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1. The circulatory system contributes to the maintenance of
the internal environment by transporting nutrients to and
waste products away from individual cells of the body. It
also participates in the maintenance of the electrolyte and
thermal environment of cells.

2. The circulatory system consists of two pumps in series.
The right heart pumps blood into the lungs. The left heart
pumps blood through the rest of the body.

3. The transport of nutrients and wastes over long distances

he physiological and medical importance of the car-

diovascular system has been apparent since William
Harvey first described the circulation of blood in 1628. A
properly functioning, well-regulated cardiovascular system
is essential to the maintenance of the internal environment
of the body. Each cell must receive oxygen from the lungs
and a variety of nutrients from the gastrointestinal tract.
Each cell produces waste products that must be removed
from its environment and taken to the lungs, kidneys, or
other organs for metabolism and/or excretion. Cells in en-
docrine glands communicate with cells in other tissues by
releasing hormones that are carried throughout the body
by the circulation. Heat produced by the work of the body
is brought to the surface of the body where it can be lost to
the external environment by way of the circulation.

The circulatory system must perform all of these func-
tions in the face of a variety of challenges, such as exercise,
hot and cold environments, changes in posture, pregnancy
and childbirth, and the hypoxia caused by high altitudes.
Unfortunately, failure of the cardiovascular system to per-
form normally occurs all too often. In developed countries,
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(along the length of the blood vessels) occurs by bulk flow
whereas transport over short distances (across the capil-
lary walls) occurs via diffusion.

4. Pressure, flow, and resistance are related by Ohm’s law.
5. Poiseuille’s law shows how the radius and length of a ves-
sel and blood viscosity contribute to vascular resistance.

6. The contractions of the heart generate the pressure that
drives blood through the pulmonary and systemic circula-
tions.

the leading causes of death and morbidity include myocar-
dial infarction, stroke, hypertension, congestive heart fail-
ure, and an assortment of other cardiovascular problems.
Knowledge of the structure and function of the cardiovas-
cular system is, therefore, crucial for understanding many
aspects of health and disease.

ONCE AROUND THE CIRCULATION

An understanding of the circulation depends on knowl-
edge of the physical principles governing blood flow. But
first, we will briefly describe the cardiovascular system
(Fig. 12.1). Contractions of the left ventricle propel blood
into the aorta, the large arteries, and the vasculature be-
yond. Because of their elasticity, the aorta and large arter-
ies are distended by each injection of blood from the heart.
The aorta and large arteries recoil between ventricular con-
tractions, continuing the flow of blood to the periphery.
Several regulatory mechanisms normally keep aortic
pressure within a narrow range, providing a pulsatile but



CHAPTER 12 An Overview of the Circulation and Hemodynamics 211

Head
(brain, skin, and bone)

Arms and trunk
(skin, muscle, and bone)

Endocrine glands

Coronary circulation

Pulmonary Bronchial
artery NG circulation
sSvC Lungs
N e A
Pulmonary LA
— RA vein

LV

Liver

Portal vein — Stomach,

spleen

Intestines,
pancreas

Endocrine glands

Kidneys

Kidneys
(tubules)

(glomeruli)

Trunk and legs
(skin. muscle. and bone)

@A model of the cardiovascular system. The
right and left hearts are aligned in series, as are
the systemic circulation and the pulmonary circulation. In con-
trast, the circulations of the organs other than the lungs are in
parallel; that is, each organ receives blood from the aorta and re-
turns it to the vena cava. Exceptions are the various "portal” circu-
lations, which include the liver, kidney tubules, and hypothala-
mus. SVC, superior vena cava; [VC, inferior vena cava; RA, right
atrium; RV, right ventricle; LA, left atrium; LV, left ventricle.

consistent pressure and driving blood to the small arteries
and arterioles. Smooth muscle in the relatively thick walls
of small arteries and arterioles can contract or relax, causing
large changes in flow to a particular organ or tissue. Because
of their ability to adjust their caliber, small arteries and ar-
terioles are called resistance vessels. The prominent pres-
sure pulsations in the aorta and large arteries are damped by
the small arteries and arterioles. Pressure and flow are
steady in the smallest arterioles.

Blood flows from arterioles into the capillaries. Capillar-
ies are small enough that red blood cells flow through them
in single file. They are numerous enough so that every cell
in the body is close enough to a capillary to receive the nu-
trients it needs. The thin capillary walls allow rapid ex-
changes of oxygen, carbon dioxide, substrates, hormones,
and other molecules and, for this reason, are called ex-
change vessels.

Blood flows from capillaries into venules and small veins.
These vessels have larger diameters and thinner walls than
the companion arterioles and small arteries. Because of
their larger caliber they hold a larger volume of blood.
When the smooth muscle in their walls contracts, the vol-
ume of blood they contain is reduced. These vessels, along
with larger veins, are referred to as capacitance vessels.
The pressure generated by the contractions of the left ven-
tricle is largely dissipated by this point; blood flows
through the veins to the right atrium at much lower pres-
sures than are found on the arterial side of the circulation.

The right atrium receives blood from the largest veins,
the superior and inferior vena cavae, which drain the entire
body except the heart and lungs. The thin wall of the right
atrium allows it to stretch easily to store the steady flow of
blood from the periphery. Because the right ventricle can
receive blood only when it is relaxing, this storage function
of the right atrium is critical. The muscle in the wall of the
right atrium contracts at just the right time to help fill the
right ventricle. Contractions of the right ventricle propel
blood through the lungs where oxygen and carbon dioxide
are exchanged in the pulmonary capillaries. Pressures are
much lower in the pulmonary circulation than in the sys-
temic circulation. Blood then flows via the pulmonary vein
to the left atrium, which functions much like the right
atrium. The thick muscular wall of the left ventricle devel-
ops the high pressure necessary to drive blood around the
systemic circulation.

The mechanisms that regulate all of the above anatomic
elements of the circulation are the subject of the next few
chapters. In this chapter, we consider the physical princi-
ples on which the study of the circulation is based.

HEMODYNAMIC PRINCIPLES OF THE
CARDIOVASCULAR SYSTEM

Hemodynamics is the branch of physiology concerned
with the physical principles governing pressure, flow, re-
sistance, volume, and compliance as they relate to the car-
diovascular system. These principles are used in the next
few chapters to explain the performance of each part of the
cardiovascular system.

Poiseuille’s Law Describes the Relationship
Between Pressure and Flow

Fluid flows when a pressure gradient exists. Pressure is
force applied over a surface, such as the force applied to
the cross-sectional surface of a fluid at each end of a rigid
tube. The height of a column of fluid is often used as a
measure of pressure. For example, the pressure at the bot-
tom of a container containing a column of water 100 cm
high is 100 cm of H,O. The height of a column of mer-
cury (Fig. 12.2) is frequently used for this purpose because
it is dense (approximately 13 times more dense than wa-
ter), and a relatively small column height can be used to
measure physiological pressures. For example, mean arte-
rial pressure is equal to the pressure at the bottom of a col-
umn of mercury approximately 93 mm high (abbreviated
93 mm Hg). If the same arterial pressure were measured
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@Pressure expressed as the height of a col-
umn of fluid. For the measurement of arterial
pressures it is convenient to use mercury instead of water be-
cause its density allows the use of a relatively short column. A
variety of electronic and mechanical transducers are used to

measure blood pressure, but the convention of expressing pres-
sure in mm Hg persists.

using a column of water, the column would be approxi-
mately 4 ft (or 1.3 m) high.

The flow of fluid through rigid tubes is governed by the
pressure gradient and resistance to flow. Resistance depends
on the radius and length of the tube as well as the viscosity
of the fluid. All of this is summarized by Poiseuille's law.
While not exactly descriptive of blood flow through elastic,
tapering blood vessels, Poiseuille’s law is useful in under-
standing blood flow. The volume of fluid flowing through a
rigid tube per unit time (Q) is proportional to the pressure
difference (AP) between the ends of the tube and inversely
proportional to the resistance to flow (R):

Q = APR (1)

When fluid flows through a tube, the resistance to flow
(R) is determined by the properties of both the fluid and the
tube. Poiseuille found that the following factors determine
resistance to steady, streamlined flow of fluid through a
rigid, cylindrical tube:

R = 8nL/mr? (2)

where ris the radius of the tube, L is its length, and m is the
viscosity of the fluid; 8 and 7 are geometrical constants.
Equation 2 shows that the resistance to blood flow in-
creases proportionately with increases in fluid viscosity or
tube length. In contrast, radius changes have a much
greater influence because resistance is inversely propor-
tional to the fourth power of the radius (Fig. 12.3). Equa-
tion 1 shows that if pressure and flow are expressed in units
of mm Hg and mL/min, respectively, R is in mm Hg
/(mL/min). The term peripheral resistance unit (PRU) is
often used instead.

Poiseuille's law incorporates all of the factors influencing
flow, so that

Q = APmr*/8mL (3)

In the body, changes in radius are usually responsible for
variations in blood flow. Length does not change. Al-
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@The influence of tube length and radius on
flow. Because flow is determined by the fourth
power of the radius, small changes in radius have a much greater
effect than small changes in length. Furthermore, changes in
blood vessel length do not occur over short periods of time and
are not involved in the physiological control of blood flow. The
pressure difference (AP) driving flow is the result of the height of
the column of fluid above the openings of tubes A and B.

though blood viscosity increases with hematocrit and with
plasma protein concentration, blood viscosity only rarely
changes enough to have a significant effect on resistance.
Numerous control systems exist for the sole purpose of
maintaining the arterial pressure relatively constant so
there is a steady force to drive blood through the cardio-
vascular system. Small changes in arteriolar radius can
cause large changes in flow to a tissue or organ because flow
is related to the fourth power of the radius.

Conditions in the Cardiovascular System Deviate
From the Assumptions of Poiseuille’s Law

Despite the usefulness of Poiseuille’s law, it is worthwhile to
examine the ways the cardiovascular system does not
strictly meet the criteria necessary to apply the law. First,
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the cardiovascular system is composed of tapering, branch-
ing, elastic tubes, rather than rigid tubes of constant diam-
eter. These conditions, however, cause only small devia-
tions from Poiseuille’s law.

Application of Poiseuille’'s law requires that flow be
steady rather than pulsatile, yet the contractions of the
heart cause cyclical alterations in both pressure and flow.
Despite this, Poiseuille’s law gives a good estimate of the re-
lationship between pressure and flow averaged over time.

Another criterion for applying Poiseuille’s law is that
flow be streamlined. Streamline (laminar) flow describes
the movement of fluid through a tube in concentric layers
that slip past each other. The layers at the center have the
fastest velocity and those at the edge of the tube have the
slowest. This is the most efficient pattern of flow velocities,
in that the fluid exerts the least resistance to flow in this
configuration. Turbulent flow has crosscurrents and ed-
dies, and the fastest velocities are not necessarily in the
middle of the stream. Several factors contribute to the ten-
dency for turbulence: high flow velocity, large tube diame-
ter, high fluid density, and low viscosity. All of these fac-
tors can be combined to calculate Reynolds number (Ny),
which quantifies the tendency for turbulence:

Ng = vdp/m (4)

where v is the mean velocity, d is the tube diameter, p is the
fluid density, and m is the fluid viscosity. Turbulent flow oc-
curs when Ny exceeds a critical value. This value is hardly
ever exceeded in a normal cardiovascular system, but high
flow velocity is the most common cause of turbulence in
pathological states.

Figure 12.4 shows that the relationship between pres-
sure gradient along a tube and flow changes at the point
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@Streamline and turbulent blood flow. Blood
flow is streamlined until a critical flow velocity
is reached. When flow is streamlined, concentric layers of fluid
slip past each other with the slowest layers at the interface be-
tween blood and vessel wall. The fastest layers are in the center of
the blood vessel. When the critical velocity is reached, turbulent
flow results. In the presence of turbulent flow, flow does not in-

crease as much for a given rise in pressure because energy is lost
in the turbulence. The Reynolds number defines critical velocity.
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@Axial streaming and flow velocity. The dis-
tribution of red blood cells in a blood vessel de-
pends on flow velocity. As flow velocity increases, red blood cells
move toward the center of the blood vessel (axial streaming),

where velocity is highest. Axial streaming of red blood cells low-
ers the apparent viscosity of blood.

that streamline flow breaks into eddies and crosscurrents
(i.e., turbulent flow). Once turbulence occurs, a given in-
crease in pressure gradient causes less increase in flow be-
cause the turbulence dissipates energy that would other-
wise drive flow. Under normal circumstances, turbulent
flow is found only in the aorta (just beyond the aortic
valve) and in certain localized areas of the peripheral sys-
tem, such as the carotid sinus. Pathological changes in
the cardiac valves or a narrowing of arteries that raise
flow velocity often induce turbulent flow. Turbulent flow
generates vibrations that are transmitted to the surface of
the body; these vibrations, known as murmurs and
bruits, can be heard with a stethoscope.

Finally, blood is not a strict newtonian fluid, a fluid that
exhibits a constant viscosity regardless of flow velocity.
When measured in vitro, the viscosity of blood decreases as
the flow rate increases. This is because red cells tend to
collect in the center of the lumen of a vessel as flow veloc-
ity increases, an arrangement known as axial streaming
(Fig. 12.5). Axial streaming reduces the viscosity and,
therefore, resistance to flow. Because this is a minor effect
in the range of flow velocities in most blood vessels, we
usually assume that the viscosity of blood (which is 3 to 4
times that of water) is independent of velocity.

PRESSURES IN THE CARDIOVASCULAR SYSTEM

Pressures in several regions of the cardiovascular system are
readily measured and provide useful information. If arterial
pressure is too high, it is a risk factor for cardiovascular dis-
eases, including stroke and heart failure. When arterial
pressure is too low, blood flow to vital organs is impaired.
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Pressures in the various chambers of the heart are useful in
evaluating cardiac function.

The Contractions of the Heart Produce
Hemodynamic Pressure in the Aorta

The left ventricle imparts energy to the blood it ejects into
the aorta, and this energy is responsible for the blood's cir-
cuit from the aorta back to the right side of the heart. Most
of this energy is in the form of potential energy, which is
the pressure referred to in Poiseuille’s law. This is hemody-
namic pressure, produced by contractions of the heart and
stored in the elastic walls of the blood vessels. A much
smaller component of the energy imparted by cardiac con-
tractions is kinetic energy, which is the inertial energy as-
sociated with the movement of blood. The next section de-
scribes a third form of energy, hydrostatic pressure, derived
from the force of gravity on blood.

A Column of Fluid Exerts Hydrostatic Pressure

Fluid standing in a container exerts pressure proportional
to the height of the fluid above it. The pressure at a given
depth depends only on the height of the fluid and its den-
sity and not on the shape of the container. This hydro-
static pressure is caused by the force of gravity acting on
the fluid. When a person stands, blood pressure is greater
in the vessels of the legs than in analogous vessels in the
arms because hydrostatic pressure is added to hemody-
namic pressure. The hydrostatic pressure difference is
proportional to the height of the column of blood be-
tween the arms and legs.

Two conventions are observed when measuring blood
pressure. First, ambient atmospheric pressure is used as a zero
reference, so the mean arterial pressure is actually about 93
mm Hg above atmospheric pressure. Second, all cardiovascu-
lar pressures are referred to the level of the heart. This takes
into account the fact that pressures vary depending on posi-
tion because of the addition of hydrostatic to hemodynamic
pressure. (As we will see in Chapter 16, when capillary pres-
sure is discussed, the term hydrostatic pressure is used to mean
hemodynamic plus hydrostatic pressure. Although this is not
strictly correct, it is the conventional usage.)

Transmural Pressure Stretches Blood Vessels
in Proportion to Their Compliance

Thus far, we have discussed pressure and flow in the car-
diovascular system as if blood vessels were rigid tubes. But
blood vessels are elastic, and they expand when the blood
in them is under pressure. The degree to which a distensi-
ble vessel or container expands when it is filled with fluid is
determined by the transmural pressure and its compliance.
Transmural pressure (Pry) is the difference between the
pressure inside and outside a blood vessel:

Poutside (5)
Compliance (C) is defined by the equation:
C - AV/APTM (6)

PTM = pinside -

where AV is the change in volume and APty is the change
in transmural pressure.

A more compliant structure exhibits a greater change in
volume for a given transmural pressure change. The lower
the compliance of a vessel, the greater the pressure that will
result when a given volume is introduced. For example,
each time the left ventricle contracts and ejects blood into
the aorta, the aorta expands; in doing so, it exerts an elastic
force on the increased volume of blood it contains. This
force is measured as the pressure in the aorta. With aging,
the aorta becomes less compliant, and aortic pressure rises
more for a given increase in aortic volume. Veins, which
have thinner walls, are much more compliant than arteries.
This means that, when we stand up and increased hydro-
static pressure is exerted on both the veins and the arteries
of the legs, the volume of the veins expands much more
than that of the arteries.

Mean Arterial Pressure Depends on Cardiac
Output and Systemic Vascular Resistance

A simple model is useful in seeing how the pressures, flows
and volumes are established in the cardiovascular system.
Imagine a circuit such as is shown in Figure 12.6. A pump
propels fluid into stiff tubing that is of a large enough di-
ameter to offer little resistance to flow. Midway around the
circuit is a narrowing or stenosis of the tubing where almost
all of the resistance to blood flow is located. The tubing
downstream from the stenosis is 20 times more compliant
than the tubing upstream from the stenosis. It has the same
diameter as the upstream tubing and also offers almost no
resistance to flow.

First imagine that the pump is turned off and the tub-
ing is completely collapsed. At this point, enough fluid
is infused into the circuit to fill all of the tubing and just
begin to stretch the walls of the upstream and down-
stream tubing. Once the infused fluid comes to rest in-
side the tubing, the pressure inside the tubing is the
same throughout because the pump is not adding energy
to the circuit and there is no flow. The pressure inside
the tubing is the pressure needed to “inflate” or fill the
tubing in the resting state. The pressure outside the tub-
ing is assumed to be atmospheric, and so the inside pres-
sure equals the transmural pressure. Because the trans-
mural pressure is the same throughout, and the left side
of the circuit is made up of more compliant tubing, its
volume is larger than the volume of the right side (see
equation 6).

Imagine that the pump turns one cycle and shifts a small
volume of fluid from the high-compliance tubing to the
low-compliance tubing. The drop in volume on the left side
has little effect on pressure because of its high compliance.
However, an equivalent increase in volume on the low-
compliance right side causes a 20-fold larger change in
pressure. The pressure difference between the right and left
side initiates flow from right to left. With only one stroke
of the pump, the pressures on the two sides of the stenosis
soon equalize as the volumes return to their resting values.
At this point, flow ceases.

If the pump is turned on and left on, net volume is
transferred from left to right until the pump has created
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@A model of the systemic circulation. When
the pump is turned off, there is no flow and the
pressures are the same everywhere in the circulation. This pres-
sure is called the filling pressure, shown as a dotted line. When
the pump is turned on, a small volume of fluid is transferred from
the high compliance left-hand side (D) to the low compliance “ar-
terial” side (A). This causes a small decrease in pressure in the left-
hand tubing and a large increase in pressure in the right-hand tub-
ing. The difference in the changes in pressures is because of the
differences in compliance. Flow around the circulation occurs be-
cause of pressure difference established by transfer of fluid from
the left- to the right-hand side of the model. Almost all of the re-
sistance to flow is located at the high resistance stenosis between
B and C. Because of this, almost all of the pressure drop occurs
across the stenosis between B and C. This is shown by the pres-
sures (solid line) observed when the pump is operating and the
circulation is in a steady state.

a pressure difference sufficient to drive flow around the
circuit equal to the output of the pump. In this new
steady state, the pressure on the left side is slightly be-
low the filling pressure and the pressure on the right side
is much higher than the filling pressure. Although the
volume removed from the right side exactly equals the
volume added to the right side, the difference in the
changes in pressures reflects the different compliances
on the two sides of the pump.

The graph in Figure 12.6 shows that there is a small pres-
sure drop from the outlet of the pump (A) to just before the
stenosis (B), a large pressure drop occurs across the steno-
sis, and a very small pressure drop exists from just after the
stenosis (C) to the inlet to the pump (D). This is because al-
most all of the resistance to flow is located at the stenosis
between B and C.

In the steady state, flow (Q) through the circuit equals
the rate at which volume is transferred from D to A by the
pump. In the steady state, Q is also equal to the pressure

difference between point A (P4) and point D (Pp) divided
by the resistance (R) to flow (see equation 1):

Rate of pump transfer of volume from

DtoA=Q=(Pa-Pp)R (7)

We can think about the coupling of the output of the left
heart to the flow through the systemic circulation in an anal-
ogous fashion. The systemic circulation is filled by a volume
of blood that inflates the blood vessels. The pressure re-
quired to fill the blood vessels is the mean circulatory filling
pressure. This pressure can be observed experimentally by
temporarily stopping the heart long enough to let blood
flow out of the arteries into the veins, until pressure is the
same everywhere in the systemic circulation and flow
ceases. When this is done, the pressure measured through-
out the systemic circulation is approximately 7 mm Hg.

Just as in the model, when the heart restarts after tem-
porarily stopping, a net volume of blood is transferred to
the arterial side from the venous side of the systemic cir-
culation. Net transfer continues until the pressure differ-
ence builds up in the aorta and decreases in the right
atrium enough to create a pressure difference to drive the
blood to the venous side of the circulation at a flow rate
equal to the output from the left ventricle. Because the ve-
nous side of the systemic circulation is approximately 20
times more compliant than the arterial side, the increase
in pressure on the arterial side is 20 times the drop in pres-
sure on the venous side.

The pumping action of the heart in combination with
the elasticity of the aorta and large arteries make the aor-
tic and arterial pressures pulsatile. In this discussion, we
will concern ourselves with the mean arterial pressure
(P,), the pulsatile pressure averaged over the cardiac cy-
cle. Pressure in the aorta and large arteries is almost the
same: there is only a 1 or 2 mm Hg pressure drop from the
aorta to the large arteries. With vascular disease, the pres-
sure drop in the large arteries can be much greater (see
Clinical Focus Box 12.1). For most purposes, mean arterial
pressure refers to the pressure measured in the aorta or
any of the large arteries.

Flow through the aorta and large arteries (Q,,), and on
to the rest of the systemic circulation, is equal to the car-
diac output in the steady state. It is proportional to the dif-
ference between mean arterial pressure and pressure in the
right atrium (right atrial pressure, P,,). It is inversely pro-
portional to the resistance to flow offered by the systemic
circulation, the systemic vascular resistance (SVR). As
stated earlier, most of this resistance to flow is located in
the small arteries, arterioles, and capillaries. Physiological
changes in SVR are primarily caused by changes in radius
of small arteries and arterioles, the resistance vessels of the
systemic circulation. This is discussed in more detail in
Chapter 15. The relationship between cardiac output, flow
through the aorta and large arteries, mean arterial pressure,
and systemic vascular resistance is analogous to the model
(equation 7):

Cardiac output = Q. = (P, — P,,)/SVR (8)

Systemic vascular resistance is calculated from cardiac
output, mean arterial pressure, and right atrial pressure. Be-
cause right atrial pressure is normally close to zero and
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CLINICAL FOCUS BOX 12.1

Effect of Vascular Disease on Arterial Resistance

The pressure gradient along large and medium-sized ar-
teries, such as the aorta and renal arteries, is usually very
small, due to the minimal resistance typically provided by
these vessels. However, several disease processes can
produce arterial narrowing and, thus, increase vascular re-
sistance. Arterial narrowing exerts a profound effect on ar-
terial blood flow because resistance varies inversely with
the fourth power of the luminal radius.

The most common such disease is atherosclerosis, in
which plaques composed of fatty substances (including
cholesterol), fibrous tissue, and calcium form in the intimal
layer of the artery. Atherosclerosis is the largest cause of
morbidity and mortality in the United States: Myocardial
infarction secondary to coronary atherosclerosis occurs
more than 1 million times annually and accounts for over
700,000 deaths. Cerebrovascular infarction caused by
carotid atherosclerosis is also a major cause of morbidity
and mortality. Figure 12.A is an arteriogram from a pa-
tient with severe aortoiliac disease. The irregular luminal
contour and focal narrowings of the iliac arteries (large ar-
rowheads) and narrowing of the superior mesenteric ar-
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mean arterial pressure is much higher (e.g., 90 mm Hg),
right atrial pressure is often ignored:

Cardiac output = Q,, = P.,/SVR (9)

Cardiac output and systemic vascular resistance are
regulated physiologically. Their regulation allows control
of mean arterial pressure. Regulation of cardiac output and
systemic vascular resistance is discussed in subsequent
chapters.

An assumption in the above discussion is that the right
heart and pulmonary circulation faithfully transfer blood
flow from the systemic veins to the left heart. In fact, cou-
pling of the output of the right heart and the pulmonary cir-
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@An arteriogram of the abdominal aorta
and iliac arteries, demonstrating athero-

sclerotic changes.

tery (small arrowheads) are all caused by ather-
osclerosis.

Other disease processes, such as inflamma-
tion, blunt trauma, and clotting abnormalities
can also lead to significant arterial narrowing or
occlusion. One such entity, fibromuscular dys-
plasia, is a condition in which the blood vessel
wall develops structural irregularities. Fibromus-
cular dysplasia can affect people of any age or
gender, but most commonly involves young
women. The arteriogram in Figure 12.B shows a
series of narrowings in the renal artery caused
by this dysplastic disease.

@An arteriogram of the left renal
artery, demonstrating changes

[ of fibromuscular dysplasia.

culation can be analyzed in the same terms as our discus-
sion of the systemic circulation (the pulmonary circulation
is discussed in Chapter 20). Our assumption that in the
steady state, the outputs of the right and left hearts are ex-
actly equal is true. However, transient differences between
the outputs of the left and right heart occur and are physi-
ologically important (see Chapter 14).

SYSTOLIC AND DIASTOLIC PRESSURES

Thus far, we have discussed only mean arterial pressure,
despite the fact that the pumping of blood by the heart
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is a cyclic event. In a resting individual, the heart ejects
blood into the aorta about once every second (i.e., the
heart rate is about 60 beats/min). The phase during
which cardiac muscle contracts is called systole, from
the Greek for “a drawing together.” During atrial systole,
the pressures in the atria increase and push blood into
the ventricles. During ventricular systole, pressures in
the ventricles rise and the blood is pushed into the pul-
monary artery or aorta. During diastole (“a drawing
apart”), the cardiac muscle relaxes and the chambers fill
from the venous side. Because of the pulsatile nature of
the cardiac pump, pressure in the arterial system rises
and falls with each heartbeat. The large arteries are dis-
tended when the pressure within them is increased (dur-
ing systole), and they recoil when the ejection of blood
falls during the latter phase of systole and ceases entirely
during diastole. This recoil of the arteries sustains the
flow of blood into the distal vasculature when there is no
ventricular input of blood into the arterial system. The
peak in systemic arterial pressure occurs during ventric-
ular systole and is called systolic pressure. The nadir of
systemic arterial pressure is called diastolic pressure.
The difference between systolic pressure and diastolic
pressure is the pulse pressure. We will discuss these
three pressure types thoroughly in Chapter 15.

TRANSPORT IN THE CARDIOVASCULAR
SYSTEM

The cardiovascular system depends on the energy provided
by hemodynamic pressure gradients to move materials over
long distances (bulk flow) and the energy provided by con-
centration gradients to move material over short distances
(diffusion). Both types of movement are the result of differ-
ences in potential energy. As we have seen, bulk flow oc-
curs because of differences in pressure. Diffusion occurs be-
cause of differences in chemical concentration.

Hemodynamic Pressure Gradients Drive Bulk
Flow; Concentration Gradients Drive Diffusion

Blood circulation is an example of transport by bulk flow.
This is an efficient means of transport over long distances,
such as those between the legs and the lungs. Diffusion is
accomplished by the random movement of individual mol-
ecules and is an effective transport mechanism over short
distances. Diffusion occurs at the level of the capillaries,
where the distances between blood and the surrounding tis-
sue are short. The net transport of molecules by diffusion
can occur within hundredths of a second or less when the
distances involved are no more than a few microns. In con-
trast, minutes or hours would be needed for diffusion to oc-
cur over millimeters or centimeters.

Bulk Flow and Diffusion Are Influenced by
Blood Vessel Size and Number

The aorta has the largest diameter of any artery, and the
subsequent branches become progressively smaller
down to the capillaries. Although the capillaries are the
smallest blood vessels, there are several billion of them.
For this reason, the total cross-sectional area of the lu-
mens of all systemic capillaries (approximately 2,000
cm?) greatly exceeds that of the lumen of the aorta (7
cm?). In a steady state, the blood flow is equal at any two
cross sections in series along the circulation. For exam-
ple, the flow through the aorta is the same as the total
flow through all of the systemic capillaries. Because the
combined cross-sectional area of the capillaries is much
greater and the total flow is the same, the velocity of
flow in the capillaries is much lower. The slower move-
ment of blood through the capillaries provides maximum
opportunity for diffusional exchanges of substances be-
tween the blood and the tissue cells. In contrast, blood
moves quickly in the aorta, where bulk flow, not diffu-
sion, is important.

THE LYMPHATIC CIRCULATION

In vessels that are thin-walled and relatively permeable
(e.g., capillaries and small venules), there is a net transfer of
fluid out of the vessels and into the interstitial space. This
fluid eventually returns from the interstitial space to the
systemic circulation via another set of vessels, the lym-
phatic vessels. This movement of fluid from the systemic
and pulmonary circulation into the interstitial space and
then back to the systemic circulation via the lymphatic ves-
sels is referred to as the lymphatic circulation (see Chapter
16). If the lymphatic circulation is interrupted, fluid accu-
mulates in the interstitial space.

CONTROL OF THE CIRCULATION

The healthy cardiovascular system is capable of providing
appropriate blood flow to each of the organs and tissues of
the body under a wide range of conditions. This is done by
® Maintaining arterial blood pressure within normal limits
e Adjusting the output of the heart to the appropriate level
e Adjusting the resistance to blood flow in specific organs

and tissues to meet special functional needs

The regulation of arterial pressure, cardiac output, and
regional blood flow and capillary exchange is achieved by
using a variety of neural, hormonal, and local mecha-
nisms. In complex situations (e.g., standing or exercise),
multiple mechanisms interact to regulate the cardiovascu-
lar response. In abnormal situations (e.g., heart failure),
regulatory mechanisms that have evolved to handle nor-
mal events may be inadequate to restore proper function.
The next few chapters describe these regulatory mecha-
nisms in detail.
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REVIEW QUESTIONS

DIRECTIONS: Each of the numbered
items or incomplete statements in this
section is followed by answers or by
completions of the statement. Select the
ONE lettered answer or completion that is

BEST in each case.

1. Flow through a tube is proportional to
the
(A) Square of the radius
(B) Square root of the length
(C) Fourth power of the radius
(D) Square of the length
(E) Square root of the radius

2. Changes in transmural pressure
(A) Can only be caused by changes in
pressure inside a blood vessel
(B) Cause changes in blood vessel
volume, depending on the viscosity of
the blood
(C) Cause changes in blood vessel
volume, depending on the compliance
of the blood vessel
(D) Cause proportional changes in
blood flow
(E) Are proportional to the length of a
blood vessel

3. The pressure measured in either the
arterial or the venous circulation when
the heart has stopped long enough to
allow the pressures to equalize is called
the

(A) Hemodynamic pressure

B) Mean arterial pressure

C) Transmural pressure

D) Mean circulatory filling pressure
E) Hydrostatic pressure

(
(
(
(

. Blood flow becomes turbulent when

(A) Flow velocity

exceeds a certain value

(B) Blood viscosity exceeds a certain
value

(C) Blood vessel diameter exceeds a
certain value

(D) Reynolds number exceeds a certain
value

. The volume of an aorta is increased by

30 mL with an associated pressure
increase from 80 to 120 mm Hg. The
compliance of the aorta is

(A) 1.33 mm Hg/mL

(B) 4.0 mm Hg/mL

(C) 0.75 mm Hg/mL

(D) 1.33 mL/mm Hg

(E) 0.75 mL/mm Hg

. In the tube in the

diagram to the right, the
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A
=== 95 mL/min

inlet pressure is 75 mm

Hg and the outlet —_—

pressure at A and B is 25
mm Hg. The resistance
to flow is

(A) 2 PRU

(B) 0.5 PRU

(C) 2 (mL/min)/mm Hg
(D) 0.75 mm
Hg/(ml/min)

(E) 0.5 (mL/min)/mm Hg

= 5 mL/min





