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T
he cardiovascular system is a complex arrangement of hydraulic, yet living,

components. The complexity of this system may make it difficult for students

to see the “forest” instead of the “trees.” To better explain the dynamics of

cardiovascular function and control, an analogy has been drawn to the operation of

a city water supply. In cities that use a water tower, fresh water is pumped up into

the tower from a river or other source. The tower serves as a pressure reservoir for

providing water to homes through a largely parallel arrangement of distribution

pipes. Local homeowners control their own water usage through faucets, whereas

the city maintains water pressure by monitoring the level in the tower. Key analogous

points with the cardiovascular system are the heart as the city pump, the aorta as the

water tower, arteries as parallel distribution pipes, and arterioles as faucets. Barore-

ceptor reflex control is discussed as well as such features as the capacitance role of

veins, the skeletal muscle pump, and the competition between locally mediated

vasodilation and sympathetically mediated vasoconstriction. Subjective student and

peer evaluations have indicated that this analogy is effective in improving student

comprehension of the cardiovascular system.
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The cardiovascular system is wondrous in its function
and complexity. It distributes an appropriate level of
blood flow to a vast diversity of tissue beds under a
variety of conditions. This flow distribution is con-
trolled by a complex system involving sensors and
their afferent neural pathways, control centers, neural
and humoral efferent pathways, and effector organ
sites. When students are confronted with the details
of this information, it is sometimes difficult for them
to grasp the overall picture of how the system oper-
ates.

This article presents an analogy for the cardiovascular
system involving a city water supply that provides a
relatively simple and cohesive illustration of the sys-
tem’s components and operation. There are many

variations in how municipalities accomplish water
distribution, and this article is not intended to provide
an authoritative explanation of the civil engineering
involved. The reader is referred to professional liter-
ature in that field for further information (6). Addi-
tional sources are also available for more detailed
descriptions of the cardiovascular system and its con-
trol (2, 7).

Analogies are effective teaching tools because they
provide the student with a familiar frame of reference
(domain) that is similar to the new concept being
taught (4). Thus a transfer of understanding from the
familiar to the new can be obtained. Research has
shown that basic-level science information is best
learned from literal expression of the material but that
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inferential understanding is enhanced by the use of
analogies (5). The cardiovascular system lends itself to
analogies. One recent report in Advances in Physiol-
ogy Education described numerous analogies includ-
ing vehicular traffic patterns to explain network flow,
a rubber band to explain arterial compliance, and a
gentle stream versus white-water rapids to explain
laminar versus turbulent flow (1). In the last example,
the author pointed out that the stream analogy was
not technically correct. It must be remembered that
analogies have the potential to create more confusion
than they resolve if inappropriately applied (12). I use
analogies extensively in my own teaching and previ-
ously published an analogy for the teaching of blood-
glucose control (10).

I developed the water-tower analogy several years ago,
inspired in part by the Vander et al. (11) model of
arterial pressure, and have refined it in use with many
physiology classes for exercise science and allied health
students at both the undergraduate and graduate level.
In actual classroom use, I present the basics of cardio-
vascular-system physiology, and then I describe the city

water supply and its control. While describing the city
water supply, I do not make any reference to the car-
diovascular system. The intent at this point is to present
the students with the familiar—the water supply—and
to let them make their own inferences. Once I complete
the description of the water supply, I go back through it
and ask the students to identify the analogies between it
and the cardiovascular system, beginning with the
pump, as presented in THE CARDIOVASCULAR SYSTEM AS A CITY

WATER SUPPLY.

A CITY WATER SUPPLY

The water tower is a familiar sight on the landscapes
of many towns and small cities. This is both the focal
point of water distribution for such towns and also a
symbol in many communities of simpler times. We
recognize the tower as the source of water in our
homes but may not have thought much about how it
got there to begin with or how it is distributed.

As illustrated in Fig. 1, it is typical for the town to
draw water from a river and pump it up into the

FIG. 1.
An illustration of a city water supply. Dashed lines indicate distribution of information.

I N N O V A T I O N S A N D I D E A S

VOLUME 24 : NUMBER 1 – ADVANCES IN PHYSIOLOGY EDUCATION – DECEMBER 2000

44

 by 10.220.33.6 on A
ugust 8, 2017

http://advan.physiology.org/
D

ow
nloaded from

 

http://advan.physiology.org/


tower. The tower then serves as the pressure head for
driving water through pipes connecting the tower to
the various homes and businesses. Why use a tower at
all? Couldn’t the pump be directly attached to the
pipes? The tower serves to prevent large fluctuations
in pressure that would occur if the pump were di-
rectly attached to the distribution pipes. Whereas the
flow rate from the pump into the tower needs to
match the flow rate out of the tower to the homes
over time, the large capacity of the tower means that
these two flow rates do not have to match exactly at
all times. Fluctuations in water demand from the
homes cause the water level in the tower to vary.
These fluctuations in demand would cause large vari-
ations in the pressure within the pipes if the pipes
were directly attached to the pump. Direct attach-
ment to the pump would require more energy to
produce the same flow rate and would also result in
greater wear and tear on the pump. (Municipalities
that do not use towers manage pressure fluctuations
through the use of a variable-speed pump with more
complex controls.)

The city’s pump operates intermittently. It pumps
water up into the tower at a rate that is normally
much greater than the flow rate out of the tower to
the homes. Once the tower is filled, the pump is
turned off. The water level in the tower falls for a
time, as much as a few hours, and then the pump is
turned on again.

The pipes that deliver water to individual homes each
come off a main water line. This is a branching, or
“parallel,” arrangement of the distribution pipes (Fig.
1), as opposed to a series connection. A series con-
nection would mean that water would pass through
one home before going to the next, and then the next
and so on. Of course, no one would be willing to
accept water from the sinks and toilets of the home
next door, much less after having passed through the
entire neighborhood. A parallel arrangement makes it
possible for each water customer to receive the same
supply of fresh water as every other customer.

The water pipes within an individual home branch
out, again in a parallel manner, to the various sinks,
showers, etc. within the home. At each end point,
there is a faucet or valve used to control the amount
of flow. The faucet can be opened wide to allow a

high flow rate to pass into the sink or shower or
closed down to whatever level the local user desires
at any given time.

The used water collects in the drain and passes
through a separate set of pipes for waste-water return.
This waste water flows under very low pressure
(“gravity” flow) through the return pipes to be depos-
ited back into the river from whence it came (hope-
fully downstream of the intake site!). The energy
needed for this return comes from the original pump-
ing of water up into the tower–it flows downhill from
that point on. However, for a small percentage of
low-lying neighborhoods, accessory pumping stations
may be used along the return pathway, to assist in
moving the water back to the river.

CONTROL OF A CITY WATER SUPPLY

The various homes and businesses served by this
system use water at different rates during the day.
Sometimes, several users may have a great demand for
water all at once, opening their faucets wide, and the
flow rate out of the water tower will increase. If the
pump doesn’t increase its output, the water level in
the tower will fall precipitously, and the pressure
head to the various users will no longer be adequate
to maintain effective flow. Obviously, the pump
needs to increase its pumping rate, but how does it
know to do this? There is a sensor within the tower
that detects the water level, which is synonymous
with the water pressure, and that transmits this infor-
mation to the control center of the pumping station.
It is not even necessary for a human worker to be-
come consciously aware of changes in the water tow-
er’s level to effect change. Rather, there is circuitry to
automatically respond to the information from the
sensors, adjusting the pump rate to compensate for
the drop in water level. This type of control is known
as a negative-feedback loop and can, of course, com-
pensate for temporary decreases in water demand as
well as the increased demand described here.

Competition can occur between the desires of indi-
vidual homeowners and the needs of the community
at large. For example, in times of drought, there may
not be enough water available from the river to main-
tain a sufficiently high level in the tower. In this case,
increased pump action will not be sufficient, and the
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control center for the pumping station will request
that homeowners restrict their water usage, telling
them, in effect, to tighten their faucets.

THE CARDIOVASCULAR SYSTEM AS A CITY
WATER SUPPLY

The cardiovascular system operates in much the same
way as does the city water supply (Fig. 2). The heart
is, of course, analogous to the city’s pump. The city’s
pump pumps water into a tower. Is this tower anal-
ogous to any feature of the cardiovascular system?
Yes, the tower is the body’s aorta. The aorta serves as
a pressure reservoir for the body, just as the tower
does for the city. The aorta also serves to smooth out
pressure fluctuations in the system, although in the
case of the body, these are created primarily by the
pump itself. The heart is an intermittent pump, pro-
viding forward flow only during a portion of each
cardiac cycle. During the left ventricle’s systolic ejec-
tion into the aorta, some of the blood moves forward
towards the arteries while some acts to expand the
aorta (i.e., filling the water tower). During ventricular

diastole, the aorta recoils, propelling the blood that
was stored by its expansion forward into the arteries.
Thus the aorta converts the intermittent flow of the
heart into a continuous blood flow to the periphery.
Analogously, the city pump pumps water into the
tower for a time, and then the water drains from the
tower before the pump is turned on again. The heart
and aorta perform this function approximately once
per second, whereas the city pump and water tower
operate on a much longer time frame; but the princi-
ple is the same.

Pressures within the aorta fluctuate from 120 to 80
mmHg during a normal cardiac cycle, whereas pres-
sures within the left ventricle fluctuate from 120 to
;0 mmHg. If the heart were directly attached to a stiff
set of pipes, instead of to a compliant aorta, blood
flow to the tissues would be intermittent, and arterial
pressure would fluctuate wildly. Moreover, it would
require much more energy from the cardiac muscle to
drive blood flow under such circumstances. When
arteriosclerosis hardens arteries, blood pressure is

FIG. 2.
An illustration of the cardiovascular system patterned after a city water supply. Dashed lines indicate distribution
of neural signals.
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higher and the heart must work harder to produce the
same amount of blood flow.

Distribution pipes from a city’s water tower branch in
a parallel arrangement to provide fresh water to each
user. Arteries also have a parallel arrangement, so that
each capillary bed receives blood with the same ox-
ygen content as well as the same composition of
other constituents, such as glucose, amino acids, elec-
trolytes, etc. This is a crucial feature of the cardiovas-
cular system of large multicellular organisms: to re-
duce the distance between cells and a fresh supply of
blood. Conversely, insects and many other inverte-
brates have an open circulatory system in which
blood leaves the heart (dorsal vessel) and simply
bathes one tissue space after another in series (3).
Such an arrangement is only effective in small organ-
isms or those with low metabolic activity. A high
metabolism may be attained in the case of insects due
to a separate system for the distribution of respiratory
gases.

The distribution pipes for the city water supply even-
tually branch down to the level of individual homes
(organs) and discrete sinks and showers (capillary
beds) within the home. A faucet can be opened or
closed to control the local flow at that end point. The
faucets are analogous to the body’s arterioles. Arte-
rioles are microscopic arteries that have a large mus-
cular coat relative to their lumen diameter. They are
able to constrict or dilate to a remarkable degree, thus
varying the local resistance to blood flow and thereby
affecting the flow rate to their daughter capillaries.
Arterioles are thus referred to as the resistance vessels
of the body. Arteriolar dilation is largely under local
control. Byproducts of local tissue metabolism, such
as H1, K1, inorganic phosphate, and adenosine, ac-
cumulate in the interstitial spaces and cause the
smooth muscle of the arterioles to relax. This muscu-
lar relaxation produces vasodilation that results in an
increased blood flow to the area undergoing the me-
tabolism. As discussed below, this local control can
come into conflict with central control.

Once the water within the sink (capillary bed) has
served its purpose, it passes into drainage pipes
(venules and veins) for return to the river. Venous
blood flow is driven by a relatively small pressure
gradient between the capillaries and the right side of

the heart. This pressure gradient derives from the
energy originally imparted to the blood by the left
ventricle. However, passage through veins can be-
come sluggish, as in the case of venous return from
lower extremities. A means of enhancing venous re-
turn from these areas is the skeletal muscle pump. If
an individual walks about, or simply taps one’s toes,
the contractions of the skeletal muscles within the
legs will compress the veins passing through them.
Because the veins have one-way valves oriented to-
wards the heart, this compression will move the
blood upward towards the right side of the heart. In
this way, skeletal muscles can contribute a small
amount of energy for venous return, adding this to
that produced by the left ventricle. The skeletal mus-
cle pump is analogous to pumping stations that cities
place in low-lying communities for the return of
waste water.

The city’s water returns to the river, which is the
source of the water for the city’s pump. Analogously,
the large veins of the body serve as a volume reservoir
(the capacitance vessels). Approximately two-thirds
of the total blood volume are located within the
systemic veins at any moment as opposed to only
;10% within the systemic arteries (2). The heart
extracts blood from this venous reservoir and creates
a pressure gradient by pumping it into the aorta, just
as the city’s pump creates a pressure gradient by
pumping water out of the river and into a tower. Of
course, the analogy between the river and the veins is
not complete; for the veins are part of a closed system
of vessels, with all of the returning blood becoming
the arterial blood in the next circuit. Whereas, the
river is an open system from which the city merely
extracts and returns a small portion of the available
water.

CONTROL OF THE CARDIOVASCULAR SYSTEM

Just as control of the city water supply centers on
maintaining a set water level, i.e., pressure, in the
tower, control of the cardiovascular system centers
on maintaining the blood pressure in the aorta at a
level close to 120/80 mmHg. Just as the city water
pressure is a function of the amount of water in the
tower, arterial blood pressure is largely a function of
the volume of blood within the aorta (as well as its
compliance). As discussed previously, ventricular sys-
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tole ejects blood into the aorta at a greater rate than
what is leaving the aorta to the periphery, with the
difference expanding the aorta. This extra volume in
the aorta during systole means that its pressure rises.
During ventricular diastole, the aortic valve is closed
and blood drains out of the aorta into the periphery,
and aortic pressure falls. Thus the pressure changes
are largely due to volume within the aorta at any given
moment.

If peripheral resistance decreases, due to large
amounts of local vasodilation at the arteriolar level,
the run off from the aorta will increase and arterial
pressure will drop (several homes have opened their
faucets wide). Whereas there are many compensating
factors, the principal one is the baroreceptor reflex.
Baroreceptors are located in the arch of the aorta, and
they respond to stretch of the aorta. They are not
“baro” (pressure) receptors per se, but stretch recep-
tors. However, as with the water-level indicator in the
city’s tower, this measure of blood volume in the
aortic pressure reservoir is tantamount to a pressure
gauge.

The baroreceptors are connected neurally to the car-
diovascular control center in the medulla (the control
center of the pumping station). If aortic pressure falls,
these baroreceptors will detect less stretch and fire
fewer nerve impulses. Automatic, i.e., reflex, neural
connections within the cardiovascular control center
will respond by increasing sympathetic drive and de-
creasing parasympathetic drive, with a resultant in-
crease in heart action. The greater heart action (cou-
pled with peripheral vasoconstriction, as described in
greater detail below) results in an increased blood
pressure, and the signals from the baroreceptors re-
turn to normal. Exactly as in systems engineering of
water pressure, this control mechanism of the cardio-
vascular system is referred to as a negative-feedback
loop. In the case of the city water supply, the water
pressure in the tower is controlled by feedback from
the water-level indicator via the control center to the
pump, whereas blood pressure in the cardiovascular
system is controlled by feedback from the barorecep-
tors via the medulla to the heart.

If the body is experiencing a significant decrease of
blood volume, due to dehydration or hemorrhage for
example, the response of the cardiovascular control

center will be much greater than as described above.
The lack of signals from the baroreceptors will result
in substantial increases in sympathetic drive. In addi-
tion to innervating the heart, sympathetic drive also
innervates blood vessels throughout the periphery.
The sympathetic nerve fibers release norepinephrine
onto the smooth muscle of arterioles that respond by
contracting. This increases peripheral resistance to
blood flow throughout the body, reduces aortic out-
flow, and helps to restore aortic blood pressure.
Locally active vasodilatory metabolites will act in
competition with this sympathetically mediated
vasoconstriction. During exercise, the large produc-
tion of metabolites by the active skeletal muscle will
win out, producing local vasodilation and increased
muscle blood flow. However, the metabolism of less-
active tissues will not produce such a large vasodila-
tory effect, and the sympathetic vasoconstrictor effect
will win out, resulting in a decreased blood flow to
those regions–in effect, shunting blood from less ac-
tive to more active regions. A somewhat analogous
situation with the city water supply occurs when
there is a break in a water main, and interconnecting
pipes allow for a shunting of water from one region to
another to maintain flow. In the case of dehydration
or hemorrhage, the sympathetic drive will be large
enough to constrict almost all vascular beds, thus
maintaining blood pressure and blood flow to the
heart and brain at the expense of less vital regions.
This is analogous to water rationing by the city in
times of drought. Local control—homeowners open-
ing their faucets to water lawns, wash cars, etc.—is in
conflict with the city’s overall need, and the city
responds by requesting homeowners to “tighten their
faucets,” i.e., to vasoconstrict their arterioles.

DISCUSSION

A city water supply has been described to provide an
analogy of the cardiovascular system. Whereas no
formalized evaluation of its effectiveness has been
performed, for example, by comparing test scores
against a control group, it has been my experience
that students’ comprehension of the material is en-
hanced by the analogy. As stated earlier, the city
water supply is presented in class without direct ref-
erence to the cardiovascular system, and then the
analogous features between the two systems are re-
viewed as an in-class exercise. All students immedi-
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ately identify the city pump as the heart, but only the
better students initially are able to identify the water
tower as the aorta. However, once this is verbalized
by some students in the class, the others rapidly catch
on to the entire system. Two means of subjective
evaluation of this analogy have been performed.
Anonymous student comments as part of systematic
course evaluation have consistently endorsed the
analogy as being helpful. In addition, an external
review by a professor from another institution was
performed. The reviewer endorsed the analogy and
asked to use it in his own lectures.

Whereas there are many analogous features between
these two systems, there are some aspects that differ.
One example described above is that the city’s water
is drawn from a river, which is a separate and open
system, whereas the cardiovascular system uses its
own veins as the source of blood volume in a closed
system. Another example is that the branching net-
work of distribution pipes in a city water supply is
actually more complex than described above.
Whereas a parallel arrangement is a principal feature
of both systems, the city water supply has looped
connections between the distribution pipes to ensure
pressure to all areas even when some sections are
shut down for repairs. The cardiovascular system has
similar loops (e.g., the circle of Willis in support of
cerebral blood flow), but such connections are not a
basic feature of its arterial branching.

A key feature of both systems that was not presented
in the analogy is the means employed for filtration of
the respective fluids. Cities use a variety of filtration
and purification methods, sometimes at both the in-
take site of water from the river and at the site for
returning waste water back to the river. This is gen-
erally done in series with the water-distribution sys-
tem such that all of the water passes through the
filtration site before being used and/or before being
returned to the river. The cardiovascular system per-
forms this task in a different manner. A portion of the
blood on each circuit through the system [;20% of
cardiac output at rest (2)] passes through the kidneys
in one of the parallel distribution channels. The kid-
neys produce a filtrate of plasma, discarding undesir-
able constituents via the urine and returning desirable
constituents to the blood. Because this is done in
parallel to other organs, the remaining 80% of the

blood supply is not filtered on any given circuit.
However, mixing of the venous blood and repeated
circuits ensure adequate filtration of the entire sup-
ply. The pulmonary circulation is in series to the
systemic circulation, so its function of restoring the
O2 and CO2 concentrations of systemic arterial blood
is nearly 100% effective on each circuit (an insignifi-
cant amount of systemic venous blood from cardiac
tissue and from systemic vessels that feed the bron-
chial tree bypasses this circuit).

Whereas the analogy as presented is used to describe
the systemic circulation, many of its aspects could be
applied to the pulmonary circulation. A significant dif-
ference in the two systems that would need to be ad-
dressed is regional differences in blood flow. In the
systemic circulation, shunting occurs during exercise
from areas of low metabolism to areas of high metabo-
lism. This is accomplished by a combination of sympa-
thetically mediated vasoconstriction and metabolically
mediated vasodilation. In the pulmonary circulation,
shunting occurs at all times in response to regional
variations in ventilation. Areas of the lungs that receive
little ventilation are hypoxically vasoconstricted to allow
appropriate matching of ventilation/perfusion for opti-
mum gas exchange. The pulmonary circulation also ex-
periences regional differences in flow as a result of
gravitational effects on intravascular pressures (2).

A key feature in the use of analogies is to keep them
simple. The analogy must entail a concept that is
familiar to the student to be effective (4). Overly
complicated analogies are not effective teaching tools
(12). A possible extension of the analogy would be to
construct a working model of the city water system to
illustrate the components. Simple working models of
the cardiovascular system have been recently de-
scribed (8, 9) that could be adapted to this purpose.

In conclusion, an analogy of the cardiovascular sys-
tem using a city water supply has been presented.
Whereas there are some differences in the design and
operation of a city water supply and the cardiovascu-
lar system, the many similarities between the rela-
tively familiar city system and the complex cardiovas-
cular system make this a very good analogy for
teaching purposes. This analogy has been used by the
author for several years in university exercise-physi-
ology classes and in cardiovascular physiology lec-
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tures to allied health students. Subjective student and
peer evaluations have indicated that the analogy is an
effective means of enhancing comprehension of this
complex physiological system.

Many thanks to William A. Drewry, Old Dominion Univ., for con-
structive comments on the civil engineering aspects of the manu-
script. Oversimplifications and any remaining errors are those of
the author alone.
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