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Background Epidemiological studies have shown that
increased arterial stiffness and wave reflections, major
determinants of systolic and pulse pressure, are associ-
ated with morbidity and mortality. Therapeutic trials based
on cardiovascular mortality have recently shown that
reduction of systolic blood pressure (SBP) requires nor-
malization of both large-artery stiffness and wave reflec-
tions.

Aims To compare the antihypertensive effects of the very-
low-dose combination of perindopril (2 mg) and inda-
pamide (0.625 mg) (one or two tablets per day) with the
B-blocking agent atenolol (50 mg; one or two tablets per
day) in order to determine whether the combination
decreased SBP and pulse pressure more than did
atenolol, and whether this decrease occurred in relation to
a reduction in arterial stiffness [aortic pulse wave velocity
(PWV)] or a decrease in the intensity of, or delay in, wave
reflections (augmentation index, measured by applanation
tonometry) or a combination of both.

Material and methods This was a double-blind randomized
study in 471 individuals with essential hypertension fol-
lowed for 12 months. Arterial pressure was measured in
the brachial artery (mercury sphygmomanometer) and in
the carotid artery (applanation tonometry).

Results For the same reduction in diastolic blood pressure
(DBP), the combination of perindopril and indapamide
decreased brachial SBP and pulse pressure significantly
more than did atenolol (adjusted differences between
groups —6.2+1.5 and -5.5% 1.0 mmHg, respectively;

Introduction

Epidemiological studies have emphasized the close rela-
tionship between increased blood pressure and the inci-
dence of cardiovascular disease [1]. Patients with essential
hypertension frequently have a parallel increase in systolic
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P < 0.001). This difference was even more pronounced for
the carotid than for the brachial artery. Whereas both anti-
hypertensive agents similarly decreased PWV, only the
combination significantly attenuated wave reflections.

Conclusion Normalization of SBP, pulse pressure and arte-
rial function = a haemodynamic profile known to improve
survival significantly in hypertensive populations at high
cardiovascular risk — was achieved to a greater extent with
a very-low-dose combination of perindopril and inda-
pamide than with atenolol. J Hypertens 19 (suppl 4):
S$15-S20 © 2001 Lippincott Williams & Wilkins
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blood pressure (SBP) and diastolic blood pressure (DBP)
but, in the past, individuals with hypertension were princi-
pally classified on the basis of the DBP value [2]. From a
haemodynamic point of view, systolic—diastolic hyperten-
sion is characterized principally by increased vascular resist-
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ance [3]. Blood pressure and its haemodynamic characteris-
tics are influenced by ageing, with a different pattern for
SBP and DBP: whereas SBP continues to increase until the
eighth and ninth decades of life, DBP tends to remain con-
stant or decline after the fifth or sixth decades. As a conse-
quence, the pulse pressure increases progressively with age
[4]. The haemodynamic characteristics of high blood pres-
sure are thus modified during ageing, characterized princi-
pally by a progressive increase in arterial stiffness and an
increase in arterial wave reflections [5]. Arterial stiffening
has several consequences: increased SBP as a result of the
ejection during systole of a normal stroke volume into stiff
arteries; a decreased time constant of the arterial system
leading to a sharp decrease in blood pressure during dias-
tole; and increased pulse wave velocity (PWV) and early
retcurn of wave reflections with increased SBP and
decreased DBP in the aorta and central arteries. Moreover,
the effect of arterial stiffening on SBP is potentiated by an
increased intensity of wave reflections themselves (an
increase in arterial reflectance), related to alterations in the
small resistance arteries [5].

In middle-aged and elderly individuals, the increased pulse
pressure has been found to be associated with an increased
risk of cardiovascular disease, especially coronary heart
disease [6,7]. Recent epidemiological studies in populations
at high risk for cardiovascular morbidity and mortality
showed that the risk associated with high pulse pressure
was directly associated with determinants of pulse pressure
[8]. It has been shown that increased aortic stiffness and an
increased effect of wave reflections in central arteries are
two independent factors associated with mortality in
patients with end-stage renal disease, and in the general
population [8,9]. A recently published interventional study
has also documented that improvement in aortic stiffness in
response to antihypertensive treatment has a favourable
prognostic impact on a patient’s survival [10].

Recent recommendations of hypertension guidelines have
directed attention to SBP as a better guide than DBP for
evaluating the cardiovascular risk. It has been shown that
drug treatrment of hypertension frequently results in ade-
quate control of DBP (€90 mmHg), whereas the ability to
control SBP (<140 mmHg) is achieved to a much lesser
extent [11-13]. Such results have focused attention on large
artery stiffness and wave reflections as determinants of SBP
and pulse pressure, and on the role of drug treatments or
regimens that may selectively reduce arterial stiffness and
wave reflections.

Fixed combinations of an angiotensin-converting enzyme
(ACE) inhibitor and a diuretic could, theoretically, selec-
tively reduce SBP and pulse pressure [14]. Indeed, retro-
spective studies have shown that, given separately, these
compounds may decrease SBP more selectively than DBP
when compared with other antihypertensive agents such as

B-blockers [15]. Moreover, in genetic models of hyperten-
sion in rats, the combination of a diuretic and an ACE
inhibitor was shown to cause a significantly more pro-
nounced pressure-independent decrease in arterial stiffness
and reduction in aortic collagen accumulation than was pro-
duced by each component given alone [16]. Finaly, in
middle-aged persons with hypertension, whereas diuretics
induced only minor changes in large artery stiffnessy ACE
inhibitors alone or in combination with a diuretic were able
to normalize arterial stiffness [16]. These findings suggest
that it is relevant to evaluate whether a fixed combination
of an ACE inhibitor and a diuretic compound may bea suit-
able therapeutic procedure with which to selectively reduce
SBP and pulse pressure.

Material and methods

The very-low-dose combination of perindopril and inda-
pamide combines the ACE inhibitor and diuretic at sub-
therapeutic dosages (2 mg/day perindopril and 0.625 mg/day
indapamide) [17,18]. In order to verify that this very-low-
dose combination decreased SBP and pulse pressure more
than the B-blocking agent atenolol for the same reduction in
DBP, and that this effect was mediated by a
perindopril-indapamide-induced decrease in large-artery
stiffness and attenuation of wave reflections, a multicentre,
controlled, randomized, double-blind, two-parallel-group
study was performed.

After the washout placebo period, 471 patients with essen-
tial hypertension entered a 12-month double-blind active
treatment period, and were randomly allocated to groups to
receive either perindopril-indapamide (2-0.625 mg/day,
respectively, given in the same tablet; # = 236) or atenolol
(given in the classic dosage of 50 mg/day; » = 235). The
posology was then adjusted to the blood pressure: the dose
could be doubled (two tablets once daily) every 3 months if
the SBP remained greater than 160 mmHg or the DBP
remained greater than 90 mmHg.

Haemodynamic investigations were performed 24 h after
the last intake, at the end of the pre-inclusion placebo
period (M0), at month 6, and at the end of the follow-up
(M12). Carotid-femoral pulse wave velocity (aortic PWV)
was determined using an automatic device, the Complior
(Colson, Paris) as previously detailed [19]. For local deter-
minations of pulse pressure, the brachial and radial artery
SBP, DBP and mean blood pressures (MBP) were consid-
ered equivalent. The carotid pressure wave was measured
by applanation tonometry and calibrated from the brachial
pressure wave, assuming that the mean pressure (deter-
mined by mercury sphygmomanometer) was the same at
both sites and that brachial and carotid DBP were nearly
equal [20]. Carotid pressure amplitude was then computed
from the DBP and the position of MBP on the carotid
pressure wave [20]. On the carotid blood pressure curve,
the augmentation index — a parameter evaluating the effect



of wave reflections on SBP and pulse pressure in the aorta
and central arteries — was determined according to previ-
ously validated methods [5,20-22].

The results were analysed for the intent-to-treat popula-
tion. For comparison of serial changes in blood pressure and
arterial parameters, repeated-measures analysis of variance
(period and group) was performed to examine treatment
differences and interactions (period x group). Blood pres-
sure and arterial parameters were constantly adjusted for
age, sex and baselinc value. For aortic PWV, adjustments
for baseline mean arterial pressure and its changes were also
performed.

Results

The baseline values of SBP (perindopril-indapamide
163.1 £ 13.4 mmHg; atenolol 161.4 + 14.8 mmHg), PWV
(perindopril-indapamide  12.19 + 2.91 m/s;  atenolol
12.32 + 2.86 m/s), carotid augmentation index (perindo-
pril-indapamide 29.1 + 18.5%, atenolol 28.7 + 21.4%) did
not differ between the two groups. At the last evaluation,
for the same decrease in DBP (perindopril-indapamide
—-12.6 + 8.9 mmHg; atenolol -12.0 + 9.8 mmHg), brachial
SBP and pulse pressure were significantly lower with
perindopril-indapamide (141.1 + 15.3, 55.1 + 12.9 and
104.4 + 9.9 mmHg, respectively) than with atenolol
(146.4 = 20.7, 59.8 £ 16.9 and 106.5 = 12.3 mmHg, respec-
tively). Heart rate was lower with atenolol
(65.3 + 9.3 beats/min) than with perindopril-indapamide
(71.1 £ 10.0 beats/min) (Table 1). Carotid SBP (perindopril-
indapamide 154.1 + 17.1 mmHg; atenolol 152.7 + 17.1 mmHg)
and carotid pulse pressure (perindopril-indapamide
58.1 + 18.0 mmHg; atenolol 55.1 + 16.4 mmHg) were
similar at baseline, decreased significantly (P < 0.001 for
SBP and P < 0.01 for pulse pressure) and were significantly
lower with perindopril-indapamide (133.3 + 14.5 mmHg
and 46.9 £ 13.1 mmHg, respectively) than with atenolol
(147.8 £ 23.0 mmHg and 59.1 £ 19.9 mmHg, respectively).
The adjusted between-group differences were highly sig-
nificant (P < 0.001) (Table 2).

These differences also affected the carotid augmentation
index, for which a decrease of —4.0 + 17.7 with perindo-
pril-indapamide contrasted with an increase of 3.1 = 15.1
with atenolol (P =0.006 after adjustment). Aortic PWV
decreased significantly (P < 0.001) and identically with the
two drugs and values were similar for the two groups at the
end of the study (11.5 + 2.8 compared with 11.4 + 2.7), even
after adjustment for changes in MBP.

Comments

The findings of the study showed that the very-low-dose
combination perindopril-indapamide reduced SBP and
pulse pressure more than did atenolol, for the same
decrease in DBP. This differential effect was more
pronounced in the central (carotid) artery than in the peri-
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pheral (brachial) artery. The perindopril-indapamide-
induced decreases in SBP and pulse pressure were associ-
ated with changes in arterial haemodynamics, including a
decrease in aortic stiffness and an attenuation of the effects
of wave reflection on the blood pressure in central arteries.
The effect on arterial stiffness was pressure-dependent and
was observed with both therapeutic regimens, whereas
attenuation of wave reflections was obtained with perindo-
pril-indapamide but not with atenolol.

In the past, most therapeutic trials were unable to show that
a given antihypertensive drug or regimen could selectively
reduce SBP and pulse pressure more than was achieved
with a standard comparator. In the present study, substan-
tial differential effects occurred between perindopril-inda-
pamide and atenolol in terms of changes in SBP and pulse
pressure. In a previous double-blind study that compared
atenolol with the ACE inhibitor fosinopril given alone (i.c.
without a diuretic), Chen eral/. [21] did not find any
between-group difference in terms of changes in SBP, DBP
or pulse pressure. Thus, in the present study, it is likely that
it was the combination of the ACE inhibitor perindopril
with low doses of diuretic that was responsible for the
greater decrease in SBP and pulse pressure obtained with
perindopril-indapamide, compared with that produced by
atenolol alone. This effect was even more pronounced
when the comparison was made for carotid SBP and pulse
pressure, which were decreased more substantially than
brachial SBP and pulse pressure.

DBP and mean arterial pressure remain relatively stable
along the arterial tree, but SBP and pulse pressure increase
physiologically from central (carotid) to peripheral
(brachial) arteries [5]. This natural amplification is related
to arterial wave reflections that occur at the peripheral
reflecting sites. The reflected waves travel from peripheral
arteries back towards the aorta. In stiffer arteries, the trav-
elling velocity of reflected waves (PWV) is increased, allow-
ing the reflected waves to return to the aorta in a shorter
time — that is, before the closure of the aortic valves. This
early return of reflected waves is responsible for abnormal
increases in aortic (and carotid) systolic pressures, augment-
ing the systolic stress [5]. This is responsible for disappear-
ance of the amplification of the pulse pressure with age, as
a consequence of a more rapid increase in arterial stiffness
with age in the aorta and central arteries [5]. Nowadays, the
age-mediated disappearance of pulse pressure amplification
is considered to be, perse [22], a significant independent
cardiovascular risk factor; therefore, in this context, the
combination perindopril-indapamide contributed to main-
taining the amplification of pulse pressure to a greater
extent than did atenolol. Moreover, with perindopril-inda-
pamide, it was possible to achieve nearly normal values of
brachial SBP and pulse pressure in the presence of even
lower values of carotid SBP and pulse pressure. The same
haemodynamic pattern has been observed previously with
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Table 1 Changes in brachial blood pressure (intent-to-treat analysis)

Per-Ind Atenalol Adjusted between-group
(n = 23s)t {n = 234)t difference* (85% Cl) =]
Brachial SBP (mmHg)
Baseline (MO) 163.1 £ 13.4 161.4 £ 148
Met 141.5 £ 15.0 143.7 £ 191
End (M12) 1411 £ 1563 146.4 £ 20.7
A(End-M0) -220% 156 -15.0 £ 16.3 -6.2 (-9.0 to —3.5) <0.001
P <0.001 <<0.001
Brachial DBP (mmHg)
Baseline (MO) 98.6 + 6.8 98.6 £ 7.0
Me* 85.7+ 9.0 853 £ 103
End (M12) 86.0 £ 9.2 866+ 105
A(End-M0) -12.6 £ 8.9 -12.0+ 98 -0.6 (-2.2 to 1.0} 0.478
P <0.001 <0.001
Brachial PP (mmHg)
Baseline (MO} 645+ 148 629+ 16.0
Met 558+ 129 58.4 £ 159
End (M12) 55.1 £ 129 588+ 169
A(End-MO) -9.4 1122 -3.1%£13.2 -5.5 (-7.5 to —3.5) <0.001
P <0.001 <0.001

Values are mean + SD. Per-Ind, perindopril-indapamide combination; Cl, confidence interval; SBF, DBF, systolic and diastolic blood pressures; PP, pulse pressure;
MO, M6, M12, months 0, 6 and 12 (end) of study; A(End-M0), change from baseline.
tAt M6, n = 218 for Per—Ind and 217 for atenolol. *Adjusted for age, sex and baseline. SFisher test (ANCOVA).

Table2 Changes in carotid blood pressures and augmentation index (intent-to-treat analysis)

Per-ind Atenolol Adjusted between-group
(n=70)* (n = 74) difference® (95% CI) PS
Carotid SBF (mmHg)
Baseline (MO) 1541 £ 171 152.7 £ 170
Met 135.1 £ 156 1395 + 18.9
End 1333 145 1478 £ 23.0
A{End-MO) -208 £ 176 -491+16.2 -14.9 (-20.1 to -9.7) <0.001
F <0.001 0.011
Carotid PP {mmHg)
Baseline (M0) 58.1 £ 18.0 551+ 16.4
Ma* 489t 149 542 X177
End 469 + 131 59.1 £ 19.9
A{End-MO) -112+139 40128 -13.6 (-17.6 to -9.8) <0.001
P <0.001 0.008
Carotid augmentation index (%)
Baseline (M0) 29.1 £ 185 28.7+21.4
Me* 26.5 +21.2 272+ 214
End 2511 188 318+222
A(End-MO) =40+ 17.7 3.1 %151 -6.8 (-11.7 to -2.0) 0.006
P 0.06 0.08

Values are mean + SD. Per—Ind, perindopril-indapamide combination; Cl, confidence interval; SBP, systolic blood pressure; PP, pulse pressure; MO, M6, M12,
months 0, 6 and 12 (end) of study; A(End—MO0), change from baseline.
+At M6, n = 63 for Per-Ind and 62 for atenolol. *Adjusted for age, sex and baseline. SFisher test (ANCOVA).

other antihypertensive agents such as nitrates or the ACE
inhibitor, perindopril, given alone — that is, without a
diuretic [20,23].

In comparison with atenolol, perindopril-indapamide
induced a more pronounced decrease in carotid SBP and
pulse pressure. This was associated with a more pro-
nounced effect of perindopril-indapamide on wave reflec-
tions. The effect of wave reflections on carotid systolic and
pulse pressures depends on the timing of reflected and inci-
dent pressure waves and the intensity of the reflections.
The timing of reflected and incident pressure waves in turn
depends on three factors: the distance travelled by the pres-
sure wave from the central arteries to the reflecting sites,
the speed of travel of the pressure wave — that is, the PWV
— and the duration of left ventricular ejection [5,24]. The

distance travelled is closely related to the length of the arte-
rial system and body height, which did not change during
the study. The decrease in PWV as observed in the present
study was responsible for a delayed return of reflected
waves and could be responsible for the decrease in the
observed effect of the reflected wave. Nevertheless, the
decrease in PWV was similar with atenolol and perindo-
pril-indapamide. Finally, the delayed return of the
reflected wave associated with a decrease in PWV could be
partly compensated by an increased left ventricular ejection
time. Increase in the duration of left ventricular ejection
increases the possibility of the reflected wave merging with
the incident wave. Atenolol induced a small but significant
increase in ventricular ejection time that could partly
explain the difference observed. In addition to the changes
in timing of the reflected waves, the difference in the effect



of the two therapeutic regimens could be a result of alter-
ations in the arterial reflectance, with decreased intensity of
reflection [5,24]). Reflection sites are physiologically located
at the origin of resistance arterioles — that is, very close to
the distal muscular conduit arteries. Because, in these par-
ticular territories, the wall-to-lumen ratio of muscular arter-
ies and arterioles is markedly reduced by ACE inhibitors
but not by atenolol after long-term treatment [25], the
weight of evidence suggests that the contrasting changes in
vascular structure produced by perindopril-indapamide and
atenolol might mediate differential patterns of wave reflec-
tions, with a more substantial reduction in SBP and pulse
pressure in response to perindopril-indapamide than occurs
in response to atenolol.

Conclusion

The very-low-dose combination perindopril-indapamide
normalizes SBP, pulse pressure and arterial function to a
larger extent than does atenolol. The principal difference
consists in a significant attenuation of wave reflections with
perindopril-indapamide, which is responsible for a more
marked improvement in central blood pressure (aortic,
carotid) than in brachial blood pressure.
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