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INTEGRATION AND REGULATION

OF CARDIOVASCULAR FUNCTION

John E. Hall

Department of Physiology and Biophysics, University of Mississippi Medical Center,
Jackson, Mississippi 39216-4505

N
ew methods in molecular biology and genetics have made possible many of the

dramatic advances in physiological research that have occurred in recent years.

For those of us who spend most of our time in the research laboratory, it is

sometimes difficult to avoid a research-oriented, reductionist mind-set when discussing

physiology with students. This article illustrates, with a few examples, the importance of

conveying a ‘‘big picture’’ conceptual framework before discussing the details of

cardiovascular physiology. Also, I have chosen examples from cardiac output and blood

pressure regulation that show the importance of discussing cardiovascular physiology in

terms of feedback control systems and integrating information from other areas, such as

renal and endocrine physiology. Finally, I have highlighted the importance of two

principles that I believe are often underemphasized in teaching physiology: mass balance

and time dependence of physiological control systems.

AM. J. PHYSIOL. 277 (ADV. PHYSIOL. EDUC. 22): S174–S186, 1999.

Key words: cardiac output; blood flow; arterial pressure; kidney; pressure natriuresis;

angiotensin; aldosterone; hypertension; heart failure; cirrhosis

...It is our habit to try to approach the explanation of
a physical process by splitting this process into its
elements. We regard all complicated processes as
combination of elementary processes... that is, we
think of the whole before us as a sum of its parts. But
this presupposes that the splitting of the whole does
not affect the character of the whole.—Max Planck

Although Max Planck was the ultimate reductionist,
he clearly recognized that complex systems are much
more than the sum of their individual parts. In his
lectures on theoretical physics, Planck eloquently
emphasized that splitting the whole, particularly with
irreversible processes, usually changes the character
of the process. I believe that we can assume that this is
also true of the human body where the heart does not
function in isolation of the blood vessels, the kidneys,
or the neurohumoral systems. Attempts to reconstruct

living organisms from their individual parts, or even to
comprehend the function of a complex component
such as the cardiovascular system, by studying only
the individual subsystems (e.g., molecules, cells, or
organs) have been uniformly unsuccessful (9).

Many recent discoveries in physiology have come
from a reductionist approach, using methods from the
fields of genetics and molecular physiology, and we
often carry this mind-set into our teaching, although
most physiologists understand the importance of
integration and regulation. I will not attempt to
provide an overview of how to teach integration and
regulation of cardiovascular function (this is available in
textbooks such as Ref. 3) or to discuss in detail the value of
integrative physiology (elegant reviews, such as Ref. 9,
have already discussed this topic). I have the more modest
goal of illustrating, with a few examples related to regula-
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tion of cardiac output and arterial pressure, the impor-
tance of providing an overall conceptual framework
when discussing cardiovascular physiology with students.

CARDIAC OUTPUT REGULATION

Let’s begin by asking a very simple question.

Which of the following changes in cardiac output
would you expect to find seven days after surgical
reduction of kidney mass by 50% (removal of one
kidney): an increase, a decrease, or no change?

When I asked this question at the Experimental
Biology ’99 symposium, most of the audience (which
included primarily physiologists) answered either ‘‘no
change’’ or ‘‘an increase,’’ even though the correct
answer is a decrease in cardiac output. Why is cardiac
output reduced by removal of a kidney when there
has been no obvious effect on cardiac pumping ability
or heart rate? This is not easy to comprehend if one
thinks in a ’cardiocentric’ manner and focuses on the
well-known formula learned by all physiologists: car-
diac output 5 stroke volume 3 heart rate.

Cardiac Output is the Sum of Tissue and Organ
Blood Flows

If I had shown Fig. 1 before asking this question, I
doubt that anyone would have had difficulty answer-

ing it. The reason for the decrease in cardiac output
after unilateral nephrectomy is that, except for momen-
tary imbalances, cardiac output is equal to venous
return, which is equal to the sum of the flows of all of
the individual tissues and organs. Removing one
kidney decreases blood flowing back to the heart by
,10% (assuming that total flow to both kidneys is
,20% of the cardiac output). The same effect would
be observed with amputation of an arm or a leg or
with removal of any other tissue from the body. This
example illustrates that cardiac output is determined
not only by the function of the heart but also by the
peripheral circulation. Except when the heart is
severely weakened and unable to adequately pump
the venous return, cardiac output (total tissue blood
flow) is determined mainly by the metabolic needs of
the tissues and organs of the body, although intrinsic
and neurohumoral mechanisms allow the heart to
effectively accommodate changes in venous return.

This conceptual framework is very helpful in explain-
ing changes in cardiac output that occur during
exercise (when metabolic activity and blood flow to
skeletal muscles are increased), after eating a large
meal (which increases metabolic activity and blood
flow in the gastrointestinal system), and in many other
physiological conditions. In each of these circum-
stances, cardiac pumping ability plays a relatively

FIG. 1.
Relationship between cardiac output and peripheral blood flow regula-
tion. GI, gastrointestinal.
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permissive role and cardiac output is increased be-
cause of increased tissue blood flow.

Tissue Blood Flow Autoregulation
and Cardiac Output

A second question illustrates the importance of inte-
grating the principles of tissue blood flow regulation
in discussing cardiac output.

If cardiac output regulation is the sum of all local
blood flow regulations, why is cardiac output not
significantly altered in pathophysiological condi-
tions associated with increased levels of powerful
vasoconstrictors such as angiotensin II (ANG II)?
Also, why does vasodilator therapy in hypertensive
patients usually fail to increase cardiac output?

To answer these questions, we must consider one of
the most fundamental principles of circulatory func-
tion: the ability of each tissue to autoregulate its own
blood flow according to its metabolic needs and other
functions necessary. Administration of a powerful
vasoconstrictor such as ANG II may cause a transient
decrease in cardiac output, but it has little long-term
effect because it does not alter the metabolic rate of
most tissues. Likewise, most vasodilators cause only
short-term changes in tissue blood flow and cardiac
output.

Therefore, to effectively explain cardiac output regula-
tion, it is necessary to discuss the mechanisms that
control blood flow in the different tissues (1, 3). Local
blood flow regulation, as is true for most physiological
controls, involves short-term and long-term mecha-
nisms. Acute control occurs within seconds or min-
utes via constriction or dilation of the vasculature.
After administration of a vasoconstrictor that does not
alter metabolic rate of the tissues, there is a transient
mismatch between the supply of nutrients and meta-
bolic need of the tissues, and as a result there is a
relative deficiency of nutrients (e.g., oxygen) and an
accumulation of metabolic waste products. This, in
turn, causes vasodilation and a return of tissue blood
flow toward normal. In some tissues in which blood
flow regulation is not determined mainly by metabolic
needs, such as the kidney, ANG II may cause a small,
sustained decrease in blood flow that barely alters
cardiac output. Other short-term controls, such as the
myogenic response, also raise vascular resistance in

response to increased blood pressure and help to
autoregulate blood flow in the different tissues.

Long-term blood flow regulation takes place over
several days or weeks and involves structural changes
in the blood vessels, such as thickening of vessel walls
and decreased numbers of capillaries (rarefaction) in
response to chronic increases in blood pressure.
Together, the short-term and long-term mechanisms
maintain the required levels of blood flow in each
tissue to ensure normal tissue function. In most
physiological conditions the cardiac output reflects
mainly the sum of these control mechanisms for blood
flows in the different tissues of the body.

Unfortunately, these simple interrelationships be-
tween the peripheral circulation and the heart are
often not emphasized, and, as a result, students (and
physiologists) have difficulty in explaining cardiac
output regulation under many physiological and patho-
physiological conditions. Of course, study of cardiac
pumping ability is also essential in understanding
cardiac output regulation, especially in conditions
such as heart failure. However, it is very helpful to first
discuss the factors that control local blood flows
before discussing cardiac output regulation.

ARTERIAL PRESSURE REGULATION

Control of arterial pressure provides another example
of the importance of providing an integrative concep-
tual framework. Blood pressure regulation is often
discussed in terms of the various factors that influence
cardiac pumping or vascular resistance because of
another formula: mean arterial pressure 5 cardiac
output 3 total peripheral resistance. This conceptual
framework, with the addition of factors that influence
vascular capacity and transcapillary exchange, is ad-
equate to explain short-term blood pressure regula-
tion, but it presents some difficulties when discussing
abnormalities of long-term blood pressure regulation,
such as hypertension, the most common cardiovascu-
lar disorder seen in clinical practice.

Consider another question to illustrate this point.

What changes in blood pressure, cardiac output, and
extracellular fluid volume would you expect to find
seven days after a 50% increase in total peripheral
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vascular resistance (TPR) caused by surgical closure
of a large arterial-venous (A-V) fistula?

In this case, cardiac pumping ability is not directly
altered and TPR is chronically increased by 50%.
Again, when I posed this question to an audience of
physiologists, more than one-half believed that an
increase in TPR would cause a chronic (.7 days)
increase in arterial pressure. The correct answer,
however, is that closure of an A-V fistula would cause
no chronic change in arterial pressure despite a
sustained increase in TPR.

Likewise, increasing TPR by amputation of a limb or
hypothyroidism (which reduces metabolic rate of the
tissues and increases vascular resistance), or decreas-
ing TPR by creating an A-V fistula, anemia, or hyperthy-
roidism, fails to have a significant long-term effect on
arterial pressure (Fig. 2). Why do these large chronic
changes in TPR not have a significant long-term effect
on arterial pressure?

Figure 3 shows what actually happens when TPR is
increased by closure of an A-V fistula or any other
disturbance that increases TPR without altering renal

excretory capability. Initially, the increased vascular
resistance raises arterial pressure, but at the same time
the elevated arterial pressure also raises urinary so-
dium excretion because of pressure natriuresis. As
long as sodium excretion exceeds sodium intake,
extracellular fluid volume and cardiac output will
decrease until arterial pressure eventually returns to
normal. Thus, to explain long-term blood pressure
regulation in these circumstances, we must consider
another system, the renal-body fluid feedback, and
introduce two other concepts: 1) time dependency of
blood pressure control mechanisms and 2) the neces-
sity of maintaining balance between intake and output
of water and electrolytes.

Renal-Body Fluid Feedback is a Dominant
Mechanism for Long-Term Blood
Pressure Regulation

Figure 4 shows the conceptual framework for under-
standing long-term control of blood pressure by the
renal-body fluid feedback mechanism. Extracellular
fluid volume is determined by the balance between
intake and excretion of salt and water by the kidneys.
Even a temporary imbalance between intake and

FIG. 2.
Failure of changes in total peripheral vascular resistance (TPR) to cause
chronic changes in arterial pressure in several clinical conditions [beriberi,
arterial-venous (A-V) shunts, hyperthyroidism, anemia, pulmonary disease,
Paget’s disease, removal of four limbs, or hypothyroidism] in which the
kidneys are functioning normally. In each case there is a reciprocal
relationship between TPR and cardiac output but no long-term effect on
arterial pressure. [Modified from Guyton and Hall (3).]
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output can lead to a change in extracellular volume
and potentially a change in arterial pressure. Under
steady-state conditions there must always be a precise
balance between intake and output; otherwise, there
would be continuous accumulation or loss of fluid,
leading to complete circulatory collapse within a few
days. To maintain this precise balance, the body has
several powerful feedback systems that control renal
excretion of salt and water. Two of the most impor-
tant mechanisms for maintaining fluid balance are the
renin-angiotensin-aldosterone system and the effect of
arterial pressure on renal excretion, often called
pressure natriuresis (2, 4). Unfortunately, these mecha-
nisms are usually discussed in the renal section of
medical physiology and often are not applied in
understanding cardiovascular regulation.

Figure 5 shows a simplified block diagram of the
renal-body fluid feedback, emphasizing the integrative
relationships between cardiac, vascular, and renal
function in control of arterial pressure and extracellu-
lar fluid volume. A central component of this feedback
is pressure natriuresis, the effect of increased blood
pressure to raise the excretion of salt and water.
Under most conditions this mechanism acts to stabi-
lize arterial pressure and body fluid volumes. For

example, when arterial pressure is increased above
the renal set point, because of increased TPR or
increased cardiac pumping ability, this also increases
sodium and water excretion via pressure natriuresis if
kidney function is not impaired. As long as fluid
excretion exceeds fluid intake, extracellular fluid
volume will continue to decrease, reducing venous
return and cardiac output, until arterial pressure
returns to normal and fluid balance is reestablished.

One of the major reasons for the effectiveness of the
chronic pressure natriuresis mechanism in stabilizing
arterial pressure is that suppression of multiple neuro-
humoral antinatriuretic systems, especially the renin-
angiotensin system (RAS), amplifies the direct hydrau-
lic effects of pressure on sodium excretion (discussed
below). An important feature of this mechanism often
not appreciated is that it continues to operate until
blood pressure returns to the original set point, which
is determined by multiple intrinsic and neurohumoral
mechanisms. In other words, it acts as an infinite gain
feedback control system (2). As far as we know, it is
the only infinite gain feedback system for blood
pressure regulation in the body, and it is this property
that makes it a dominant long-term controller of blood
pressure.

FIG. 3.
Long-term effects of increased TPR, such as that caused by closure of a large A-V fistula, with no
change in the renal-pressure natriuresis relationship. Blood pressure is initially increased from
point A to point B, but elevated blood pressure cannot be sustained because sodium excretion
exceeds intake, reducing extracellular fluid volume until blood pressure returns to normal and
sodium balance is reestablished. [Modified from Hall et al. (6).]
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FIG. 4.
Conceptual framework for long-term regulation of arterial pressure.

FIG. 5.
Block diagram showing basic elements of renal-body fluid feedback mechanism
for long-term regulation of arterial pressure.
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Returning to Fig. 3, we can see the infinite gain
characteristic of this feedback system. In this case,
arterial pressure is increased without a change in
pressure natriuresis, as would occur with increased
TPR due to closure of an A-V fistula, coarctation of the
aorta below the kidneys (aortic coarctation above the
kidneys causes marked hypertension), or other changes
that increase peripheral vascular resistance without
influencing renal vascular resistance. Note that the
peripheral constriction initially increases blood pres-
sure from point A to point B, but the rise in blood
pressure cannot be sustained because as long as
pressure natriuresis is unaltered, sodium excretion
will increase above intake, thereby reducing extracel-
lular fluid volume until blood pressure eventually
returns all the way back to normal. In fact, the normal
blood pressure is the only point at which sodium and
water balance can be maintained. Likewise, distur-
bances that decrease peripheral vascular resistance or
alter cardiac function without influencing pressure
natriuresis have no long-term effect on arterial pres-
sure. For long-term changes in blood pressure to
occur, such as in chronic hypertension, there must be
a shift of pressure natriuresis.

Feedback Control Systems for Blood Pressure
are Time Dependent

Physiological control systems are often considered as
if they were static, and time dependency is usually not
discussed. Short-term control mechanisms are empha-
sized to a greater degree than long-term controls,
probably because they have been studied much more
extensively and are easier to explain, even though
most cardiovascular diseases involve abnormalities of
long-term regulation. Typically, most of the discussion
of blood pressure regulation focuses on the auto-
nomic nervous system, hormonal vasoconstrictors
and vasodilators, and local control mechanisms that
acutely influence cardiac and vascular function.

If we examine the maximal feedback gain of these
different mechanisms in buffering disturbances in
arterial pressure, it is obvious that their importance is
highly time dependent (Fig. 6). For example, the
arterial baroreceptors are extremely powerful in buff-
ering changes in blood pressure over a period of
seconds or minutes, but they rapidly adapt to sus-
tained changes in arterial pressure and, as a result, are
much less important in long-term blood pressure

regulation. On the other hand, the renal-body fluid
feedback is unimportant in acute blood pressure
control but becomes extremely powerful over a
period of several days.

Neurohumoral Mechanisms Modulate
Pressure Natriuresis and Long-Term Blood
Pressure Regulation

There are many factors that influence the kidney’s
ability to excrete salt and water and, therefore, pres-
sure natriuresis and long-term control of arterial pres-
sure. Excessive activation of antinatriuretic systems,
such as the RAS and sympathetic nervous system,
causes salt and water retention and increased blood
pressure, whereas activation of natriuretic systems,
such as nitric oxide and atrial natriuretic peptide
(ANP), enhances pressure natriuresis and reduces
arterial pressure. Some of these systems are quantita-
tively much more important than others, but all exert
their long-term effects on blood pressure not primarily
through their effects on TPR but by altering the
renal-pressure natriuresis relationship.

For example, the RAS is one of the body’s most
powerful mechanisms for long-term control of arterial
pressure mainly because of its powerful effects on
renal sodium and water excretion and pressure natri-
uresis. Figure 7 shows the effect of blocking the RAS
or infusion of ANG II on the chronic pressure natriure-
sis curve (7). Note that the normal curve is extremely
steep so that large changes in sodium excretion, in
response to variations in sodium intake, can be
achieved with minimal changes in arterial pressure.
One of the main reasons the normal curve is so steep
is that ANG II is usually suppressed when sodium
intake is raised. When ANG II levels are prevented
from being suppressed, by infusion of constant
amounts of ANG II (shown in Fig. 7), blood pressure
becomes very salt sensitive and progressively higher
blood pressures are required to maintain sodium and
water balance as intake is raised. Conversely, drugs
that block ANG II formation cause a leftward shift of
pressure natriuresis so that sodium and water balance
can be maintained at lower blood pressures, espe-
cially when sodium intake is low, and this provides
the basis for their potent long-term antihypertensive
action.
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Figure 8 shows the same concept another way. Here
we see the effect of progressively raising sodium
intake from very low levels of 5 meq/day to extremely
high levels of 500 meq/day on mean arterial pressure
in normal control dogs, in dogs in which ANG II levels
are prevented from being suppressed as sodium in-
take is raised, and in dogs treated with an angiotensin-
converting enzyme (ACE) inhibitor (7). Note that in
normal dogs, these large variations in sodium intake
are accompanied by minimal changes in blood pres-
sure. In other words, blood pressure is relatively
insensitive to changes in salt intake under normal
conditions. However, when ANG II levels are pre-
vented from being suppressed by continuous infusion
of ANG II to keep blood concentrations relatively
constant, the same increases in sodium intake are
accompanied by much larger increases in blood pres-
sure. Thus the normal ability to modulate ANG II
formation appropriately is one of the most important
factors known to enhance the effectiveness of pres-

sure natriuresis mechanism and to permit sodium
balance to be maintained with minimal changes in
blood pressure.

Returning to the renal-body fluid feedback conceptual
framework (Fig. 5), we can see that increases in
sodium and water intake tend to increase extracellular
fluid volume, venous return, cardiac output, and
arterial pressure, but as long as the RAS and pressure
natriuresis mechanism are functioning normally, only
minimal changes in blood pressure are required to
achieve sodium and water balance through pressure
natriuresis.

Of course, the integrated responses to high sodium
intake involves more than just the RAS. Other antinatri-
uretic systems, such as aldosterone, are also sup-
pressed, and there is increased formation of various
natriuretic hormones, such as ANP, help to maintain
sodium balance with minimal changes in blood pres-

FIG. 6.
Time dependency of blood pressure control mechanisms. Approximate
maximum feedback gains of various blood pressure control mechanisms at
different time intervals after the onset of a disturbance to arterial pressure.
CNS, central nervous system. [Modified from Guyton and Hall (3).]
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sure (8). However, these systems play a much lesser
role than the RAS (4). With this general framework in
mind, we can examine blood pressure regulation in
other physiological and pathophysiological condi-
tions.

Chronic Hypertension is a Compensatory
Response for Impaired Renal
Pressure Natriuresis

In all forms of hypertension studied thus far, there is a
shift of the pressure natriuresis mechanism toward
higher blood pressures that tends to decrease renal
excretion of sodium and water (6). This, in turn, sets
off a chain of events that increases blood pressure, and
the rise in blood pressure then helps to return renal
excretion to normal, reestablishing sodium balance.

There are many abnormalities that can impair renal
function and shift pressure natriuresis, including loss
of functional nephrons and decreased kidney mass
due to renal diseases, reduction of the glomerular
capillary filtration coefficient due to glomerular injury,
increases in tubular reabsorption due to excess aldoste-

FIG. 7.
Steady-state relationships between arterial pressure
and sodium intake and excretion under normal condi-
tions with a functional renin-angiotensin system (con-
trol), after blockade of ANG II formation with an
angiotensin-converting enzyme (ACE) inhibitor, and
after infusion of ANG II at a low dose (5 ng.kg21.min21)
to prevent ANG II levels from being suppressed when
sodium intake was raised. Data are means 6 SE.
[Modified from data in Hall et al. (7).]

FIG. 8.
Changes in mean arterial pressure during chronic changes in sodium
intake in normal control dogs, after ACE inhibition, or after ANG II
infusion (5 ng.kg21.min21). [Modified from data in Hall et al. (7).]
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rone or ANG II, or increases in preglomerular resis-
tance, such as occurs with renal artery stenosis or
excessive vasoconstriction of the kidney (Fig. 9).
Each of these disturbances causes a slightly differ-
ent effect on pressure natriuresis that can lead to
salt-sensitive hypertension if the slope of pressure
natriuresis is reduced or salt-insensitive hypertension
if there is a parallel shift of pressure natriuresis, such
as occurs with increased preglomerular resistance (6).
However, in all cases, a shift of pressure natriuresis
impairs the ability of the kidney to excrete sodium and
water, and this necessitates an increase in arterial
pressure to maintain sodium and water balance. With
this conceptual approach, hypertension occurs as a
compensatory response that permits sodium and wa-
ter balance to maintain despite impaired kidney func-
tion.

The extreme importance of these interrelationships
between the kidney, sodium excretion, body fluid
volumes, and arterial pressure is difficult to appreciate
without integrating important information from renal,
endocrine, and cardiovascular physiology. Almost all
students can quickly recite the isolated effects of ANG
II, aldosterone, or other hormones on kidney function
and blood pressure. Likewise, almost every student
can easily appreciate pressure natriuresis. However,
putting these different pieces of information together
into a conceptual framework is often a challenge.

Another question will illustrate the importance of
integrating different areas of physiology as well as the
concepts of time dependence and mass balance.

Which of the following changes would you expect to
find in a patient with chronic excess aldosterone
secretion? A) decreased sodium excretion, B) in-
creased arterial pressure, C) increased extracellular
fluid volume, D) B and C (increased arterial pres-
sure and increased extracellular fluid volume), or E)
all of these responses.

Many students will answer E because they know that
aldosterone causes decreased sodium excretion, in-
creased arterial pressure, and increased extracellular
fluid volume. Although this is true, they often do not
appreciate the fact that the elevation in blood pres-
sure returns sodium excretion to normal within a few
days via pressure natriuresis so that sodium and water
balance are achieved. It is important to emphasize that
regardless of the level of antinatriuretic hormones or
the degree of impairment of kidney function, precise
balance between intake and output of salt and water
must be achieved to maintain life. When renal excre-
tory function is markedly impaired, this balance is
often achieved at the expense of elevated blood
pressure.

A good example is hypertension caused by excess
aldosterone (Conn’s syndrome). If one infuses aldoste-
rone at a rate that mimics plasma concentrations
found in patients with primary aldosteronism, there is
usually a transient decrease in sodium excretion
followed by ‘‘escape’’ from sodium retention as hyper-
tension develops. Although this ‘‘escape’’ has been
traditionally explained by increased formation of vari-
ous natriuretic systems stimulated by volume expan-
sion, such as ANP, it appears to be due mainly to the
rise in blood pressure and the resultant pressure
natriuresis (5).

If the rise in renal perfusion pressure is prevented
during chronic aldosterone hypertension, by servo-
controlling renal perfusion pressure with a clamp
placed on the aorta just above the kidneys, the kidneys
cannot escape from sodium retention, and there is a
continued increase in sodium balance with the even-
tual development of severe circulatory congestion
within just a few days (Fig. 10). This is similar to the

FIG. 9.
Steady-state relationships between arterial pressure
and urinary sodium excretion and intake for subjects
with normal kidneys and four general types of renal
dysfunction that cause hypertension: decreased kid-
ney mass, increased reabsorption in distal and collect-
ing tubules, reductions in glomerular capillary filtra-
tion coefficient (Kf), and increased preglomerular
resistance.
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failure to escape from sodium retention in severe
congestive heart failure when the heart is too weak to
raise blood pressure high enough to overcome sodium
retention and to reestablish sodium balance. When
renal pressure is allowed to rise to a hypertensive level
and aldosterone infusion is continued, there is an
immediate escape with a restoration of sodium bal-
ance and a reduction in pressure to a lower, but still
hypertensive level.

Thus, in aldosterone hypertension, the sodium reten-
tion plays a dominant role in raising blood pressure,
and the rise in renal artery pressure is essential in
counterbalancing the antinatriuretic effects of aldoste-
rone and restoring sodium balance. The same is true
for all other forms of hypertension that have been
studied thus far, including ANG II hypertension,
vasopressin hypertension, norepinephrine hyperten-
sion, and human essential hypertension (6).

FIG. 10.
Effects of chronic aldosterone infusion when renal perfusion pressure
was servo-controlled or allowed to increase (control). When real
perfusion pressure was prevented from increasing, ‘‘escape’’ from
sodium retention did not occur and cumulative sodium balance and
systemic arterial pressure continued to increase. [Modified from data in
Hall et al. (5).]
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Conditions That Cause Increased Extracellular
Fluid Volume But Normal Blood Pressure

Although chronic hypertension is invariably associ-
ated with impaired renal excretory function and
resetting of pressure natriuresis, there are many patho-
physiological conditions associated with marked so-
dium retention and increased extracellular fluid vol-
ume but normal arterial pressure. Conditions associated
with circulatory depression and a tendency toward
low blood pressure cause sodium retention as a
compensatory response that minimizes the decreased
arterial pressure. In each case, the renal-body fluid
feedback conceptual framework is very helpful in
explaining the changes in renal excretion, extracellu-
lar fluid volume, and circulatory dynamics.

Heart failure. After a myocardial infarction or other
insult to the heart (e.g., valvular damage, etc.), there is
a reduction in cardiac pumping ability that initially
reduces cardiac output and arterial pressure. This
tends to cause sodium and water retention, and
activation of various antinatriuretic systems (e.g., the
RAS and sympathetic nervous system) amplifies the
effect of decreased pressure to cause further sodium
retention. This, in turn, raises extracellular fluid vol-
ume and cardiac filling pressures and helps to restore
cardiac output and arterial pressure toward normal if
the initial insult is not too severe. Therefore, a
relatively normal blood pressure is maintained despite
impaired cardiac pumping ability but at the expense
of increased circulatory volume, high cardiac filling
pressures, and impaired ability to raise cardiac output
during exercise. If the heart is greatly weakened,
cardiac output may not increase sufficiently to return
arterial pressure to normal and underperfusion of the
kidneys will cause continued sodium and water reten-
tion until the person develops severe circulatory
congestion.

Increased vascular capacity. The same conceptual
framework can be used to analyze the effect of
increased vascular capacity caused, for example, by
large varicose veins or by normal pregnancy, which
increases vascular capacity because of the additional
blood supply to the uterus and placenta. Increased
vascular capacity would initially tend to reduce mean
circulatory filling pressure, cardiac output, and arterial

pressure (see Fig. 5). From this point forward, the
same responses of the renal-body fluid feedback are
set into motion as for heart failure, and eventually
blood volume is increased and cardiac output and
blood pressure are maintained at a normal level
despite increased vascular capacity.

Liver cirrhosis. A third example in which the renal-
body fluid conceptual framework is helpful in explain-
ing the integrated cardiovascular and renal changes is
cirrhosis of the liver. In cirrhosis, plasma colloid
osmotic pressure is decreased due to impaired synthe-
sis of plasma proteins and large amounts of fibrous
tissue in the liver impede the flow of portal blood
through the liver, raising capillary pressure in the
portal circulation and causing leakage of fluids and
protein into the peritoneal cavity. The high pressures
in the portal venous circulation also stretch the veins
and increase vascular capacity. These changes all tend
to reduce mean circulatory filling pressure, cardiac
output, and arterial pressure and therefore set into
motion the same compensations that occur in heart
failure, including marked sodium and water retention
by the kidneys. Eventually, if the initial disturbance is
not too severe, blood pressure and cardiac output are
regulated near normal despite the leakage of large
amounts of fluid from the circulation and severe
interstitial edema.

These are just a few examples that I hope will
emphasize the importance of integrating the concepts
that we teach in different areas of physiology. Provid-
ing a conceptual framework makes integration much
easier. Two major concepts that I believe are often
underemphasized in teaching physiology are mass
balance and time dependence of physiological control
systems. Understanding the principle of mass balance
is important in virtually all aspects of cardiovascular
physiology, including cardiac output regulation, in
which one has to first appreciate that cardiac output is
the sum of all of the flows of the individual tissues, and
long-term blood pressure regulation, in which arterial
pressure may be adjusted to maintain balance be-
tween intake and output of salt and water.

The concept of time dependence of cardiovascular
control mechanisms is especially difficult for the
beginning physiologist or first-year medical student to
learn. We often teach as though the different control
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mechanisms were static, and their quantitative impor-
tance in short-term and long-term blood pressure
regulation is usually not discussed. Computer simula-
tions are very helpful in this regard, and in our Medical
Physiology course we use extensively a program
called QCP (Quantitative Circulatory Physiology) devel-
oped by Tom Coleman in our department. Finally, I
believe that in our enthusiasm for new research
advances we sometimes include too many unneces-
sary details and complexities that can be an impedi-
ment to learning the fundamental principles of cardio-
vascular regulation. Sometimes less is more.

Everything should be as simple as possible, but not
simpler.—Albert Einstein
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