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Arterial stiffness: a brief review
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Physical stiffening of the large arteries is the central paradigm of vascular aging. Indeed, stiffening in the larger central arterial system,
such as the aortic tree, significantly contributes to cardiovascular diseases in older individuals and is positively associated with sys-
tolic hypertension, coronary artery disease, stroke, heart failure and atrial fibrillation, which are the leading causes of mortality in the
developed countries and also in the developing world as estimated in 2010 by World Health Organizations. Thus, better, less invasive

and more accurate measures of arterial stiffness have been developed, which prove useful as diagnostic indices, pathophysiologi-
cal markers and predictive indicators of disease. This article presents a review of the structural determinants of vascular stiffening,
its pathophysiologic determinants and its implications for vascular research and medicine. A critical discussion of new techniques for

assessing vascular stiffness is also presented.
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Introduction

While generalized stiffening of the vasculature as a hallmark
of normal aging has been recognized even in ancient medical
texts, systematic scientific evaluation of arterial stiffening and
particularly the type that affects the central arterial axis (ie the
aortic system and its central branches) has only matured as a
clinical and research discipline in recent decades. Stiffening in
the larger central arterial system, such as the aortic tree, signif-
icantly contributes to cardiovascular diseases in older individ-
uals and is positively associated with systolic hypertension'",
coronary artery disease®?, stroke?, heart failure®® and atrial
fibrillation”. Central arterial stiffening is now fully recognized
as an important consequence of aging that has been shown
to provoke deleterious vascular phenotypes in diseases such
as diabetes, atherosclerosis and renal disease among others®.
Therefore predictably, there is a consistent increase in the
incidence and prevalence of the surrogate markers of vascu-
lar stiffening in these conditions and these are typically pulse
pressure and isolated systolic hypertension®.

Arteries deliver blood at high pressure to peripheral vas-
cular beds. The arterial system can be functionally (as well
as structurally) divided into two sub-systems: (a) the large
elastic arteries (eg the aorta, the carotid vessels, the iliac arter-
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ies), which store blood ejected from the heart during systole,
and expel it to the periphery during diastole, thereby ensuring
that the peripheral circulation receives a steady flow of blood
during both cardiac cycles which are significantly different in
terms of pressure. (b) Muscular arteries, especially those of
the lower limb (eg femoral, popliteal, posterior tibial), which
are capable of altering tone (the slightly contracted basal state
of vascular smooth muscle) allowing them to modulate the
velocity of the pressure wave that is conducted to them from
the larger vessels upstream"”. This modulation is also criti-
cal to normal function because of the concept of the “reflected
wave”. When the heart contracts, the resulting forward
propagated wave interacts with the inherent impedance of the
aorta that creates a relatively low velocity (pulse wave veloc-
ity; PWV) pressure wave!'l. As this wave propagates distally,
it encounters regions of varying impedance mismatch arising
from varying properties of the vascular wall and vascular
diameter. These mismatches tend to amplify the forward
propagated wave and also produce a partial wave reflection.
Reflected waves from many points of impedance mismatch in
the system summate to form an aggregate, backward (toward
the heart) propagated wave that normally returns to the cen-
tral aorta in late systole and early diastole. This returning
“reflected” wave, by virtue of its timing in the cardiac cycle,
offers a favorable diastolic pressure at the root of the aorta
(near the openings of the coronary vasculature) that enhance
coronary flow (Figure 1).
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Figure 1. The aortic pressure waveform. Concept of the forward and
backward propagated wave.

Analysis of the aortic pressure waveform

In a simplified and idealized model of the arterial system, a
forward propagated pressure wave (P) is created in the aorta
following systole (Figure 2). This wave is propagated in the
vessel lumen and as it travels distal to the heart, it encounters
differences in the physical impedance offered by the vascula-
ture (Figure 3). Such impedance “mismatches” occur when the
aorta branches for example (such as the bronchial or esopha-
geal arteries branching from the thoracic aorta, or the celiac or
superior mesenteric arteries of the abdominal aorta), or further
in the periphery where the relatively elastic nature of the aor-
tic wall gives way to the thicker and more muscular vessels.
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Figure 2. Aortic pressure waveform and its key components.
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Figure 3. Effects of aging and stiffening of central elastic vessels, eg
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The aorta, pulmonary trunk and brachiocephalic trunk are
examples of the large, elastic arteries of the arterial system. In
these sizable vessels, there is a thick, highly developed media
(tunica media) of which elastic fibers are the dominant com-
ponent. Elastic fibers are gathered together in sheets arranged
in concentric layers throughout the thickness of the media.
In the aorta, these concentric elastic layers are arranged in as
many as fifty distinct layers (Figure 4). The elastic nature of
the aorta, for example, allows the vessel to distend to accom-
modate the considerable increase in blood volume when the
heart goes into systole. In contrast, in a muscular artery (eg
brachial, anterior tibial or coronary arteries) the elastic fibers
are confined to two circumscribed rings: (a) the internal elastic
lamina which is part of the tunica intima, and (b) the external
elastic lamina of the tunica adventitia. The media of these
intermediate sized vessels is relatively thick and is composed
of smooth muscle fibers. It is the smooth muscle on the tunica
media in these vessels that allows them to constrict or dilate,
maintain tone and ultimately to closely regulate blood flow to
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Figure 4. Comparative schemtatic: elastic artery vs muscular artery.
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their respective regions.

Upon cardiac systole, the forward propagated wave, P,
travels down the aortic trunk and away from the central arte-
rial axis as a distinct pressure wave. As described above,
when this pressure wave encounters mismatched impedance,
two components of the wave arise. The first is a transmitted
pressure wave (P,) which is in the same direction as P; and it
is this wave that continues further and deeper into the arterial
system. A second, quantitatively smaller wave also arises and
this is called the reflected pressure wave, or P, (Figure 3). This
backward (ie against the direction of blood flow and toward
the heart) wave arrives at the aortic root in late systole or
early diastole, thus creating a secondary diastolic pressure in
the aortic root that favors filling of the coronary vessels. This
process is a physiologic mechanism that provides for robust
coronary flow. This favorable rise in aortic pressure is called
Pressure Augmentation (P, in Figure 2). Normally, when the
large elastic arteries (such as the aorta) are compliant (eg in a
young adult), the forward propagated wave traveling from the
heart is responsible for peak systolic blood pressure (sBP)!"".
In this situation, the wave velocity is relatively slow (because
physical waveforms travel with less efficiency in soft and com-
pliant materials) and leads to a proportionately slow reflected
wave that tends to arrive back from the periphery in diastole,
thereby augmenting diastolic blood pressure (dBP) and pre-
serving coronary perfusion’’. Figure 2 represents a typical
aortic pressure (pulse pressure; PP) waveform in a healthy
adult. The PP wave has peculiar characteristics dependent on
where it is measured. The aortic waveform, for example, is
distinct from that measured in a peripheral muscular artery.
The reason for this is partly due to the process described
above and partly ascribed to the varying elastic qualities of
the vasculature and the temporal and velocity differences in
the reflected wave. In essence, the aortic PP is a composite
wave which represents the change in pressure during one full
cardiac cycle (starting from diastole, going through systole
and returning to diastole) which shows the impact of both P
and P, on the pressure in the vessel (Figure 2). An analysis of
the waveform reveals that as the aortic valve opens and blood
flow into the proximal aorta increases exponentially following
left ventricular contraction, the P wave is initiated and begins
propagation toward the periphery. At time t; the reflected
wave P, arrives back at the aortic root and creates the first
“shoulder” of the wave form. The reflected wave summates
with the forward wave to establish a further increase in the
PP and this is evidenced by the highest peak of the waveform
beyond the first shoulder. In late systole when the blood flow
at the aortic root has begun to diminish (by virtue of forward
flow away from the heart), the PP starts to diminish precipi-
tously until the PP reaches the second shoulder marked by
closure of the aortic valve. The dynamics of valve closure cre-
ates perturbation of pressure reflected by the second shoulder
following which the pressure quickly reaches diastolic levels
ready to begin the next cycle again.

Because pressure augmentation is such a critically important
element in aortic physiology and because it is closely pegged

to the physical state of the arterial system, a mathematical der-
ivation of this parameter is widely used in pulse wave analy-
sis. This derivative is called Augmentation Index (Al) and it
serves as an effective marker of aortic stiffness. The index is
calculated as the increment in pressure from the first shoulder
in the ascending trace of aortic waveform to the peak of the
wave (AP), expressed as a percentage of the PP (Figure 5). The
Al is directly dependent on three factors:

1. Cardiac cycle (or more specifically the heart rate).

2. The velocity of the pulse wave (PWV).

3. The amplitude of the reflected wave.

Al=(AP/PP)x100

< AP—>

<—Pressure pulse (PP)—>

Time

Figure 5. Derivation of Augmentation Index (Al).

Diastolic blood pressure and the sites from where the
reflected wave originates (ie how far or how close to the
heart; Figure 3), also influence Al, albeit more indirectlym].
In healthy individuals who have compliant central arteries
(owing to more pliable fibroelastic tissue in the media), Al
is influenced more by the magnitude of the reflected wave
rather than its velocity. This relationship is reversed in older
individuals who have stiffer aortae. Thus, an analysis of the
pulse wave reveals important information about central sys-
tolic pressure, pulse pressure and central Al (Al at the aorta).
However, pulse wave analysis is not considered a direct index
of arterial stiffness and to achieve this, it has to be combined
with measuring the PWV.

Aortic waveform in the aged individual

One of the sine qua nons of an aging vascular system is the
presence of arteriosclerosis. In the specific context of the aorta,
the vessel stiffens as well as dilates with age[“]. In addition,
the thickness of the aortic wall increases even in the absence
of atherosclerotic disease and is largely due to intimal thick-
015361 Vascular aging is strongly associated with elastin
depletion and fragmentation, as well as collagen deposi-
tion"711, Cumulatively, these changes result in increased
stiffness as well as increased augmentation of the central
pressure! *. The clinical manifestation of such change is
an increase in sBP and an increase in the pulse pressure!™ !,

ening

Consequently, deleterious cardiovascular outcomes manifest
with the greatest impact felt in the physiologic phenomenon
called vascular-ventricular coupling (VVC). VVC is a com-
plex property of the vascular system that allows the vascular
load of the systemic and pulmonary system, via right and left
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ventricular outflows to the systemic arterial system in a man-
ner that dampens the marked pulsatile nature of flow into a
smooth pattern that places minimal dynamic loads on the pro-
gressively smaller vessels as blood is propagated through the
system'™
vascular stiffening and is another mechanistic element con-

|, Thus, altered VVC is also a critical manifestation of

tributing to dysregulated blood flow that is observed in older
individuals™.

There is a marked difference in pressure augmentation
between young and older individuals and this mainly arises
from the phase difference of the effect of the reflected wave
(Pb) on central aortic pressure (as well as pressure measured
in upper limb arteries)” (Figure 6). Due to stiffening of the
central elastic vessels (ie aorta), the reflected wave is con-
ducted retrograde in the aorta with greater efficiency and
tends to arrive in early systole in the ascending aorta (rather
than late systole or early diastole in a younger subject). As a
consequence, the summation between Pf and Pb is amplified
(since it occurs on the ascending side of the pressure wave)
(Figure 6). This amplification (more correctly called “aug-
mentation”) of pressure increases the peak of waveform in the
systolic phase of the cardiac cycle while attenuating the physi-
ologically favorable increase of diastolic pressure that would
typically occur in a younger subject with more compliant cen-
tral vessels (Figure 6).
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Figure 6. Aortic pressure waveform; young vs old (slightly exaggerated for
clarity).

Mechanisms of central arterial stiffening

Generally, vascular stiffening occurs as a consequence of a
complex interplay between a several independent as well as
inter-dependent factors. Thus, the stiffening or hardening of
the vessel wall associated with age is a macroscopic manifesta-
tion of hemodynamic forces™!, the hormonal milieu, the intake
of salt and the individual’s glycemic state, as well as the global
decline in cellular systems and function® >,

Although stiffening of the central (or elastic) vasculature is a
universal change associated with advancing age, it is also part
of the phenotype in diseases such as hypertension and diabe-
tes where complex cellular mechanisms conspire to accentuate
hardening of the vessel wall.

Acta Pharmacologica Sinica

The role of collagen and elastin

Vessel wall compliance is dependent on the status of two
major scaffolding proteins: collagen and elastin®. Normally,
there is a tightly regulated balance between synthesis and deg-
radation of these two proteins. Anomalies occur in this regu-
latory system such as that which accrues from inflammatory
change where collagen is over produced and elastin synthesis
is undermined. Such asymmetry contributes to arterial
stiffening. In addition, increased luminal pressure (such as in
hypertension) also tends to favor collagen production at the

expense of elastin'’,

Indeed, histological examination of arte-
rial tissue post-mortem appears to confirm that between the
ages of 20 and 90 (the widest range of human longevity), there
is doubling or tripling of the thickness of the tunica media>*".,
When stiffened vessels are examined microscopically, a strik-
ing array of histological changes are observed. These include
abnormal and disorganized endothelium, increased collagen,
fragmented and diminished elastin, infiltration of smooth
muscle cells, infiltration of macrophages, infiltration of mono-
nuclear cells and increased matrix metalloproteases®™ *. In
addition, there is also an increase in transforming growth fac-
tor (TGF)-B, intercellular adhesion molecules (ICAM)s and
cytokines in the vessel wall. Superimposed on thickening
of the wall, there also appears to be a steady increase in ves-
sel diameter with advancing age amounting to about 9% per
decade from 20 to 60 years in the ascending aorta™.

The role of matrix metalloproteases

The extracellular matrix (ECM) of the vessel wall is made up
of collagen, elastin, glycoproteins and proteoglycans®. Colla-
gen and elastin (the proteins most closely linked to structural
strength and elasticity) are themselves regulated by catabolic
metalloproteases (MMPs). MMPs degrade the ECM by affect-
ing the production of weaker collagen and frayed elastin
fibers. When the vessel wall is exposed to immunological
stress, inflammatory cells like polymorphonuclear neutro-
phils (PMNs) and macrophages, produce a variety of MMPs
(MMP-1, -7, -8, -13) as well as elastase, and these enzymes are
responsible for the deleterious changes described. The activity
of these enzymes is regulated by augmented gene expression,
post-translational activation of cleavage of pro-MMP, interac-
tion between MMPs, plasmin, thrombin and reactive oxygen
species (ROS)™, On the other side of this equation, tissue
inhibitors of MMPs (like TIMP1: tissue inhibitor of metallo-
proteases 1), counteract this process providing a regulatory
mechanism to maintain a balance. Interestingly, other, per-
haps less critical molecules, also participate in this dynamic
scenario and these include chondroitin sulfate, heparan sulfate
and fibronectin. Deposition of these molecules in the vessel

wall also tends to thicken it and reduce its compliance™.

Role of advanced glycation endproducts
Advanced glycation endproducts (AGE) result from non-
enzymatic protein glycation forming irreversible cross-links

136, 37]

in stable tissue proteins like collagen . When such cross-

linking occurs, the resulting collagen is stiffer and resists
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regulatory turnover®*!

AGE-associated cross-linking with the consequence that the

. Similarly, elastin is also sensitive to

contribution of this protein to the matrix in the vessel wall is
steadily reduced from exposure to glycation®™ *!. AGE is also
known to impact endothelial function by (a) quenching NO,
and (b) enhancing the generation of reactive oxygen species
(ROS), especially peroxynitrite!*!].
gests that AGEs stimulate stress signaling and inflammatory

Mounting evidence sug-

responses such as boosting the expression of p12(ras), NF-xB,
ROS synthesis, generation of cytokines, growth factors and
ICAMs and these, in turn, mediate vascular stiffness via MMP
activity, endothelial dysfunction, increased smooth muscle
tone (at least in muscular arteries), disturb the response of
the endothelium to injury, affect angiogenesis and promote
atherosclerosis'***"1,

The role of endothelial dysfunction
One of the typical clinical profiles associated with endothe-
lial dysfunction is an impaired vasodilatory response to ace-

tylcholine[48].

In part, this phenomenon is attributable to an
imbalance between NO, endothelium-derived hyperpolarizing
factor, vasoconstricting hormones and oxygenases (such as
cyclooxygenase, NADPH and xanthine oxidase)® *. Stud-
ies have also shown (arriving at a somewhat subtly different
conclusion) that instead of the cause and effect relationship
between endothelial dysfunction and vascular stiffening, the
opposite relationship may also hold true; ie vascular stiffen-
ing contributing to endothelial dysfunction. In this regard, a
vicious cycle might exist where stiffening leads to endothe-
lial disturbances and these in turn, worsen stiffening. For
example, endothelial cells grown in distensible sialastic tubes
exhibit stimulation of eNOS while those grown in rigid tubes,
do not™. These and other studies have suggested that com-
pliance of the vessel wall impacts endothelial mechanotrans-
duction and that rigidity of the wall might promote a decline
in NOS activity, promoting vascular stiffening'.

The role of neuroendocrine signaling and diet

Several hormones are thought to modulate vascular stiffness.
For example, angiotensin II (All) stimulates formation of col-
lagen, triggers matrix remodeling and vascular hypertrophy,
depresses NO-dependent signaling, increases ROS stress and

s>, Aldosterone also promotes stiff-

reduces elastin synthesi
ening in vessels and increases blood pressure by stimulating
vascular smooth muscle cells (VSMC) hypertrophy, fibrosis
and expression of fibronectin and also provokes hypertension
via its function as a mineralocorticoid and through the stimu-
lation of vasopressin release™ ™,

Dietary salt intake has also been shown to augment vascular
stiffening, particularly with advancing age. Thus, low-sodium
diets in older adults have been shown to improve vascular

compliancel !

. Mechanistically speaking, salt intake is asso-
ciated with genetic modulation of angiotensin type 2 recep-
tors, NO synthesis and synthesis of aldosterone® . NaCl can
also impair endothelial function directly by interfering with

eNOS activity and enhancing NADPH oxidase activity, pro-

ducing the “double whammy” of aberrant NO signaling and
oxidative stress in endothelial tissue and an overall effect of

decreasing vascular compliance®.

The role of glucose and insulin

Amongst many other hallmarks of diabetic vasculopathology,
arterial stiffening is arguably the most critical anomaly. In
individuals who suffer from overt diabetes or metabolic syn-
drome, arterial stiffening is observed in all age groups. Chil-
dren who are obese or have been diagnosed with metabolic
syndrome, prematurely manifest signs of arterial stiffening®’.
It appears that insulin resistance is strongly positively corre-
lated with stiffness of the vascular system and thus the asso-
ciation with obesity, anomalous insulin signaling and diabetes
is not surprising. It has been shown, for example, that chronic
hyperglycemia and hyperinsulinemia accentuate the activity
of the renin-angiotensin-aldosterone axis as well as expression
of angiotensin type 2 receptors in vascular tissue, leading to
wall hypertrophy and fibrosis'®” ®. Impaired glucose tolerance
is also known to enhance glycation of collagen thereby alter-
ing the vasoelastic properties of the vasculature. Stiffening is
further exacerbated by LDL-induced endothelial dysfunction,
insulin-induced anomalies in vascular tone and disordered
biology of natriuretic peptides'® .

Role of genetics

One of the most prominent epidemiological studies in car-
diovascular medicine, the Farmingham Heart Study (FHS),
has revealed some interesting insights into the genetic profile
associated with vascular stiffening. In an analysis that used a
genomic-scan approach among study participants, a 0.51-0.52
heritabililty estimate was reported for chronically increased
arterial pulse pressure. This is a moderate association/®!,
In addition, several highly suggestive regions contributing
to high pulse pressure have been identified based in other
cohorts and these include the 122 cM region of chromosome
15, the 164 cM region of chromosome 8 and the 70 cM region

of chromosome 7%,

Although candidate genes in these
loci have not been identified in the context of causality of
arterial stiffening, but their identity might ultimately reveal
a genetic basis for elevated blood pressure and its structural
link vascular stiffening. More direct associations have been
discovered between human genotypes and arterial stiffening.
For example, variations in arterial stiffness have been related
to gene polymorphisms in the angiotensin converting enzyme
(ACE) or angiotensin receptor, endothelin A and B recep-
tor, collagen-Ial, fibrillin-1, and insulin-like growth factor
(IGF)-17"-7,

Clinical implications of arterial stiffening

Decreased vascular compliance usually manifests in a clinical
setting as isolated systolic hypertension (systolic blood pres-
sure >140 mmHg and diastolic blood pressure <90 mmHg).
This is the inherent mathematical basis for an increased pulse
pressure (PP), defined as the difference between systolic and
diastolic blood pressure®®. There is an interesting and per-

Acta Pharmacologica Sinica



www.nature.com/aps
Shirwany NA et al

®

1272

vasive difference in the risk posed by high blood pressure in
young versus older adults. Younger hypertensives experience
high risk of cardiovascular morbidity from systolic, diastolic
and mean arterial blood pressures (sBP, dBP, and MAP). In
contrast, cardiovascular, cerebrovascular and heart failure
risk in older individuals is more closely linked to elevated PP
and increased PWV (therefore increased stiffness, particularly
of the aorta)® 7. This difference implies that a different
pathophysiologic mechanism underlies hypertension in young
compared to old patients and that such a difference ought to
be exploited in designing therapeutic strategies for these two
cohorts.

Chronic elevation of MAP also leads to thickening of the
vascular wall. Hypertension-induced remodeling is likely
a compensatory mechanism prompted by vessel wall stress.
In addition, changes in MAP tend to better correlate with
changes in arterial compliance compared with systolic blood
pressure”. If one were to derive a distillate of these empirical
studies and clinical trials, the basic dogma is reinforced that
interventions to lower blood pressure that tend to ameliorate
cardiovascular risk, do so by decreasing arterial stiffness (par-
ticularly as measured by assessment of PWV, Al and vascular
compliance)®,

Measuring aortic stiffness

Obviously the aorta is not an ideally accessible vessel.
Approaching the vessel surgically is neither desirable nor
practical for the purpose of hemodynamic measurements.
Thus, more indirect avenues and techniques have evolved
to assess aortic stiffness in particular and arterial stiffness in
general. Some of these techniques are useful to assess central
arterial stiffness (ie aortic stiffness) while others, provide infor-
mation on the compliance and stiffness of a peripheral vessel
that is more accessible to measurement.

Pulse pressure

Pulse pressure (sBP-dBP) is a measure that is dependent on
cardiac output, the stiffness of elastic central arteries like
the aorta and wave reflection (above). Since the report by
Bramwell and Hill, this parameter has acquired a central
position as an effective and technically simple surrogate
measure of aortic stiffness”’’. There is an interesting
relationship between BP and age as graphically presented
in Figure 7. Both sBP and dBP increase with advancing
age. However, beyond 50-60 years, dBP increase tends
to plateau and indeed decline with further increase in the
individual’s age. Thus, while initially the pulse pressure tends
not to change very much, in later life it begins to increase
precipitously™®’. The great advantage of PP is that it can
be determined simply by clinical, or even home-based BP
measurement, typically with a sphygmomanometer. Certain
caveats have to be borne in mind while using PP as a measure
of aortic stiffness. First, at least two other elements contribute
to PP (above). Second, the physiological amplification (not to
be confused with “augmentation”) that occurs as the arterial
pressure wave propagates peripherally, tends to confound PP
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Figure 7. Effect of age on systolic, diastolic and pulse pressure.

as a measure of central stiffness. However, the amplification
becomes less pronounced in older subjects and this somewhat
redeems the limitation of PP measurement in the elderly. The
discrepancy between peripherally measured BP and central
arterial pressure can be as significant as 20 mmHg in different
individuals who have similar (within the margin of error)
recording made from the brachial artery (the standard site for

clinical BP assessment)®'.

Pulse wave velocity (PWV)
While PWV is an easy enough concept to understand, it is a
frustratingly difficult measure to obtain. It is quite simply, the
velocity of the forward propagated arterial pressure wave (P;
in the discussion above). To measure this velocity accurately,
in the absence of access of the aortic axis, the time taken by the
arterial waveform between two points that are a measured dis-
tance apart is determined. Practically, this can be done either
by taking two recording from the two sites simultaneously,
or gating the recording to a fixed point in the cardiac cycle
(such as the R wave of the QRS complex on an EKG trace).
The inherent limitation of PWV measurements (other than
the inability to record from the aorta itself) is that the velocity
measure becomes less accurate if the distance between the two
sites is small. Given the nature of surface vascular anatomy,
obtaining a large enough distance between the two points of
measurement, can quickly become untenable. Mathematically,
PWYV is dependent on vessel distensibility which is inversely
related to stiffness. More formally, the Moens-Korteweg equa-
tion describes this relationship thus:
PWV=V(Eh/2rp)
Here, E is the Young’s modulus of elasticity (a measure of stiff-
ness of an elastic material and technically the ratio between
stress and strain), h is the thickness of the vessel wall, r is the
internal radius of the vessel and p is density of blood. Bram-
well and Hill further derived this equation to give:
PWV=V(APV/AVp)
Or
PWV=v(1/pD)
Here, AP is the change in arterial pressure, AV is the change in
arterial volume and D is distensibility. Distensibility is related
to pressure and volume in this manner:
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D=AV/(AP-V)
In addition, compliance of the vessel is given by:
Compliance=AV /AP

In a practical sense, PWV is measured by obtaining a record-
ing of the arterial pulse wave at a proximal artery such as the
common carotid, as well as a distal vessel such as the femoral.
These two vessels are widely used because they are relatively
superficial permitting accurate identification and ease in using
a tonometer. An added advantage is that the distance between
these two sites is comparable to aortic length, thereby exploit-
ing the distance as a simulation of aortic measurement. The
time delay between the pulse between these two points is usu-
ally gate to the R'wave. The instrument used for this purpose
is called a pulse tonometer and several companies provide
apparatuses that combine the probe, computer and analysis
software in one unit (Figure 8).

Using ultrasonic technology to measure arterial stiffness:
Ultrasonic apparatus (as used in clinical applications) can be
used with relative accuracy to derive distensibility and com-
pliance of the vessel. Ultrasonic imaging is best used for larger
vessels that are not surrounded by dense bone or tissue. Thus
the brachial, femoral and carotid vessels are good candidates
and the abdominal aorta is somewhat intermediate in term of
image quality obtainable. Several images of the selected ves-
sel are obtained per cardiac cycle and the change in volume is
calculated by tracking the movement of the vessel wall with
the assistance of computer software. As discussed above, dis-
tensibility and compliance can be measured using mathemati-
cal algorithms. A significant disadvantage of this technique is
that the equipment tends to be expensive and operator train-
ing is mandatory to obtain reliable and reproducible informa-
tion™). Operator bias has recently been improved by using
robotic placement of the ultrasonic probe but this strategy
amplifies the price of the equipment exponentially. Another,
more technical limitation of this method of measuring aortic
compliance is that blood pressure has to be measured and the
only avenue is to measure it at the periphery. As discussed
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above, this is a very approximate measure of central pressure
and therefore introduces an additional confounding inaccu-
racy to the technique.

MRI derived measurement of arterial stiffness: Magnetic
resonance

Imaging (MRI) is now a widespread imaging tool in the clini-
cal world and is also becoming accessible in the medical
research setting. Typically, MRI based analyses of stiffness
involve a quantification of aortic distension and its relation-
ship to compliance. MRI has the advantage of being non-inva-
sive but is hampered by expense and availability. However, it
is a relatively accurate and objective measure and is an impor-
tant option both clinically and for research in both human and
animal subjects™.

Waveform analysis

The arterial pressure waveform was first recorded over a
hundred years ago using the sphygmograph. In the interim,
modifications of the same principle have been employed with
considerable success to measure arterial stiffness and the most
recent innovation is applanation tonometry (AP). AP involves
using a tonometer probe to record a pressure waveform from
a surface artery (like the radial or carotid) after it has been
gently compressed against an underlying bony landmark.
Such compression allows an equalization of circumferential
pressures and enables a high fidelity waveform to be recorded.
O’'Rourke and Gallagher have published a simple and vali-
dated method of using AP to quantify stiffness (O’Rourke
Pulse Wave analysis; PWA) in which the Al can be derived
and central arterial pressure can be estimated®. Less widely
used methods are also available that rely on waveform analy-
sis and include pressure pulse contour analysis, plethysmog-

raphy and oscillometric blood pressure measurement®” * I,

Measuring arterial stiffening in research animals
Vascular biology has been revolutionized by the genetic
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Figure 8. Measuring the pulse wave velocity (PWV).
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manipulation of research animals with the advent of genetic
knockout and gene silencing techniques. Thus, almost every
vascular pathology observed in humans has a counterpart
animal model and in most cases a variety of models are used
to study individual vasculopathies. The techniques described
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