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Abstract: Venous return, i.e., the blood flowing back to the heart, is driven by the pressure difference

between mean systemic filling pressure and right atrial pressure (RAP). Besides cardiac function, it is the

major determinant of cardiac output. Mean systemic filling pressure is a function of the vascular volume. The

concept of venous return has a central role for heart lung interactions and the explanation of shock states.

Mechanical ventilation during anaesthesia and critical illness may severely affect venous return by different

mechanisms. In the first part of the following article, we will discuss the development of the concept of

venous return, its specific components mean systemic and mean circulatory filling pressure (MCFP), RAP

and resistance to venous return (RVR). We show how these pressures relate to the volume state of the

circulation. Various interpretations and critiques are elucidated. In the second part, we focus on the impact

of positive pressure ventilation on venous return and its components, including latest results from latest

research.
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What is venous return and what are its
determinants?

When Patterson and Starling described what became later
known as the Starling mechanism of the heart, their first
conclusion reads: “The output of the heart is equal to and
determined by the amount of blood flowing into the heart, and
may be increased or diminished within very wide limits according
to the inflow” (1).
This simple yet very logical statement has several
consequences:
% Cardiac output is governed and thus primarily
limited by venous inflow (1);
¢ The venous circulation, as main reservoir of blood,
gains an active role in regulation of cardiac output,
rather than being a passive return conduit (2,3);
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% The heart acts permissively to promote this venous
return (2);

% The Starling mechanism, i.e., the dependency of
stroke volume on ventricular pressure, is not the
primary determinant of cardiac output, but an
adaptive mechanism to accommodate for short-term
changes in venous inflow (2,4).

It took more than half a century after the description of
the Starling mechanism, until Arthur Guyton experimentally
characterized venous return and its respective components
(5-7). In order to understand the conceptual framework for
venous return, it is important to divide the circulation into
two subsystems, the heart as the pump and the vasculature
as the circuit. The invention of extracorporeal pumps
allowed Guyton to control the heart function via the speed
of a mechanical pump and separate pump effects from
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Figure 1 Stepwise increases in RAP lead to declining venous
return and cardiac output. At standstill, MSFP can be measured.
The Starling curve (cardiac function) and the venous return curve
(vascular function) cross each other in equilibrium. The RAP in
this equilibrium point reflects the backpressure to venous return
for the VR curve and the preload pressure for the Starling curve.
The arrow indicates VRAP. VR, venous return; CO, cardiac output;
RAP, right atrial pressure; MSFP, mean systemic filling pressure;

VRAP, venous return driving pressure.

the vascular tree as the circuit. By systematic and stepwise
elevation of right atrial pressure (RAP), he showed an
inverse relationship of venous return to RAP (Figure I)
(6-8). He achieved maximum venous return with zero RAP.
Further increases in flow via increases in pump function
were limited by collapse of the intrathoracic vessels (9).
When he increased RAP above zero (i.e., above atmospheric
pressure), pump flow and therefore venous return would
decline until flow ceased completely. He termed the
pressure at zero flow mean circulatory filling pressure
(MCEFP) (6,7). By influencing MCFP via volume expansion
or epinephrine, he could increase venous return without
changes in pump function (7,8,10). From this, Guyton
reasoned that in the steady state circulation, venous return
(and therefore cardiac output in conclusion) was driven by
the venous return driving pressure (VRdP = MCFP minus
RAP) divided by the resistance to venous return (RVR):

CO = VR = (MCFP - RAP)/RVR (1]

This simple ohmic representation of the circulation
allows that the heart acts permissively by pumping forward
what it was offered by the venous system. As it can only
promote what flows into the heart, cardiac output is
completely dependent on venous return in physiological
(or non-heart failure) conditions. It could therefore not be
possible to increase cardiac output (= stroke volume times
heart rate) without simultaneous increases in venous return,
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for example by increasing heart rate at stable venous return.
This was proven several years after the initial derivation of
the venous return concept (11,12). Cardiac output can only
be elevated when the VRAP is increased, by either increases
in upstream or decreases in downstream pressure (which
would be the result of increased cardiac function), or by
decreasing RVR (3).

Despite relevant criticism on Guyton’s concept (13-15),
its functional consequences have been reproduced in various
animal (16-20) and clinical experiments (21-26), with and
without mechanical circulatory assist. This concept provides a
useful framework that integrates blood volume, central venous
pressure or RAP and cardiac output and delineates circulatory
factors from cardiac limits in states of shock (27-29).

We will describe the components of venous return, i.e.,
mean circulatory and systemic filling pressure (MCFP
and MSFP), RAP and VRdP, the RVR and link these
components to the blood volume within the circulation.
Special emphasis will lay on the influences of changing
intrathoracic pressures due to mechanical ventilation and the
applicability of the concept in dynamic situations, as these
form the basis around functional hemodynamic monitoring
and heart lung interactions (30-32). The controversies
around the concept and varying interpretations will be
discussed at each individual component (33,34).

What are the components of venous return and
how do they relate to blood volume?

The blood volume in a steady state is relatively constant
and due to the much larger venous than arterial compliance,
up to 70% of the volume resides in the venous system (35).
Blood flow will only redistribute a small amount of around
10% from the venous to the arterial system. Only part of
this volume creates tension on the vascular walls, evoking
the elastic recoil pressure. This “distending volume” is
called stressed volume (35-37). Stressed volume is surprisingly
small, around 25% of the total blood volume. The larger
part of total blood volume just fills the vascular structures
without creating any tension. This unstressed volume does
not contribute to flow, but serves as a volume reserve for
the body. Unstressed volume may be recruited into stressed
volume via changes in the capacitance of the vessel beds, a
protective mechanism for cardiac output in hypovolemia.
Blood pressure at zero blood flow was examined long
before Guyton. Weber described “statischer Fiillungsdruck”
(static filling pressure) in 1851 (38). Guyton’s observation
of ceasing blood flow when RAP exceeded a certain value
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Figure 2 Changing volume will change mean systemic filling
pressure. Extrapolation of volume/pressure pairs allows calculation
of systemic vascular compliance and stressed and unstressed
volume at the zero pressure intercept. Original data from

reference (41).

led to the conclusion that, as described in formula (1), there
is an upstream pressure (MCFP) that drives venous return
against RAP (or central venous pressure) as downstream
pressure and against RVR. MCFP is the pressure in
the whole circulation at zero blood flow after pressure
equilibration in the entire vascular bed, including the heart
chambers and the lung (39) and represents the elastic recoil
of the whole vasculature as a function of total blood volume
and the overall vascular compliance (3,38).

Mean systemic filling pressure is the elastic recoil
pressure of the systemic vasculature, excluding the volume
and compliances of the heart and lung (40,41). This
parameter focuses on the return function of the systemic
circuit, which is most relevant for the description of
altered vascular states and the clinical applications of the
concept (19,42). As MSFP excludes the central part of the
circulation, it is not only dependent on the blood volume
(described above), but also on volume shifts from the
central (i.e., heart chambers and pulmonary vascular bed) to
peripheral beds prior to the stop flow (20,35,41,43,44).

MSFP is a function of systemic vascular compliance
and blood volume (40,41), not vice versa, i.e., the volume
and the elastic properties of the vasculature determine the
pressure (35). Stressed and unstressed blood volume can be
estimated from a step change in MSFP caused by volume
infusion or bleeding and measurements of blood volume
(Figure 2) (24,41,45).

There is considerable confusion about MSFP and MCFP
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in the literature (38) and the exclusion of the pulmonary
vasculature is a source of criticism for the concept of
venous return (34). A distinction of MCFP and MSFP may
clinically not be important because they are very similar in
value and difficult to estimate or differentiate exactly. Still,
when discussing the effects of intrathoracic pressures, lung
inflation may shift part of the pulmonary and cardiac blood
volume towards the systemic circulation, thereby increasing
MSFP while keeping MCFP constant (43,44). With regards
to the systemic circulation and its role for various disease
states in critical care, we rely on the description of MSFP
and formula 1 can be rewritten

CO=VR = (MSFP — RAP)/RVR 2]

The upstream pressure MSFP may be interpreted in
two ways. The first interpretation sees MSFP as the pivot
pressure of the systemic circulation (3,39), the second as the
averaged systemic pressure weighted by vessel compliances,
thereby representing the systemic stressed blood volume
(37,41,46). In any case, the pressure gradient necessary for
blood flow is created by the heart lowering the RAP (20).

If a circulation is restarted from this equilibrated
standstill pressure MSFP, volume is redistributed by the
heart according to the compliances of the various vascular
beds around this pivot pressure (Figure 3). At the pivot, the
pressure is primarily independent of the heart (3), stressing
the “vascular nature” of this pressure. It is easily illustrated
that the pumping of the heart shifts volume according
to the compliances of the vascular segments around this
pivot pressure. The pivot also offers a run-off pressure
behind the arteriolar system and capillary vessels, which
explains how blood flow can continue behind arteriolar
beds that show critical closing pressures and vascular
waterfalls (21,47). Critics argue that a pressure defined for
circulatory standstill cannot be present within an ongoing
circulation and its exact location in the vasculature would
be unknown. Further, such pressures could by no means
drive flow at steady state (13,14,48,49), because emptying
would decrease the pressure without constant refill. These
critics ignore that the emptying mechanics including
a highly elastic venous reservoir, are central for the
achievable flow (44,50). In addition, since stressed volume
is present during ongoing circulation, so must be its related
pressure (40). The large compliance of the veins will keep
MSFP constant, because it will damp the effect of a stroke
volume on the pressure (35,41). So, the function of the heart
can be seen as continuous restoration of stressed volume in
the circuit (20,40,41). There is experimental evidence (51)
that the splanchnic region may operate on pressures close
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Figure 3 The graph depicts the pressure drop along the vascular
tree from the left ventricle to the right atrium. In a circulatory
standstill, pressure and volume equilibrate in the whole system at
mean circulatory filling pressure. Volume is distributed according
to each segments compliances from the arterial side, where
pressure drops substantially, to the veins, with high compliance
and high volume uptake. The equilibrating pressure is related to
stressed volume and independent of the hearts’ function. If the
heart is restarted and circulation resumes, volume redistributes
around the MCFP as pivot. LV, left ventricle; RA, right atrium;

Art, arterioles; cap, capillaries; ven, venules.

to MSFP. The splanchnic vascular beds have the theoretical
prerequisites of low resistances and high capacitance (52).

We favour the interpretation of MSFP as averaged
pressure in the systemic vasculature, weighted by the
compliances of the individual segments (20,40,41). This
interpretation is useful when dealing with systemic stressed
blood volume and its influence on cardiac output (37) and
allows for the explanation of volume shifts from central to
peripheral circulations (43,44), which will have an important
role in the second part of this article. Accordingly, the RVR
should also be interpreted as the resistance encountered by
the average systemic circulatory element (46), excluding
lung and heart.

Repessé et al. measured MSFP in critically ill dead
patients and found a mean value of 12.8+5.6 mmHg (53),
one minute after the heart stopped beating, possibly
influenced by ongoing reflexes (54) and exchange of volume
from lungs and heart. Estimates with extrapolation methods
for critically ill patients with beating hearts range from
18 mmHg up to 33 mmHg (23). These values are much
higher than from animal experiments with controlled
conditions, were values below 10 mmHg are found (41,55).
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MSFP seems to be constant between species (35).

The downstream pressure in Guyton’s concept is RAP. At
a constant MSFP, the higher the RAP, the lower the VR and
cardiac output and vice versa. RAP at the intersection of
the Starling curve with the venous return curve represents
the equilibrium point at which a given cardiac function
and vascular circuit can work (Figure 1) (6,20). Remember
that Starling’s experiment was done in open atmosphere,
not within a closed thorax, i.e., transmural RAPs were
not influenced by intrathoracic pressures swings. If RAP,
measured towards atmosphere, falls because of lower
intrathoracic pressure, like during spontaneous inspiration,
both venous return and transmural RAP will increase (56).

The downstream role of RAP is central for heart lung
interactions (18,19). Still there are alternative interpretations
of its role, leading to heavy critique on the VR concept
(15,34). Guyton used a movable Starling resistor to
manipulate RAP while keeping the volume in the circulation
constant and his preparation only bypassed the right heart,
feeding the blood back into the pulmonary artery (8). Critics
say that RAP could not be the independent backpressure to
VR because it was altered via the use of a Starling resistor
and that the heart function was not completely controlled
for, because the left ventricle was still functioning (15).
Levy performed a right heart bypass experiment and altered
RAP with changing pump speed. Guyton had altered RAP
via the height of a collapsible tube (Starling resistor). Levy
interpreted RAP solely as consequence of altered flow (33).
"This opposite interpretation of cause and effect from Guyton
could not be resolved in an ongoing theoretical debate
(13-15,40,48-50,52,57-64). We have recently performed
a porcine experiment without starling resistors and with a
complete heart bypass and ligation of the pulmonary artery
to get full control of the pump and volume shifts due to
lung inflation. We altered RAP with the pump to define the
relationship of RAP and pump function and then altered
RAP at constant pump function by changing airway pressure.
We could obviate all elements of former criticisms and verify
the role of RAP as backpressure to venous return (20). This
confirmed previous similar experiments with beating hearts
(18,19).

Behind this theoretical cause-and-effect discussion, still
unresolved for some (65), the clinician must realize that
RAP itself is highly influenced by intrathoracic pressure
conditions, lung inflation and lung compliance, pericardial
constraint and cardiac function (66,67). Behind this
complexity, small changes in RAP may contribute heavily
to changes in VRAP. The VRdP is small, just some mmHg.
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Figure 4 Airway pressure will raise right atrial pressure and
decrease the VRAP and venous return. A standstill pressure may be
found at the zero flow intercept of a linear regression between the
pressure/flow data pairs. Original data from reference (41). VRdP,

venous return driving pressure.

The changes in RAP caused by cardiac pump function and
changes in intrathoracic pressure are large in comparison
the oscillations of MSFP. Changes in RAP created by stroke
volume and respiratory cycle will always predominate
changes in MSFP, as the large vessel compliance limits the
pressure effect of a single stroke volume on MSFP (37).

Changing intrathoracic pressures have large effects
on RAP. In spontaneous breathing, pleural pressure is
constantly negative and the transmural RAP remains
positive even if RAP measured towards atmosphere is
zero. Zero RAP leads to maximum venous return. With
mechanical ventilation, pleural pressure rises and may even
become positive. RAP (towards atmosphere) rises, thereby
reducing VRAP while transmural RAP (inside minus outside
pressure) falls (56). Rises in RAP may also be caused by
increased right ventricular afterload during mechanical
ventilation (67).

How can the determinants of VR be assessed at
the bedside?

Cardiac output and central venous or RAP are readily
available at the bedside and reliable, when proper zeroing
and levelling is taken care of (68). The true effectors of
venous return and cardiac output, i.e., stressed vascular
volume, vascular compliance and resistance cannot be
assessed during ongoing circulation (65).

In the physiology lab, a standstill pressure can be
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measured by various means [ventricular fibrillation (69),
stop of extracorporeal circulation (19,20), right atrial
balloon obstruction (41,45) or acetylcholine (51)]. Each
procedure results in slightly different values depending on
volume shifts from the lung (39,44). If volume shifts are
possible, like in ventricular fibrillation, MCFP is measured.
With obstruction of the right atrium, MSFP is obtained.
Such measurements are not feasible at the bedside. Clinical
assessment relies on surrogate pressures similar to MSFP
and extrapolations. Besides mathematical modelling of a
MSEFP analogue (66,70,71), and exclusion of the extremity
vasculature with a high pressure cuff (26,72), clinically
applicable methods rely on heart lung interactions. Increases
in intrathoracic pressure and thereby RAP will lower venous
return and cardiac output by reducing VRdP. When RAP
and cardiac output pairs are measured at different airway
pressures, a standstill pressure or MSFP can be extrapolated
by linear regression (Figure 4). These measurements where
introduced in animal models by Versprille and Jansen for
stepwise elevations in plateau pressure (18) or slow single
breath inflation by Pinsky (19), verifying the conceptual
framework for heart lung interactions. Recently, these
manoeuvers were brought to the bedside by Maas and
colleagues and others in a series of experiments, revealing
rather high MSFP estimates (21-26,73,74). These methods
rely on stable MSFP as upstream pressure for venous
return and changing RAP. We have recently observed that
such manoeuvers may cause a rightward shift of the VR
curve and lead to an overestimation of MSFP measured
with a balloon occlusion of the right atrium (41). Possible
mechanisms are discussed below.

How do airway and intrathoracic pressures
influence venous return and particularly MSFP?

Tidal changes in intrathoracic pressures due to mechanical
ventilation constitute dynamic transients. The VR concept
was formulated for steady state conditions. RVR and MSFP
are usually considered to be stable and constant (19) and the
main effect of intrathoracic pressures therefore lays on RAP
as backpressure to venous return, as described above (19,20).
MSEFP results from stressed vascular volume and systemic
vascular compliance or capacitance. If MSFP changes,
one or all of its determinants must change. Intrathoracic
pressures may therefore affect MSFP:
% Central (i.e., lung and heart) compartments or the
splanchnic region may exchange stressed volume
with the systemic circulation;
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% Intermittent vessel closure due to high surrounding

pressures may disrupt the classical upstream
downstream pressure gradient;

% The effects of static airway pressure (positive end-
expiratory airway pressure) or tidal ventilation
(plateau pressure) on venous return may differ.

The most abrupt influence of intrathoracic pressures
on venous return are vascular waterfalls (9). When
transmural vessel pressure (inside minus outside pressure)
approaches zero due to high external pleural pressure (41),
the relationship of RAP to MSFP is disrupted. Guyton
recognized such waterfalls and closing conditions as the
main limit to increases in flow. Closing conditions were
observed in animal models (75) and by echocardiography in
the caval veins in critically ill patients and related to their
volume status (76,77). The great veins tend to collapse more
easily that the right atrium, so that the zone of collapse is
considered to be at the cavo-atrial border (78). Compression
of the great veins may influence the resistance to venous
return.

The clinical observation that high intrathoracic pressures
lower cardiac output is believed to be mainly an effect of
elevated RAP and therefore reduced VRdP. Experimental
results are controversial. For static pressure changes
(increases in positive end-expiratory airway pressure), VRdP
is maintained by increased MSFP. Fessler e a/. found stable
VRdAP between zero and 15 cmH,O PEEP, with similar
increases in RAP and MSFP despite falling venous return.
They conclude that PEEP increases resistance to venous
return via reflexes and mechanical factors independent of
abdominal pressure (79) and later verified their results in
a heart bypass model (80). Nanas and Magder confirm the
stable VRAP between 10 and 20 cmH,O of PEEP with
falling cardiac output and therefore increasing resistance
to venous return (45). Jellinek ez 4/. found similar results of
stable VRAP and increasing RVR in patients undergoing
testing of implanted cardioverter-defibrillators at sustained
inflation (81). Chihara ez 4/. describes unchanged RVR
with decreasing driving pressure in a rat model (82). We
investigated lower levels of PEEP (5 to 10 cmH,0) with
stable airway plateau pressures and found no effects on
venous return, MSFP or RVR. Our model reflected current
ventilation practice with low tidal volumes and limited
airway driving pressures (41). These smaller pressures
and volumes may explain the different results to the older
studies, together with real time stroke volume measurement
compared to thermodilution. The mechanisms by which
PEEP increases MSFP are not clear. Nanas found a
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decrease in vascular capacitance with increasing stressed
volume (45). Pressurisation of the abdominal compartment
was proposed (83,84), but not confirmed (80). Based on our
findings of a volume dependent leftward shift of the venous
return curve with inspiratory hold maneuvers, we have
proposed a hepatosplanchnic waterfall, which could recruit
volume (41,85,86).

During tidal ventilation, MSFP is theoretically held
constant by the mechanical properties of the vasculature.
The time constant for emptying the venous system is much
longer than a normal respiratory cycle (19), limiting the
possibility for MSFP to fall in expiration. The changes
in stroke volumes during tidal ventilation are small and
dampened by the large vessel compliance, so that MSFP
may not rise by small volume changes caused by decreasing
stroke volumes when RAP is increased (18,19).

Repessé et al. recently reported that tidal inflation
increased MSEP by around 2 mmHg with an airway driving
pressure of 14 cmH,0 in critically ill patients immediately
after cardiac arrest (87). Due to the short duration of
respiratory cycle, reflex adaption is an unlikely mechanism,
since reflex increases in MSFP become apparent first
after roughly 10 seconds (20,41). The observed increase
in inspiratory MSFP matches the estimated volume shift
from the lungs into the systemic circulation (87). Such
volume shifts from the lung or central compartment to the
periphery are well known (88,89), but considered small
(41,90). An experimental proof of pulmonary contribution
to changing MSFP is lacking. Nevertheless, changing
MSEFP in dynamic short-term situations implies acute shifts
in stressed volume. These can occur between the central
and peripheral compartment (43) or within the systemic
circulation (41). We have recently shown in an animal
model with complete heart-lung bypass and excluded
pulmonary vasculature that VRAP may dynamically change
during tidal ventilation. The effects of airway pressures on
VR seem to be dominated by their effect on the downstream
pressure, i.e., on RAP. Most importantly, the VR concept,
formulated for steady state conditions, is valid and useful in
dynamic situations (20), even though the exact values of the
upstream pressure MSFP may be undeterminable.

What are the clinical consequences?

The concept of venous return provides a useful framework
that integrates blood volume, vascular and cardiac function.
Starling’s observation that the heart pumps what it gets back
from the body stressed the interplay between the heart and
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the vasculature. In cardiology and critical care, the Starling
mechanism has dominated the thinking and interpretation
of shock states. But it is the VR concept that enables a
focus on prevalent clinical problems in the ICU like right
heart failure or vasoplegia. It forms the basis for heart lung
interactions and functional hemodynamic monitoring.
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