium pressure or can be estimated using a
computerized mathematic algorithm.

5. Pmsf monitoring can provide important information when a clinician wants to
challenge the system using a bolus of fluids or a passive leg raising (PLR) test. It
can also guide decisions regarding the use of further fluid or vasoconstrictors.

Introduction

The assessment of the intravascular volume status in critically ill patients is cru-
cially important and enormously challenging. The importance is based on the
evidence that both hypovolemia and fluid overload are dangerous situations in
critical illness [1-4]. The challenge consists in finding a parameter able to provide
information about the intravascular filling independently from other confounders
such as cardiac function, vascular tone or preload reserve. Cardiac preload is
defined as the end-diastolic myocardial stretch (sarcomere tension), which in clin-
ical practice is impossible to measure. Hence, some indicators of preload have
been suggested: right atrial pressure (RAP) and its surrogate central venous pres-
sure (CVP) are considered static measurements of right ventricular preload. The
problem with this pragmatic approach is that clinical values of CVP do not accu-
rately reflect preload. For example, when cardiac function decreases, CVP
increases immediately without changes in intravascular volume. The mean circu-
latory filling pressure can quantify the intravascular filling independently from the
cardiac function: it is the mean pressure that would be measured at all points in
the cardiovascular system if the heart were stopped suddenly and the blood were
redistributed rapidly between the arterial and venous territory [5]. This pressure is
equal to the pressure at the pivotal point of the circulation, which is assumed to be
located in the capacitance vessels. This pressure depends on the stressed volume
and the capacitance of the system (Fig. 8.1). Therefore, in order to better under-
stand hemodynamics at the bedside, it is essential to know the factors that affect
the capacitance vessels, which are basically the venous system. In this chapter, we
review some basic concepts of venous physiology that provide useful tools to
manage patients in intensive care.
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Vs stressed volume

Vo pmsf: mean systemic filling pressure
RVR: resistance to venous return

RAP: Right Atrial Pressure

CO: Cardiac output

Resistance

Vo unstressed volume

Fig.8.1 Model of the systemic circulation. Circulatory model with two reservoirs: the big venous
reservoir, mainly located in the splanchnic venous territory and the small reservoir, just before the
pump: the right atrium. The bigger size of the venous segments suggest a bigger volume and also
a greater distensibility, compared with the lower compliances of the arterial segments. The seg-
ments between compartments represent the resistances, which are more variable at the arterial
segments. The separation between the stressed and unstressed volume represents the adjustable
capacitance of the venous reservoir

The Venous System

The venous system is not merely a conduct of blood to the heart. It works as an
adjustable blood reservoir, able to modify blood flow according to changing
metabolic demands. Veins contain 70% of total blood volume, whereas arteries
contain only 13-18%, and capillaries 7% [6, 7]. Venous walls have a much larger
compliance compared to arterial walls. Let us imagine this “blood reservoir” as a
distensible compartment. The volume required to fill a distensible tube, such as a
tire or a blood vessel, with no pressure rise is called the “unstressed” volume (V,).
At this point, the volume depends on the total capacity (or capacitance) of the
reservoir, since the pressure is zero. Further volume expansion will imply
necessarily a pressure rise and an elastic distension of the tube wall. He relationship
between pressure and volume defines the compliance (C) of the reservoir walls.
This volume is the “stressed” volume (V) and is related to the pressure (P) in the
equation:

P=V /C
As with other parts of the vascular system, the vein’s walls are composed of three

basic histological layers: the tunica intima, the tunica media, and the tunica
adventitia. The tunica media contains a variable thick layer of vascular smooth
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muscle cells. These cells can be stimulated to contract by multiple mechanisms:
nervous reflex signals, hormonal stimulation, by stretching the smooth muscle, and
several other ways. We are going to examine some of these mechanisms.

Arterial Baroreceptor Reflex Influence

Arterial hypotension reduces baroreceptor activity and provokes an increased sym-
pathetic discharge, which causes venoconstriction, arterial vasoconstriction, and
increased cardiac contractility and heart rate. The classic studies from Heymans and
colleagues [8] demonstrated the influence of the carotid sinus baroreceptors on the
blood volume of the mesentery, spleen, liver, and intestine. Most of the change
observed in vascular capacitance takes place in the splanchnic bed.

Shoukas et al. [9] studied the reflex control of the total systemic vascular
capacity in vagotomized dogs, measuring blood volume shifts caused by the
carotid sinus reflex by diverting venous return into a reservoir while cardiac output
and central venous pressure were maintained at a constant level. The isolated
carotid sinus pressure (ISP) was lowered or raised in 25 mm Hg steps between 75
to 200 mm Hg. This procedure mobilized blood into (when decreasing ISP) or out
(when increasing ISP) of the reservoir indicating a decrease or an increase in total
vascular capacity, respectively. They observed that the total volume shift was
approximately 7.5 mL/Kg for ISP changes from 75 to 200 mm Hg, whereas when
the arterial blood pressure was controlled at 75 mm Hg, the total volume shift was
260 ml for the same change in ISP. This greater change in reservoir volume with
fixed mean arterial pressure demonstrated the total influence of the carotid reflex
system on the total capacity of the systemic vascular bed. The volume change
with uncontrolled mean arterial pressure indicates the actual blood volume that
the overall reflex system mobilizes as it changes vascular resistance and capacity.
As the reflex did not affect the total systemic and arterial compliances, the authors
concluded that the reflex controls the total systemic venous capacity to a degree
that changes cardiac output potentially by 30-40% per 25-mm Hg change in
ISP. Similar results were reported by Hainsworth [10] in an experiment where the
aortic arch was stimulated and a hind limb of a dog was vascularly isolated with
blood pumped at constant flow. They observed that the large superficial veins of
the dog’s hind limb participate in the baroreceptor reflex. Likewise, Shigemi et al.
[11] showed in an elegant study that a(alpha)-adrenergic mechanisms contribute
significantly to active changes in systemic venous capacity, whereas the p(beta)-
adrenergic system has very little effect on the active changes in venous vessels,
but does contribute to the overall capacity by reducing the venous (hepatic)
outflow resistance when the carotid sinus baroreflex system is activated. The
active changes are those due to changes in vascular compliance (the slope of the
pressure-volume relationship) or changes in unstressed vascular volume or
vascular capacity in contrast with passive (physical) changes in the vascular
capacity, defined as movements along the same pressure-volume curve secondary
to a change in the blood flow and concomitant changes in vascular distending
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pressures. In this study, 14 dogs were vagotomized and anesthetized, and the
carotid sinus were isolated. A constant flow, constant central venous pressure
cardiopulmonary bypass was used to determine changes in vascular capacity. The
changes in unstressed vascular volume were calculated when carotid sinus
pressure was reduce from 200 to 50 mm Hg first without any adrenergic receptor
antagonist, then with either an a(alpha)-(phentolamine) or a f(beta)-(propranolol)
antagonist, and then with both. The change in unstressed volume in the systemic
circulation was reduced by 72% with phentolamine, by 35% with propranolol,
and by 73% with both antagonists. This suggests that the a(alpha)-adrenergic
mechanism predominates over f(beta)-adrenergic mechanism in the active control
of venous capacity by the carotid sinus baroreflex system [12]. The p(beta)-
adrenergic mechanism may play a role in passive capacity changes. Both active
and passive changes in vascular capacity contribute to the regulation of cardiac
filling and therefore cardiac output. The P(beta)-adrenergic stimulation effect on
the venous system is controversial; some authors reported a venodilation effect
[13, 14] while others concluded that B(beta)-receptor stimulation induces blood
redistribution from the periphery to the heart by reducing general venous resistance
[15, 16] or hepatic outflow resistance [11, 17].

During hypovolemia these reflexes cause venoconstriction, sending blood back
to the central circulation. Actually, even after 20% of the total blood volume has
been lost, the circulatory system functions almost normally because of this variable
reservoir function of veins [6]. Similarly, when a person is standing absolutely still,
the pressure in the veins of the feet is about 90 mm Hg simply because of the gravi-
tational effect of the blood in veins. This effect could actually be life threatening if
there was no compensatory reflex. Hainsworth [18] pointed out that almost all the
possible venoconstriction reflex is used to maintain cardiac output (CO). Venous
tone is thus very important in hemodynamic hemostasis.

Chemoreceptor Reflex Influence

Studies by Kahler and colleagues [19] showed in a preparation where dogs were
pump perfused from a blood reservoir and oxygenator to which venous blood
returned, during hypoxia (SaO2 50%) the volume of the reservoir increased by
16 + 2.8 mL/Kg. After splenectomy and bilateral adrenalectomy, the change was
only 10.9 mL/Kg. They concluded that hypoxia generates venoconstriction, but cir-
culating catecholamines are also necessary for the full response. Breathing 5% of
carbon dioxide in air causes an increase in CO in people, while changes in arterial
pressure and heart rate are relatively small [20]. The change in CO can be also
related to the hyperventilation, but Price et al. concluded that an increase in sympa-
thetic activity was the primary reason.

Smith and Crowell [21] tested the response of the mean circulatory filling pres-
sure (MCFP) and CO to hypoxia by ventilating dogs with 8% oxygen in nitrogen.
MCEFP increased 27% while RAP decreased; there was a 15% increase in arterial
pressure and 45% increase in CO, suggesting a significant venoconstriction with
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increased cardiac contractility. With reflexes blocked with spinal anesthesia, the
MCEFP resistance for venous return and arterial pressure fell during hypoxia while
CO and RAP did not change.

Moderate hypercapnea and hypoxia have little direct non-reflex effect on CO and
Pmsf [22]. Severe hypercapnea (PaCO2 tol14 mm Hg [15.2 KPa]) caused an
increase in Pmsf by 5.5 mm Hg, whereas a PaO2 of 34 mmHg (4.5 KPa) caused an
increase in Pmsf by 2.5 mmHg [23].

The venoconstrictive effect of the veins of the limbs in mammals in response to
chemoreceptor stimulation is not completely established, except under extreme
conditions. Mild chemoreceptor stimulation has little effect on the capacitance sys-
tem: It has little constrictive effect or even a dilating influence on skin and skeletal
muscle veins of dogs [24—27]. The saphenous vein does not respond to either carotid
or aortic chemoreceptor stimulation [26-29].

The Capacitance Vessels

Veins cannot be considered a pharmacologically homogeneous system [30, 31] and
their overall response to stimulus is very difficult to predict. 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 cuta-
neous veins have a high population of a(alpha)l- and a(alpha)2-adrenergic recep-
tors, so they are very sensitive to adrenergic stimulation, contrary to skeletal and
muscle veins [32]. There are nerve terminations in the proximity of many small vein
smooth muscles [33] but not in the veins of skeletal muscle [34]. However, circulat-
ing catecholamines can induce contraction of venules and veins of skeletal muscle
and mesentery [33, 34]. Thus, probably catecholamines released from the sympa-
thetic nerve termination of the arterial side may pass through the capillary bed and
affect the venous system.

Some authors consider it reasonable to assume that all parts of the capacitance
system would act as a unit in cardiovascular homeostasis [7, 35] although lack of
response of one part of the system (i.e., limb veins of people) should not be consid-
ered as evidence that others parts of the system (i.e., the splanchnic bed) are also
nonreactive to stimulation. Cutaneous veins respond vigorously to temperature
regulation reflexes [35, 36] whereas the splanchnic veins are more involved in the
reflex system for cardiovascular homeostasis. Moreover, the effect of changes in
sympathetic activity with baroreceptor stimulation is not uniform on the venous
tone in different organs such as the spleen, kidney, or heart [37, 38] and likewise the
pharmacological response of veins from different organs [39].

Smooth muscle of the veins and arteries do not respond necessarily in the same
way to chemical signals. Dihydroergotamine can activate the veins but not the arter-
ies [40]. The venous system primarily has a(alpha)-adrenergic receptors [41-44].
Stimulation of the p(beta)-adrenergic receptors of arterioles cause vasodilation but
has little effect on the veins [45, 46]. Angiotensin can increase Pmsf [45, 47].
Isoprotenerol, a f(beta)-adrenergic agonist, causes a decrease in Pmsf when veins
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are constricted with angiotensin. On the other hand, vasopressin has very little effect
on Pmsf [48] or on vascular capacity once reflex blockade [49] and similar results
were reported regarding natriuretic peptides [50]. Nitroglycerin and nitroprusside
decrease Pmsf and increase unstressed blood volume but do not change vascular
compliance in ganglion-blockade dogs [51]. Verapamil and 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 [52]. Diltiazem reduces both resistance and Pmsf
increasing CO [52].

The splanchnic veins seem to be the major site of capacitance activity. Price et al.
[53] observed that the splanchnic blood volume decreased by 500 mL after 1 1 of
hemorrhage in healthy male volunteers, while mean arterial pressure, heart rate,
CO, and splanchnic vascular resistance did not change significantly from baseline.
The authors point out active venoconstriction without simultaneous arteriolar vaso-
constriction as an explanation of the results. Hainsworht et al. [54] studied the
response of splanchnic vascular capacitance to changes in carotid sinus pressure in
anesthetised dogs, perfused at constant blood flow and at constant pressure from the
inferior vena cava. Vascular resistance responses were expressed as the changes in
perfusion pressure and capacitance responses were determined by integrating
changes in vena cava outflow. Decreasing the pressure in the isolated carotid sinuses
over the whole baroreceptor sensitivity range increased mean perfusion pressure
from 91 to 149 mm Hg (a 67% increase in resistance) and decreased mean capaci-
tance by 111 ml. (5 ml kg™"). However, the range of carotid sinus pressures over
which capacitance responses occurred was at a significantly higher level than the
corresponding range for resistance responses. Comparison of the reflex responses
with the responses to direct stimulation of efferent sympathetic nerves shows that
quantitatively similar responses of resistance and capacitance to those induced by a
large step decrease in carotid pressure could be produced by stimulating maximally
the efferent sympathetic nerves at 5 Hz. These results suggest that at all levels of
carotid sinus pressure there is no difference in the impulse traffic to resistance and
capacitance vessels. The difference in the ranges of carotid pressure for resistance
and capacitance responses is due to the greater sensitivity of the capacitance vessels
to sympathetic nerve activity.

The Mean Systemic Filling Pressure

When the heart pumps blood continuously into the aorta, the mean pressure in the
aorta remains high, averaging 80—100 mm Hg. As the blood flows into the systemic
circulation, the mean pressure falls progressively as low as the level of the right
atrial pressure (RAP). When the heart stops, the arterial pressure falls down and the
RAP progressively increases. At a certain point, blood will not be flowing, and the
pressure will be the same in all parts of the circulatory system. This was called the
mean circulatory filling pressure (MCFP). When the pulmonary circulation is
excluded, we call this the mean systemic filling pressure (Pmsf). This pressure was
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described by Bayliss and Starling [55], and they figured out 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 [56].
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 different organs. The importance of this pressure, rather than its
anatomical location, is that it provides a quantitative measurement of the intravas-
cular filling status independent from cardiac function: its value is equal to the Pmsf.

Later in 1952, Guyton [5] studied the central venous resistance by observing
what was called the “static blood pressure.” This pressure was measured in a prepa-
ration of anesthetized dogs after fibrillating the heart and once the arterial and
venous pressure achieved equilibrium (30-50 s). In some cases he used a roller
propulsion pump to bring blood from the arteries to the veins and to achieve the
equilibrium in less than 20 s. A special external venous circuit was used in 37 exper-
iments on open-chest dogs for the study of progressive resistance to the return of
blood to the heart. They measured blood flow, arterial pressure, peripheral venous
pressure, and RAP. As the blood flow decreased progressively to zero, the arterial
pressure fell and the peripheral venous pressure rose slightly to approach arterial
pressure. The extrapolated point of approach of these two pressures correlated with
static blood pressures measured by heart fibrillation. Guyton described several val-
ues for the static blood pressure, and consequently the upper limit of venous pres-
sure, under several conditions:

e 5.96 mm Hg within a few seconds after the hearts of normal dogs were fibrillated
and before vasomotor reflexes could develop

e 17.0 mm Hg after developing the most powerful vasomotor constriction that
could be attained by a Cushing reflex

e Unlimited values after giving infusions of fluid immediately before fibrillation of
the heart, depending on the amount of fluid and how long before fibrillation it
was administered

Later, Guyton [57] introduce the term mean circulatory filling pressure (MCFP)
to refer to this static pressure. This term was chosen to make a distinction between
the systemic circulation (excluding the pulmonary circulation) and the entire
circulatory system, but it is actually the same concept described previously by
Starling. Guyton realized that the MCFP is clearly affected by the vasomotor
reflexes: The MCFP measured within the first few seconds after the heart stops
beating is only about one-half the same pressure measured 30 s or more after the
heart stops beating. In normal dogs, the MCFP was about 6.3 mm Hg, while in a dog
under total spinal anesthesia the MCFP fell to 5 mm Hg. Increasing the vasomotor
tone by giving a continuous infusion of epinephrine from minimal to maximal doses
caused a maximal increase in MCFP up to 16 mm Hg. At very high rates of
epinephrine infusion the MCFP was still raising slightly while the MAP was not
increasing anymore.
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Guyton [57] also observed that when massive volumes of fluids are given to a
dog, the MCFP rises immediately and then falls along a negative exponential curve
to approach almost the baseline value. Changes in hematocrit were also measured
and he initially thought that as long as the fluid volume is excessive after the infu-
sion, active leakage of fluid from the circulation occurs but this leakage ceases as
soon as the MCFP approaches the baseline values. This was further studied later by
Prather et al. [58] in an experiment: blood volume was expanded rapidly in 36 dogs
using 500 ml of whole blood, 6% dextran-saline solution, or Tyrode’s solution. The
Tyrode’s group returned to normal blood volume within 80 min whereas the blood
and dextran groups showed 25% and 70% retention, respectively, 2 h later; both
MCFP and CO increased from 2 to 3 times immediately after infusion in all groups
and returned to baseline levels within 90—120 min. Indeed, these factors returned to
normal even in the dextran and blood groups although the blood volumes were still
elevated; since the MCFP returned to normal in 2 h despite continued elevation of
blood volume it was concluded that considerable stress-relaxation of the circulation
occurred. The increase in intrinsic vascular volume due to stress-relaxation was
estimated to be 13% in the blood group and 32% in the dextran group.

Guyton [59, 60] also observed that it is actually the difference in pressure
between two points, not any single pressure at any point of the cardiovascular sys-
tem that determines the rate of flow. Given that most of blood is in the venous terri-
tory, the pressure at this point is particularly interesting. Guyton suggested that
venous return must be defined by three parameters: MCFP, the right atrial pressure
(RAP), and the resistance to venous return (RVR). This can be also mathematically
represented as follows:

VR = (MCFP -RAP)/RVR

Guyton [61] proposed this concept after drawing venous return curves in recently
dead dogs. He replaced the heart with a pump and controlled the right atrial pressure
(RAP) by changing the minute capacity of the pump (adjusting the height of a
Starling resistor). He also controlled the MCFP by increasing or decreasing the total
quantity of blood. From these curves one can spot that for any given RAP, the
greater the MCFP, the greater the venous return is. And importantly, under isovolu-
metric conditions, the greater is the RAP, the lower is the venous return. As during
steady conditions, cardiac output (CO) and venous return are equal, MCFP plays an
important role on the regulation of CO.

Guyton concluded that MCFP is the driving pressure for the venous return and
the RAP is the backpressure against the MCFP, but this concept has not been
exempted from controversy. Brengelmann [62-64] pointed out that in Guyton
experiments flow was controlled to obtain a desired level of RAP; in other words,
the independent variable was blood flow instead of RAP. From his point of view,
what venous return curves really show is the steady-state relationship between the
blood flow through the systemic vasculature and the RAP. The equation of the
venous return proposed by Guyton follow the Poiseuille’s equation structure that
relates a pressure gradient with the magnitude of flow through a fixed conduct seg-
ment. Logically, pressure gradient and flow are a consequence of pumping, and that
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is why Brengelmann concludes that the driving force of venous return is the same
as the one for cardiac output: the pump. Brengelmann made a fair point by criticiz-
ing the role of the Pmsf or RAP as independent variables, which has been also
pointed out by other authors [56]. In a closed loop system such as the cardiovascular
system, no pressure is really independent of flow, except the PMSF. However, from
a physiological perspective it does not make any sense that the heart (the pump)
governs the level of blood flow. Quite the opposite, the normal heart finely matches
the metabolic demand with the oxygen delivery. That is why in this maybe over-
simplified model, the Pmsf, which is complexly regulated by the sympathetic sys-
tem, governs blood flow.

Measurement of the PMSF in Humans with Intact Circulation

The challenge of measuring the venous tone is that Pmsf is not easy to measure in
patients with an intact circulation. Schipke et al. [65] performed a fibrillation-
defibrillation sequence in 82 patients to measure the Pmsf over 13 s. A true equilib-
rium pressure was not achieved, and the arterial-central venous pressure difference
was 13.2 £ 6.2 mm Hg.

Pinsky [66] proposed a model in animals with an intact circulation to construct
venous return curves observing the relationship between instantaneous changes in
right ventricular CO and RAP during intermittent positive pressure recruitment
maneuvers and then extrapolating the RAP value to zero CO. Pmsf calculated were
similar to Pmsf measured during circulatory arrest. Other studies [67-69] have con-
firmed this linear relationship between VR and CVP and derived Pmsf from the
regression equation in animal models with intact circulation. Maas and colleagues
[70] applied the same rationale to study the effect of a 12-s inspiratory hold maneu-
ver to three different steady-state levels on central venous pressure (CVP) and blood
flow (CO) measured via the pulse contour method during the last 3 s in mechani-
cally ventilated postoperative cardiac patients. This interesting study showed again
a linear relationship between CVP and CO, and, importantly, Pmsf could be esti-
mated in intensive care patients with an intact circulation. Obviously this technique
is only feasible in fully sedated patients under mechanical ventilation. This method
was also used by Keller and colleagues [71] to assess the changes of passive leg
raising (PLR) on venous return: They observed nine postoperative cardiac patients
at baseline, during PLR and after volume expansion (500 ml of hydroxyethyl
starch). They reported a Pmsf at baseline of 19.7 mm Hg. This only increased to
22 mm Hg after PLR and to 26.9 mm Hg after volume expansion (VE). Although
CO increased after PLR and VE, the gradient of pressure of venous return (differ-
ence between Pmsf and CVP) increased by 2 mm Hg after PLR and by 5.8 mm Hg
after VE. This could explain why a PLR test does not systematically increase CO in
fluid responsive patients [72], or even for a fluid challenge, the increase in Pmsf is
an essential condition to effectively test the cardiac response.

The main problem of this method is the potential interaction of the hold-
inspiratory maneuver with the values of Pmsf. An increase in the intrathoracic
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pressure increases the RAP and the pressure backward in the venous territory. In a
recent study, Berger et al. found that the inspiratory hold maneuver overestimate
Pmsf by a mean difference of 3 mmHg [73]. On the other hand, it reduces cardiac
output and arterial pressures, which can trigger baroreceptor reflexes from the aortic
and carotid territories and generate venoconstriction.

Parkin and Wright [74] described a method for estimating a mean systemic fill-
ing pressure analogue (Pmsa) using the mean arterial pressure (MAP), RAP, CO,
and anthropometric data. The calculation of Pmsa was fully described in other pub-
lications [75]. In essence, they used a mathematical algorithm to build a cardiovas-
cular model using the patient’s data. The clinical validity of this approach was tested
in ten patients in acute renal failure receiving continuous vein-venous hemofiltra-
tion [76]. Fluid replacement therapy was electro-mechanically controlled to a target
value of Pmsa. Despite some limitations of this study, this approach supports the
concept of using Pmsa as a quantitative parameter of the intravascular volume sta-
tus. This method was used to analyze hemodynamic changes after a fluid challenge
(250 ml of colloids or crystalloids in 5 min) in patients admitted to intensive care
[77]: Pmsa increased similarly in responders and non-responders, as expected but
interestingly CVP increased more in non-responders, neutralizing the changes in
the gradient of pressure of venous return as described by Guyton.

Recently, Gupta et al. [78] 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 [79] proposed a noninvasive technique to measure Pmsf by a rapid
occlusion 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. The
precision of this technique has been recently studied [80]. Four repeated measure-
ments were performed in 20 patients after cardiac surgery. Pa and Pv equalized 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 mea-
surements, the CE improves to 4% (+1%), and the LSC was reduced to 10% (+4%).

Maas et al. [81] compared these 3 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) mm Hg (p = 0.06) and a coefficient of variation (CV)
of 15%. Although there was a non-significant bias, one may think that this is actu-
ally quite significant considering the small sample size of this study. Regarding the
difference between Pmsf and Pmsa there was a bias of —6.0 (+ 3.1) mm Hg
(p <0.001) and a CV of 17%. The three methods were useful to track changes after
volume expansion.

The higher values of Pmsf observed in critically ill humans compared with the
values reported from animal studies is still a focus of research. Repessé and colleagues
[82] observed the Pmsf in 202 patients who died in the intensive care unit (ICU). The
Pmsf was measured 1 min after the cardiac arrest, having disconnected the ventilator
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and then recorded the equilibrium pressure in the arterial and/or central venous line.
This was called “one-minute Pmsf,” which had a mean value of 12.8 = 5.6 mm Hg.
Although the values reported in this study are closer to those previously described in
animal models, the methodology proposed raised several questions. The cause of
death and the process of dying was not described in this study. A critically ill patient
may suffer a sudden cardiac arrest or may suffer a progressive deterioration that may
take minutes or hours. By the time the heart stops, central nervous system hypoxia
could be stabilized and a denervation process, with its consequences on the vascular
tone, might be fully in place. This is crucial because the effect of an intact sympathetic
system is essential to determine the real value of the Pmsf, as discussed earlier [9, 83,
84]. Given these limitations, the values reported in this study may not actually
represent the real measurement of Pmsf. It should be viewed, instead, as an estimation
of the Pmsf in patients with low vascular tone and no sympathetic activity. Therefore,
the mean value reported cannot be compared with those reported in previous studies
in humans with intact circulation [77, 80, 81].

Should the Venous Tone be Monitored at Bedside?
Practical Implications

Despite the importance of venous tone on the maintenance of cardiovascular stabil-
ity, there is still little evidence about the impact of this information on the manage-
ment of critically ill patients.

Rangapa et al. [85] investigated the potential of a computerized decision-support
system (Navigator™, Applied Physiology, Sidney, Australia) to improve consis-
tency of hemodynamic evaluation and treatment decisions by ICU clinical staff with
different levels of expertise and experience in 20 patients admitted after elective
cardiac surgery. The study showed that Pmsa was commonly underestimated by all
categories of ICU staff, and that this system may improve consistency in
decision-making.

Sondergaard et al. [86] 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 hemodynamic targets (measuring the percentage time in target
zone and the averaged standardized distance from the centre of the target [87] 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 concor-
dance between decision support recommendation and anesthetist action (84.3%).
The authors concluded that the treatment recommended by the Navigator system
mirrored that of a senior anesthetist in the achievement of therapeutic goals.
Unfortunately, this study is probably underpowered to show differences in the
efficiency measurements, fluid balance, or vasoactive medications. In addition, it is
quite interesting that in both cases the percentage of time in the target zone
was so low.
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In a small study, Yastrebov et al. [88] investigated the relationship between Pmsf-
arm and echocardiographic variables of left ventricular filling such as left ventricu-
lar end diastolic area, volume and inferior vena cava (IVC) diameter in 13 healthy
patients before surgery. Only a weak correlation was found between Pmsf-arm and
the IVC diameter.

Some interesting studies demonstrated that some useful information could be
obtained by observing the mean systemic filling pressure. The current consensus on
circulatory shock and hemodynamic monitoring states that even in the context of
fluid responsive patients fluid management should be carefully titrated, especially in
the presence of elevated intravascular filling pressures [89]. However, a fluid chal-
lenge should increase Pmsf in order to challenge the cardiovascular system.
Otherwise the test would not be valid. In a recent clinical trial [90], 80 patients after
cardiac surgery were randomized to difference doses of crystalloids (from 1 to
4 mL/kg) infused over 5 min. Pmsf was measured with the arterial-venous occlusion
method, and the effective dose was defined as the one that achieve and increase in
Pmsf at least by 14% from baseline. In this study, 4 mL/kg was the dose that effec-
tively increases Pmsf, and it was also found a significant difference in the proportion
of fluid responders between the dose-groups: from 20% in the group of 1 ml/Kg to
65% in the group of 4 mL/kg.

In addition, a fluid challenge can be used not only to test fluid responsiveness but
also, as spotted by Maas and colleagues [91], to assess systemic compliance. Given
that Pmsf is the pressure at the pivot point, this may represent an estimation of the
venous reservoir compliance. In this study, systemic compliance is reported from 15
postoperative cardiac surgery patients around 64 mL/mm Hg. Systemic venous
compliance could be very useful information to prioritize treatment: A high compli-
ance after a fluid challenge may indicate the use of vasopressors instead of infusion
of a large amount of fluids. Another study [92] showed that administration of nor-
adrenaline increased CO in preload responsive patients. Noradrenaline increased
Pmsf either by reducing venous compliance or by venoconstriction (reduction of
venous capacity and shifting unstressed volume to stressed compartment, see
Fig. 8.2). 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.

Conclusion

The venous system plays an important role in the hemodynamic stability. Most of
blood volume is stored and regulated in the venous territory by sympathetic reflexes
that can modify the capacitance of the venous reservoir. 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 venous return, and the reflexes that affect the venous reservoir
affect Pmsf. Three methods have been described to measure Pmsf at bedside in
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Fig.8.2 Volume-pressure relationship in the venous compartment. The point 1 represents the total
blood volume at the mean systemic filling pressure P1. For this point, the volume at O pressure is
the unstressed volume (V) and the difference between the total volume (V1) and V,, is the stress
volume (V). The continuous black line represents the baseline compliance. The point 2 represents
a change in pressure induced by a change in intravascular volume. When a certain amount of blood
is removed from the venous system, point 1 can move forward. Point 3: the system now contains
less blood (V3) at the same pressure given that some unstressed volume (now V3,) was recruited
into the stressed volume. However, the system can maintain the pressure-volume relationship (par-
allel dashed line). This means that the capacity of the system was reduced but not the compliance.
When the system suffers an increased compliance, the same total volume is displaced from point 1
to point 4, as it is not able to generate the same amount of pressure (P4). To return to P1, volume
must be expanded (V) unless compliance is corrected

patients with intact circulation. This variable can be now integrated to evaluate the
intravascular filling status, to assess the efficacy of cardiovascular interventions and
to explain the pathophysiology of the states of shock at the bedside.
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