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Arterial stiffness, hydrochlorothiazide and
converting enzyme inhibition in essential

hypertension

A Bénétos, A Lafleche, R Asmar, S Gautier, A Safar and ME Safar
Department of Internal Médecine and INSERM U337, Broussais Hospital, Paris, France

In a randomized double blind study, the arterial changes
produced either by hydrochlorothiazide plus amiloride
(Group 1), or by hydrochlorothiazide plus captopril
(Group Il) were investigated in two territories of the
arterial tree, the common carotid artery and the terminal
aorta. Arterial echo-tracking techniques of high resol-
ution and applanation tonometry were used to evaluate
non-invasively the indices of arterial stiffness and
carotid wave reflections. In Groups | and I, there was a
similar significant decrease in brachial blood pressure
(BP) and carotid diastolic diameter and an increase in
aortic compliance and distensibility. Groups | and Il dif-

fered significantly in aortic diastolic diameter which
decreased in Group | but not in Group Il, and in carotid
wave reflections which were modified in Group Il but not
in Group l. Thus, captopril associated with hydrochloro-
thiazide resulted in a shift in the carotid arterial reflec-
tion wave from systole to diastole with no reduction in
the aortic diastolic dimension. For similar BP reduction,
the combination of hydrochlorothiazide and amiloride
had no significant effect on the carotid reflection wave,
but caused a significant reduction in the aortic diastolic
diameter. These intergroup differences were related to
the presence or absence of converting enzyme inhibition.
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Introduction

For the same blood pressure (BP) reduction, antihy-
pertensive drugs do not cause the same arterial
changes in hypertensive subjects.! Whereas con-
verting enzyme inhibitors, calcium entry blockers
and alpha (and some beta) blocking agents increase
brachial and systemic arterial compliance, no sub-
stantial change is observed following propranolol,
dihydralazine, and mostly, the diuretic compound
hydrochlorothiazide.??

Cross-section epidemiological studies have shown
that aortic pulse wave velocity, a classical marker of
arterial stiffness, increases with age more markedly
in urban populations with high sodium intake than
in rural populations with low-sodium intake.*
Longitudinal studies in hypertensive subjects indi-
cate that low sodium intake is associated with a dila-
tation of the brachial, and not of the carotid, artery.®
Studies in animals and humans suggest that
increased salt sensitivity of genetic origin is associ-
ated with an increase in arterial stiffness.®” From
such findings, it should be logical to expect that
chronic diuretic treatment in hypertension may be
associated with a decrease in arterial stiffness.

The modest arterial changes following chroniz thi-
azide treatment might result from several possi-
bilities. Firstly, the BP reduction following diuretic
treatment is mild,® resulting in unsignificant
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changes in passive arterial stiffness. However ani-
mal studies showed that some diuretic compounds
might decrease arterial stiffness independently of
pressure changes.® Secondly, changes in salt and
water depletion produced by diuretic treatment
causes simultaneously a stimulation of the sympath-
etic and renin-angiotensin systems, which in turn
may be responsible for arterial constriction. Indeed
norepinephrine and angitotensin II may constrict
the large and medium-sized muscular arteries in
hypertensive subjects.®1?

The purpose of the present study was to evaluate
whether, in the presence of diuretic treatment, the
blockade of the renin-angiotensin system may
reverse the arterial rigidity observed in subjects with
essential hypertension. For this, we compared the
arterial changes observed during long-term treat-
ment by hydrochlorothiazide plus amiloride with
those obtained from an association of hydrochloro-
thiazide with the converting enzyme inhibitor,
captopril. Using new arterial echo-tracking tech-
niques of high resolution,*** two different arterial
territories were investigated non-invasively: the
common carotid artery, and the terminal aorta.

Subjects and methods

Twenty-four subjects, (17 men and 7 women) were
selected from the Hypertension Center, Broussais
Hospital, Paris. All these subjects had mild to mod-
erate essential hypertension with a diastolic BP
between 95 and 114 mm Hg. Criteria for selection
of patients have been extensively published.’* Age
(+s.e.m.) was 48 * 2 years (range 22—71). Weight and
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height were 70 £3 kg and 167 £ 2 cm, respectively.
In all hypertensive subjects, treatments were discon-
tinued 1 month before the study, and diastolic BP
(by conventional spymomanometry) remained
above 95 mm Hg throughout this placebo washout-
period. Patients had no signs, symptoms or history
of cardiac, renal or cerebrovascular accident or
major diseases other than hypertension. On the basis
of conventional echography, no stenosis >30% of
the lumen area or atheromatous plaque of the com-
mon, internal carotid, or ilio-femoral arteries were
noticed. The evaluation of velocities with a continu-
ous Doppler device confirmed the absence of any
significant lesions of the studied segments. Twelve
patients presented mild hypercholesterolemia and
six subjects smoked. No patient presented diabetes
melitus or had antidiabetic treatment. Written con-
sent was obtained from each subject after a detailed
description of the procedure. The protocol was
approved by the ethical committee of INSERM
(Institute National de la Santé et de la Recherche
Meédicale, France).

After the 2 weeks placeo-period, a double blind
randomized study was performed comparing two
parallel groups: Group I (n=12) (8 men and 4
women) with hydrochlorothiazide (50 mg/day) and
amiloride (5 mg/day); Group II (n=12) (9 men and 3
women) with hydrochlorothiazide (25 mg/day) plus
captopril (50 mg/day). Each drug was given po at
08.00 as a single dose. Doses were chosen on the
basis of already published pharmacokinetic and
pharmacodynamic data on hydrochlorothiazide and
captopril, indicating that: (i) 50 mg captopril pro-
duced an effective plasma angiotensin converting
enzyme (ACE) blockade of the hydrochlorothiazide-
induced activated renin-angiotensin system, and (ii)
hydrochlorothiazide (50 mg/day) caused the same
decrease in BP as hydrochlorothiazide (25 mg/day)
plus captopril (50 mg/day)."*-'®* Because changes in
plasma potassium were shown to have no direct
interference with changes in arterial stiffness,' ami-
loride was added to hydrochlorothiazide in order to
control plasma potassium. On the other hand, pre-
vious studies in the literature*® indicated that hyd-
rochlorothiazide alone or associated to amiloride
induced identical arterial changes. The duration of
the active treatment period was 3 months between
Day 0 (D0) and Day 90 (D90). Plasma potassium, cre-
atinine, uric acid, glucose and total cholesterol were
measured at DO and D90. Baseline clinical and bio-
logical characteristics are indicated in Table 1.

Hemodynamic investigations were performed at

Table 1 Baseline clinical and biochemical characteristics

Group I Group II

(n=12) (n=12)
Age (years) 47+4 49+3
Body weight (kg) 69+4 71+3
Body height (cm) 169+ 3 166 £ 3
Plasma potassium (mmol/1) 4.23+0.11 4.21+0.08
Plasma total cholesterol (mol/l) 5.8+0.4 6.0+0.4
Plasma uric acid (pmol/1) 285+ 20 299121
Plasma creatinine (umol/1) 89+2.8 90+3.2

the end of the placebo-period (D0) and of the trial
(D90). Each subject was investigated in a controlled
environment of 22 + 3C. After 20 minutes of rest in
the supine position, systolic and diastolic BP and
heart rate were determined every 2 min by an
oscillometric recorder (Model 845, Dinamap, Criti-
kon, Tampa, FL, USA) positioned on the right arm.
The same parameters were also measured with a
mercury sphygmomanometer on the right arm. In
this latter case, mean arterial pressure (MAP) was
estimated by the formula MAP = DBP + (SBP-
DBP)/3, where DBP and SBP are diastolic and sys-
tolic BP respectively. Then arterial measurements
were performed at the sites of the right common
carotid artery and the terminal aorta. Arterial para-
meters were studied exactly at the same points: 2
cm proximal to the carotid bifurcation and 3 cm
proximal to the aorto-iliac bifurcation.

Systolic-diastolic variations of arterial diameter
were measured by using an original pulsed ultra-
sound echo-tracking system based on Doppler
shift.!* The details of this method have been
described elsewhere.'**? Briefly, the system enables
the transcutaneous assessment of the displacement
of the arterial wall during the cardiac cycle and
hence, the time-dependent changes in arterial diam-
eter relative to its initial diameter at the start of the
cardiac cycle. The availability of the electrocardio-
gram (ECG) trigger facilitates the detection of the
peak distention of the artery relative to its initial
diameter. The displacement of the arterial wall is
obtained by processing the Doppler signals originat-
ing from two selected sample volumes, enabling us
to evaluate the stroke change in diameter during sys-
tole (Ds—-Dd), the end-diastolic diameter (Dd), and
the relative stroke change in diameter ([Ds—Dd]/Dd)
(Ds: peak systolic diameter). The repeatability of the
carotid artery measurement has been published in
detail elsewhere.?®

Carotid systolic-diastolic variations of BP were
obtained using a pencil-type probe incorporating a
high-fidelity strain-gauge transducer (Millar Instru-
ments Inc, Houston, TX, USA). The instrument uses
the principles of applanation tonometry as in ocular
tonometry for registration of intraocular pressure.
The use and accuracy of the tonometer were pre-
viously studied and validated on the exposed canine
femoral artery, following catheterization in humans,
and percutaneously on the human radial
artery.’®'”1®  Intraobserver variability of the
measurement was 4.7% and interobserver varia-
bility was 6.1%. Such levels of reproducibility can
be achieved after 4-6 weeks use of the probes.

For the pulse pressure measurements at the site of
the terminal aorta, brachial pulse pressure determi-
nations by Dinamap were used. Due to the amplifi-
cation of pressure waves from central to peripheral
arteries,’®'? it is possible that the values of aortic
pulse pressure may be slightly underestimated by
this procedure. However, we have previously
shown?® that brachial pulse pressure gives an
acceptable approximation of intra-aortic pulse
pressure because the square root of the brachial-
aortic pulse wave velocity ratio does not differ gre-
atly in hypertensive and in normotensive subjects



and is close to one. On the other hand, using invas-
ive studies, Imura et al** have clearly shown that
pulse pressure measured at the site of the brachial
artery and of the terminal portion of the abdominal
aorta are practically identical in terms of statistical
significance.

For estimation of arterial stiffness,''?'® com-
pliance (C) was expressed as C = dV/dP, where dV
the systolic-diastolic changes of the volume of the
arterial segment, and dP the pulse pressure (systolic
minus diastolic BP). Assuming that the increase in
volume (dV) is caused only by the distention of the
artery (and not by elongation), the cross-sectional
compliance CC (compliance per unit of length) can
be expressed as CC = dA/dP, where A is the arterial
cross-sectional area and dA the systolic-diastolic
change in cross-sectional area, using a cylindrical
model of the artery. To consider the effect of the dis-
tention on the stretching of the arterial wall, we also
used the distensibility coefficient DC (distensibility
per unit of length), defined as DC = (dA/A)/dP. In
the present study, CC and DC were calculated from
non simultaneous measurements of pulsatile diam-
eter and pressure on the same arterial segment and,
therefore, are presented as estimations rather than
as direct measurements.

Carotid wave reflections were obtained using
applanation tonometry. The aortic or central artery
pulse waveform in humans has been already
described and generally shown to be quite similar
to the carotid waveform, permitting us to evaluate
central wave reflections from carotid tonometry.'7-1¢
The BP curve is known to manifest an inflection
point (IP) that divides the pressure wave into an
early (Pi) and mid-to-late systolic peak (Ppk) (Figure
1). The measured pressure waveform consists of
both a forward or incident wave, and a backward,
or reflected wave. The early systolic peak Pi belongs
to the incident pressure wave and is quantified as
the ratio (Pi/PP) of the total pulse pressure (PP). The
mid to late systolic peak is interpreted as the result
of the reflected wave returning from the peripheral
site and responsible for an augmentation of the
pulse and systolic BP. This augmentation is quant-
ified as the height of the Ppk above Pi and expressed
in percent (Ppk-Pi/PP).’® Reproducibility is
8.1+4.4%. Validation for the evaluation of carotid
wave reflections, results from the study of the
relationship between the aortic pressure waveform
and aortic input impedance, which showed that a
larger secondary rise of pulse pressure is associated
with a greater oscillatory impedance spectrum due
to differences in the magnitude of wave reflection.*®

In this study all values are given as mean + SEM.
Comparison of arterial parameters and effect of treat-
ment were done using an analysis of variance
(ANOVA) followed by a paired Student’s f-test.??
The level of significance was P < 0.05.

Results

Tables 2 and 3 show that baseline values of BP and
arterial parameters did not differ significantly in
Groups I and II. Following drug treatment, brachial
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BP (systolic, diastolic, mean, pulse) decreased sig-
nificantly (P < 0.001) and similarly in both groups.

In the carotid territory, the most predominant
change was the significant drug-induced decrease in
pulse pressure (P < 0.01) (Table 3). There was also
a slight (P < 0.05) decrease in diastolic diameter,
which was similar in Groups I and IL

In the aortic territory, together with the significant
decrease in pulse pressure, there was a significant
increase in compliance (P < 0.01) and distensibility
(P < 0.01) with insignificant differences between
Groups I and II (Table 3). Following drug treatment,
diastolic diameter decreased in Group I but
remained unchanged in Group II (Interaction P <
0.01). This finding was observed even after adjust-
ment for age and baseline diameter.

Carotid wave reflections, evaluated from the (Ppk—
Pi)/PP, decreased significantly in Group II and not
in Group I (Figure 2) (Interaction: P < 0.05). Mean
values at DO and D90 were: for Group I, 0.29 + 0.04
and 0.19+0.04 (NS); for Group II, 0.34 £ 0.05 and
0.12 £0.04 (P < 0.05).

In both groups, no substantial change in plasma
creatinine, glucose, cholesterol and uric acid
occurred following drug treatment. Plasma potass-
ium decreased similarly (-0.36 and —0.33 meq/l in
Group I and II) (P < 0.001 before and after
treatment).

Discussion

In this investigation, Group I (hydrochlorothiazide
+ amiloride) and Group II (hydrochlorothiazide +
captopril) caused a similar decrease in BP. Thus it
was possible to compare the drug-induced arterial
changes for the same mean arterial pressure and
pulse pressure at the carotid and aortic sites. Since
no difference occurred between Group I and 1I for
the decrease in carotid arterial diameter and the
increase in aortic compliance and distensibility,
such arterial changes may be considered as passive
and secondary to the decrease in pressure disten-
tion. In contrast, two principal differences were
observed in the behaviour of Groups I and II. Firstly,
the diameter of the terminal aorta decreased in
Group I but remained unchanged in Group II. Sec-
ondly, carotid wave reflections were markedly
modified in Group II but not in Group L

Whereas aortic diastolic diameter decreased sub-
stantially in Group I, no significant change occurred
in Group II. Potassium loss does not seem to be
responsible for the difference in behaviour since in
both groups, the same decrease in serum potassium
was observed. It seems more likely that the differ-
ence in behaviour between Group I and II may be
due to the presence or absence of captopril. Indeed,
captopril is known to dilate muscular arteries in
hypertensive humans**® and the degree of dilatation
is inversely associated with the degree of BP
reduction, which tends per se to produce a passive
decrease in arterial diameter.»'® Therefore we sug-
gest that the decrease in aortic diameter in Group I
may be the result of a decrease in distension press-
ure (passive decrease) or of the stimulation of neuro-
hormonal systems (active decrease) or a combi-
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Figure 1 Tonometry changes in the carotid pressure waveform with definition of the calculated parameters for the study of wave
reflexions. PP indicates pulse pressure; Pk, late systolic peak; Pi, height of shoulder; A P = (Pk-Pi); A P/PP, augmentation index; Dtp,
time travel of reflected wave; and LVET, left ventricular ejection time. For details see text. Lower panel shows the effect of improved
timing of wave reflection on carotid pressure waveform. Due to delayed return (increased Dtp), the reflected wave merges with incident

wave in the very late systole and early diastole.

Table 2 Brachial BP and heart rate in Group I and 1I

Do D9o
Systolic BP (mm Hg) Group 1 162+4 1361£6***
Group II 170+5 140%5***
Diastolic BP (mm Hg) Group I 102+2 86 3***
Group II 105F2 91E3FH
Mean arterial pressure Group 1 122+2 105k 4***
(mm Hg) Group II 126+3 108 +4***
Pulse pressure (mg Hg) Group 1 60+£3 50%4***
Group II 64+5 49+ 3***
Heart rate (b/mn) Group 1 75+3 7542
Group II 69+2 72+2

No difference in behaviour was observed between the 2 groups.
D: Day.

+1 s.e.m.

Group I: Hydrochlorothiazide + Amiloride (n = 12).

Group II: Hydrochlorothiazide + Captopril (n = 12).

***P < 0.001, DO vs D90.

nation of both. On the other hand, whereas hydroch-
lorothiazide alone is associated with a decrease in
aortic diameter, this decrease is offset in the subjects
of Group II by the dilating properties of captopril.
Interestingly, this finding is observed at the site of
the terminal aorta and not of the carotid artery.
Indeed, the amount of vascular smooth muscle is
known to be higher in the vascular wall of the ter-
minal aorta than in that of the thoracic aorta and the
carotid artery.'® Nevertheless, whether in Group II
the captopril-induced arterial change is due to the
angiotension II blockade, to the sympathetic inhi-
bition or to other factors as bradykinin or prosta-
glandins cannot be documented from the present
study.*®

As well established,'”*® the modifications of
pulse pressure between central and peripheral
arteries depend principally on non uniform arterial
elasticity of arteries and on peripheral wave reflec-
tions. Several reports have previously shown that
the (Ppk-Pi)/PP ratio is increased in hypertensive
subjects and reflects in this population substantial
changes in the amplitude and timing of wave reflec-
tions within the thoracic aorta.’”'® Due to the
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Table 3 Mean values of arterial parameters before and after 90 days of treatment

Carotid artery Terminal aorta
Do D90 Do Dao
Diastolic diameter (Dd) (mm) Group I 7404 7.0+0.3* 16.2+0.9 14.6 £0.8***
Group II 7.8+0.2 7.4+0.2* 16.4 £ 0.6 16.4 £ 0.5
Pulse pressure (mm Hg) Group I 5343 40+ 3** 60+3 50 £3**
Group II 516 40+ 4*> 6415 49+ 4**
Arterial compliance (m?KPa.1077) Group I 7.7+ 0.6 7.7+0.6 22.4+3.1 229+21
Group II 6.6+0.7 6.810.8 18.7+2.2 26.5 +4.2**
Arterial distensibility (KPa™.107%) Group I 18.7+1.4 20.2+1.4 11.2+1.5 14.8+1.8**
Group II 14.5%1.5 15.8+£1.5 8.610.8 12.7 + 2.0**
+1 s.e.m.
Group I: Hydrochlorothiazide + Amiloride (n = 12).
Group II: Hydrochlorothiazide + Captopril (n = 12).
*P < 0.05; **P < 0.01 D90 vs DO at D90.
2P < 0.01 significant difference between Group I and II at D90.
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Figure 2 Changes in augmentation index [(Ppk—Pi)/PP ratio] in Groups I and II. For legends, see Tables 1-3.

increased stiffening of large arteries, earlier reflected
wave return in hypertensive subjects are observed
in the systolic (and not diastolic) component of the
thoracic aorta BP curve, creating an elevation in the
(Ppk—Pi)/PP ratio. One of the most important find-
ings of the investigation was that the association of
captopril to hydrochlorothiazide in Group II pro-
duced a significant change in the shape of carotid
pulse pressure, with a significant reduction of the
late systolic peak as evidenced from the decrease in
the (Ppk—Pi)/PP ratio. Significant modifications in
wave reflections have been largely documented fol-
lowing converting enzyme inhibition.»192324 A]] of
these studies clearly indicate that captopril and
related drugs modify substantially the timing of
wave reflections, causing the late systolic peak to

return in diastole and not in systole. Since this
change occurred in Group II but not in Group I, the
weight of evidence suggests that this particular
arterial change was related to the converting enzyme
inhibition due to captopril.

A limit of caution should be added to the results
of the present investigation. Because of the rela-
tively small number of subjects, a loss of statistical
power may be suspected, leading to an underestim-
ation of the arterial changes produced by the associ-
ation between hydrochlorothiazide and captopril.
Whereas aortic (and not carotid) compliance and
distensibility increased more substantially in Group
II than in Group I, the expected intergroup differ-
ence was not significant (Table 3). On the other
hand, in this investigation, the possible interaction
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between diuretics and the renin-angiotensin system
following drug treatment was simply deduced from
the pharmacological intervention and did not
involve other information on the status of the renin-
angiotensin and of the sympathetic systems or on
the degree of salt and water depletion. However,
whether such information is more useful than a
clear-cut pharmacological study remains the subject
of debate and requires to be more extensively docu-
mented.*”

In conclusion, the results of this study show that,
for the same BP reduction the association of capto-
pril to hydrochlorothiazide (but not hydrochlorothi-
azide plus amiloride), caused significant arterial
changes, resulting in relative dilatation of muscular
arteries and subsequent change in carotid wave
reflections. It may be suspected that the modest
arterial changes which are observed following
diuretic treatment alone might be due to the con-
comitant stimulation of the renin-angiotensin and
the sympathetic systems induced by salt and water
depletion.
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