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return of blood from the peripheral circulation, that is, 
venous return; and (2) a function that determines the out-
put from the heart acting as a pump. Vascular volume is 
central to both functions. An understanding of how car-
diac output is regulated by the interaction of these two 
functions provides a better understanding of what fluid 
therapy can and cannot do, and why normal values are 
what they are [1, 2].

Venous return function
Guyton’s approach starts with the concept of mean circu-
latory filling pressure (MCFP) [3]. The volume contained 
by the circulation stretches the elastic walls of vascu-
lar compartments and creates an elastic recoil pressure. 
Because of the existence of this recoil force, when a ves-
sel is punctured volume flows out of the vasculature even 
without a pumping heart. Volume filling the vasculature 

Primary roles of the circulation are to deliver oxygen (O2) 
and nutrients to tissues and to remove wastes. Delivery of 
O2 (DO2) is based on three factors: cardiac output, hemo-
globin concentration, and the saturation of hemoglobin 
with O2 saturation. These are the only three factors that 
an intensivist can manipulate to improve DO2. The range 
of possible changes in hemoglobin concentration and O2 
saturation are normally small and thus changes in cardiac 
output dominate the regulation of DO2. Arthur Guyton 
argued that cardiac output is determined by the interac-
tion of two functions: (1) a function that determines the 
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Abstract
Infusion of fluids is one of the most common medical acts when resuscitating critically ill patients. However, fluids 
most often are given without consideration of how fluid infusion can actually improve tissue perfusion. Arthur 
Guyton’s analysis of the circulation was based on how cardiac output is determined by the interaction of the 
factors determining the return of blood to the heart, i.e. venous return, and the factors that determine the output 
from the heart, i.e. pump function. His theoretical approach can be used to understand what fluids can and cannot 
do. In his graphical analysis, right atrial pressure (RAP) is at the center of this interaction and thus indicates the 
status of these two functions. Accordingly, trends in RAP and cardiac output (or a surrogate of cardiac output) can 
provide important guides for the cause of a hemodynamic deterioration, the potential role of fluids, the limits of 
their use, and when the fluid is given, the response to therapeutic interventions. Use of the trends in these values 
provide a physiologically grounded approach to clinical fluid management.
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is made up of two components. One, unstressed volume, 
just rounds out vessel walls, but does not stretch vascular 
walls, and does not create pressure. The second, stressed 
volume, stretches vessel walls and creates the vasculature 
pressures [4]. Under basal conditions, stressed volume 
is about 30% of total blood volume, which is about 1.3 
to 1.4 L in a 70–75 kg male [5]. MCFP is determined by 
total stressed volume divided by the sum of the compli-
ances of all vascular structures, including the pulmonary 
and cardiac volumes. Typical MCFP in a resting normal 
person is in the range of 7 to 10 mmHg. Generation of 
blood flow by the heart occurs when the right heart 
empties the volume it contains and thereby lowers right 
atrial pressure (RAP). Except in rare conditions, RAP 
and central venous pressure (CVP) are the same; we will 
use RAP. The decreased downstream pressure allows 
venous blood to flow back to the heart in a cyclic manner. 
The heart thus has a “permissive” role in that it allows 
upstream venous volume to flow back to the heart. Since 
the venous compartment upstream from the heart is 
the most compliant part of the vasculature and contains 
most of vascular volume [6], the pressure in this region 
changes very little during the cardiac cycle and is usually 
very close to MCFP [7]. . However, the venous pressure 
in this region can differ from MCFP depending upon 
the distribution of flow. Because of the key importance 

the upstream pressure in the systemic veins for venous 
return of, this pressure is given its own name, mean sys-
temic filling pressure (MSFP). The final factor determin-
ing flow from systemic veins back to the right heart is the 
effective resistance in the veins (RVR) between MSFP and 
the right heart. Venous return function (VR) thus can be 
summarized as:

 VR = (MSFP − RAP)/RVR (1)

There is an important limit to venous return [8]. When 
the pressure outside the great vessels returning blood to 
the heart is greater than the pressure inside these vessels, 
they collapse. This creates what is called a vascular water-
fall or flow limitation [9] (Fig. 1). The collapse very tran-
siently blocks the vessel and stops flow, but the pressure 
inside the vessel quickly starts to rise to the upstream 
pressure, which transiently re-opens the vessel. The pres-
sure in the vessel then flutters with opening and closing 
at the surrounding pressure creating the collapse. When 
a person is breathing spontaneously and is upright, the 
RAP fluctuates around zero (relative to atmosphere). 
However, during mechanical ventilation, venous collapse 
pressure occurs at a positive pleural pressure relative to 
atmosphere. The implication of the venous collapse point 
is that the best the heart can do is lower RAP to zero, 

Fig. 1 Limitations to venous return and maximum VR (Vmax) with normal pleural pressure (A) and Positive pleural pressure (B). In A, when VR 
intersects the 0 line (atmospheric pressure) venous collapse occurs. A increase in the cardiac curve (dotted line) in this state does not increase cardiac 
output (closed red circle). In B, a rise in pleural pressure results in venous collapse and flow limitation at a pressure above atmospheric pressure. A shift 
of the venous return curve to the right is then needed to increase VRmax. This can occur by giving volume or by conversion of unstressed into stressed 
volume through reflex mechanisms or drugs (see text). RAP is right atrial pressure and Q represents cardiac output.
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i.e. atmosphere, when breathing spontaneously, and a 
positive value when mechanically ventilated. Thus, maxi-
mum cardiac output is determined by circuit factors and 
not the heart. A RAP greater than zero just reduces VR. 
Maximum VR is then determined by:

 VRmax = MSFP/RVR  (2)

When VR is limited by the collapse, cardiac output only 
can be increased by increasing stressed volume and 
thereby increasing MSFP.

Although increasing MSFP can potentially increase car-
diac output, there is a price to pay. The typical pressure 
difference from MSFP to RAP is 3 to 8 mmHg [10, 11]. If 
RAP is 10 mmHg, and assuming a pressure difference of 
6 mmHg, MSFP would be 16 mmHg. The pressure dif-
ference from MSFP to the venous side of the capillaries 
is ∼ 10 mmHg. This would then give a capillary venous 
pressure of 26 mmHg. The pressure drop across capillar-
ies is ∼ 10 mmHg [12]. Accordingly, the capillary pressure 
on the arterial side would start at 36 mmHg. At this high 
pressure, capillary filtration would be greatly increased. If 
capillary permeability also is increased because of inflam-
mation, or if oncotic pressure is decreased because of 
decreased serum albumin, filtration will increase even 
more. It thus should be evident that a RAP much greater 
than 10 mmHg should be used cautiously and it should 
make the physician re-consider the necessity of giving 
more volume, even if the patient is volume responsive.

Change in the return function
The primary way that VR can be increased is by giv-
ing volume and increasing MSFP. The body can do this 
by recruiting unstressed volume into stressed volume 
through a baroreceptor mediated mechanism and by 
vasoconstrictors such a alpha receptors agonistes [13], 
angiotensin [14], endothelin-1 [15], and neuropeptide Y 
[16]. This acts as an “auto-transfusion” [17]. A decrease 
in venous resistance also increases venous return. This 
occurs during exercise [18] likely through flow medi-
cated dilation as well distension by increase vascular 
pressures, as well as with the use of inotropic drugs such 
as dobutamine, milrinone and perhaps even norepi-
nephrine through their binding to beta receptors which 
actively dilate venous resistance vessel [19, 20]. In con-
trast, although phenylephrine can recruit unstressed 
volume, it increases venous resistance and so almost 
always decreases venous return and cardiac output [21, 
22]. Finally, the most important factor that can increase 
venous return is a decrease in RAP by an increase in 
cardiac function. It is noteworthy that given the normal 
pressure difference of MSFP to RAP of 4 to 6 mmHg, 
a change of RAP of 2 to 3 mmHg either up or down by 
what ever process, would change venous return and 

cardiac output by 50% if there are no other circuit adjust-
ments. It is thus of paramount importance that RAP is 
measured precisely.

Cardiac function
The second component is cardiac function as described 
by Ernest Starling [23, 24]. Starling’s cardiac function 
curve indicates that the greater the stretch of cardiac 
muscle during diastole, the greater the force generated by 
the heart, and the greater the stroke output at a constant 
afterload, contractility, and heart rate. This is true up to 
a maximum diastolic volume at which diastolic filling is 
limited by the pericardium, or by the cytoskeleton of the 
walls of the heart [25]. This filling limit creates a sharp 
flatting of the cardiac function curve. The break is much 
sharper than drawn in many texts and articles. When 
the break is reached, infusing more volume will increase 
RAP but will not change RV diastolic volume and thus 
the adding volume will not increase SV. When RV fill-
ing is limited, excessively increasing diastolic pressure 
can even depress cardiac function by hindering coronary 
prefusion. Cardiac function, that is, stroke output for a 
given preload, can be increased by decreasing ventricular 
afterload, increasing contractility, or by increasing heart 
rate (allows more stroke volumes per minute). It is worth 
emphasizing that the RV sets maximum SV [26]. This 
is because the left heart only can put out what the right 
heart gives it. When the left heart cannot handle the vol-
ume it gets, the increase in left sided pressure raises the 
load on the RV. This increases RV diastolic volume, which 
eventually becomes limited. On the other hand, the left 
heart determines the arterial pressure for distribution of 
flow to organs. If the left heart fails to handle the output 
from the right heart, pulmonary edema rapidly develops.

Guyton’s graphical analysis
Since both VR and cardiac functions have the same axis, 
they can be plotted together (Fig. 2). The RAP at which 
the two functions intercept indicates the functioning pre-
load of the RV, the back pressure for VR, and the cardiac 
output. If cardiac function increases, the heart effectively 
becomes “more permissive”. Cardiac output increases 
and RAP falls so that cardiac output and RAP change in 
opposite directions. When cardiac function decreases, 
cardiac output falls and RAP rises. In contrast, when VR 
function increases, cardiac output rises and so does RAP 
and when VR function falls cardiac output falls and so 
does RAP, i.e. the changes are in the same direction.

Clinical usefulness of the principles in the Guyton 
plot
An understanding Guyton’s cardiac-venous return plot 
can be very useful clinically, especially for volume man-
agement (Fig. 2).
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Use of the magnitude of RAP
To begin, the magnitude of RAP has a clinical utility in 
and of itself that often is not appreciated [27]. Impor-
tantly, RAP even can be evaluated as being high or low 
in many patients without any sophisticated technology by 
just observing jugular venous distention. The RAP value 
gives an indication of how well the heart is doing com-
pared to volume coming back to it. However, an noted by 
Swan and Ganz, it does not tell you that the failing LV 
is producing to pulmonary congestion [28]. It is note-
worthy that Guyton called the cardiac function curve a 
“cardiac response curve”. When the heart puts out more 
than is coming back, RAP goes to zero and tVR then sets 
the limit to cardiac output. In thi situation, only adding 
volume can increase cardiac output. This is very evident 
when the circuit has a mechanical heart. When blood 
does not come back fast enough, the venous outflow 
drains start chattering and perfusionist ask for more vol-
ume to be given. The added volume shifts the VR curve 
to the right and VR intercepts the y-axis (flow) at a higher 
plateau value (i.e. maximal flow). It is worth noting that 
not a lot of volume is necessary to test this. On the other 
hand, a high RAP indicates that the heart as a whole is 
not adequately handling the returning flow; this can be 
due to either RV or LV dysfunctiion. When the RAP is 

much above 10 mmHg, the failure of the heart to keep it 
lower leads to organ congestion [27]. The kidney and liver 
are especially vulnerable. A high RAP also indicates that 
the heart is either on the flat part of its function curve, 
or very close to the plateau, and thus more volume will 
not increase cardiac output. The volume given also will 
leak out of the vasculature more quickly. Non-volume 
therapies should then be considered such as vasopres-
sors for blood pressure and inotropes to increase cardiac 
function.

Diagnostic use of changes in RAP
It is worth starting with another simple relationship. 
Except for a small downstream pressure, blood pressure 
is approximately equal to the product of cardiac output 
and systemic vascular resistance (SVR). The implication 
is that a fall in blood pressure is due to either a fall in car-
diac output or a fall in SVR. Furthermore, what is mea-
sured is blood pressure and cardiac output, or at least 
clinical surrogates of cardiac output. However, SVR is 
calculated from the other two variables. Thus, to deter-
mine which factor has caused the fall in blood pressure, 
it first needs to be asked: is cardiac output normal or 
elevated? If so, a decrease in SVR is the primary prob-
lem. Increasing cardiac output might still restore arterial 

Fig. 2 Control of cardiac output by the interaction of the venous return function (left upper) and cardiac function (right upper). When 
RAP = MSFP there is no flow. Lowering RAP  (by the pumping heart), allows for venous return to occur. The intersection of the cardiac function and return 
function (centre) gives the “working” right atrial pressure (RAP), “working” cardiac output and “working” venous return. “Q” is flow. See text for further details. 
Blue lines indicate VR and red line cardiac function. A decrease in cardiac output (Q) with a fall in RAP (left lower)indicates a primarily “return” problem. 
Fluids are likely the best choice. A decrease in Q with an increase in RAP  (right lower) indicates a primarily “Pump” problem. An inotrope is likely the best 
clinical choice. See text for further details.
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pressure, but if the pressure drop was severe, the resis-
tance needs to be increased with a vasopressor. If cardiac 
output is decreased, then the low cardiac output is the 
major problem. As per Guyton’s analysis, cardiac output 
could be decreased because of depressed pump function 
or because of reduced venous return. Which of these is 
the dominant problem can be distinguished by examin-
ing the change in RAP at the intersection value of the two 
curves. If the RAP at the intersection is low, depressed 
return is the most likely process, whereas if RAP is ele-
vated, decreased cardiac function is the most likely pro-
cess and a volume infusion is unlikely to help. An actual 
measurement of cardiac output is ideal for this analysis, 
but surrogates and their trends are often adequate. Sur-
rogates include central venous saturation, lactate concen-
tration, skin temperature and skin perfusion [29]. One of 
the best tests of adequate perfusion is the patient’s state 
of alertness. It only is necessary to identify the direc-
tion of changes and trends, for they identify the primary 
process and the response to the chosen therapy. When 
venous return is the problem, volume therapy is the first 
choice, although recruitment of unstressed volume into 
stressed volume by norepinephrine can help too.

Assessment of therapy response
Another way that Guyton’s analysis can be helpful is 
monitoring the response to a therapy. If inadequate 
venous return was deemed to be the likely problem, giv-
ing volume should result in an increase in cardiac out-
put and a rise in RAP. If on the other hand, the pump 
is thought to be the problem, use of an inotrope should 
reduce RAP. Measurements of perfusion and RAP thus 
can help the clinician know if the chosen therapy cor-
rected the problem or if the patient was already just get-
ting better independent of the intervention!

Special problem of ventilation
Mechanical ventilation creates an important problem. 
Preload for cardiac function is based on the pressure 
across the ventricular wall, which is called transmu-
ral pressure. The pressure outside cardiac chambers is 
pleural pressure and not atmospheric pressure, but RAP 
normally is measured relative to atmospheric pressure. 
When a person is breathing spontaneously, pleural pres-
sure has a negative value at end-expiration. Guyton dealt 
with this issue by plotting the start of the cardiac func-
tion curve at a negative value. Since negative values on 
the x-axis of the cardiac output-RAP plot are below the 
plateau of the venous return curve, more negative values 
of RAP do not change blood flow. However, in mechani-
cally ventilated patients, pleural pressure is a positive 
number and it becomes more positive on each inflation. 
When pleural pressure is positive, the transmural RAP is 
always less than the value of RAP seen on the monitor. 

Variations in the true transmural RAP compared to the 
value measured relative to atmosphere in ventilated 
patients could explain why some patients still respond to 
fluids at higher values of the standard RAP measurement 
[30]. However, even though the patient may respond to 
fluids at these higher values of RAP, there is a price to pay 
for pushing RAP higher. Thus, volume-responsiveness 
should not be the only factor for the decision to give flu-
ids. The actual value of RAP itself should be considered 
because of the risk of tissue congestion.

Role of volume in “reserves”
A potential value for giving an initial volume bolus to 
a patient in shock is not covered in Guyton’s analysis. 
Unstressed and interstitial volumes provide important 
reserves that allow the body to regulate the appropriate 
stressed volume and appropriate MSFP through neuro-
humeral processes. If volume reserves were already 
recruited to replenish volume losses, important normal 
homeostatic mechanisms have been lost. In these cases, 
an initial 1 to 2  L of crystalloid solution may allow the 
body to use its own normal homeostatic mechanism to 
regulate stressed vascular volume. The benefit of increas-
ing volume reserves occurs without measurable changes 
in RAP, blood pressure or cardiac output and are only 
apparent when the system is challenged. There is no 
clinical measurement that can identify reduced volume 
reserves; these reserves only can be estimated by consid-
ering a patient’s volume history of intake and losses.

Conclusion
Guyton’s analysis puts the RAP at the central place of the 
intersection of the VR function and cardiac function. As 
such, RAP gives an indication of how the heart is dealing 
with what comes back to it. Elevations of RAP also give 
an indication of the risk of congestion in tissues. When 
there is a decrease in blood pressure due to a decrease 
in cardiac output, directional changes of RAP indicate 
whether the primary problem is likely due to a decrease 
in cardiac function or to a decrease in the VR function. If 
the problem is primarily a decrease in cardiac function, 
inotropic therapy is likely the best choice; if decreased 
VR function is deemed the primary process, a volume 
infusions is the most appropriate primary approach. In 
both situations fluids and inotropes can still be adjuncts 
to the management.
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