
A

A
P
o
i
A
i
s
i
r
d
p
a
A
K

I

d
e
e
“
h
i
e
p
t
o
m
m
n
P

l
T

1
d

Review Article

Effects of pharmacological intervention on arterial stiffness using pulse
wave velocity measurement

Roland Asmar, MD
The Cardiovascular Institute, Paris, France

Manuscript received and accepted January 19, 2007

bstract

rterial stiffness is an independent and powerful marker of all-cause mortality and cardiovascular morbidity and mortality.
harmacological studies have shown that it is feasible to improve arterial stiffness or to slow its progression with a number
f lifestyle modifications or pharmacological agents including antihypertensive, statins, nitrates, and others. Therapeutic
mprovement of arterial stiffness has been reported to be associated with an improvement of cardiovascular prognosis.
ssessment of pharmacological treatment on arterial stiffness needs to include several important aspects in order to avoid

nadequate conclusions. Among these parameters: 1) the arterial site: effects of treatment may differ according to the arterial
ite with differences between radial (muscular) and carotid (elastic) artery; 2) the duration of treatment: long-term treatment
s usually needed to assess the arterial effect; and 3) the dose of drug used is also of major importance: the dose-effect
elationship varies for the same drug, whether the blood pressure reduction or the arterial effect is considered. In general, high
oses are usually needed for the arterial wall property modification. This review is focused on the effects of major
harmacological treatment on arterial stiffness because it has been considered recently as the “gold standard”; effects on other
rterial hemodynamic parameters such as central blood pressure are not reviewed. © 2007 American Society of Hypertension.
ll rights reserved.
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ntroduction

Arterial functional and structural alterations have been
escribed at early stages of several cardiovascular dis-
ases. Such vascular abnormalities have been reported
ven before the clinical manifestation of the so-called
classic cardiovascular risk factors”.1,2 Recently, there
as been growing recognition that the disease of interest
s based on the arterial wall properties.3 Therefore, sev-
ral non-invasive methods have been introduced to assess
articular aspects or parameters of the arterial wall struc-
ure and function.4 Among these methods, measurement
f arterial stiffness using pulse wave velocity (PWV) and
easurement of the central blood pressure (BP) are the
ost popular. Because most of the pharmacological and

on-pharmacological interventional studies have used
WV to assess the arterial effects and because PWV has
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een widely used for a long time and has been recognized
ecently as the “gold standard” measurement of arterial
tiffness, we focused this review on arterial stiffness.4 – 6

rterial Stiffness — PWV

Prognostic values of increased arterial stiffness have been
escribed in various populations as a powerful independent
actor of target organ damage (brain, heart, kidney) and an
ndependent predictor of cardiovascular morbidity as well
s cardiovascular and all-cause mortality.7–16 Moreover,
rterial stiffness has been reported as an independent pre-
ictor of cardiovascular disease progression even in patients
ree of cardiovascular diseases and/or medications.17 Table

summarizes the longitudinal studies reporting the PWV
redictive value.6

Assessment of arterial stiffness using PWV measure-
ents is a simple and reproducible method. Principles of

his method have been described in detail elsewhere.5 To
um up, the left ventricular contraction and ejection gener-
tes a pulse wave that propagates throughout the arterial
all at a finite speed or velocity; theoretically, the higher the

elocity, the stiffer the artery. However, several experimen-

nsion. All rights reserved.
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al studies have shown that PWV is also related to the
rterial wall structure, function, geometry, and endotheli-
m.5 Therefore, because this method is complex, theories
round it have been considered simplistic or inaccurate.
evertheless, most recently it has been considered the “gold

tandard” measurement of regional arterial stiffness alone.
owadays, numerous devices are available allowing auto-
atic measurements of PWV,4 and it is important to note

ere that PWV represents a regional measurement of arterial
tiffness over an arterial segment. Other methods are avail-
ble to measure either local or systemic stiffness. In contrast
o systemic arterial stiffness that can only be estimated from
odels, regional and local arterial stiffness can be measured

irectly. Additionally, some limitations of PWV measure-
ents have to be mentioned, such as a number of other

emodynamic parameters. PWV is a pressure-dependant
arameter. PWV represents a global estimation of regional
rterial stiffness but does not give any specific information
n arterial geometry.

WV — A Pharmacological Tool

Several characteristics are required in order to consider a
echnique as a pharmacological tool. In fact, the technique
as to be:

. Non-invasive in order to allow the repeatability of its
evaluation

. Accurate, which requires its clinical validation

. Reproducible, which requires assessment of its intra- and
interobservers’ variability18–20

Automatic measurements of PWV have been reported as
imple, non-invasive, accurate, and reproducible, therefore
ulfilling the criteria to be considered as a sensitive phar-
acological tool. As mentioned before, other methods ded-

able 1
ongitudinal studies reporting the PWV predictive value

easurement Site Study Events

ortic PWV Blacher CV mortality
Laurent CV mortality
Meaume CV mortality
Shoji CV mortality
Boutouyrie CHD events
Cruickshank All-cause mortality
Laurent Fatal strokes
Sutton-Tyrrell CV mortality and eve
Shokawa CV mortality
Willum-Hansen CV mortality
Mattace-Raso CV mt, CHD

CHD, coronary heart disease; CV, cardiovascular; ESRD, end-st
ulse wave velocity.
Adapted with permission from Laurent S, Crockcroft J, Van

006;27:2588–605.6
cated to the evaluation of systemic, regional, or local arte-
ial stiffness, and also central pressure and augmentation
ndex, are now available and have been reported to be
uitable as pharmacological tools.

asic Pharmacological Aspects

To better understand the effects of pharmacological in-
ervention on arterial stiffness, several fundamental points
eed to be highlighted:

● The arterial site: Atherosclerosis and arterial wall al-
terations are systemic, but some arterial areas are par-
ticularly affected related to the underlying disease.
Therefore, arterial abnormalities and their progression
may vary in different arterial beds. Moreover, because
arteries are heterogenous with major differences be-
tween central (elastic) and peripheral (muscular) large
arteries, assessment of the pharmacological treatment
has to consider the arterial site.21

● Duration of treatment: Since several mechanisms may
be involved in the arterial stiffness improvement under
treatment, assessment of arterial stiffness must distin-
guish between the acute or short-term treatment (less
than 4 weeks) and the longer-term treatment (�4
weeks). Long-term studies should be preferred because
acute effects may not predict chronic efficacy.21,22

● Drug doses: Because several pathophysiological pa-
rameters may be involved in the arterial stiffness im-
provement, assessment of drug efficacy needs to con-
sider the dose/effect relationship. In fact, the arterial
dose/effect relationship may differ from other proper-
ties of the drug such as the dose/effect of its antihy-
pertensive effects or its cholesterol-lowering effects,
for example. In general, high doses of statins or anti-
hypertensive drugs are needed to observe the effect on

Follow-up (yrs) Type of Patients (no.) Reference

6.0 ESRD (241) 7
9.3 Hypertension (1,980) 10
2.5 Elderly (�70) (141) 13
5.2 ESRD (265) 46
5.7 Hypertension (1,045) 8

10.7 IGT (571) 9
7.9 Hypertension (1,715) 11
4.6 Elderly (2,488) 14

10 General population (492) 16
9.4 General population (1,678) 15
4.1 Elderly (2,835) 12

al disease; IGT, impaired glucose tolerance; Mt, mortality; PWV,

L, Boutouyrie P, Giannattasio C, Hayoz D, et al. Eur Heart J
nts

age ren

Bortel
the arterial wall.21,22
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an The Arterial Stiffness Be Improved?

Whether the arterial wall abnormalities can be reversed
nder treatment (reversible phenomena) or once these arte-
ial damages are clinically apparent as an irreversible phe-
omena was a debate subject for a long time. Nowadays, a
arge number of publications and reviews have reported
ossible changes in arterial stiffness after various non-phar-
acological or pharmacological interventions.6,21–23 Most

Figure 1. Carotid-femoral pulse wave velocity (PWV) meter/
second (m/s): relationship with age in well-controlled hyper-
tensive treated subjects plotted on the normotensive normo-
gram and its individual and mean 95% confidence limits. DBP,
diastolic blood pressure; SBP, systolic blood pressure. Adapted
with permission from Asmar R, Benetos A, London GM, Hu-
gue C, Weiss Y, Topouchian J, et al. Blood Pressure
1995;4:48–54.23

Figure 2. Relative change in arterial distensibility
after antihypertensive treatment in 3 arterial sites:
abdominal aorta, carotid artery, and brachial ar-
tery. Significant site effect was observed. Adapted
with permission from Topouchian J, Asmar R,
Sayegh F, Rudnicki A, Benetos A, Bacri AM, et

al. Stroke 1999;30:1056–64.24
f these studies analyzed arterial stiffness changes after
harmacological treatment of the co-existing cardiovascular
isk factors or diseases. It is important to notice here that
rterial stiffness improvement is often, but not always, as-
ociated or only partly related to the corresponding cardio-
ascular risk changes such as BP reduction or cholesterol
owering level, etc. Figure 1 shows PWV changes in treated
ypertensive patients with normalized BP. Results showed
hat it is possible to normalize arterial stiffness in some
reated and normalized patients, but a number of patients
aintain stiffer arteries (abnormal high PWV) despite the
P normalization.23 It is of importance to notice that most
f these patients with stiffer arteries were over 70 years of
ge; therefore, normalization of arterial stiffness may be
ore difficult to achieve in elderly patients or after a long

eriod of disease history.

s Improvement Of Arterial Stiffness Similar In
ll Arterial Trees?

Since arterial abnormalities affect in different manners
he arterial sites according to the underlying disease, and
ince the impact of a given pharmacological drug may differ
n the various compounds of the arterial wall (elastin, col-
agen, muscle) according to its pharmacokinetics, it is log-
cal to assume that the arterial effect of a given drug ad-
inistered at a given dose and period of time may differ

ccording to the arterial site whether we are considering
ore elastic (aorta, carotid) or more muscular (radial) or
ixed (brachial, femoral) arteries.24 Moreover, even if a

iven drug acts on various pathophysiological mechanisms
ith a “systemic” effect, the degree of the observed arterial

tiffness effect is usually different in the different arterial
egions. Consequently, it is of importance to focus on which
rterial site is assessed for stiffness. Figure 2 shows an
xample of such diverging arterial effects — of the same
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ntihypertensive drugs observed in the same patients —
ccording to the arterial site.21,24

hich Treatment Duration And What Doses
ave To Be Used To Assess Arterial Stiffness?

● Several mechanisms can be involved in the possible
improvement of arterial stiffness under treatment.
These mechanisms differ completely whether assess-
ment is performed after acute administration or long-
term administration of a given drug. After acute ad-
ministration of, eg, an antihypertensive drug,
improvement of arterial stiffness is principally related
to functional or mechanical mechanisms such as re-
duction of distension pressure, reduction of smooth
muscle tone, enhancement of endothelial functions;
whereas after longer-term treatment, additional mech-
anisms may be involved, eg, changes of the arterial
geometry and structure compounds such as reduction
of fibrosis, increase of elastin/collagen ratio, remodel-
ling of the arterial wall, etc.21,22 Therefore, experts
agree that assessment of arterial stiffness using a long-
term treatment period should be preferred because of
the underlying pathophysiological mechanisms and be-
cause acute effects may not predict long-term efficacy.
Few studies have been performed in order to evaluate
in the clinic the necessary duration of treatment for the
establishment of functional and structural changes. We
showed that withdrawal of converting enzyme inhibi-
tor after 3 months of treatment in hypertensive patients
was associated with an increase of arterial stiffness

almost to the baseline level (Figure 3), whereas 12
months of treatment was associated with a significant
improvement of the arterial properties.25,26 Similar re-
sults have been reported after 6 months of treatment
with continuing improvement of arterial stiffness be-
tween 3 and 6 months.27 For that reason, assessment of
arterial stiffness is preferable after at least 3 months or
even 6 months of treatment.21,22

● In the absence of specific pharmacological agents to
improve the arterial wall properties, most of the drugs
that have been evaluated for their arterial effects are
those used for cardiovascular risk factors or disease
treatment such as antihypertensive, hypocholester-
olemic agents, etc. So it is important to analyze the
dose/effect curves of these drugs on the arterial stiff-
ness independently from those curves observed for BP
reduction or cholesterol-lowering level. In this regard,
we showed a clear dissociation between antihyperten-
sive and arterial effects of converting enzyme inhibi-
tors with evidence that the effect on the arterial wall
properties was obtained with a higher dose than that
required for BP reduction in patients treated for hyper-
tension28,29 (Figure 4). More recently, most of the
studies evaluating the effects of statins on the arterial
wall showed significant improvement of arterial stiff-
ness using principally high doses of statins. These
observations are of importance because unlike our ini-
tial thinking that arterial stiffness may be improved
using long-term administration of low doses, because
of the tissue effects, results from pharmacological
studies clearly showed that high doses are often needed
to observe improvement in arterial stiffness. These

Figure 3. Effects of perindopril on arte-
rial compliance. Mean values are shown
at baseline (T0), after 3 months of treat-
ment with perindopril 4 to 8 mg/OD
(T3), after 1 month of perindopril with-
drawal and its replacement by placebo
(T4), and after 1 year of treatment with
perindopril (T12). Adapted with permis-
sion from Asmar RG, Pannier B, Santoni
JP, Laurent S, London GM, Levy BI, et
al. Circulation 1988;78:941–5025 and
Asmar R, Journo HJ, Lacolley PJ, San-
toni JP, Billaud E, Levy BI, et al. J Hy-
pertens 1988;6(suppl 3):S33–9.26
findings have been recently confirmed by large clinical
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studies performed in patients at high cardiovascular
risk independently from their effects on BP or choles-
terol levels. In fact, positive results of these studies
have been observed with high doses of converting
enzyme inhibitors30–32 or statins.33,34

Elsewhere studies have shown that improvement of arte-
ial stiffness using a given drug may be independent or only
artly related to its effect on other parameters such as BP
eduction.21 In fact, we showed in one long-term angioten-
in-converting enzyme (ACE) inhibitor study that improve-
ent of arterial stiffness was observed even in patients

efined as non-responders for their BP reduction.35 Similar
ata have been reported in subanalysis of other studies.36

ffects of Pharmacological Intervention on
rterial Stiffness

Several pharmacological treatments have been shown to
educe arterial stiffness. Most of these studies included
ntihypertensive treatment such as diuretics, beta-blockers,
CE inhibitors, AT1 angiotensin II receptor blockers, and

alcium-channel antagonists. Few studies have evaluated
ypolipidemic agents such as statins and very few have
ssessed various agents such as thiazolidinediones, slide-
afil, aldosterone antagonists, and advanced glycation end-
roduct breakers. Thus, we focused this review on the most
sed classes: antihypertensive and statin agents.

ffect of Antihypertensive Agents on
rterial Stiffness

Table 2 shows the effects of the different antihyperten-

Figure 4. Dose/effect relationships of an angiotensin-converting
(left panel) and systolic blood pressure (right panel). Dissocia
Adapted with permission from Asmar R, Benetos A, Darne B, P
ive classes on PWV administered in a double-blind fashion t
ither during a short-term period (�28 days) or a longer-
erm (�28 days) period.21,37–40

Few studies have been performed using a short-term
eriod of treatment. Results showed that central and periph-
ral stiffness are improved principally with ACE inhibitors
nd angiotensin II receptor blockers (fewer studies),
hereas aortic stiffness has been described to remain un-

hanged in most studies after acute administration of other
rugs.
During longer-term treatment, studies have shown im-

rovement of central and peripheral arterial stiffness with
CE inhibitors. Beta-blockers exhibited variable results ac-

ording to the drug used; heart rate reduction does not
xplain the reduction of arterial stiffness but contributes
artly to the lack of changes in central BP. Results with
alcium-channel blockers are more complex to evaluate. At
he aortic level, all calcium-channel blockers show a signif-
cant reduction of arterial stiffness together with BP reduc-

e inhibitor (trandolapril) on carotid-femoral pulse wave velocity
tween the arterial and antihypertensive effects was observed.
, Safar M. J Hum Hypertens 1992;6:381–5.28

able 2
ulse wave velocity and antihypertensive drugs

Short-Term
Treatment �28

Days

Long-Term
Treatment �28

Days

Aorta Arm/Leg Aorta Arm/Leg

eta-blockers n/� NA n/� n/�
iuretics NA NA �/n �
alcium antagonists � NA n n/�
CE-inhibitors n n n n
RBs n n �/n NA
asodilators � NA NA NA

ACE, angiotensin-converting enzyme; ARB, angiotensin recep-
enzym
tion be
or blocker; NA, not available.
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ion. At the peripheral level, arterial stiffness improvement
as less evident. Diuretics showed no significant effects.
Therefore, during long-term treatment, diuretics showed

o significant effects, beta-blockers exhibited variable re-
ults according to the used agent, a constant improvement of
rterial stiffness was observed with ACE inhibitors, and less
arked improvement was reported with angiotensin II re-

eptor blockers and calcium-channel blockers.

ffects of Statins on Arterial Stiffness

There are multiple mechanisms by which statins may
mprove arterial stiffness: functional changes, matrix
roteins including collagen and elastin, structural arterial
emodelling, improvement of endothelial function, and
eduction of vascular inflammation, etc. As for the anti-
ypertensive agents, the effects of statins on arterial wall
ppear to be dependent on the dose and duration of
reatment.37,41– 43 If results are interpreted according to
he patient population, the dose, and the duration of
reatment, a plausible pattern is evident. Only 1 study
ompared the effects of different statins on arterial stiff-
ess; the results showed higher efficacy using fluvastatin
ersus provastatin and simvastatin.42 This has to be con-
rmed by further studies in large populations with vari-
us doses and durations of treatment.
A recent review of statins and arterial stiffness was per-

ormed by Kingwell.41 Table 3 summarizes most of the
tatin studies on arterial stiffness. Evidence indicates that
ong-duration treatment reduces arterial stiffness in both
ypercholesterolemic and normolipidemic patients at high
ardiovascular risk. Such effects can occur at a shorter-term
eriod using intensive lipid-lowering therapy but became
ore established with lower-dose therapy after 6 months of

able 3
ffects of statins on arterial stiffness

atients Statin Dose mg/day

CT Simva 10–20
CT Simva 40
CT Simva 40–80
CT Simva 20–40
T � HCT Atorva 10
CT Atorva 20

SH/NCT Atorva 80
CT Prava 20
CT Ceriva .3

Prava 20
iabetes � ESRD Fluva 20

Ao, aorta; Car, carotid; ESRD, end-stage renal disease; HCT, hy
ot available.
Adapted with permission from Rajzer M, Klocek M, Kawecka-
reatment. s
s Arterial Stiffness Improvement Associated
ith A Better Prognosis?

Few studies have analyzed the effect of arterial stiffness
mprovement and its association with an improvement of
ardiovascular morbidity and mortality. In a longitudinal
tudy, Guerin et al44 assessed the impact of aortic stiffness
ttenuation on survival of patients in end-stage renal failure.
heir results clearly indicated that arterial stiffness attenu-
tion in response to BP lowering using ACE inhibitors had
beneficial and BP-independent impact on the survival of

his population. Several issues remain to be addressed here.
he study of Guerin et al44 was performed in patients with

enal failure. No similar data are available in patients with
ypertension or at low or moderate cardiovascular risk.
imilarly, whether the reduction in central pulse pressure
wave reflection) is associated with a concomitant reduction
n hard end points remains to be demonstrated. Some indi-
ect arguments have been suggested by the results of the
EASON Study36 where only the perindopril/indapamide
ombination significantly reduced wave reflection and cen-
ral BP. The CAFÉ (Conduit Arterty Function Evaluation)
tudy, an ancillary study of the ASCOT (Anglo-Scandina-
ian Cardiac Outcomes Trial) Study,33,45 showed that the
eduction in central BP was higher in the amlodipine �
erindopril group than in the atenolol � thiazide group.
herefore, whether therapeutic strategy aiming at normal-

zing arterial stiffness may be more effective in preventing
ardiovascular events needs to be assessed in a specific
ong-term and large-scale therapeutic trial.

uture Perspectives

Evaluation of regional arterial stiffness using PWV mea-

Short-Term �3 months Long-Term �3 months

ar/Ao Arm/Leg Car/Ao Arm/Leg

A NA 2 2
A NA NA ↔/2
A NA ↔ 2

↔ NA NA
NA NA NA

A NA 2 NA
2 NA NA

A NA 2 NA
A NA 2 NA

↔
A NA 2 2

lesterolemic; HT, hypertensive; NCT, normocholesterolemic; NA,

K. Am J Hypertens 2003;16:439–44.40
C

N
N
N
↔
2
N
2
N
N

N

percho
urement has been recently recognized as the “gold stan-
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ard” measurement of arterial stiffness. Other methods to
valuate systemic or local arterial stiffness, including cen-
ral BP, are available and allow various arterial parameters
o be measured in order to evaluate the arterial wall prop-
rties. Studies have highlighted the importance of arterial
tiffness for assessing cardiovascular risk and for predicting
ardiovascular outcomes. Therefore, measurement of arte-
ial stiffness may avoid misclassification of cardiovascular
isk in an individual. In fact, the predictive value of PWV
or primary coronary heart disease events in hypertensive
atients was more marked for patients considered at low
isk from their Framingham risk score than for patients at
igher risk, indicating that such low-risk population bene-
ted the most from PWV assessment.8 Current guidelines
n hypertension and risk management do not consider ar-
erial stiffness as target organ damage, but evidence is now
vailable demonstrating the clinical value of arterial stiff-
ess; consequently, inclusion of arterial stiffness in the
uture guidelines may be suitable. Better targeting the ex-
sting pharmacological agents and development of specific
gents to enhance arterial wall properties may also be very
seful in the management of cardiovascular diseases.
hether such a strategy aimed at normalizing arterial stiff-

ess may be effective in preventing cardiovascular events
eeds to be assessed in a specific therapeutic trial.46
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