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Large artery stiffness in hypertension
Athanase Benetos, Stéphane Laurent, Roland G. Asmar and Patrick Lacolley

Effects of hypertension on large arteries The mechani-
cal properties of large arteries make a major contribution to
cardiovascular haemodynamics through the buffering of
stroke volume and by propagation of the pressure pulse. A
sustained increase in blood pressure often leads to stiffness
of the large arteries, especially when other risk factors are
present. The increased stiffness, in turn, aggravates hyper-
tension by increasing systolic blood pressure and can in-
duce cardiac hypertrophy and arterial lesions. Epidemiologi-
cal studies strongly suggest that subjects with stiffer arter-
ies have a high pulse pressure, and that stiffening of large
arteries is associated with excess morbidity and mortality
independently of other cardiovascular risk factors.

Environmental and genetic factors Apart from high blood
pressure and ageing, various environmental and genetic fac-
tors that influence the composition of the extracellular ma-
trix of the arterial wall can increase arterial stiffness. Clinical
studies suggest that the presence of some genotypes may
be a particularly important risk marker for arterial stiffness,
and may modulate the effects of hypertension, ageing and
lipids on large arteries.

Physiological role of the large arteries

The arterial system has two distinct and interrelated func-
tions: first, to deliver an adequate supply of blood to the dif-
ferent tissues (conduit function) and second, to transform the
discontinued (systolic) ventricular ejection to a continuous
(svstolodiastolic) peripheral flow (cushioning function).

The conduit function of large arteries

For the conduit function, large arteries must deliver an ade-
quate quantity of blood from the heart to peripheral organs
and tissues as required for metabolic activity. To allow effi-
cient metabolic exchange, a continuous, steady and constant
arteriolar and capillary blood flow is required. To maintain
such a steady flow, a steady pressure head must be applied to
the blood in order to overcome energy losses through blood
viscosity and friction (resistance to flow). From the haemody-
namic point of view, the function of arteries as conduits is
exclusively related to steady (mean) blood pressure and blood
flow, and the relationship between these two parameters which
defines vascular resistance. Mean blood pressure, defined by
measuring the area under the blood pressure curve and divid-
ing this area by the time interval involved, is entirely deter-
mined by cardiac output and vascular resistance. The effi-
ciency of the conduit function depends on the calibre of the
arteries and the constancy of mean blood pressure, with an
almost imperceptible mean pressure gradient between ascend-
ing aorta and peripheral distributing arteries.

Effects of antihypertensive drugs The development of ac-
curate, non-invasive methods has now made it possible to
detect alterations of the large arteries. Among antihyperten-
sive drugs, angiotensin converting enzyme inhibitors and cal-
cium channel blockers have proved to be highly effective in
improving large artery compliance, and have shown no ad-
verse effects on metabolic factors that can alter arterial struc-
ture and function such as lipids, plasma glucose and insulin
tolerance. Therefore these drugs may be particularly suit-
able for treating patients with increased arterial stiffness.
Finally, a determination of genotypes may be helpful in the
future in choosing antihypertensive therapy.
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The cushioning function of large arteries

The principal role of arteries as cushions is to dampen the
pressure oscillations resulting from intermittent ventricular
ejection [1,2]. Large arteries can instantaneously accommo-
date the volume of blood ejected from the heart, storing part
of the stroke volume during systolic ejection and draining this
volume during diastole, permitting continuous perfusion of
organs and tissues (Windkessel effect).

During systole, the rise in pressure up to the time of peak
velocity depends on left ventricular performance and the dis-
tensibility of the ascending aorta. Peak systolic pressure will
be greater if the arterial wall is stiffer. However, after the clo-
sure of aortic valves, arterial pressure gradually falls as blood
is drained to the peripheral vascular network. The minimum
diastolic blood pressure is determined by the duration of the
diastolic interval and the rate at which the pressure falls. The
rate of pressure fall is influenced by the rate of outflow (i.e.
peripheral resistance), and by viscoelastic arterial properties.
At a given vascular resistance, the fall in diastolic blood pres-
sure will be greater if the rigidity of large arteries is increased.

The viscoelastic properties of arterial walls are also a deter-
minant of the speed of propagation of the arterial pressure
wave (pulse wave velocity) and of the timing of wave reflec-
tions.
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Thus stiffening of the arteries increases the pulse wave ve-

locity and may be responsible for an earlier return of the re-

flected waves, which can be superimposed on the incident
pressure wave, thus contributing further to thé increase in
pulse pressure and systolic blood pressure.

Atherosclerosis versus stiffness
(arteriosclerosis): two distinct but associated
alterations in large arteries

The terms atherosclérosis and arteriosclerosis are often used
indiscriminately to refer to alterations and lesions in large ar-
teries. From the etymological point of view the term arterio-
sclerosis identifies arterial stiffness. Atheromartosis should be
used to identify the segmentary lesions leading to thrombos-
tenotic plaques. Since advanced atheromatic lesions are very

often calcified, the term atherosclerosis can be used instead

of atheromatosis.

In hypertension and in the ageing process, structural and func-
tional changes in blood vessels involve the total arterial sys-
tem, but principally the aorta and its major branches. Both
ageing and hypertension have strong effects on the level of
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arterial stiffness (arteriosclerosis). In contrast, atherosclerosis _
is a more parcellar disease and predominates in particular ar-

teries, such as the coronary arteries, and more specifically at
arterial bifurcations. In these vessels, there is little possibility
that non-fibrous and non-calcified plaques can increase arte-
rial rigidity to any great extent. However, the atherosclerosis
process makes a sizeable contribution to the increase in colla-
gen content and in calcification of the vessels and, in the pres-

ence of advanced age and/or hypertension, may increase arte--

rial rigidity.

In clinical practice, atherosclerosis of the lower limbs is an
important marker of disease [3]. Increased systolic and pulse
pressures are commonly observed in these patients, due to
increased arterial rigidity and wave reflections. Even though
ventricular ejection and vascular resistance may be within the
normal range, systemic and forearm arterial compliance may
be reduced. In subjects with atherosclerosis of the lower limbs,
increased pulse pressure and increased systolic pressure are
significantly and independently associated with the reduc-
tion in the vasodilating properties of the diseased limbs,
whereas no comparable association is observed with mean ar-
terial pressure.

Coronary ischaemic disease is substantially associated with
reduced aortic compliance [4,5]. This haemodynamic pattern
may decrease aortic diastolic blood pressure irrespective of
mean arterial pressure, thus reducing coronary perfusion. The
pathophysiological mechanisms of the association between

coronary lesions and arterial stiffness remain unclear. One

hypothesis is that the aorta and coronary arteries are altered
by the same factors and therefore increased aortic stiffness is
an indirect index of generalized atherosclerosis. Another pos-

sible mechianism'is that'increased aortic stiffness tends. to |

decrease diastolic blood pressure, and consequently coronary

perfusion, and to increase systolic blood pressure, thus increas-

.ing cardiac wall tension and myocardial oxygen consumption.

Experimentally, decreased aortic compliance exacerbates mvo-
cardial ischaemia in the presence of stenosis of the coronary
artery [6]. Whether this mechanism contributes to the inci-
dence of coronary heart disease following antihypertensive
drug therapy is an unresolved question.

Epidemiological aspects of arterial stiffness

So far, no epidemiological studies have been directed towards
assessing arterial stiffness as an independent cardiovascular
risk factor, largely because of practical difficulties in measur-
ing arterial stiffness in the large populations required to de-
termine cardiovascular morbidity and mortality rates. How-
ever, increasing interest in the clinical consequences of arterial
stiffness has led several groups to approach this question in-
directly by studying two risk factors, mean blood pressure
(which depends mainly on the tone and structure of small
arterioles) and pulse pressure (which depends mainly on the
stiffness of large arteries).

Mean versus pulse pressure

Epidemiological studies have widely revealed a close correla-
tion berween blood pressure and the incidence of cardiovas-
cular disease [7]. The respective roles of systolic and diastolic
blood pressure have also been investigated [7-9]. The results
have shown that diastolic blood pressure is more strongly re-
lated to cardiovascular risk before the age of 45 years, whereas
systolic pressure is more strongly related to risk after the age
of 45 years [8]. However, in these studies the level of systolic.
diastolic or mean blood pressure was considered on an exclu-
sive basis. The concept that the pulsatile component of blood
pressure could influence cardiovascular morbidity and mor-
tality independently of mean arterial pressure was not evalu-
ated in these older studies.

The relationship between the two components of blood pres-
sure, mean arterial pressure and pulse pressure, and cardio-
wvascular risk was investigated in 18 336 men and 9351 wom-
en, aged 40-69 years and living in Paris [10]. Since mean
arterial pressure and pulse pressure are now known to be tight-
ly interrelated, the statistical evaluation used a principal com-
ponent analysis in order to define two independent parame-
ters, independently reflecting the steady component and the
pulsatile component of blood pressure. With cross-sectional
analysis, the findings related to the steady component index

_were quite similar to those previously reported for diastolic or

mean blood pressure in most published epidemiological stud-
ies, in that mean pressure and diastolic pressure are strong
determinants of the overall cardiovascular risk, involving the
brain, the heart and the kidney [7,8]. In contrast, the pulsatile

~.component index was exclusively related to cardiac changes,

as judged from the degree of cardiac hypertrophy evaluated
from electrocardiography. The specific role of the pulsatile

_ component index as an independent cardiac risk factor was

confirmed by a 10-year survival analysis [10]. In particular, in
women older than 55 years, the pulsatile component index



was independently correlated with coronary disease mortali-
q" *

The J-shaped curve relating cardiovascular rlsk to blood
pressure levels

In most epidemiological studies a linear relationship between
cardiovascular risk and blood pressure has been reported, the
higher the blood pressure, the higher the risk of cardiovas-
cular disease. This hypothesis is often assumed in therapeu-
tic trials on hypertension and seems to be especially true from
life insurance actuarial data. However, although it seems likely
that the curve relating cardiovascular risk to blood pressure is
linear for a diastolic pressure of >85-90 mmHg, linearity can-
not be completely assumed for diastolic pressures below this
level. Several studies have suggested that heart attack mor-
tality is related to diastolic pressure in a curvilinear relation-
ship (J- or U-shaped curve) [11,12]. Under this hypothesis the
risk decreases as blood pressure falls, but an increased risk is
expected below an optimum value of blood pressure. This
finding has been observed in untreated as well as treated
patients, and a similar phenomenon has been found in large
population studies. Whereas most patients show a positive
relationship berween diastolic blood pressure and heart at-
tack mortality (the lower the pressure, the lower the inci-
dence), in the subgroup of patients with pre-existing ischaemic
heart disease, the curve was J-shaped, with an increase in mor-
tality when diastolic blood pressure fell below 85 mmHg
[11,12]. Interestingly, the relationship relating systolic pres-
sure to heart attacks is linear: the lower the systolic pressure,
the lower the risk, even for very low svstolic pressures. These
results strongly suggest thatan excessive drop in diastolic but
not systolic blood pressure may be dangerous, especially in
patients with a history of atherosclerotic lesions.

In accordance with this concept, Madhavan er a/. [13] pro-
spectively assessed the influence of pulse pressure in more
than 2000 patients with cardiovascular disease. The results
showed that a high pulse pressure (>63 mmHg) was associ-
ated with a roughly threefold increased incidence of cardio-
vascular events during treatment. Interestingly, it was only
among patients with a high pretreatment pulse pressure (i.e.
increased arterial stiffness) that the J-shaped relationship be-
tween diastolic blood pressure and mvocardial infarction was
found. In other words, pretreatment pulse pressure not only
provides valuable prognostic information in itself, but is also
useful in identifying those patients in whom an excessive fall
in diastolic pressure following treatment is likely to be associ-
ated with an increased risk of myocardial infarction. A de-
crease in diastolic pressure as a consequence of stiffening of
the large arteries has been discussed by several authors [14].

We suggest that in subjects with high aortic stiffness, a de-

crease in vascular resistance following antihypertensive treat-
ment may cause an excessive decrease in diastolic blood pres-
sure if large artery compliance is not improved (i.e. pulse
pressure is not reduced). We propose that at least part of the
J-shaped relationship between diastolic pressure and cardio-
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vascular mortality can be attributed to a decline in diastolic
pressure as a direct consequence of stiffening of the large ar-
teries. Therefore, decreased aortic compliance may be the
mechanism by which a specific fall in diastolic blood pres-
sure leads to a decrease in coronary flow. This concept has
not been fully evaluated in the various therapeutic trials of
hypertension. _ - i

However, although pulse pressure evaluated at the siteof the
brachial artery roughly reflects large artery elasticity, it remains
an indirect and not always accurate paralﬁctcr for the evalua-
tion of arterial stiffness. Therefore more accurate, non-inva-
sive methods are preferable for evaluating the elastic proper-
ties of large arteries. Recent progress in the development of
simple, reliable and highly reproducible automatic devices
have now made it possible to design new epidemiological stud-
ies in which the influence of arterial stiffness on cardiovas-
cular morbidity and mortality can be better assessed.

Factors increasing arterial stiffness _

In terms of vascular mechanics, it is generally accepted that
the composition of blood vessels influences the distensibility
of the vessel wall [15,16]. This concept takes account of the
relationship between structure and the mcchanu:s of the ves-
sel wall in terms of the elastic moduli of individual wall com- '
ponents, mainly vascular smooth muscle, collagen and elas-
tin proteins [15]. Moreover, arterial mechanical properties are
dependent on the level of interaction between arterial wall
components (cells and extracellular matrix). These interac-
tions are mediated by adhesion proteins such as fibronectin
and laminin and their receptors the integrins [17,18]. Stimu-
lation of these receptors promotes cell adhesion and migra-
tion and influences the phenotype of the smooth muscle cell
(contractile versus synthctic state). Recent results indicate that.
fibronectin influences mechanical properties through the oc- -
currence of new collagen cross-linking within the arterial wall.
Therefore, adhesion proteins and their receptors are candi-
date proteins for contro[]mg vascular tone and regulating ar-
terial stiffness. These functional and structural modifications
to the arterial wall have important effects on the cardiovas-
cular system, increasing the incidence of fracture, rupture and
aneurysm formation in artenes and, potent:ally, the develop-
ment of atherosclerosis.

Ageing and hypertension are the most common factors lead-

ing to arterial stiffness (Fig. 1). Other genetic and environ-
mental factors can increase arterial stiffening and accelerate
the effects of age and hypertension.

Ageing ‘

In elderly patients a potential risk factor for mcrcascd cardio-,
vascular morbidity and mortality is stiffening of the aortaand
other large arteries. From the macroscopic standpoint, age
changes in the larger arteries are associated with increases.in,
the aortic diameter and wall thickness, in elastin fragmenta-,
tion and calcification, and in the collagen content [19]. These
findings are predominantly responsible for the increase in
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pulse wave velocity with age [1]. These alterations are more
pronounced in central (thoracic aorta, carotid) than in periph-
eral (femoral or radial) arteries [20].

»

Although age and hypertension both alter the arterial wall and

increase stiffness, the predominant anatomical and functional

changes are not the same, and must be distinguished. The
diameter enlargement and the elastin degradation are the main
age-related changes, due essentially to tissue fatigue [1,19],
whereas hypertrophy and collagen accumulation are the prin-
cipal hypertensive alterations and can be attributed to the
increased mechanical stress (defensive mechanism) and/or the
increased activity of trophic humoral factors [15,21].

Despite these differences, age-related structural changes in
the aortic and carotid wall are strongly accelerated in the pres-
ence of hypertension.

Arterial stiffening with ageing is accompanied by an eleva-

tion in systolic blood pressure which averages 25-35 mmHg -

between the third and the eighth decades of life in healthy
subjects. In the past, vascular stiffening and increases in
systolic blood pressure and pulse pressure have been consid-
ered a part of normal ageing and no treatment for these altera-
tions has been proposed. However, older subjects with in-
creased systolic blood pressure and pulse pressure are now
known to have higher cardiovascular morbidity and mortality
[7,8]. In addition, it is clear that a decrease in systolic pres-
sure and in pulse pressure following antihypertensive treat-
ment can reduce the incidence of cardiovascular events; this
benefit is highly significant for both cerebrovascular and coro-
nary events, even in very aged patients [22,23].

Therefore, large artery stiffening must be seen as a common
but not normal ageing related process, and should be consid-
ered a major risk factor for cardiovascular events.

Arterial hypertension

It is generally accepted that hypertension increases stiffness
of the large arteries by inducing several structural alterations
in the arterial wall including hypertrophy, and changes in the
extracellular matrix, mainly an increase in collagen. In addi-
tion, an increase in blood pressure is a major determinant of
arterial wall stiffness in hypertension [1,15,24,25]. Local hor-
monal changes in hypertensive subjects may have pressure-
independent effects on the arterial wall, mainly by modifying
cell growth or synthesizing extracellular matrix [26,27]. Nev-
ertheless, it is difficult to know whether the changes in arteri-
al stiffness are pressure-related or due to intrinsic changes in
the arterial wall or to a combination of both factors. Experi-
ments on rings or strips of arterial segments studied in vitro
and, in some cases, /7 vivo [28-30] are controversial; carotid
and aortic elastic properties in hypertensive animals were
shown to be decreased or unchanged according to different

experimental models and procedures. Moreover, recentin vive

studies have shown that the relationships between structural

changes and distensibility during hypertension are more com-

plex.

Fig. 1
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For any given age, carotid—femoral pulse wave velocity is higher in hypertensives
compared with normotensive controls, indicating increased aortic stiffness in the

hypertensives. :

First, if at the site of the central aorta and the carotid artery,
decreased values of operating (i.e. evaluated at mean pres-
sure level) distensibility have been observed [31-35], in more
peripheral arteries, such as brachial and radial arteries, dis-
tensibility was barely or not modified [32,36], despite the

. development of arterial hypertrophy.

Second, at the site of the central aorta and the carotid artery,
decreased values of operating distensibility have been ob-
served compared to normotensives. However, distensibility
measured at the same blood pressure level [35,37] is often -
similar in normotensive and hypertensive subjects, indicat-

‘ing that distensibility is highly proportional to blood pressure

levels. These results show that arterial wall hypertrophy, which
is present in a large majority of patients with chronic hyper-.
tension, is not a determinant of the development of arterial
stiffness. [t seems that for a given blood pressure level, arte-
rial distensibility of the central arteries in hypertensives may -
be altered as a function of various environmental and/or ge-
netic factors which affect the composition of the extracellular-
matrix of the arterial wall. In this respect, genetic determi-
nants may play a key role in the response of large arteries to
hypertension.

The important concept is that in those hypertensive patients
who develop exaggerated stiffness of the large arteries, the
hypertension will be aggravated, with increases in systolic
blood pressure and pulse pressure and the clinical conse-
quences outlined earlier in this review. It is therefore particu-
larly important to identify patients with an increased risk of
such alterations.



Genetic factors of the renin-angiotensin system

The genetic background may influence the large arteries in
many ways. First, genetic disorders are respensible for some
uncommon but severe monogenic cardiovascular diseases such
as homozygous familial dyslipidaemia, Liddle’s disease [38]
and Gordon’s syndrome [39]. Second, the association of sev-
eral genetic and environmental factors leads to the develop-
ment of many risk factors such as essential hypertension,
dyslipidaemia, salt sensitivity and non-insulin-dependent dia-
betes [40,41]. In this case, multiple genetic and environmen-
tal factors participate in the development of risk factors re-
sponsible for arterial alterations.

Finally, genetics can influence the vulnerability of the arte-
rial wall to risk factors such as hypertension, ageing, choles-
terol and smoking. In other words, for a similar degree of risk,
arterial stiffening may be more or less pronounced as a func-
tion of genetic factors. Identification of such genetic markers
may be of major interest in the detection of high-risk patients.
In humans, these factors can now be identified by studying
variants (polymorphisms) of genes coding for proteins that are
implicated in cardiovascular regulation (candidate genes)
[42—46].

Research interest is now focusing on the relationship between
genetic factors of the renin-angiotensin system and modula-
tion of large artery stiffness. The renin—angiotensin system is
an important regulator of blood pressure, salt and water
homeostasis and large artery structure [21]. The genes associ-
ated with this system have been studied for their effects on
arterial disease [42-45], and molecular biological techniques
have been used to identify polymorphisms for several of these
genes [42—44]. Increasing evidence from human genetic stud-
ies now indicates that the ACE genotype is an independent
risk factor for cardiac [47,48] and arterial hypertrophy [49],
and myocardial infarction [43,45], so that the renin-angioten-
sin system is directly implicated in these cardiovascular al-
terations. Most of the actions of this system are mediated by
angiotensin IT through stimulation of AT receptors [50]. The
recent identification of AT -receptor gene A/C polymorphism
thus suggests that the AT -receptor is involved in arterial al-
terations [51]. This polymorphism is related to the transversion
of cytosine for adenine located at the 5" end of the 3’
untranslated region in position 1166 of the AT, gene. The
polymorphism is probably not functional but might be in link-
age disequilibrium with an unidentified functional variant. It
has been shown that the frequency of the AT, C allele is in-
creased in patients with severe hypertension [51] or myocar-
dial infarction [52].

Recently, we studied polymorphisms of the renin—angiotensin
system genes for their effect on the development of aortic
stiffness in hypertensive and normotensive subjects [53,54].
Arterial stiffness was assessed by measuring aortic pulse wave
velocity, which is a non-invasive, accurate, safe and reproduc-
ible method suited to the screening of large populations. In
hypertensives the presence of the AT, C allele was associated
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with increased aortic stiffness in both sexes, independently
of blood pressure levels, and this polymorphism explained
11.6% of the variance in pulse wave velocity. The effect ap-
peared to be codominant in that mean pulse wave velocity
values in AT AC heterozygotes were intermediate between
those of the two groups of homozygotes. The results of these
studies show several interactions between this genetic poly-
morphism and other risk factors.

First, the fact that AT, polymorphism is associated with aor-
tic stiffness in hypertensives but not in normotensives may
be related to a potentiation of the arterial effects of hyperten-
sion in some genotypes of the AT, receptor. This resultis also
consistent with experimental studies [55] showing that angio-
tensin [I-induced vascular smooth muscle proliferation in vitro
was strongly enhanced by increased mechanical stretching,
suggesting that hypertension-associated mechanical or struc-
tural alterations may be potentiated by angiotensin II receptor
stimulation.

Second, the strong association between AT, genotype and
aortic stiffness was observed in both younger and older hy-
pertensive patients but this effect was more pronounced in
the older patients (Fig. 2). In other words, older patients with-
the C allele (approximately 45% of the population) develop
more severe vascular stiffening than patients without the C
allele, suggesting that this polymorphism could modify the
effects of age on arterial stiffness.

Third, in our study an interaction was found between AT
genotype and total cholesterol : high-density lipoprotein
(HDL) ratio, affecting aortic stiffness [53]. Thus in hyperten-

Fig.2
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There is a strong association between angiotensin |l AT, -receptor genotype and
aortic stifiness in both younger and older hypertensive patients but this effect is
more pronounced in the older patients. Thus patiénts with this mutation (presence
of the C allele) develop, with ageing, more severe vascular stiffening than patients
without the C allele, suggesting that this polymorphism could modify the effects
of age on arterial stiffness. Adapted from Benetos et al. [54].
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sives presenting the C allele, a positive correlation was ob-
served between this ratio and the pulse wave velocity. In con-
trast, in patients without the C allele (AA homozygotes) an
increase in the total : HDL cholesterol ratio was not associat-
ed with increased stiffness. These intriguing results suggest
that the effects of lipids on large arteries may vary as a func-
tion of the AT, genotype.

Taken together, these results suggest that the AT, gene
polymorphism is a particularly important risk marker for arte-
rial stiffness, and could modulate the effects of hypertension,
ageing and lipids on large arteries. Studies in larger popula-
tions are needed to evaluate the role of several candidate genes
as modulators of the response of the large arteries to the clas-
sical risk factors

Improvement of arterial stiffness with
antihypertensive drugs

Dissociated actions of drugs on blood pressure and
large artery mechanical properties

Studies of pharmacological agents clearly indicate that for the
same blood pressure reduction, arterial stiffness may be mod-
ified to a greater or lesser extent depending on the antihyper-
tensive compound (Fig. 3). A marked increase in compliance
is obtained with ACE inhibitors [56-59], calcium entry block-
ers [60,61] and nitrates [62-64]. Inconsistent changes are ob-
tained with blockade of the autonomic nervous system, par-
ticularly following &t- and B, -blockade [65,66]. Minor changes
are observed with diuretic compounds [67,68], non-cardiose-
lective B-blocking agents such as propranolol [69] and dihy-
dralazine (or derivatives) [70]. Thus, vasodilating compounds
may have different effects on large arteries despite similar
effects on peripheral resistance and blood pressure. Experi-
mental studies have shown that even when ACE inhibitors
are administered in low, non-antihypertensive doses, these
drugs are able to prevent the accumulation of collagen in the
aortic media and improve arterial rigidity, whereas other va-
sodilators such as dihydralazine or diuretics have little or no
effect on these arterial parameters [27]. The underlying mech-
anism for these differences is not yet completely understood
but there are indications that non-pressure-related factors are
involved in the development of cardiovascular alterations
during hypertension. In particular, drug-induced activation
or inhibition of the renin-angiotensin or the sympathetic sys-
tems seems to be able to modify arterial stiffness.

Pharmacogenetics: a new pharmacological concept

Another important point is that human essential hyperten-
sion is a multifactorial and heterogeneous disease and this
heterogeneity influences the response to the antihypertensive
drugs. Currently, clinicians have very few markers to indicate
which mechanisms are predominant in a given hypertensive
patient. Such markers could have a major impact on thera-
peutic strategies and drug choice. It has been suggested that
plasma levels of renin or ACE could be helpful in determin-
ing the best type of drug therapy for individual hypertensive
patients, with ACE inhibitors and B-blockers being more ef-

Fig. 3
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Improvement of arterial distensibility with different antihypertensive drugs. For the
same blood pressure reduction, arterial distensibility may be increasedtoa
greater or lesser extent depending on the antihypertensive compound. Data
obtained from clinical studies by M. Safar's group. :

fective in patients with high plasma renin activity, and diuret-
ics and calcium channel blockers more effective in low-renin
patients [71]. However, plasma renin levels may not reflect -
the tissue activity of the renin-angiotensin system [72]. Thus.
genetic polymorphisms of the renin—angiotensin system might
be a more reliable indicator than renin or ACE plasma levels
when assessing the activation of this system and predicting
the efficacy of drugs. We have found that AT, A/C receptor
polymorphism influences the effects of antihypertensive drugs
on blood pressure and arterial stiffness (Fig. 4). In patients
carrying the C allele, the increase in arterial compliance was
more pronounced during treatment with ACE inhibitors than
with calcium channel blockers, whereas the inverse tenden-
cy was observed in AA homozygotes [73]. These results show
that identification of genetic markers could be useful in the
choice of drugs for hypertension.

Finally, treatments based on a combination of drugs may be
useful in a large spectrum of hypertensive patients. For ex-
ample, a calcium channel blocker + ACE inhibitor combina-
tion could be particularly useful in patients with arterial stiff-
ness, since both compounds have shown a high efficacy in
improving large artery compliance, and provide synergistic
effects when given together. Another advantage of this com-
bination is that neither of the two compounds has adverse
effects on metabolic factors that can alter arterial structure
and function such as lipids, plasma glucose and insulin toler-
ance.
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the angiotensin [l AT, receptor A/C genotype. In
patients carrying the C allele, blood pressure
decrease and increase in arterial compliance was
mare pronounced with ACE inhibitors than with
calcium channel blockers, whereas the inverse
tendency was observed in AA homozygotes. Adapted
from Benetos et al. [73].

Fig. 5

Genetics Blood pressure NaCl Cholesterol

Age
It

Atheromatosis

T

[ 1 Large artery distensibility |

T LV hypertrophy

{ v
T Pulse pressure
|

1

|Aneurysms | | Arterial hypertrophy |

I Inadequate coro

nary perfusion |

L

Jl

\

| T Cardiovascular morbidity and mortality |

Sch representation: of the relationships
between risk factors, arterial stiffness and
cardiovascular alterations. Large artery stiffening
caused by the combined effects of multiple risk
factors could be responsibie for a large number of
fatal and non-fatal cardiovascular events. LV, left
ventricular.

Conclusions

Many aspects of the clinical management and the patho-
physiology of hypertension may be better understood when
the status of the large arteries is taken into consideration. Large
arteries are not merely passive conduits: they have an impor-
tant place in the genesis, evolution and the therapeutic ap-
proach to the hypertensive vascular disease. The large artery—
blood pressure relationship is reinforcing in nature. An in-

crease in blood pressure often leads to iarge artery stiffness,
especially when other risk factors are present. In turn, the
increased stiffness aggravates hypertension by increasing
systolic blood pressure and can induce cardiac hypertrophy
and arterial lesions (Fig. 5).

A major question for clinicians is to determine the risk profile
of the individual hypertensive patient and propose a more
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rational therapeutic strategy. The development of accurate,

non-invasive methods has made it possible to detect altera-’
tions to the large arteries in the early stages. Determination of

genetic polymorphisms may be of major importance in iden-
tifying high-risk patients and selecting appropriate annhyper-
tensive therapy.

References

1 Nichols WV, O'Rourke MF: McDonald's Blood Flow in Arteries: Theoretical,
Experimental and Principles, 3rd edn. London: Edward Amold;
1990:77-142, 216-269, 283-269, 398-437.

2 Safar ME: Pulse pressure in essential hypertension: clinical and
therapeutical implications. J Hypertens 1989, 7:768-776.

3 Safar ME: Atherosclerotic hypertension: systolic hypertension and
arterial compliance in patients with arteriosclerosis obliterans of the
lower limbs. In The Heart in Hypertension. Edited by Safar M E Fouad 'I'ara.z:
F. Dordrecht: Kluwer Academic; 1989:123-133. !

4 Stefanadis C, Wooley CF, Bush CA, Kolibash AJ, BoudoulasJ Aortic
distensibility abnormalities in coronary artery disease. Am J Cardiol
1987, 59:1300-1304.

& Dart AM, Lacombe F, Yeoh JK, et al: Aortic distensibility in patients with
isolated hypercholesterolaemia, coronary artery disease, or cardiac
transplant. Lancet 1991, 338:270-273.

& Watanabe H, Ohtsuka S, Kakihana M, Sugishita Y: Coronary circulation in
dogs with an experimental decrease in aortic compliance. / Am Coll
Cardiol 1993, 21:1497-1506.

7 Kannel WB, Stokes JLL: Hypertension as a cardiovascular risk factor. In
Handbook of Hypertension, Vol 6, Epidemiology of Hypertension. Edited by
Bulpitt CJ. Amsterdam: Elsevier Science; 1985:15-34.

8 Kannel WB, Gordon T, Schwartz MJ: Systolic versus diastolic blood
pressure and risk of coronary heart disease: the Framingham study. Am
J Cardiol 1971, 27:335-346.

9 Safar ME: Therapeutic trials and large arteries in hypertension. Am Heart
J 1988, 115:702-719.

10 Darné B, Girerd X, Safar ME, Cambien F, Guize L: Pulsatile versus steady
component of blood pressure: a cross-sectional and a prospective
analysis on cardiovascular mortality. Hypertension 1989, 13:392-400.

11 Cruickshank JM: Coronary flow reserve and the J curve relation between
diastolic blood pressure and myocardial infraction. BM.J 1988,
297:1227-1230.

12 Farnett L, Murrow CD, Linn WD, Lucey CR, Tuley MR: The J-curve
phenomenon and the treatment of hypertension: is there a point beyond
which pressure reduction is dangerous? JAMA 1990, 265:489-495.

13 Madhavan S, Ooi WL, Cohen H, Alderman MH: Relation of pulse pressure
and blood pressure reduction to the incidence of myocardial infarction.
Hypertension 1994, 23:395-401.

14 Witteman JCM, Grobbee DE, Valkenburg HA, et al.: J-shape relation
between change in diastolic blood pressure and progression of aortic
atherosclerosis. Lancet 1994, 343:504-507.

15 Cox RH: Basis for the altered arterial wall mechanics in the
spontaneously hypertensive rat. Hypertension 1981, 3:485-495.

16 Liu Z, Ting C-T, Zhu S, Yin FCP: Aortic compliance in human hypertension.
Hypertension 1989, 140:129-136,

17 Hynes RO: Integrins: a family of cell surface receptors. Cell 1987,
48:549-554,

18 Bardy N, Carillon G, Merval R, Samuel JL, Tedgui A: Differential effects of
pressure and flow on DNA and protein synthesis and on fibronectin
expression by arteries in a novel organ culture system. Circ Res 1995,
77:684-694.

19 Dobrin PB: Vascular mechanics. In Handbook of Physiclogy. Section 2: The
Cardiovascular System. Vol Ill. Peripheral Circulation and Organ Blood Flow,
Part |. Edited by Sheperd JT, Abboud FM, Geiger SR. Bethesda, Maryland:
American Physiological Society; 1983:65-102.

20 Benetos A, Laurent S, Hoeks AP, Boutouyrie PH, Safar ME: Arterial
alterations with ageing and high blood pressure : a non-invasive study
of carotid and femoral arteries. Arterioscler Thromb 1993, 13:90-97.

21 Dzau VJ, Safar ME: Large conduits arteries in hypertension: role of the
renin-angiotensin system. Circulation 1988, 77:947-953.

22 SHEP Cooperative R ch Group: Prev of stroke by
antihypertensive drug treatment in older persons with isolated systolic
hypertension: final results of the Systolic Hypertension in the Elderly
program (SHEP). JAMA 1991, 265:3255-3264.

23 MRC Working Party: Medical Research Council trial of treatment of
hypertension in older adults: principal results. BMJ 1992, 304:405-412.

24 Safar ME, Laurent S, Pannier BM, London GM: Structural and functional

modifications of peripheral large arteries in hypertensive patients. J Clin
Hypedens 1987, 3:360-367,

25 Glagov S, Vito R, Giddens DP Zarins ChK: Micro-architecturé and
composition of artery walls: relationship to location, diameter and the
distribution of mechanical stress. J Hypertens 1992, 10 (suppl 6):
S101-5104.

26 Bunkenburg B, van Amelsvoort T, Rogg H, "Wood JM: Receptor-mediated
effects of angiotensin Il on growth of vascular smooth muscle cells from
spontaneously hypertensive rats. Hypertension 1992, 20:746-754.

27 Albaladejo P, Bouaziz H, Duriez M, et al.: Angiotensin converting enzyme
inhibition prevents the increase in aortic col!agan in rats. Hyper:ensmn
1994, 23:74-82. .

28 Yin FCP, Liu Z: Arterial pli physiological viewpoint. In Vascular
Dynamics: Physiological Perspectives. Edited by Westemof N, Gross DR.
Mew York: Plenum Press; 1989:9-22.

' 29 Levy BI, Michel JB, Salzmann JL, et al.: Effects of c:hronic inhibition of -

converting enzyme on mechanical and structural properties of arteries
in rat renovascular hypertension. Circ Res 1988, 63:227-229.

30 Benetos A, Pannier B, Brahimi M, Safar Me, Levy Bl: Dose-related changes
in the mechanical properties of the carotid artery in WKY rats and SHR
following relaxation of arterial smooth muscle. J Vasc Res 1993,
30:23-29. . ?

31 Milnor WR: Hemodynamics. Baltimore: Williams and Wilkins; 1982:56-96.. -

32 Boutouyrie P, Laurent S, Benetos A, Girerd X, Hoeks APG, Safar ME:
Opposite effects of ageing on distal and proximal large arteries in
hypertensives. J Hypertens 1992, 10 (suppl 6):S87-592.

33 Isnard RN, Pannier BM, Laurent S, London GM, Diebold B, Safar ME:
Pulsatile diameter and elastic modulus of the aortic arch in essential
hypertension: a non-invasive study. J Am Coll Cardiol 1989, 13:399-405.

34 Benetos A, Asmar R, Gautier S, Salvi P, Safar M: Heterogeneity of the
arterial tree in essential hypertension: a non invasive study of the
terminal aorta and the common carotid artery. J Hum Hypertens 1994,
8:501-507.

35 Laurent S, Caviezel B, Beck L, ef al.: Carotid artery distensibility and
disterising pressure in hypertensive humans. Hypertension 1994, -
23:878-883. ) ) )

36 Haydz D, Rutschmann B, Perret F, et al.: Conduit artery compliance and
distensibility are not necessarily reduced in hypedensuuwHyperfensaon
1992, 20:1-6. i

37 Roman MJ, Saba PS5, Pini R, eta! Parallel cardiac and vascular adaplation s
in hypertension. Can J Pharmacol 1996, 86:909-918.

38 Shimkets R, Warnock D, Bositis'C, ef al.: Liddle's syndrome: heritable i
human hypertension caused by mutations in the beta subunit of the .
epithelial sodium channel. Cell 1994, 79:407-414.

39 Gordon R, Klemm S, Tunny T, Stowasser M: Gordon's syndrome: a sodaum-
volume-dependent form of hypertension with a genetic basis. In e
Hypertension: Pathophysiology, Diagnosis and Management. Edited by
Laragh J, Brenner B. New York: Raven Press; 1995:2111-2113,

40 Thomson G: Mapping disease genes: family based association studies.
Am J Hum Genet 1995, 57:487-498.

41 Jeunemaitre X, Soubrier F, Kotelevtsev YV, et aJ Molecular basis of human
hypertension: role of angiotensinogen. Cell 1992, 71:169-180.

42 Cambien F, Alhenc-Gelas F, Herbeth B, et al.: Familial resemblance of
plasma angiotensin-converting enzyme level: the Nancy study. Am J
Hum Genet 1988, 43:774-780.

43 Tiret L, Kee F, Poirier O, et al.: Deletion polymorphism in angiotensin-
converting enzyme gene associated with parental history of myocardial
infarction. Lancet 1993, 341:991-992, .

44 Naftilan AJ, Williams R, Burt D, ef al.: A lack of genetic linkage of renin
gene restriction fragment length polymorphisms with human
hypertension. Hypertension 1989, 14:219-224,

45 Cambien F, Poirier O, Lecerf L, et al.: Deletion polymorphism in the gene
for angiotensin converting enzyme is a potent risk factor for myocardial
infarction. Nature 1992, 359:641-644.

46 Marian Al, Yu QT, Workman R, Greve G, Roberts R: Angiotensin-converting
enzyme polymorphism in hypertrophic cardiomyopathy and sudden
cardiac death. Lancet 1993, 342:1085-1086.

47 Danser AHJ, Schalekamp MADH, Bax WA, et al.: Angiotensin-converting
enzyme in human heart Circulation 1995, 92:1387-1388.

48 Schunkert H, Hense H-W, Holmer SR, et al.: Association between a
deletion polymorphism of the angiotensin converting enzyme gene and
left ventricular hypertrophy. N Eng/ J Med 1994, 330:1634-1638.

49 Castellano M, Mulesan ML, Rizzoni D, ef al.: Angiotensin-converting
enzyme |/D polymorphism and arterial wall thickness in general
population: the Vobarno study. Circulation 1995, 91:2721-2724.

50 Rogg H, Schmid A, de Gasparo M: Identification and characterisation of
angiotensin Il receptor subtypes in rabbit ventricular myocardium. .
Biochem Biophys Res Commun 1990, 173:416-422. !



51 Bonnardereaux A, Davies E, Jeunemaitre X, et al.: Angiotensin Il type 1
receptor gene polymorphisms in human essential hypertension.
Hypertension 1994, 24:63-69.

52 Tiret L, Bonnardeaux A, Poirier O, et al.: Synergistic effects of angiotensin-
converting enzyme and angiotensin Il type 1 receptor gene
polymorphism on the risk of myocardial infarction. Lancet 1994,
344:910-913.

53 Benetos A, Topouchian J, Ricard S, et al.: Influence of angiotensin Il type 1
receptor polymorphism on aortic stiffness in never-treated hypertensive
patients. Hypertension 1995, 26:44-47,

54 Benetos A, Gautier S, Ricard S, et al.: Influence of angiotensin converting
enzyme and angiotensin Il type 1 receptor gene polymorphisms on
aortic stiffness in normotensive and hypertensive patients. Circulation
1996, 94:698-703.

55 Sudhir K, Wilson E, Chattergie K, Ives HE: Mechanical stress and collagen
potentiate mitogenic activity of angiotensin Il in rats vascular smooth
muscle cells. J Clin Invest 1993, 92:3003-3007.

56 Shimamoto H, Shimamoto Y: Lisinopril improves aortic pli and
renal blood flow. Comparison with nitrendipine. Hyper ion 1995,
25:327-334.

57 Asmar RG, Pannier B, Santoni JPH, et al.: Reversion of cardiac
hypertrophy and reduced arterial compliance after converting enzyme
inhibition in essential hypertension. Circulation 1988, 78:941-950.

58 Benetos A, Santoni JP, Safar M: Vascular effect of intravenous infusion of
the ACE inhibitor perindoprilat. J Hypertens 1990, 8:819-826.

59 Benetos A, Asmar R, Vasmant D, Thiery P, Safar M: Long lasting arterial
effects of the ACE inhibitor ramipril. J Hum Hypertens 19891, 5:363-368.

60 Safar ME, Pannier B, Laurent S, London GM: Calcium-entry blockers and
arterial compliance in hypertension. J Cardiovasc Pharmacol 1989, 14
(suppl 10):S1-56. .

61 Asmar R, Benetos A, Brahimi M, Chaouche K, Safar M: Arterial and
antihypertensive effects of nitrendipine: a double blind comparison
versus placebo. J Cardiovasc Pharmaco/ 1992, 20:858-863.

62 Laurent 5, Arcaro G, Benetos A, Lafleche A, Hoeks APG, Safar ME:
Mechanism of nitrate-induced improvement on arterial compliance
depends on vascular territory. J Hypertens 1992, 10:587-592.

63 Smulyan H, Mookherjee S, Warner RA: The effect of nitroglycerin on
forearm arterial distensibility. Circulation 1986, 73:1264-1269.

64 Safar ME: Antihypertensive effects of nitrates in chronic human
hypertension. J Appl Cardiol 1990, 5:69-81.

65 Trimarco B, Lemb G, De Luca N: Effects of celiprolol on systemic and
forearm circulation in hypertensive patients: a double-blind cross-over
study versus metoprolol. J Clin Pharmacol 1987, 27:593-600.

66 Asmar RG, Kerihuel JC, Girerd XJ, Safar ME: Effect of bisoprolol on blood
pressure and arterial hemodynamics in systemic hypertension. Am J
Cardiol 1991, 68:61-64.

67 Laurent S, Lacolley PM, Cuche JL, Safar ME: Influence of diuretic on
brachial artery diameter and distensibility in hypertensive patient.
Fundam Clin Pharmacol 1990, 4:685-693.

68 Asmar R, Benetos A, Chaouche-Teyara K, Raveau-London C, Safar M:
Comparison of effects of felodipine versus hydrochloriazide on arterial
diameter and pulse-wave velocity in essential hypertension. Am J
Cardiol 1993, 72:794-798.

69 Simon A, Levenson J, Bouthier J, et al.: Comparison of oral MK 421 and
propranolol and their effects on arterial and venous vessels of the
forearm. Am J Cardiol 1984, 53:781-785.

70 Bouthier JA, Safar ME, Curien ND, London GM, Levenson JA, Simon AC:
Effect of cadralazine on brachial artery hemodynamics and forearm
venous tone in essential hypertension. Clin Pharmacol Ther 1986,
39:82-88. i &

71 Atlas SA, Niarchos AP: Inhibitors of the renin-angiotensin system, effects
on blood pressure aldosterone secretion and renal function. Am J
Nephrol 1983, 3:118-127.

72 Bidiville J, Nussberger J, Waeber G, Porchet M, Waeber B, Brunner HR:
Individual responses to converting enzyme inhibitors and calcium
antagonists. Hypertension 1988, 11:166-173. '

73 Benetos A, Cambien F, Gautier S, et al.: Angiotensin |l AT, receptor gene
polymorphism influences the efficacy of chronic angiotensin converting
enzyme inhibition on blood pressure and arterial stiffness in
hypertensives, Hypertension 1996, 28:1081-1084.

Large artery stiffness Benetos et al. 597



