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Responses of the ambulatory arterial stiffness index
and other measures of arterial function to
antihypertensive drugs

Yu Jin1, Lutgarde Thijs1, Tom Richart1,2, Yan Li3, Eamon Dolan4, Ji-Guang Wang5, Athanase Protogerou6,
Eoin O’Brien7, Jan A Staessen1,2 and Michel E Safar8, on behalf of the REASON Investigators

We investigated the effects of different antihypertensive drugs on the ambulatory arterial stiffness index (AASI), pulse pressure

(PP), the arterio–ventricular coupling index (AVCI) and aortic pulse wave velocity (aPWV). After a 4-week placebo period, 94 and

107 patients with uncomplicated hypertension were randomly assigned to treatment with atenolol (AT) at dosage of 50 mg per

day or perindopril/indapamide (PER/IND) at dosage of 2/0.6 mg per day for 1 year. From each patient’s 24-h ambulatory blood

pressure (BP) recording, we determined the 24-h systolic and diastolic BPs. We computed PP as the difference between 24-h

systolic and diastolic BP, AASI as unity minus the regression slope of diastolic on systolic BP, and AVCI as (T/s)/(1+2T/3s),

where T is the heart period in seconds and s is the decay time of aortic BP during diastole. On AT compared with PER/IND,

with adjustments applied for covariables, 24-h systolic BP (�9.5 vs. �13.7 mm Hg; P¼0.009) and 24-h PP (�1.02 vs.

�6.53 mm Hg; Po0.001) decreased less and AVCI lengthened more (+0.019 vs. �0.008; Po0.001). The changes in AASI

(�0.001 vs. �0.014; P¼0.44) and aPWV (�0.89 vs. �0.69 m s�1; P¼0.45) were similar in the two treatment groups.

AASI and aPWV showed significant concordance (r¼0.21, P¼0.003) after adjustment for covariables. On administration of

antihypertensive drugs with different hemodynamic profiles, AASI and aPWV behaved similarly. The similarity in the findings

for aPWV and AASI support the use of AASI as an index reflecting the arterial stiffness.
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INTRODUCTION

The ambulatory arterial stiffness index (AASI) has been defined as one
minus the regression slope of diastolic on systolic blood pressure, as
measured at the brachial artery by 24-h ambulatory blood pressure
(BP) monitoring.1,2 AASI reflects the dynamic relation between dia-
stolic and systolic BPs throughout the whole day. Conceptually con-
sistent with a hypothesis put forward in 1914,3 the stiffer the arterial
tree, the closer the regression slope and AASI are to zero and one,
respectively. Measurement of AASI does not require any other equip-
ment than a validated4 portable monitor to record 24-h blood pressure.
To date, cross-sectional analyses5 and at least three prospective cohort
studies2,6,7 have demonstrated an association of AASI either with signs
of target organ damage in never-treated hypertensive patients,5 or with
the incidence of cardiovascular mortality and morbidity.2,6,7

AASI has been criticized as being merely a surrogate measure8–10

that may reflect hemodynamic factors such as arterio–ventricular
coupling10 rather than arterial stiffness. More direct measurements
of arterial stiffness,8 in particular aortic pulse wave velocity (aPWV),
have a large amount of epidemiological evidence supporting the
predicate that they predict cardiovascular events.11 The aPWV is
usually considered as the gold standard for the assessment of arterial
stiffness8 and might be helpful in elucidating further the physiological
meaning of AASI. For this purpose, we analyzed the REASON
trial (Preterax in Regression of Arterial Stiffness in a Controlled
Double-Blind Study).12–14 We compared the effects of antihyperten-
sive treatment with either atenolol (AT) or the combination
of perindopril plus indapamide (PER/IND) on AASI, aPWV and
pulse pressure (PP).
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METHODS

Study population
The REASON trial was a multicenter, randomized, double-blind and
parallel-group study conducted in 13 countries. It compared the
hemodynamic effects of the low-dose combination PER/IND with
those of AT. Eligible patients had uncomplicated essential hyperten-
sion. Their BP measured in the supine position in the absence of any
cardiovascular, antidiabetic or lipid-lowering drugs had to range from
160 to 209 mm Hg systolic or from 95 to 109 mm Hg diastolic. The
present article reports on an ancillary study involving 32 of the
52 REASON centers,12–14 which opted to perform ambulatory BP
monitoring (ABPM). Of 471 REASON patients, 269 underwent
ABPM. A valid ambulatory recording had to include at least 48
measurements over 24 h and the interval between two successive
readings should not be longer than 1 h. We excluded
68 patients, because their ambulatory BP recording at baseline or
follow-up was of insufficient quality, leaving 201 patients for the
present analysis. All patients gave written informed consent. The study
was conducted in accordance with the Declaration of Helsinki after
ethical approval had been obtained from the national regulatory
authorities of each of the countries.

Treatment
After a 4-week placebo washout period, the patients were randomly
assigned to treatment for 1 year, with PER (2 mg per day) plus
IND (0.625 mg per day), or AT (50 mg per day) to be taken in the
morning. After 3, 6 or 9 months, treatment could be adjusted
according to the office BP measurements. If systolic or diastolic BP
or both were higher than 160 or 90 mm Hg, the dose of the study
medication was increased to two tablets, both to be taken in
the morning. During follow-up, patients abstained from taking other
BP-lowering drugs.

Blood pressure measurement
Conventional BP was measured at the brachial artery after the patients
had rested for 10 min in the supine position, using a standard mercury
sphygmomanometer and a suitable cuff size. The devices used for
ABPM passed validation in class A or B, according to the protocols of
the British Hypertension Society15 or the Association for the Advance-
ment of Medical Instrumentation.16 We programed the recorders to
obtain readings at 15-min intervals throughout the whole day, with
the first measurement taken between 0800 and 1000 h, just before the
intake of the study medication. We standardized the ambulatory
recordings; at baseline and after 1 year of follow-up;14 the same
technician applied the same monitor to the same arm in each patient
and at the same time (±1 h) in the morning.

Pulse pressure, the difference between systolic and diastolic BP,
and mean arterial pressure, diastolic BP plus one-third of PP,
were computed from the office and the 24-h ambulatory BPs.
Blood pressure control on conventional measurement was a
systolic BP of less than 140 mm Hg and a diastolic BP below
90 mm Hg. The BP control on ambulatory measurement was a 24-h
systolic BP below 125 mm Hg and a 24-h diastolic BP of less than
75 mm Hg.17

Measurement of arterial properties
At baseline and after 1 year of follow-up, we measured aPWV in the
morning, after conventional BP measurement, and approximately 24 h
after the last drug intake in a controlled environment at a mean (s.d.)
temperature of 22±21C,12 with the Complior (Colson, Paris, France).
This device allows online pulse wave recording and the automated

calculation of aPWV, and has been validated against the manual
method.17 The mean difference between the two methods was
�0.20±0.45 m s�1 (manual method, 11.05±2.58 m s�1 vs. automatic
device 10.85±2.44 m s�1). The interobserver repeatability coefficient
was 0.947 for the manual aPWV measurements and 0.890 for the
Complior; for the intraobserver repeatability coefficients, these esti-
mates were 0.938 and 0.935, respectively.

From individual 24-h ambulatory BP recordings, we computed the
regression slope of diastolic on systolic BP.1,2 We defined AASI as one
minus the regression slope. We did not force the slope through the
origin (intercept¼0), because when during diastole the blood flow
falls to zero, this does not occur for BP.18 From the individual readings
in each 24-h ambulatory BP recording, we also computed the arterio–
ventricular coupling index (AVCI) as (T/t)/(1+2T/3t),10 where T is
the heart period in seconds and t is the decay time of aortic BP during
diastole.10,19 We computed t as (60�mean arterial pressure)/(heart
rate�PP).

Other measurements
We measured body weight without shoes, with the subjects wearing
light indoor clothing. Body mass index was weight in kilograms
divided by height in meters squared. Using o25 kg m�2, 25–
30 kg m�2 and X30 kg m�2 as thresholds, subjects were classified into
normal weight, overweight and obese, respectively. We applied the
NCEP-ATPIII criteria20 to define the metabolic syndrome (MS).
Venous blood samples, collected after overnight fasting, were analyzed
for blood glucose and the serum concentrations of high-density
lipoprotein (HDL) cholesterol and triglycerides by automated enzy-
matic methods.

Statistical analysis
For database management and statistical analysis, we used SAS soft-
ware, version 9.1.3 (SAS Institute, Cary, NC, USA). We compared
means and proportions by the large sample z-test and by the w2

statistic, respectively. We compared treatment-induced changes in
BP between the two groups, while adjusting for baseline values, sex,
age and body mass index. We searched for possible covariables of the
arterial outcome variables by a stepwise multiple regression analysis
with the P-value for independent variables to enter and stay in the
model set at 0.15. The baseline variables considered for entry into the
models were sex, age, body weight and height, 24-h mean arterial BP
and 24-h pulse rate, smoking (0, 1), intake of alcohol (0, 1), previous
antihypertensive treatment (0, 1) and the presence of the MS (0, 1).
Analysis of covariance was used to compare the treatment-induced
changes between the two treatment groups, while adjusting for base-
line and covariables. We used correlation coefficients, unadjusted and
adjusted for covariables, to express concordance between the indexes
of arterial stiffness.

RESULTS

Baseline characteristics
The 201 patients were enrolled in nine countries (France, n¼52;
Australia, n¼50; Spain, n¼38; Ireland, n¼22; Germany, n¼16; Swit-
zerland, n¼7; Belgium, n¼6; Austria, n¼5; The Netherlands, n¼5).
The patients randomized to PER/IND (n¼107), compared with those
allocated to AT (n¼94), included a slightly larger proportion of
drinkers (60.8 vs. 58.5%; P¼0.04), but had lower HDL-cholesterol
levels (1.26 vs. 1.37 mmol l�1; P¼0.01). For the rest, the two treatment
groups were well matched in terms of anthropometrics, smoking
habits and metabolic abnormalities (Table 1).
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At randomization (Table 2), the two treatment groups had similar
mean levels of systolic and diastolic BPs, as measured by a conven-
tional sphygmomanometry (P¼0.54 for systolic and 0.88 for diastolic)
or by a 24-h ambulatory monitoring (P¼0.70 for systolic and 0.35 for
diastolic). In 201 patients, pulse rate measured at the office or by 24-h
ambulatory monitoring averaged (±s.d.) 72.5±9.8 and 73.8±9.8
beats per minute, respectively, without any difference between the
groups (P¼0.84 and 0.83 for office and ambulatory measurements,
respectively). Similarly, at randomization, there were no between-
group differences in the indexes of arterial function, including
the conventional and 24-h PP (P¼0.66 and 0.74, respectively),
AASI (P¼0.75), AVCI (P¼0.53), t (P¼0.57) and aPWV (P¼0.84;
Table 3).

Determinants and concordance of the arterial measurements
In stepwise regression analysis, age, 24-h mean arterial pressure and
pulse rate explained 46% of the variation in the 24-h PP. The same
covariables plus body height explained 42% of the variance in aPWV.
Of the variation in AASI, 25% was explained by age. Age plus the 24-h
pulse rate explained 42 and 39% of the variation in AVCI and t,
respectively (Table 4).

Both without adjustment and adjusted for sex, age, body height,
24-h mean arterial pressure and 24-h heart rate, there was significant
concordance between PP, AASI and aPWV (Table 5). We did not
include AVCI and t in Table 5, because for purely computational
reasons, these measurements showed spuriously high correlation
coefficients with one another and with 24-h PP.10

Effects of treatment on pulse rate and blood pressure
The baseline-adjusted change in the 24-h pulse rate averaged (±s.d.)
�11.0±11.3 beats per minute in the AT group and 0.4±7.1 per
minute in the PER/IND group. The baseline-adjusted between-group
difference (AT minus PER/IND) and the changes in the 24-h pulse rate
amounted to 11.4 beats per minute (95% confidence interval, �13.3
to �9.5; Po0.001).

Systolic BP decreased significantly (P¼0.005) more in the PER/IND
group than in the patients randomized to AT, irrespective of whether
systolic BP was measured at the office or by ABPM (Table 2).
Adjustment of the changes in systolic BP for baseline, sex, age and
body mass index did not alter these findings. In contrast, the
treatment-induced changes in diastolic BP (P¼0.42) and mean arterial
pressure (P¼0.30) were similar in both the treatment groups
(Table 2). After 1 year of treatment, the control rates of hypertension
on conventional BP measurement were 80.8% on AT and 77.6% on
PER/IND; on 24-h ABPM, the control rates were 48.9 and 53.3%,
respectively. Those control rates of hypertension showed no difference
between the two treatment groups.

Effects of on treatment on arterial function
In line with the findings for systolic BP, the PP, as measured by
conventional sphygmomanometry or ABPM, decreased significantly
more on PER/IND than AT dosage (Table 3). As could be expected on

Table 1 Patient characteristics at entry

Characteristic Atenolol

Perindopril/

indapamide P-value

Number 94 107

Anthropometrics

Women, n (%) 31 (33.0) 32 (29.9) 0.64

Age, years 56.8±13.4 54.5±11.4 0.19

Weight, kg 75.2±11.1 77.4±11.1 0.15

Height, cm 167.3±8.8 169.3±8.6 0.11

Body mass index, kgm�2 26.8±2.5 26.9±2.8 0.60

Waist-to-hip ratio 0.92±0.11 0.92±0.10 0.52

Lifestyle

Current smokers, n (%) 18 (19.2) 23 (21.5) 0.70

Current drinkers, n (%) 55 (58.5) 65 (60.8) 0.04

Biochemical measurements

Glucose, mmol l�1 5.50±0.84 5.60±0.95 0.36

HDL cholesterol, mmol l�1 1.37±0.30 1.26±0.34 0.01

Triglycerides, mmol l�1 1.49±0.70 1.60±0.80 0.30

Metabolic abnormalities

Overweight, n (%) 62 (66.0) 71 (66.4) 0.95

Obese, n (%) 10 (10.6) 10 (9.4) 0.95

Metabolic syndrome, n (%) 22 (23.4) 33 (30.8) 0.24

Abbreviation: HDL, high density lipoprotein.
Values are shown as mean±s.d. or number of subjects (%). Body mass index is weight in
kilograms divided by the square of height in meters. The waist-to-hip ratio is the smallest
circumference at the waist divided by the largest circumference at the hip. Overweight and
obesity are body mass indexes of 25�30kgm�2 or X30kgm�2, respectively. P-values are
for the differences between the two randomized groups.

Table 2 Blood pressure at randomization and follow-up

Atenolol

Perindopril/

indapamide

Mean difference

(95% confidence

interval) P-value

Number of patients 94 107

Systolic blood pressure

Conventional office

Randomization 160.9±15.3 162.1±13.1 �1.22 (�5.17 to 2.73) 0.54

Change �16.9±13.4z �22.6±13.9z 5.61 (1.68 to 9.55) 0.005

Adjusted change �17.8±12.8z �21.8±12.2z 3.99 (0.44 to 7.54) 0.027

24-h ambulatory

Randomization 143.0±14.9 143.7±14.4 �0.79 (�4.86 to 3.29) 0.70

Change �9.3±13.0z �13.9±11.8z 4.62 (1.15 to 8.08) 0.009

Adjusted change �9.5±11.3z �13.7±11.3z 4.24 (1.07 to 7.41) 0.009

Diastolic blood pressure

Conventional office

Randomization 97.6±8.1 97.8±7.5 �0.16 (�2.34 to 2.01) 0.88

Change �13.8±7.2z �12.9±8.3z �0.92 (�3.17 to 1.32) 0.42

Adjusted change �13.8±7.4z �13.0±7.1z �0.86 (�2.89 to 1.18) 0.41

24-h ambulatory

Randomization 86.6±10.0 88.0±10.2 �1.33 (�4.15 to 1.48) 0.35

Change �8.4±7.8z �7.3±7.3z �1.11 (�3.20 to 0.97) 0.29

Adjusted change �8.6±6.4z �7.12±6.4z �1.46 (�3.26 to 0.34) 0.11

Mean arterial pressure

Conventional office

Randomization 118.7±7.3 119.2±6.1 �0.52 (�2.37 to 1.34) 0.58

Change �14.9±7.3z �16.1±9.0z 1.25 (�1.07 to 3.58) 0.30

Adjusted change �15.1±8.2z �15.9±7.8z 0.87 (�1.39 to 3.14) 0.45

24-h ambulatory

Randomization 105.9±10.2 106.9±10.6 �0.94 (�3.84 to 1.96) 0.52

Change �8.6±9.1z �9.7±8.5z 1.17 (�1.28 to 3.62) 0.35

Adjusted change �8.7±7.8z �9.6±7.8z 0.86 (�1.32 to 3.05) 0.44

Values are shown as mean±s.d. Adjusted changes account for baseline value, sex, age, and
body mass index. Significance of the within-group changes from baseline: zPp0.001.
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the basis of the decrease in the 24-h pulse rate and the reciprocal
lengthening of the heart period, AVCI and t lengthened on AT, with a
significant difference in the treatment-induced changes compared
with PER/IND (Table 3). aPWV, but not AASI, decreased slightly
but significantly on AT as well as PER/IND. However, for both aPWV
and AASI, the between-group differences in the treatment-induced
changes were far from statistically significant (Table 3). Adjustment of
the indexes of arterial function for the baseline values and entry
characteristics, including sex, age, body height, 24-h mean arterial
pressure and 24-h pulse rate did not materially alter the aforemen-
tioned results (Table 3).

Sensitivity analyses
Sensitivity analyses, which additionally accounted for drinking alcohol
and the serum level of HDL-cholesterol, confirmed the results
reported in Tables 2 and 3 (data not shown). Our findings also
remained consistent when we applied robust regression (least trimmed
squares), symmetric regression in the computation of AASI, or
excluded influential data points (DFBETA42/On).

Because arterial stiffness differs between patients, with and without
the MS,21 we tested whether the findings in Tables 2 and 3 were
influenced by this condition (Figure 1). With adjustments applied as
in Table 2, the 24-h systolic BP decreased to the same extent on AT and
PER/IND in patients with the MS (�14.5 vs. �11.5 mm Hg; P¼0.39),
whereas in patients without the MS, the decrease on AT was smaller
than on PER/IND (�7.9 vs. �14.8 mm Hg; P¼0.003). Conversely, in
patients with the MS, the adjusted 24-h diastolic BP decreased more
on AT than PER/IND (�13.2 vs. �5.8 mm Hg; Po0.001), whereas in
patients without the MS these decreases were similar (�7.2 vs.
�7.7 mm Hg; P¼0.58). The P-values for the interaction between
treatment and the MS were 0.006, o0.001 and o0.001 for the 24-h
systolic, diastolic and mean arterial pressures, respectively (Figure 1).

Table 3 Indexes of arterial function at randomization and follow-up

Atenolol

Perindopril/

indapamide

Mean difference

(95% confidence

interval) P-value

Number of patients 94 107

Pulse pressure

Conventional office

Randomization 63.21±17.62 64.26±16.21 �1.05 (�5.76 to 3.65) 0.66

Change �3.09±13.75* �9.63±11.34z 6.54 (2.96 to 10.12) o0.001

Adjusted change �4.22±9.77z �8.70±9.75z 4.49 (1.66 to 7.32) 0.002

24-h ambulatory

Randomization 56.3±12.1 55.8±11.6 0.55 (�2.75 to 3.84) 0.74

Change �0.90±7.42 �6.63±6.57z 5.73 (3.78 to 7.68) o0.001

Adjusted change �1.02±6.42 �6.53±6.41z 5.51 (3.70 to 7.31) o0.001

AASI

Randomization 0.42±0.17 0.43±0.16 �0.01(�0.05 to 0.04) 0.75

Change +0.006±0.13 �0.019±0.13 0.02 (�0.01 to 0.06) 0.17

Adjusted change �0.001±0.12 �0.014±0.12 0.01 (�0.02 to 0.05) 0.44

AVCI

Randomization 0.39±0.06 0.38±0.06 0.005 (�0.011 to 0.021) 0.53

Change +0.019±0.03z �0.008±0.03w 0.027 (0.019 to 0.034) o0.001

Adjusted change +0.019±0.03z �0.008±0.03z 0.027 (0.020 to 0.035) o0.001

t

Randomization 1.69±0.34 1.72±0.36 �0.03 (�0.13 to 0.07) 0.57

Change +0.17±0.26z +0.04±0.21 0.13 (0.07 to 0.19) o0.001

Adjusted change +0.16±0.22z +0.04±0.23 0.12 (0.06 to 0.19) o0.001

aPWV

Randomization 12.4±2.90 12.3±2.86 0.08 (�0.72 to 0.89) 0.84

Change �0.87±2.19z �0.72±2.01z �0.15 (�0.75 to 0.45) 0.62

Adjusted change �0.89±1.91z �0.69±1.85z �0.20 (�0.73 to 0.32) 0.45

Abbreviations: t, diastolic decay time in aortic pressure; AASI, ambulatory arterial stiffness
index; aPWV, aortic pulse wave velocity; AVCI, arterio–ventricular coupling index.
Values are shown as mean±s.d. Adjusted changes account for baseline value, sex, age, body
height, 24-h mean artery pressure and 24-h pulse rate.
Significance of the within-group changes from baseline: *Pp0.05; wPp0.01; zPp0.001.

Table 4 Determinants of arterial function at baseline in 201 patients

24-h PP (mm Hg) AASI (units) AVCI (units) t (units) aPWV (ms�1)

R2 0.46 0.25 0.42 0.39 0.42

Intercept �3.36 0.10 0.33 3.48 �14.04

b±s.e. P-value b±s.e. P-value b±s.e. P-value b±s.e. P-value b±s.e. P-value

Age (+10 years) 5.349±0.514 o0.001 0.060±0.008 o0.001 0.027±0.309 o0.001 �0.140±0.015 o0.001 1.555±0.135 o0.001

Body height (+10 cm) — — — — — — — — 0.769±0.280 0.006

24-h MBP (+10 mmHg) 4.417±0.610 o0.001 — — — — — — 0.415±0.155 0.008

24-h pulse rate (+10 beats per min) �2.353±0.655 o0.001 — — �0.012±0.003 o0.001 �0.147±0.019 o0.001 0.413±0.172 0.017

Abbreviations: t, diastolic decay time in aortic pressure; b, partial regression coefficients; AASI, ambulatory arterial stiffness index; aPWV, aortic pulse wave velocity; AVCI, arterio–ventricular
coupling index; MBP, mean blood pressure; P, significance of the partial regression coefficients; PP, pulse pressure; s.e., standard errors.
Variables that did not enter any regression model (P-value for entry 40.15) include sex, body weight, smoking (0,1), intake of alcohol (0, 1), previous antihypertensive treatment and the presence
of the metabolic syndrome (0, 1).

Table 5 Concordance between indexes or arterial function at baseline

AASI aPWV

Unadjusted P-value Adjusted P-value Unadjusted P-value Adjusted P-value

24-h PP (mmHg) 0.55 o0.001 0.44 o0.001 0.58 o0.001 0.38 o0.001

AASI (units) 1 1 0.44 o0.001 0.21 0.003

aPWV (ms�1) — — 1 1

Abbreviations: AASI, ambulatory arterial stiffness index; aPWV, aortic pulse wave velocity; PP, pulse pressure.
Values are correlation coefficients unadjusted or adjusted for sex, age, body height, 24-h mean arterial pressure and the 24-h pulse rate. P-values indicate the significance of the correlation
coefficients.

Arterial function and antihypertensive drugs
Y Jin et al

492

Hypertension Research



All other interaction terms of treatment with the MS were not
statistically significant for BPs or the arterial indexes.

DISCUSSION

Both b-blockers and angiotensin-converting enzyme inhibitors reduce
BP, but through contrasting hemodynamic mechanisms. b-Blockers
without intrinsic sympathomimetic activity, such as AT, decrease heart
rate and cardiac output and increase total peripheral resistance,
although the latter effect is blunted in the long-run.22 Angiotensin-
converting enzyme inhibitors, such as perindopril, cause vasodilata-
tion with inhibition of the reactive neurohumoral activation, increase
muscular blood flow and have no negative inotropic effect on the
myocardium.23 aPWV, which is determined in the most pulsatile
segment of the arterial circulation,24 is the gold standard for measur-
ing arterial stiffness.8 AASI is also determined at an arterial site with
pulsatile flow, the brachial artery, but is an indirect measure of arterial
function.8 AASI is also influenced by other hemodynamic factors, such
as heart rate,1,25 stroke volume, wave reflections and systolic augmen-
tation, and might also reflect arterio–ventricular coupling.10 However,
after 1 year of treatment in the current study, the change in both
aPWV and AASI were similar in the two treatment groups. Thus,
under treatment with drugs with quite different hemodynamic pro-
files, AASI behaved similarly as aPWV.

Atenolol lowered systolic BP and PP less than PER/IND. As
previously highlighted by other researchers22 and ourselves,12,13 this
difference is largely the consequence of the AT-induced reduction of
heart rate, which is responsible for a return of the wave reflections in
the central arteries during systole. This timing precludes a lowering of
the central systolic blood pressure. Our current results are in keeping
with those of the Conduit Artery Function Evaluation ancillary

study26 from the Anglo–Scandinavian Cardiac Outcomes Trial.27

This sub-study included 2199 patients randomized to amlodipine
with/without PER or to AT with/without bendroflumethiazide.26 Most
patients received combination therapy throughout the study. Despite
similar brachial systolic BPs between treatment groups (difference (D),
0.7 mm Hg; 95% confidence interval, �0.4 to 1.7; P¼0.20), there were
substantial reductions in the aortic systolic BP (D, 4.3 mm Hg; 95%
confidence interval, 3.3–5.4; Po0.0001) and aortic PP (D, 3.0 mm Hg;
95% confidence interval, 2.1–3.9; Po0.0001) on the newer compared
with the older drugs. Furthermore, under treatment with angiotensin-
converting enzyme inhibitors, in particular PER, but not under
treatment with AT, the structural arteriolar abnormalities associated
with hypertension regress.28,29 The ensuing reduction of the reflection
coefficients likely reduces the amplitude of the backward pressure
wave and promotes a decrease of systolic BP and PP in the brachial
artery.

In patients without MS, the reductions in the 24-h systolic BP and
PP were significantly larger on PER/IND than on AT. The opposite
trend occurred for diastolic BP in patients with the MS. In untreated
hypertensive patients, structural alterations of the arterioles go hand in
hand with capillary rarefaction. The MS and a positive sodium balance
enhance capillary rarefaction.30–32 Angiotensin-converting enzyme
inhibitors reverse the structural damage at the arteriolar level. Salt
depletion by diet or the administration of diuretics restore capillary
density.33 We hypothesize that these beneficial effects are more difficult
to achieve in patients with the MS than in those without this
condition. On the other hand, compared with PER/IND, AT produced
a larger decrease in diastolic BP and mean arterial pressure in the
patients with the MS than in those without this condition. This might
be because of the longer diastole in the presence of vasodilatation,

Figure 1 Changes in the 24-ambulatory blood pressure in response to 1 year of treatment with atenolol (AT) or perindopril/indapamide (PER/IND). Results

are given for systolic and diastolic blood pressures, pulse pressure and mean arterial pressure in patients without (MS�) and with (MS+) the metabolic

syndrome, defined according to the NCEP-ATPIII criteria.20 P denotes the significance of the treatment differences, Pint the significance of the interaction

between treatment and the MS, and n the number of subjects in each group.
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which generally occurs in the presence of obesity,34 one of the
hallmarks of the MS.20

AASI reflects the dynamic relation between diastolic and systolic BP
throughout the whole day,1,2 whereas aPWV and the 24-h PP do not
account for the diurnal variability in the relation between diastolic and
systolic BP. AASI depends on the combined effects of left ventricular
ejection, the passive and active components of arterial stiffness and the
reflection of the arterial pulse wave. In line with the present findings,
we previously demonstrated that in healthy volunteers the unadjusted
correlation coefficient between AASI and aPWV was 0.51.1 Further-
more, in randomly recruited Chinese, both before and after adjust-
ment for arterial wave reflections by considering height and heart rate
as covariables, AASI correlated more closely with the central and
peripheral systolic augmentation indexes than with the 24-h PP.1 In
the current study, although accounting for covariables, AASI corre-
lated significantly both with aPWV and the 24-h PP.

Our current study must be interpreted within the context of its
potential limitations. First, the original sample size calculations for
REASON considered aPWV as the main outcome measure for the
comparison between AT and PER/IND. To detect a significant
(P¼0.05) two-tailed difference of 0.5±1.2 (s.d.) m s�1 with 95%
power, the number of subject to be analyzed was estimated to be 300.
The REASON trial overall included 471 subjects, but our current
report included only 201 patients with an ambulatory BP recording of
sufficient quality. To detect a between-group difference of
0.5±1.2 m s�1 with a two-sided P-value of 0.05, our current study
had 83% power. In addition, with a sample size of 201, our current
study had 95% power to detect a significant (P¼0.05) between-group
difference in AASI of 0.066±0.13 (s.d.) or more. We cannot exclude
that our current analyses were underpowered. Nevertheless, our
current findings were consistent with the previously published REA-
SON results.12–14 Second, data from Framingham Study35 and the
Atherosclerosis Risk in Communities study36 showed that lower HDL-
cholesterol was a forerunner of vascular disease. Although drinking
alcohol increases HDL-cholesterol,37 in our current study HDL-
cholesterol at baseline was lower in PER/IND than in AT group.
In a sensitivity analysis, we adjusted for HDL-cholesterol and for the
small difference in the proportion of drinkers. However, we cannot
exclude with certainty that residual confounding biased our results.
Notwithstanding these potential limitations, compared with conven-
tional BP measurement, ambulatory monitoring more precisely
reflects a subject’s usual blood pressure, excludes observer bias and
minimizes the white-coat effect.4 These are desired characteristics that
might contribute to the validity of AASI as an index reflecting the
arterial function.

Our study is the first one to compare the influence of a pharma-
cological intervention on aPWV, the standard measurement of arterial
stiffness8 and AASI. On administration of antihypertensive drugs with
quite different hemodynamic profiles, AASI and aPWV behaved
similarly. Our current findings, taken together with the prognostic
significance of AASI,2,6,7 and its concordance with other indexes of
arterial function,1 strengthens the position of AASI as a diagnostic
instrument reflecting arterial stiffness. A worldwide consortium of
investigators are currently enlarging the database of ambulatory BP
recordings in relation to cardiovascular outcomes and plan to study
the predictive value of AASI in population-based cohorts of different
ethnicity.38 In the meantime, manufacturers of devices for ABPM are
including the computation of AASI in their software packages. Clin-
icians might consider AASI in the risk stratification of their patients
under the proviso that further clinical and epidemiological validation
of this novel prognostic index of arterial function is warranted.
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COMMENTARY

More than a REASON to use arterial stiffness as risk
marker and therapeutic target in hypertension

Fabio Angeli, Gianpaolo Reboldi and Paolo Verdecchia

Hypertension Research (2011) 34, 445–447; doi:10.1038/hr.2010.276; published online 13 January 2011

Prevention of cardiovascular (CV) disease
is largely based on a strict control of

traditional risk factors, such as hypertension,
smoking, dyslipidemia and diabetes. These
factors are detrimental to arterial integrity
by way of altering its structure, properties
and function.1 In particular, changes in the
stiffness of the large arteries may largely
account for the changes in systolic blood
pressure (BP), diastolic BP and pulse pressure
(PP) that occur from 50 years of age onward.
Hence, there is a strong rationale for under-
standing the mechanisms of arterial stiffness
to improve CV risk stratification and to better
treat hypertension.

During the past few years, arterial stiffness
has been widely investigated. Several non-
invasive methods to assess arterial stiffness
have become available.2 Although office and
ambulatory PP are the simplest surrogate
measures of arterial stiffness, other quantita-
tive methods and indices have been devel-
oped, namely: pulse transit time and pressure
pulse waveform (aortic pulse wave velocity
(PWV), central BP and augmentation index),
local mechanical properties (arterial compli-
ance and distensibility) and the correlation
between ambulatory diastolic and systolic BP
(ambulatory arterial stiffness index (AASI)).2

Most of them showed a significant associa-
tion with poor CV outcome over and above
classical CV risk factors.2–6 However, consis-
tent data support the measurement of PWV
as the most simple, non-invasive, robust and
reproducible method to determine arterial
stiffness.2,7 A recent systematic review and

meta-analysis7 of 17 longitudinal studies eval-
uated the predictive value of aortic PWV for
future CV events and all-cause mortality. The
pooled relative risk of clinical events increased
in a stepwise, linear-like fashion from the first
to the third tertile of aortic PWV. The pooled
relative risk of total CV events, CV mortality
and all-cause mortality were 2.26 (95% con-
fidence interval (CI): 1.89–2.70), 2.02 (95%
CI: 1.68–2.42) and 1.90 (95% CI: 1.61–2.24),
respectively, for high vs. low aortic PWV
subjects. In particular, each increase in aortic
PWV by 1 m s�1 corresponded to an age-,
sex- and risk factor-adjusted risk increase
of 14, 15 and 15% in total CV events, CV
mortality and all-cause mortality, respectively.

In this exciting and challenging area, the
ancillary analysis of the REASON (Preterax in
Regression of Arterial Stiffness in a Controlled
Double-Blind Study) trial reported in the
current issue of this journal8 focused on
two key aspects regarding estimate and treat-
ment of arterial stiffness. In particular, this
study compared the influence of a pharma-
cological intervention on PP, aortic PWV
and AASI.

This new analysis included patients
enrolled in 32 of the 52 REASON (Preterax
in Regression of Arterial Stiffness in a Con-
trolled Double-Blind Study) centers, which
opted to perform ambulatory blood pressure
monitoring. Arterial stiffness was estimated
using ambulatory PP, AASI and aortic PWV
in 201 out of 471 patients originally enrolled.
Interestingly, baseline aortic PWV was more
closely associated with 24-h ambulatory PP
(r¼0.58, Po0.001) than was AASI (r¼0.44,
Po0.001). These different indices of arterial
stiffness remained significantly associated
after adjustment for sex, age, body height,
24-h mean BP and 24-h heart rate.

The strict concordance observed between
ambulatory PP and aortic PWV might lend

support to ambulatory PP as a better surro-
gate of aortic PWV than AASI. However,
both ambulatory PP and AASI have some
limitations when compared with aortic
PWV for the estimation of arterial stiffness
(Figure 1). Peripheral PP is directly related
to the mean arterial pressure and lowering
BP may therefore lead to a reduction in PP
without necessarily exerting a direct effect on
the arterial wall. On the other hand, AASI
describes, in a single number or coefficient,
the dynamic relationship between diastolic
and systolic ambulatory BP over 24 h by
reflecting the mechanical properties of small
arteries. Moreover, the predictive value of
AASI seems to be not comparable to the
predictive value of PWV, and measurement
of aortic PWV appears to be less time-con-
suming and distressing for patients.2

The effect of different antihypertensive
agents on arterial stiffness is an additive
aspect of this study, which deserves some
comment.

After a 4-week placebo-washout period,
the patients were randomly assigned to
treatment for 1 year with perindopril plus
indapamide (107 patients) or atenolol (94
patients).

Office systolic BP decreased significantly
more in the perindopril plus indapamide
group than in the patients randomized to
atenolol (adjusted mean difference 4.49 mm Hg,
P¼0.002); similar results were obtained con-
sidering 24-h ambulatory PP (adjusted mean
difference 5.51 mm Hg, Po0.001). In con-
trast, the perindopril plus indapamide
group failed to show a favorable effect on
arterial stiffness rather than atenolol: for both
aortic PWV and AASI, the between-group
differences in the treatment-induced changes
were not statistically significant.8

Despite the low power of this analysis
(to detect a significant two-tailed difference
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of 0.5±1.2 m s�1 in aortic PWV with 95%
power, the required number of subjects was
estimated to be 300), the results are in keep-
ing with those obtained in the entire trial
cohort, where the two agents lowered PWV
equally.9

Although it is conceivable that reduction of
arterial stiffness may become a major primary
goal of treatment, only few other clinical
trials specifically investigated the effects of
different BP-lowering drugs on arterial wall.
One of the main intervention trials demon-
strating the prognostic role of arterial stiffness
and its treatment was conducted in hemo-
dialysis patients.3 The primary aim of this
study was to lower CV morbidity and mor-
tality through a complex therapeutic plan
involving an initial salt and water depletion
by dialysis, followed by, according to a multi-
arm randomization, an angiotensin-convert-
ing enzyme inhibitor or a calcium channel
blocker (CCB) or the combination of the two
agents and/or their association with a beta-
blocker. Over a long-term follow-up (51
months), mean brachial BP, brachial PP and
aortic PWV in survivors were lowered in
parallel. In contrast, for patients who died
from CV events, mean brachial BP had been
reduced to the same extent as in survivors,
but neither PWV nor brachial PP had been
significantly modified by drug treatment.
Thus, survival of end-stage renal disease
patients seemed to be significantly better
when aortic PWV declined in response to
BP lowering. The adjusted relative risk in
those with unchanged PWV in response to
BP changes was 2.59 (95% CI, 1.51–4.43,

Po0.01) for all-cause mortality and 2.35
(95% CI, 1.23–4.51, Po0.01) for CV mortal-
ity. The prognostic value for survival of PWV
sensitivity to BP reduction was independent
of age, BP changes and blood chemistries.
Finally, prolonged survival was favorably
associated with the use of an angiotensin-
converting enzyme inhibitor, whereas the use
of beta-blockers and/or CCBs had no direct
impact on outcomes.3

More recently, in the Conduit Artery Func-
tion Evaluation (CAFE) study,4 a subanalysis
of the Anglo-Scandinavian Cardiac Outcomes
Trial (ASCOT), 2073 participants underwent
radial artery applanation tonometry and
measurement of PWV. In keeping with the
REASON study,9 the results indicate that
atenolol had lesser effect on central aortic
BP and PP, despite similar brachial artery
BP reduction, than a CCB regimen. Central
aortic PP was also associated with clinical
outcomes independently of age, other tradi-
tional CV risk factors and even peripheral PP.

A recent study examined the effects of a
CCB (azelnidipine) vs. a diuretic (hydrochlor-
othiazide) in combination with the same
angiotensin receptor blocker.10 After adjust-
ment for baseline covariates, central sys-
tolic BP decreased more in the angiotensin
receptor blocker/CCB group (between-
group difference of 5.2 mm Hg, P¼0.039),
whereas brachial and ambulatory systolic
BP decreased similarly in the two groups
(2.6 mm Hg, P¼0.29). Moreover, aortic PWV
showed a significantly greater reduction for
the angiotensin receptor blocker/CCB combi-
nation than for the angiotensin receptor

blocker/diuretic combination (0.8 m s�1;
Po0.001) after adjustment for potential
confounders.

Taken together, these studies not only
demonstrated that brachial PP does not
always reflect the impact of different pres-
sure-lowering treatments on central aortic
pressures and PWV, but also indicate that it
is possible to obtain selective reduction of
arterial stiffness and wave reflections through
complex interactions between small-artery
and large-artery effects.

Despite the fact that arterial stiffness can be
quantitatively assessed by several methods,
they are all far from perfection and none
can thoroughly explore wall properties
(Figure 1).2 PWV is presently considered the
‘gold standard’ for the assessment of arterial
stiffness and subclinical target organ damage
and it seems to predict CV risk better than
traditional measures. Conversely, insufficient
data are available to conceivably introduce
other markers of arterial integrity into rou-
tine clinical practice. In particular, further
studies are required before AASI can be relied
upon for a robust assessment of arterial
stiffness.

Finally, arterial stiffness may be used to
distinguish the beneficial effects of an inter-
vention rather than simply measuring its
effect on BP. However, sparse data are avail-
able to identify antihypertensive agents that
specifically target the arterial wall. Whether or
not different treatments can affect the long-
term prognosis of patients with stiff arteries
remains to be established. These REASON
findings open the way for the development of
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Figure 1 Main limitations of different techniques used in the ancillary analysis of the REASON trial for the estimation of arterial stiffness in a 39-year-old

hypertensive male patient.
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long-term CV treatment strategies involving
both small and large arteries.
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