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Abstract

The properties of arterial walls are dictated by
their underlying structure, which is responsible
for the adequate perfusion of conduit
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branching arteries and their vascular beds.
Beginning with the mechanobiology of
arteries in terms of their composition and indi-
vidual contributions to overall viscoelastic
behavior in men and women, pressure–flow
relations are analyzed and noted in terms of
sex differences. Hemodynamic function in
terms of indices of vascular stiffness—such
as pressure–strain elastic modulus, pulse
wave velocity, augmentation index, and
cardio–ankle vascular index—are evaluated.
They all showed differences between the
sexes, and these differences also were shown
among people of different cultures. Recent
studies also showed, in heart failure patients,
a comparatively greater increase in peripheral
resistance and a greater decreased arterial com-
pliance in women. Wave separation into for-
ward and reflected waves allows elucidation of
mechanical and drug-treated similarities and
differences in induced hypertension. This
may provide insight into treatment strategy in
terms of improving mechanobiology and
designing drug therapy for the sexes. Finally,
modeling studies are useful in identifying how
arterial compliance and its pressure depen-
dence can be better used in differentiating
aging- and hypertension-induced changes that
differentially affect the sexes.
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Introduction

Arteries and the Arterial System

Men are generally taller, heavier, and have a
larger supporting frame structure than women.
Their respective arterial systems function simi-
larly in terms of the circulation of blood, but
they are somewhat dissimilar in terms of geo-
metric and viscoelastic properties. These

dissimilarities contribute to differences in the pul-
satile pressure and flow waveforms between the
sexes. The root of the aorta begins at the aortic
valve, the outlet of which is the ascending aorta,
which has the largest diameter and overall com-
pliance. The first arteries branching off the aorta
are the left and right main coronary arteries. The
aortic arch junction is formed by the ascending
aorta, the brachiocephalic artery, the left subcla-
vian artery and the descending thoracic aorta.

The descending thoracic aorta has numerous
arterial branches coming off at almost right
angles: For example, the segmental arteries per-
fuse the spinal cord, and the renal arteries perfuse
the kidneys. The distal end of the descending
aorta is the abdominal aorta, which forms the
aorto-iliac bifurcation. The femoral arteries per-
fuse the upper thighs, and the tibial arteries per-
fuse the lower legs. The aorta has, comparatively
speaking, the greatest geometric taper, with its
diameter decreasing with increasing distance
away from the ventricle. Both aortic length and
diameter differ between the sexes. The common
carotid arteries are the longest, most relatively
uniform vessels with the least geometrical taper-
ing [28]. The brachial arteries perfuse the upper
arms leading to the distal radial arteries at the
wrists. Carotid, femoral, brachial and radial
arteries are the most common and accessible
sites for noninvasive clinical blood pressure mon-
itoring and, consequently, carotid-to-femoral and
brachial-to-radial pulse wave velocity (PWV)
measurements for assessing vascular stiffness,
which will be discussed later in the text.

Structure of the Arterial Wall

Grossly speaking, the arterial wall consists of
elastin, collagen and smooth muscle cells embed-
ded in a mucopolysaccharide ground substance.
A cross-sectional view reveals the tunica intima,
which is the innermost layer consisting of a thin
layer (0.5–1 μm) of endothelial cells, connective
tissue and basement membrane. The middle layer
is the thick tunica media, which is separated from
the intima by a prominent layer of elastic tissue,
in other words, the internal lamina. The media
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contains elastin, smooth muscle cells and colla-
gen fibers. The outermost layer is the adventitia,
which is made up mostly of stiff, fibrous collagen.
The difference in the wall composition separates
arteries into large elastic arteries, such as the
aorta, and smaller muscular arteries, such as the
femoral and radial arteries.

Histological studies show that the elastic
laminae are concentrically distributed and
attached by smooth muscle cells and connective
tissue (Fig. 19.1). In the longitudinal view, one
can observe that the number of elastic laminae
decreases with increasing distance from the aorta;
however, the amount of smooth muscle increases,
and the relative wall thickness increases. The wall
thickness–to–radius ratio (h/r) is increased. The
net stiffness is also increased, accounting for the
increase in PWV toward the periphery as can be
seen from the Moens-Korteweg formula relating
propagating speed of the arterial pulse to conduit
arterial elasticity and geometry [29]. The mechan-
ical behavior of small peripheral arteries can be
largely influenced by the behavior of the smooth
muscle, particularly by the degree of its
activation.

Gender-specific differences in aortic stiffness
have been found between the sexes (e.g., [52])
and have been shown in the study of monkeys
and rats [44]. In the latter study, elastin density
decreased in male monkeys, and collagen
increased significantly with aging in male and
female rats. However, monkeys do not exhibit

age-dependent increases in vascular diseases,
such as hypertension, atherosclerosis and diabe-
tes, observed in humans. Perhaps the relatively
greater degree of acquired exercise and the
low-fat diet (potassium-rich energy-generating
banana is a favorite) indeed make a difference in
monkeys. Generally, increased collagen and
decreased elastin are associated with media
thickening. Sex differences in the morphological
structure of the tunica media of the human aorta
have long been noted.

The extracellular matrix components, or those
of elastin and collagen, govern the passive
mechanical properties of the large and small
arteries. Numerous studies exist on experimental
animals and on humans [4, 51, 52]. Sex differ-
ences have also been reported. The contribution
of smooth muscle to overall arterial wall
properties and hemodynamic function has also
been examined to a large extent. Smooth muscle
activation becomes more important at greater
blood pressures [3].

Mechanical Properties of Arteries

Vascular Stiffness and Arterial Wall
Stress–Strain Relations

Arterial stiffness is traditionally expressed in
terms of Young’s modulus of elasticity, which
gives a simple description of the elastic properties

Fig. 19.1 Cross sections
of the artery reveal three
distinctive layers: the thin
innermost tunica intima, the
thick distensible tunica
media, and the stiff
outermost adventitia
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of the arterial wall. Young’s modulus of elasticity
(E) is defined by the ratio of tensile stress (σt) to
tensile strain (εt). When the relationship between
stress and strain is a linear one, then the material
is said to be “Hookean,” or simply, it obeys
Hooke’s law of elasticity. This normally applies
to a purely elastic material. It is only valid for
application to a cylindrical blood vessel when the
radial and longitudinal deformations are small
compared with the respective lumen diameter or
length of the arterial segment.

The arterial wall is anisotropic, consisting of
various components exhibiting an intertwined
elastic behavior. In diseased conditions, such as
vascular hypertrophy and hypertension, selective
thickening in the tunica media is often
accompanied by an increase in collagen and a
decrease in elastin and/or a change in the level
of smooth muscle activation. These observed
changes are not uniform throughout the arterial
wall, in other words, they are anisotropic. Never-
theless, the assumption of isotropy allows simpler
clinical quantitative descriptions of the mechani-
cal behavior of the arterial wall properties and
simplifies mathematical computation.

For a cylindrical isotropic arterial segment
with radius r, wall thickness h and segment length
1, Young’s modulus of elasticity in terms of
tensile stress and tensile strain is:

E ¼ σt
εt

ð19:1Þ

Stress has the dimension of pressure or force (F)
per unit area (A),

σt ¼ F

A
¼ P ð19:2Þ

where P is pressure.
Strain in the longitudinal direction, or along

the length of the blood vessel, is expressed as the
ratio of extension per unit length or the ratio of the
amount stretched longitudinally to the length of
the original vessel segment,

εt ¼ Δl
l

ð19:3Þ

Strain in the radial direction, or perpendicular
to the vessel segment length, is the fraction of
distention of the vessel lumen radius or diameter.
It is given by:

εr ¼ Δr
r

ð19:4Þ

Changes in arterial wall thickness, h, often
accompany radial changes. Detailed analysis of
this aspect can be found elsewhere
[29, 40]. When the arterial wall thickness, h, is
considered, the relative volume (V ) distensibility
of the artery is given by:

1
V

dV

dP
¼ 3rV

2hE
ð19:5Þ

The magnitude of the h/r ratio separates arteries
into “thin-walled” and “thick-walled” vessels.
Thus, an increase in wall thickness or lumen
radius alone can impact the overall distensibility
of the artery. The consequence of this has been
found to be particularly important in vascular
hypertrophy. Thickening of the arterial wall is
largely due to the remodeling in the tunica media.

Pressure–Strain Elastic Modulus

From the fractional change in pulsatile diameter,
ΔD/D, and the pulsatile change in pressure from
systole to diastole or pulse pressure (PP), the
difference between systolic (Ps) and diastolic
(Pd) pressures, i.e., ΔP ¼ Ps � Pd, the pressure–
strain elastic modulus (Ep) can be obtained, viz.:

Ep ¼ ΔP
ΔD=D Þð ð19:6Þ

Thus, simultaneous recordings of pressure–
diameter relations allow Ep to be readily
computed. Figure 19.2 illustrates such recordings
using ultrasonic dimension gages for recording
aortic diameter and catheterization for recording
aortic pressure.

In general, aortic diameters are larger in men
than in women and have a greater PP through
early adulthood. Ep is more commonly obtained

294 J. K.-J. Li



noninvasively in the clinical setting with M-mode
echocardiography for diameter measurement and
brachial artery cuff for pulse pressure estimation.

To quantify the tension (T ) exerted on the
arterial wall due to intraluminal blood pressure
distention, Laplace’s law is useful. In the case of a
blood vessel, there are two radii of curvature, one
that is infinite in the longitudinal direction along
the blood vessel axis and the other in the radial
direction. Laplace’s law is given as:

T ¼ p � r ð19:7Þ
This assumes the vessel has a thin wall or that

the ratio of vessel wall thickness (h) to vessel
lumen radius (r) is small, or h/r � 1/10. Here,
p is the intramural–extramural pressure difference
or the transmural pressure. When the vessel wall
thickness is considered, the Lame equation is
more relevant:

σt ¼ pr

h
ð19:8Þ

This relation is of particular importance in the
analysis of an aneurysm, such as in abdominal

aortic aneurysm (AAA) , where increased lumen
radius is accompanied by decreased wall thick-
ness such that a further increase in distending
pressure can cause a rupture. In hypertension,
however, T can be normalized by increasing the
arterial wall thickness. Such chronical increase
often leads to observed vascular hypertrophy.

To a good approximation, arteries are consid-
ered incompressible, with a Poisson ration of
approximately 0.48. The Poisson ratio describes
compressibility and is defined as the ratio of
radial strain to longitudinal strain:

σn ¼ εr
εt

¼ Δr=r
Δl=l

ð19:9Þ

When σn ¼ 0.5, the material is said to be
incompressible. This means that when a cylindri-
cal artery is stretched, its volume remains
unchanged.

Collagen is the stiffest wall component, with
an Ep of 108–109 dynes/cm2. This is some two
orders of magnitude greater than those of elastin
(1–6 � 106 dynes/cm2) and smooth muscle
(0.1–2.5 � 106 dynes/cm2).

Elastin is relatively extensible, but it is not a
purely Hookean material. In contrast, collagen is
relatively inextensible because of its high elastic
stiffness. Vascular smooth muscle can apprecia-
bly alter its elastic stiffness on activation. In addi-
tion, the mechanical properties of arterial vessel
walls can be altered by neural mechanisms and by
circulating catecholamines, such as norepineph-
rine. The overall composite of the arterial wall
components operates in such a manner that elastin
dominates the composite behavior at low
pressures. At high pressures, collagen becomes
more dominant. It has been found that Ep is a
nonlinear function of pressure. The pressure
dependence of the mechanical properties of
arteries has been reported by several investigators
(e.g., [3, 7, 36, 54]). With increasing positive
transmural pressure, arterial vessel diameter is
distended [53], while the corresponding compli-
ance declines.

Longitudinally, along the arterial tree, we find
that the number of elastic laminae decreases with
increasing distance from the aorta, but the amount
of smooth muscle increases and the wall

Fig. 19.2 Ultrasonic dimension gages were used to
record the diameter of a dog aorta, together with aortic
blood pressure, showing how Ep can be computed from
the pressure–diameter relation Ep ¼ PP/(ΔD/D)

19 Arterial Wall Properties in Men and Women: Hemodynamic Analysis and Clinical Implications 295



thickness–to–radius ratio (h/r) increases. Overall
vascular stiffness is thus increased away from the
heart [28]. This latter phenomenon accounts for
the observed large increase in pulse wave veloc-
ity. A longitudinal section also reveals a helical
organization of the collagen fiber network. This
network contributes significantly to the aniso-
tropic properties of the arterial wall.

Sex Differences in Arterial Wall
Properties: Arterial Compliance
and Distensibility

Sonesson et al. [47] examined sex and age
differences in compliance and diameter of the
human aorta. They defined compliance, given by

C ¼ dV=dP, ð19:10Þ
as the inverse of the Ep expressed as the PP
obtained by auscultatory method to the corres-
ponding fractional change in pulsatile diameter
with respect to diastolic diameter, Dd.

Ep ¼ ΔP
ΔD=DdÞð ð19:11Þ

This definition differs from the conventional one
when the mean diameter for the cardiac cycle is
used for the denominator.

This group measured pulsatile diameter with
an ultrasound echo-tracking device. They also
calculated the arterial stiffness parameter based
on a logarithmic relation between pressure and
diameter for calculating a less pressure-dependent
arterial compliance in vitro by Hayashi et al. [14]
and modified for in vivo calculation by Kawasaki
et al. [18], viz.:

β ¼ ln Ps
Pd

� �
ΔD=Dd

ð19:12Þ

where Ps and Pd are systolic and diastolic
pressures, respectively. Results showed that Ep
and β are both greater in males than females for
the abdominal aorta and that the differences
increase significantly with age, exponentially in
males and linearly in females. This may attribute
to a comparatively lower blood pressure in

women, but women have greater dilatation of
the diameter with advancing age. The
Ep-tracked stiffness parameter increases
similarly.

This group [13] subsequently, using the simi-
lar technique, looked at the carotid artery in
healthy adults. The pulsatile change in diameter
was smaller with age, measuring from 12% to
14% greater in the young to just 5% greater in
the elderly. The increase in peripheral resistance
is slower than the decrease in arterial compliance
as shown allometrically by Li et al. [32, 35].

A population-based study by van der Heijden-
Spek et al. [50] showed differences in brachial
arterial and aortic wall properties with advancing
age and that such differences are sex dependent.
They computed the distensibility coefficient as:

DC ¼ ΔA
A

� �
=ΔP ð19:13Þ

and compliance coefficient

CC ¼ ΔA
ΔP

¼ ΔV
L

� �
=ΔP

¼ π 2D � ΔDþ ΔD2
� �

=4ΔP ð19:14Þ

Using the ultrasound echo-tracking device
developed by themselves, Reneman’s group [23]
calculated DC and CC in the compliant aorta and
muscular brachial artery and showed that, despite
a larger brachial artery diameter and associated
compliance in men, the distensibility was lower.
With age, brachial artery dilatation is proportion-
ally greater in women than in men, and brachial
artery compliance did not decrease in men and
increased in women. The opposite finding was
found in the large compliant aorta, i.e., compli-
ance decreased with increasing age in both sexes.

Hemodynamic Measurements
and Model-Based Analysis of Arterial
Wall Properties

The Windkessel Model

The idea of a lumped model of the arterial circu-
lation was first described by Hales in 1733. Albeit
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largely qualitative, he did emphasize the storage
properties of large arteries and the dissipative
nature of small peripheral resistance arteries. In
his description, the blood ejected by the heart
during systole into the arterial system distends the
large arteries, primarily the aorta. During diastole,
the elastic recoil of these same arteries propels
blood to perfuse the smaller peripheral resistance
vessels. This initiated the earlier conceptual under-
standing that the distensibility of large arteries is
important in allowing the transformation of inter-
mittent outflow of the heart to steady outflow
throughout the peripheral arteries. In other words,
the large overall “compliance” of the large arteries
protects the stiff peripheral vessels of organ vascu-
lar beds from the large swing of blood pressure due
to pulsations. The significance of arterial
pulsations remains a topic of debate.

The Windkessel, or air-bellow, is now credited
to Frank [11], the original intent of whom was to
obtain stroke volume (SV) from the aortic pres-
sure pulse (PP) contour or the so-called pressure-
derived flow [24].

Relating Arterial Wall Properties
to Pulsatile Pressure and Flow

The usefulness of the Windkessel model, shown
in Fig. 19.3, is in its ability to quantify arterial
compliance, C, and peripheral resistance, Rs,

from hemodynamic pressure (P) and flow
(Q) measurements.

The amount of blood flow, Qs, stored in the
elastic aorta during each contraction is the differ-
ence between ventricular ejection or inflow, Qi, to
the large distensible aorta and the outflow, Qo, to
the small peripheral muscular arteries,

Qo ¼ P� Pvð Þ=Rs ð19:15Þ

The amount of outflow is equivalent to the pressure
decrease from the arterial side (P) to the venous
side (Pv) due to the peripheral resistance, Rs:

Qo ¼ P� Pvð Þ=Rs ð19:16Þ

At steady flow, assuming that Pv is small, or
Pv ¼ 0, we obtain a familiar expression for
estimating the total peripheral resistance, and
with the total inflow, Q ¼ Qi,

Rs ¼ �P= �Q ð19:17Þ

or mean arterial pressure to mean arterial flow.
The storage property is described by arterial

compliance, which expresses the amount of
change in blood volume (dV) due to a change in
distending pressure (dP) in the arterial lumen. In
this case, we have

C ¼ dV=dP ð19:18Þ

Fig. 19.3 Illustration of
the left ventricle (LV) and
the arterial circulation
based on the two-element
Windkessel model. The
ventricle ejects into a
compliant chamber
representing the aorta;
blood flow is stored in
systole (solid line) and on
diastolic elastic recoil
(dotted line) stiff peripheral
vessels are perfused.
Compliance is represented
by an energy-storing
capacitor and the peripheral
resistance by an energy-
dissipating resistor
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For this reason, arterial compliance in the clinical
setting has commonly been calculated from SV
and PP, giving

Cv ¼ SV=PP ð19:19Þ
The amount of blood flow stored, or Qs, due to

arterial compliance is related to the rate of change
in pressure, which is pulsatile, in distending the
artery,

Qs ¼ C dP=dt ð19:20Þ
Substituting for Qs andQo, we obtain an expression
relating the arterial pressure to flow incorporating
the two Windkessel parameters, C and Rs:

Q tð Þ ¼ Qs þ Qo ¼ C dP=dtþ P=Rs ð19:21Þ
Thus, to express in words, total arterial inflow is
the sum of the flow stored in the large compliant
aorta in systole and the flow going into the stiff
resistant periphery arteries during diastole.

In diastole, when inflow is zero after aortic
valve closure, we have

0 ¼ C dP=dtþ P=Rs ð19:22Þ

or

dP=P ¼ �dt=RsC ð19:23Þ
Thus, the rate of diastolic aortic pressure decrease
after aortic valve closure is dependent on both the

compliance of the arterial system and its total
peripheral resistance. If we integrate both sides,
we have

ln P ¼ t=RsC ð19:24Þ

or

P ¼ Po e�t=RsC ð19:25Þ

which is valid for the diastolic period or t ¼ td.
The diastolic aortic pressure decay from Pes to

Pd follows a mono-exponential manner with a
time constant τ (Fig. 19.4).

Pd ¼ Pes e�td=τ ð19:26Þ
The time constant of pressure decay, τ, which
describes how fast the pressure falls, is deter-
mined by the product of resistance and compli-
ance, viz.:

τ ¼ RsC ð19:27Þ

thus giving total arterial compliance

C ¼ td
Rs ln

Pes
Pd

ð19:28Þ

An improved three-element Windkessel model
(Fig. 19.5) of the arterial system, incorporating a
characteristic impedance of the proximal aorta or
Zo, is now more widely used.

Fig. 19.4 Illustration of
the measured aortic
pressure pulse waveform
for defining Ps, Pd,
end-systolic pressure (Pes),
PP (PP ¼ Ps – Pd),
inflection pressure (Pi) and
augmented systolic
pressure (ΔP ¼ Ps � Pi)
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The Windkessel model compliance is deter-
mined in diastole only. Some investigators, such
as Liu et al. [38], have used both the systolic and
diastolic information contained in the pressure
waveform and use the area method of calculating
total arterial compliance:

C ¼ DPTI=SV
SPTIþ DPTIð Þ � PP ð19:29Þ

where SPTI and DPTI are the systolic pressure–
time integral and diastolic pressure–time integral,
respectively.

Arterial Wall Properties Determined
from Pulse Waveform Analysis

Pulse Wave Velocity

c f ¼ Δz
Δt

ð19:30Þ

Pulse wave velocity has been popularly
approximated by the so-called “foot-to-foot”
velocity. Here, one simply estimates the pulse
wave velocity (PVW) from the pulse transit time
delay (PTT or Δt) of the “onset” or the “foot”
between two pressure pulses measured at two
different sites along an artery or the pulse propa-
gation path. This requires, again, the simulta-
neous measurements of two pressures separated
by a finite distance, Δz, normally 4–6 cm apart. A
double-lumen catheter with two pressure ports
connected to two pressure transducers or a Millar
catheter with dual pressure sensors suffice for

such measurement. The Moens-Korteweg for-
mula relating PWV to stiffness is given by:

co ¼
ffiffiffiffiffiffiffi
Eh

2ρr

s
ð19:31Þ

where E is the Ep of the artery; h and r are the wall
thickness and radius of the artery, respectively; and
ρ is the density of blood. This formula is applicable
to a single vessel, while foot-to-foot velocity has
been obtained either for a single artery or over the
pulse propagation path, e.g., over several arteries.
Popular sites for noninvasive pulse wave velocity
are the brachial, radial, carotid and femoral
arteries. For instance, carotid-to-femoral pulse
wave velocity has been used as an index of vascu-
lar stiffness change in the aorta as has carotid-to-
radial pulse wave velocity (Fig. 19.6).

Wave Separation into Forward
and Reflected Components

The amplification of pressure pulses has been
attributed to the in-phase summation of reflected
waves arising from structural and geometric
nonuniformities. The microvascular beds have
been recognized as the principal reflection sites.
Thus, pulsatile pressure and flow waveforms con-
tain information about the heart as well as the
vascular system. Reflection in the vascular system
has been suggested as a closed-end type because
pressure is amplified and flow decreases, with
arterioles being the major reflection site. By defi-
nition, reflected pressure and flow waves are 180�

out of phase. This means an increase in reflection
increases PP amplitude but decreases pulsatile
flow amplitude.

Pressure (P) and flow (Q) waveforms
measured at any site in the vascular system can
be considered as the summation of a forward, or
antegrade, traveling wave and a reflected, or ret-
rograde, traveling wave:

P ¼ P f þ Pr ð19:32Þ
Q ¼ Qf þ Qr ð19:33Þ

Fig. 19.5 An improved three-element Windkessel with
Zo representing the characteristic impedance of the proxi-
mal aorta
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The forward and reflected pressure components
can be resolved by means of the following set of
equations:

P f ¼ Pþ Q � Zoð Þ=2 ð19:34Þ

Pr ¼ P� Q � Zoð Þ=2 ð19:35Þ
where Zo is the characteristic impedance, defined as
the ratio of forward pressure to forward flow or, in
other words, independent of wave reflections:

Zo ¼ P f

Q f
¼ �Pr

Qr
ð19:36Þ

Zo can be obtained from the average of the ratios
of aortic pressure and flow during early systole
when peripheral wave reflections exert minimal
effect,

Zo ¼ ΔP
ΔQ

ð19:37Þ

or from the water-hammer formula,

Zo ¼ ρc

πr2
ð19:38Þ

where ρ is the density of blood (1.06 g/cm3), c is
pulse wave velocity, and πr2 is the cross-sectional
area of the artery. The fast time-domain wave
separation method by Li [28] is widely used.

Similarly, resolution of flow into its forward
and reflected components (Fig. 19.7) can be
obtained from a set of two equations:

Qf ¼ Qþ P=Zoð Þ=2 ð19:39Þ

Qr ¼ Q� P=Zoð Þ=2 ð19:40Þ
Pulse pressure amplitude alone often does

not indicate the underlying factors governing the
morphology of blood pressure pulse waveforms.
Thus, the routine clinically used cuff method for
measuring Ps and Pd cannot be used to infer
vascular stiffness or properties. One example is
shown here in Fig. 19.8. Despite similar Ps and
Pd induced either by a change in mechanical
properties of the blood vessel wall or by a change
in vasoactive states, the forward and reflected
waveform morphologies and contributing factors
differ [33]. A wave reflection-based distributed
model [55] can be used to resolve the differences
in vasoactive from mechanical factors.

The Augmentation Index and Transfer
Function for Aortic Pressure Synthesis
from Peripheral Pulse Tonometry

Because large-vessel properties can appreciably
affect ventricular ejection, aortic compliance and

Fig. 19.6 PWV based on PTT (or Δt) of the onset of two
pressures measured at a finite distance apart, in this case,
those of the ascending and descending aortas (left panel).
Pulse transit time delay is much more obvious when the

two pressures are simultaneously measured at the ascend-
ing aorta and the femoral artery (right panel). Ps and Pd are
displayed in this hypertensive subject. Femoral artery PP
is significantly greater.
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the wave reflections appearing in the aorta have
become important markers for assessing arterial
system behavior in the clinical setting. In addi-
tion, because frequency domain interpretation of
wave reflections is complex and cumbersome to
obtain, there exists a simplified index to interpret
wave reflection in the aorta in the time domain.
Ascending aortic pressure waveforms are defined
in terms of their morphological differences and

separated into different types. Peak Ps, Pd, PP,
pressure at inflection point (Pi) where peak flow
occurs, and augmented pressure (ΔP) are defined
(see Fig. 19.4). Systolic pressure augmentation is
given by:

ΔP ¼ Ps � Pi ð19:41Þ
and the corresponding augmentation index (AIx)
for the aorta is given by

Fig. 19.7 Ascending
aortic pressure, P, and
flow, Q, separated into their
respective forward (Pf, Qf)
and reflected (Pr, Qr)
components. Notice that
wave reflection (+Pr and
-Qr) has opposite effects on
measured pressure and flow

Fig. 19.8 Ascending
aortic pressure and flow
waveforms resolved into
their respective forward
(dotted line) and reflected
(dash-dotted line)
components during control
(left), descending thoracic
aorta (DTA) occlusion
(center), and methoxamine-
induced hypertension
(MTX [right]). Although
PPs are approximately the
same due to mechanical
(DTA) or vasoactive
(MTX) interventions, the
underlying morphology,
mechanism, and forward
and reflected waves differ
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AIx ¼ ΔP
PP

¼ Ps � Pi

Ps � Pd
ð19:42Þ

Although simple to compute and widely used
in the clinical setting to infer the amount of wave
reflections or represent the reflection ratio, it is
not equivalent to the reflection coefficient. The
AIx is merely a single number and cannot repre-
sent the frequency content of the reflected wave,
neither its timing nor its temporal amplitude. In
addition, the inflection pressure is often obtained
at the early upstroke of the systolic aortic pressure
when fewer reflected waves are present. As we
have seen previously, a significantly greater num-
ber of reflected waves occur in mid- to late sys-
tole. Thus, AIx in general underestimates the
amount of wave reflections. This is clear when
comparing AIx with the fundamental (first har-
monic) reflection coefficient.

Noninvasive measurement is much preferred
in the clinical setting. Since the central aortic
pressure cannot be obtained noninvasively, it is
generally derived from radial artery tonometry.
Because radial artery is readily accessible and
has the bone backing, the tonometry principle
can be readily applied such that the applied pres-
sure will equal the intravascular pressure when
the circumferential stress is removed. This
method obviously must rely on the skill of the
investigator and subsequent interpretation of the
recorded waveforms. A generalized built-in trans-
fer function has been commonly used (e.g.,
[1, 17]). A more superior approach that is

personalized, based on the Wiener system, has
been recently proposed, and the results in
human studies have shown significant improve-
ment in estimating the central aortic pressure
[41, 42].

Cyclic Variation of Arterial Compliance
Within a Single Heart Beat

Given the differences in pulse pressure variations
between the sexes, and because arterial compli-
ance is pressure dependent, a more appropriate
nonlinear model of the arterial system incorpo-
rating a pressure-dependent compliance element
(C(P)) must be employed. This nonlinear model
derived compliance-pressure loops are illustrated
in Fig. 19.9 below [27, 30, 36]. The model
consists of the characteristic impedance of the
proximal aorta (Zo), the peripheral resistance
(Rs), and C(P). The compliance is exponentially
related to pressure and is expressed as

C Pð Þ ¼ a � eb P tð Þð Þ ð19:43Þ
where a and b are constants. The exponent b is
normally negative. Thus, an inverse relationship
is established between arterial compliance and
blood pressure: with increasing blood pressure,
arterial compliance decreases.

The compliance-pressure loop [27] con-
structed for each heart beat can be easily
displayed as shown in Fig. 19.9 for varying

Fig. 19.9 Compliance
versus pressure (solid line)
and compliance-pressure
loops (dotted lines) plotted
for the control (middle),
MTX-induced hypertension
(right), and nitroprusside-
induced vasodilation (left)
cases (dog aorta). Note that
overall compliance
decreases with increasing
pressure and that the loop
area is compressed in
hypertension and enlarged
with a vasodilator
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pressures. Very little work has been done in
analyzing the beat-to-beat compliance-pressure
relation for the sexes and the aging effects. It
can be speculated, however, based on the C(P)
equation that the rate of change or the decrease in
arterial compliance versus pressure (exponent b)
is greater in elderly women. In addition, the ben-
eficial effect of maximal arterial vasodilation-
induced arterial compliance increment would be
more limited than in their elderly male
counterparts.

Sex Differences in Vascular Stiffness
and Augmentation Index in Diseased
Conditions

Abdominal Aortic Aneurym or AAA is among
the more prominent cardiovascular disease and
has been found to differentially affect the sexes,
with lower prevalence but higher rupture rate in
women than in men. Dobrin and Mrkvicka [6]
have shown that depletion of elastin and collagen
alters the tensile strength of the aorta and
underlies the dilation of aneurysm. Analyzing
wall properties by looking at the elastin synthesis
and destruction in a small sample of men and
women, Villard et al. [51] found that protein
expression of elastin was less in women than
men in cases of non-thrombolytic aneurysm.

It is well recognized that sex differences in
vascular dysfunction exist, including differences
in cardiovascular outcomes, particularly in rela-
tion to vascular stiffness (e.g., [9]). Women with
end-stage renal disease (ESRD) have been
suspected to have a higher mortality rate than
men. Using the AIx for inferring systolic wave
reflection and carotid-to-femoral artery pulse
wave velocity as an index of vascular stiffness
plus flow-mediated dilation (FMD) and velocity
time integral (VTI) as a measure of microvascular
endothelial function [8]. Guajardo et al. [12]
investigated whether differences in vascular dys-
function lead to the different mortality differences
in ESRD men and women because few studies
have focused on sex-specific risk factors.
Although they found little difference in pulse
wave velocity, the AIx was significantly much

greater in women than men. Mortality outcome
was more associated with greater AIx and lower
VTI and much less affected by PWV or FMD.
Another interesting aspect is related to the
Windkessel model parameters. In general,
women have significantly decreased overall arte-
rial compliance, C, and increased total peripheral
resistance, Rs, than men. As such, the Windkessel
time constant [i.e., τ ¼ RsC ¼ (1.32 sec)
vs. (0.97 sec)], as well as the τ/T ratio, is not
significantly different because heart rates are
similar.

Increased wave reflection and increased vascu-
lar stiffness both increase afterload to the
heart, and are energeticlly wasterful [26, 28].
Hughes et al. [16] looked at whether their dispro-
portional increase contributes to greater
myocardial work in women. A generalized trans-
fer function was used to derive aortic pressure
from noninvasively measured radial arterial
pressure.

Women in general have greater age-related
increases in left ventricular mass (LVM) com-
pared with men. This greater increased LVM
leads to a greater oxygen demand and external
work [25]. Our previous study also showed that
women tend to experience what is known as
“heart failure” with preserved ejection fraction,
or HFpEF, which is associated with a greater
incidence of diastolic dysfunction. The parallel
or concurrent occurrence of LVM and hypertro-
phy with vascular hypertrophy has been reported
[5]. Increased Ps in elderly women condition can
be exacerbated by a ventricle with a double
load [31].

Increased arterial stiffness associated with
increased wave reflection, as evaluated by the
AIx, has been reported in HFpEF patients. In a
large community-based cohort study by Russo
et al. [45], using a tonometer and 2D echocardi-
ography, arterial stiffness and wave reflection
were indirectly calculated based on PP/SV and
total arterial compliance from the area method
[38], AIx and PP amplification. AIx was based
on the aortic pressure derived from a generalized
transfer function. They showed that PP/SV stiff-
ness and AIx were both greater and had a much
lower total arterial compliance in women and that
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these were related to their associated LV diastolic
dysfunction. It should be noted here that this
study was centered on the elderly with average
age being more than 70 years, and the majority of
the subjects were Hispanic and black, both of
which tend to have greater incidences of hyper-
tension. In addition, there were more female
subjects with greater number exhibiting hyperten-
sion and obesity. The difference in the central
aortic pressure AIx appears to differ between the
sexes even in pre-pubescent children [48].

Consideration of the vascular load in terms of
the LV–arterial system interaction has also been
studied [2, 19, 20, 26, 34]. Because the ventricle
is intimately connected to the ascending aorta, the
central aortic pressure is of primary importance.
In terms of the interaction, left ventricular and
arterial elastances are generally computed to
interpret the coupling and the extent of interaction
of the LV and the arterial system. Our recent study
[20] showed that in heart failure patients, the left
ventricular end-systolic and end-diastolic volumes
are significantly (P < 0.034 and P < 0.016, respec-
tively) smaller in women (N ¼ 67), while ejection
fraction, LV maximum elastance, LV and arterial
system coupling index, and mean arterial pressure
and PP are greater (P < 0.008). These data showed
that these female patients exhibit a greater increase
in their peripheral resistances and a greater
decrease in their arterial compliances compared
with male patients.

Hayward and Kelly [15] showed sex
differences in central arterial pressure waveforms,
carotid to be specific, with more striking
differences as age increases. Augmentation
obtained was given by AIx (%) ¼ �132 *Height
(m) + 243, i.e., AIx is inversely proportional to
height. Peaking in late Ps in elderly females led to
a greater AIx. Females were found to have a
shorter diastolic pressure–time integral. The
subendocardial viability ratio in women, given
as the ratio of DPTI/TTI. where TTI is tension–
time index, a well-known index of myocardial
oxygen consumption,

SEVR ¼ DPTI=TTI ð19:44Þ

is significantly lower compared with male
subjects despite similar TTI. However, sex
differences in pulse wave reflection coefficients
have been little studied because AIx cannot be
fully related to the reflection coefficient. The lat-
ter is related to the whole cardiac cycle, while the
former is only reflective of early systole [43, 55].

Hemodynamic Monitoring of Sex
Differences in Different Cultures

In recent Korean studies [21, 22] looking at sex
differences in arterial stiffness in middle-aged
men and women, it was shown that aortic pulse
wave velocity and brachial arterial pulse pressure
amplification were both greater in men compared
with women. Aortic PWV was assessed by
carotid-to-femoral PWV as the common choice
in the clinical setting. Radial artery tonometry–
derived aortic AIx was obtained by way of trans-
fer function. Pulse pressure amplification was
obtained as the ratio of brachial arterial pressure
to derived aortic pressure. Women have a greater
AIx as shown by others. AIx was significantly
correlated with age, Pd, and serum cholesterol
levels.

Carotid-to-femoral PWV has been widely used
as supposedly providing an indication of large-
artery stiffness, i.e., of the aorta. It should be
noted here that controversies exist because of
the differing pulse transmission paths taken by
the carotid and femoral arteries, in other words,
opposite directions from the aortic arch junction.

A Chinese study by Liu et al. [37], based on
radial artery monitoring, showed no difference
between middle-aged men and women groups
despite greater body weight and height in men.
A Japanese study by Tomiyama et al. [49], using
brachial–ankle pulse wave velocity (baPWV) as
an index of vascular stiffness, showed that
baPWV is greater in men than women. The dif-
ference, however, disappears when women reach
menopause. This is attributed to the vasodilator
effect of estrogen [10]. A study by Nishiwaki
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et al. [39], using the cardio–ankle vascular index
(CAVI) initially proposed by Shirai et al. [46],
showed that CAVI increases with age, as
expected, and is greater in men than in women.
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