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Arterial distensibility and circadian blood pressure variability
Roland Asmar, Angelo Scuteri*, Jirar Topouchian®, Anne-Marie Brisac,
Joao Maldonado*, Laure Cloarec’ and Michel Safar

Objective To analyse the relationships between arterial
distensibility and blood pressure level and its circadian
variability assessed by non-invasive ambulatory blood
pressure monitoring.

Design One hundred and six patients (69 men,

37 women; aged 20-72 years) without any
cardiovascular complication or treatment underwent
24 h ambulatory blood pressure monitoring. Aortic
distensibility was evaluated by carotid-femoral artery
pulse-wave velocity measurements performed with a
validated automatic device (Complior).

Results The pulse-wave velocity correlated significantly
with age (P<0.001), systolic blood pressure (P<0.01)
and heart rate (P < 0.05). Subjects with higher pulse-
wave velocities (above the median value) had higher
ambulatory blood pressure and heart rate values, mainly
during night-time, and present a smaller nocturnal fall
both in systolic and in diastolic blood pressure than do
those with lower pulse-wave velocities (below the
median). The pulse-wave velocity was revealed to be an
independent predictor of the nocturnal fall in systolic
blood pressure (multiple r=0.272, P<0.02) whereas
age and, to a lesser extent, mean 24 h diastolic blood
pressure were independent predictors of the nocturnal |
fall in diastolic blood pressure (multiple r=0.387,
P<0.001).

Conclusion Reductions in arterial distensibility are
associated with increased blood pressure and heart rate
levels whereas perturbations of the circadian blood
pressure profile are associated with increased nocturnal
values. The increased risk of end-organ damage and
vascular events in the presence of higher nocturnal
blood pressure values suggests that a study of arterial
distensibility in the normal follow-up of hypertensive
patients might be of benefit.
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Introduction

Blood pressure is known to be spontaneously variable in
human beings. This variation has several sources: some
of them are cyclical, whereas others are non-cyclical. Non-
cyclical sources are represented by variations in posture,
activity and emotional state. Cyclical sources include
respiratory oscillation of blood pressure [1], ultradian
rhythms and circadian variations [2].

Among the cyclical variations, the circadian blood pressure
profile has attracted increasing attention. Normally, in
normotensive subjects [3] and in the majority of essen-
tial hypertensive patients [4], the mean blood pressure
declines by approximately 15% from day to night
Disturbances of the circadian cyclical variation may have
clinical relevance both for diagnosis and for prognosis.
Reductions in circadian blood pressure variation have
been described in some forms of secondary hypertension
[S]. Patients with reduced nocturnal falls in blood
pressure, ‘non-dippers’, more frequently have strokes [4]
and may be at increased risk of target-organ damage and,
perhaps, cardiovascular complications in subsequent years
relative to subjects with a normal day-night blood
pressure rhythm, ‘dippers’ [6-8]. Since cardiovascular
morbidity and mortality of hypertensive patients are
related mainly to lesions of the large arteries and since
several studies showed that, in hypertension, not only the
resistive vessels but also the large arteries are affected
[9,10], we described the relationships between arterial
distensibilitcy and blood pressure level determined
according to different methods [11]. Since the highest
linear correlation coefficient was noted with the ambula-
tory blood pressure monitoring averages, in the present
study we focused on the possible relationships between
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arterial distensibility evaluated by pulse-wave velociry
and the circadian blood pressure variability evaluated by
24 h non-invasive ambulatory blood pressure monitoring,.

Patients and methods

Patients

The study was carried out in 106 subjects prescelected at
outpatient clinics on the basis of the following criteria:
they had mild-to-moderate essential hypertension, never
treated or untreated for at least 2 weeks, with no clinical
evidence of congestive heart failure, coronary discase,
renal insufficiency or any other occlusive artery disease.
They were 69 men and 37 women aged 20-72 vyears.
Patients were recalled to have an ambulatory blood
pressurc monitor fitted, between 0830 and 1000 h. After
a normal day’s activity, patients returned to the hospital
at 0800 h the following morning, whereupon the monitor
was removed and a full aetiological and cardiovascular risk
factor examination was performed in the outpatient clinic
[12]. Patients with known plasma glucose or lipid abnor-
malities and subjects with body mass index > 30 kg/m*
were not included.

Methods

Casual blood pressure measurements

Blood pressures and heart rates were measured by highly
qualified practitioners on three occasions: at the prese-
lection visit, before the ambulatory blood pressure
monitor had been fitted and when the device was returned
to the hospital. Measurements were performed in tripli-
cate at 1 min intervals after the patient had rested for 10
min in the supine position and in duplicate after the
patient had stood for 2 min, using a mercury sphygmo-
manometer with an appropriate cuff circumference.
Systolic blood pressure was determined by Korotkoff
phase | and diastolic blood pressure by phase V. The
means of the triplicate supine blood pressure values
recorded before fitting the monitor were used in the statis-
tical analysis.

Non-invasive ambulatory blood pressure monitoring
Automarted non-invasive blood pressure monitoring was
carried out in each patient using a DIASYS model 200RS
monitor (Novacor, Rueil-Malmaison, France) programmed
to measure blood pressure and heart rate every 15 min
throughout 24 h. The reliability of this method has
previously been evaluated versus that of the intra-
arterial method [13]. Ambulatory monitoring was under-
taken for a full active day; the patient worked normally
during the dav and then went home as usual in the
evening [14]. The darta of each full dav’s recording were
averaged over the hourly periods, the 24 h period, daytime
(0700-2200 h) and night-time (2200-0700 h); these mean
values were used for the statstical analysis. Circadian
variability was assessed on the basis of individual SD
and nocturnal falls were evaluated from individual data
of each subject.

Arterial distensibility

The pressure pulse generated by ventricular ejection is
propagated throughourt the arterial tree at a speed deter-
mined by the clastic and geometrical properties of the
arterial wall and the blood density. Since fluid is contained
in a svstem of clastic conduits, energy propagation occurs
predominantly along the arterial wall [15]. The thickness
of the arterial wall and the lumen diameter thus become
the major determinants of pulse-wave velocity (PWV),
This concept has been formalized in a mathemartical
model [16], whereby the pulse-wave velocity is given by
the Moens—-Korteweg equation: PWV = VEh/(2pR), or by
the Bramwell-Hill equation: PWV = VAP V/(AVp), where
E is Young's modulus of the arterial wall, h is the wall
thickness, R is the arterial radius, p is the blood density
and AV and AP are, respectively, the changes in volume
and in arterial pressure.

The pulse-wave velocity is calculated from measurements
of the pulse transit time and the distance travelled by the
pulse between two recording sites: PWV = distance/transit
time (m/s) [17]. The pulse wave was recorded using a
TY-306 pressure-sensitive transducer (Fukuda, Tokyo,
Japan).

Automatic measurements of pulse-wave velocity

For automatic measurements of pulse-wave velocity, we
used the automartic device Complior (COLSON, Garges
les Gonesse, France) [18]. Briefly, the pressure wave-
forms are digitized at 500 Hz frequency acquisition for
carotid—femoral artery PWV. The two pressure waveforms
are stored in a memory buffer. A preprocessor analyses
automatically the gain of each waveform and adjusts it to
provide equality of the two signals. When the operator
observes a pulse waveform of sufficient qualicy on the
computer screen, digitization is suspended and calcula-
tion of the time delay between the two pressure upstrokes
is initiated. The first operation performed is to remove
spikes that may be present in the pulse waveforms, which
are then digitally differentiated and the times at which
peak values occur are determined. The delay between
the two pulse waves is calculated by performing a corre-
lation between the data of the two waveforms. The distal
pressure upstroke is then time-shifted by subtracting one
sample period and the correlation coefficient is again
calculated. The procedure is repeated until the amount
of data point shift required to provide the best fit has
been calculated. This procedure was repeated for 10
different cardiac cycles and their mean value was consid-
ered for the analysis. Validation of this method has previ-
ously been described [18] by comparison with the
standard method. The mean difference value was 0.20 +
0.45 m/s; its intra-observer and interobserver repeatibility
coefficients were, respectively, 0.935 and 0.890.

Statistical analysis
Data were transferred to a spreadsheet software, Excel
5.0 (Microsoft Co., Washington DC, USA), for analysis on



a personal computer. The quality of the data acquisition
was double-checked by two different observers before
data were transferred to the statistical software, Svstat
(Systat for Windows 3.1, Evanson, Illinois, USA). Des-
criptive tests were used to express the range values.
Comparison of mean values berween groups was per-
formed using an unpaired Student’s t-test. Comparison of
qualitative parameters was performed using the x’-test.
Simple regression analvsis was performed by calculating
Pearson’s correlation coefficient. Stepwise analysis was
used for multiple regression. Values arc expressed as
means = SD. P < 0.05 was considered statistically signifi-
cant.

Results

Patients

One hundred and six patients (69 men, 37 women)
participated in the study. On the basis of the casual
blood pressure measurements, 21 subjects were normo-
tensives and 85 presented essential hypertension. Their
characteristics (mean + SD) were age 49 + 11 years, for
body mass index 25.1 = 3.0 kg/m?, pulse-wave velocity
11.82 + 3.1 m/s, rtotal plasma cholesterol 5.56 +0.96
mmol/l and 5.43 £ 0.92 mmol/l for plasma glucose.

Table 1 shows the different mean values of blood pressure
and heart rate obrained from the casual and ambulatory
measurements. For the latter, results are expressed
separately for the full 24 h, the daytime and the night-
time periods. The nighr fall is expressed as a percentage
of the dav values: day — night/day x 100.

Relationship between arterial distensibility and clinical
parameters

Analysis based on simple linear correlation showed that
pulse-wave velocity is highly correlated to age (r = 0.447,
P <0.001) and, to a lesser extent, to blood pressure and
heart rate. With regard to blood pressure, pulse-wave
velocity is correlated mostly to systolic blood pressure
(SBP) both for the casual (r = 0.254, P < 0.01) and for the
24 h ambulatory measurements (r = 0.257, P <0.01); for
the latter merthod, the highest correlation coefficient is
observed with the nocturnal period values (r=0.305,
P <0.01) in comparison with the diurnal period (r = 0.245,
P <0.05). Concerning the diastolic blood pressure (DBP),
a significant correlation is observed only with the ambu-
latory measurements during the nocturnal period (r = 0.24,
P < 0.05). For heart rate, only the ambulatory values were
significantly correlated to pulse-wave velocity, with the
24 h period (r = 0.191, P < 0.05) and mainly with the night-
time period (r=0.24, P <0.05).

On this basis, a multiple regression analysis was per-
formed, between pulse-wave velocity (as dependent
variable) and age, mean 24 h SBP and heart rate (as inde-
pendent variables). Stepwise multiple regression analysis
showed that age is the strongest predictor of pulse-wave
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Table 1 Mean values of blood pressure and heart rate
Systolic Diastolic Heart
blood blood rate
pressure pressure (beats/
(mmHg) (mmHg) min)
Casual measurements 161 £ 18 102+12 72+8
24H 143t 16 g2+ 11 74+ 11
Daytime (0700-2200 h) 149 %16 97 11 T8k 12
Night-time (2200-0700 h) 131 £17 82112 66+ 11
Night fall (%)
(day - night/day) 134 8.0 162+79 126£6.0

Values are expressed as means + SD.

Table 2 Comparison of blood pressure and heart rate profile in
patients with low (below the median) and high (above the
median) pulse-wave velocity values

Low pulse-wave High pulse-wave
velocity (below the  wvelocity (above the

median value) median value)
Men/women 21/32 16/37
MNormotensives/hypertensives 14/39 7/46
Age(years) 44+9 53+ 9"
Body mass index (kg/m?) 249126 25124
Pulse-wave velocity (m/s) 9.52 £ 0.98 14.00 £ 1.96""
Casual SBP (mmHg) 158 £ 14 164 + 14*
Casual DBP (mmHg) 101 £ 10 10319
Casual heart rate (beats/min) 7218 7512
24 H SBP (mmHg) 139+ 11 147t 12"
24 H DBP (mmHg) Bots8 94 8"
24 H heart rate (beats/min) 718 76 £ 8*
Day SBP (mmHg) 145+ 12 153+ 13"
Day DBP (mmHg) 95+9 99+ 8*
Day heart rate (beats/min) 7%5t8 819"
Night SBP (mmHg) 126 £ 12 187+ 19"
Night DBP (mmHg) 78+9 85+ 8"
Night heart rate (beats/min) 63t8 69+ 8~
SBP night fall (%) 156+74 12+ 44"
DBP night fall (%) 184176 1447
Heart rate night fall (%) 1258 135162

Values are expressed as means + SD. DBP, diastolic blood pressure; SBP,
systolic blood pressurse. *P<0.05, ""P<0.01, **P<0.001, versus low

pulse-wave velocity.

velocity (standard coefficient 0.432, P < 0.001), followed
by mean 24h heart rate (standard coefficient 0.183,
P =0.04). Mean 24 h SBP showed a positive trend that
did nort atrain statistical significance (standard coefficient
0.154, P =0.08).

Analysis according to the arterial distensibility values

According to the median value of pulse-wave velocity
(median 11.1 m/s), patients were classified into two
groups: high pulse-wave velocity (above the median)
and low pulse-wave velocity (below the median). No
difference was noted in the sex distribution or in the
prevalence of essential hypertension berween the two
defined groups (Table 2). Patients with high pulse-wave
velocities were significantly older and presented blood
pressure and heart rate levels higher than those found in
subjects with low pulse-wave velocities. These differ-
ences were more pronounced in the ambulatory dara,
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Fig. 1
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Correlation between nocturnal fall in systolic blood pressure (BP)
and carotid—femoral artery pulse-wave velocity (PWV).
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Correlation between nocturnal fall in diastolic blood pressure (BP)
and age.

mainly for the nocturnal period, than they were the casual
measurement values. With regard to the circadian vari-
ability, no diffecrence was found in the SD of the SBP or
the DBP, whereas significantly lower falls both in SBP
and in DBP during the night period were noted in
subjects with high pulse-wave velocities. No significant
difference was found between the nocturnal changes in
hearrt rate in the two groups. The results are summarized
in Table 2.

Night falls in blood pressure and heart rate

To gain further insight, a univariate regression analysis
was performed comparing the percentage falls in the
blood pressure values during the night with those during
the davtime period (ASBP and ADBP). ASBP presented
a significant negative correlation with mean 24 h SBP
(r=-0.198, P<0.05) and with pulse-wave velocity
(r=-0.231, P < 0.02). ADBP showed a significant negative
correlation with age (r=-0.331, P<0.001), pulse-wave
velocity (r=-0.224, P <0.02) and mean 24h blood
pressures (SBP: r=-0.211, P<0.05; DBP: r=-0.195,
P <0.05). The multiple stepwise regression analysis
showed that only pulse-wave velocity was a predictor for
ASBP (multiple R = -0.272, P < 0.02; Fig. 1), whereas age
(multiple R =-0.340, P <0.01) and, to a lesser extent,
mean 24 hour DBP (multiple R = -0.195, P <0.05) were
independent predictors for ADBP (Fig. 2).

Discussion

Several clinical studies [19-22] have emphasized that
age and blood pressure are the most important factors
contributing to increase pulse-wave velocity. In fact, since
the arterial wall elastic modulus is a function of intra-
arterial pressure and the pulse-wave velocity is related to
wall elasticity, the pulse-wave velocity is related directly
to distending pressure [22]. On the other hand, age is an

important factor contributing to the increase in pulse-
wave velocity because of increased arterial stiffness,
medial calcification and loss of elasticity with age [23].
Considering these observations, the major findings of
the present study are the following: pulse-wave velocity
is correlated significantly with heart rate; subjects
with reduced arterial distensibility present higher blood
pressure and heart rate values recorded by the ambula-
tory blood pressure monitoring, mainly during the night
period with reduced nocturnal falls both in SBP and in
DBP; and pulse-wave velocity appears to be an inde-
pendent predictor of the nocturnal fall in SBP.

Relationship between pulse-wave velocity and

heart rate

The finding of a correlation between heart rate and
pulse-wave velocity seems remarkable since it remained
significant when analvsed by multiple regression. In addi-
tion, patients with high pulse-wave velocities present
constantly higher heart rate values than do patients with
low pulse-wave velocities. Such a relationship between
pulse-wave velocity and heart rate was noted in previous
studies [11,12]. In fact, because the viscous component
of the elastic arterial wall is known to be highly frequency-
dependent, it is expected that the higher values of heart
rates might be associated with the more reduced disten-
sibility [24-27]. Thus, for a given value of blood pressure,
arterial stiffness is expected to be higher when the heart
rate is increased. This frequency-dependence of the
various indices of arterial stiffness becomes a particularly
important quantity to evaluate in human populations
because numerous epidemiological reports [28,29] in vitro
and experimental studies [30,31] have emphasized that
an elevated heart rate is associated with an increased
occurrence of cardiovascular injuries and events.



Considering the observation of a correlation berween
heart rate and arterial distensibility and  the  resules
observed for SBI and heart rate mainly during nighe-time.
it is important to consider the possible role of the auto-
nomic nervous svstem. In fact, the activation of this
svstem s usually associated with an increase in heart
rate and a decrease in the arterial distension capacity.
Morcover, the autonomic svstem is involved in the barore-
ceptor sensitivity regulation, which is usually evaluated
by analysis of the relationship berween SBP and heart
rate period [32]. Since several reports associated circadian
changes in  cardiovascular  haemodynamics  with an
increase in barorccepror sensitivity during sleep [33-36],
and hvpertension is associated with an impairment of
baroreflex regulacion, it seems logical that this abnormality
appears mainly when the baroreceptor is highly sensitive,
such as during the night, and affects SBP and heart rate,
two parameters that are involved in the assessment of
baroreceptor sensitivity. Finally, several reports [37,38]
showed an association between some abnormalities of the
autonomic nervous system and disturbances in the circa-
dian rhvthm of blood pressure noted, as in our study,
mainly during the night-time.

Arterial distensibility and blood pressure circadian
variability

In this study, there was no significant difference berween
the SD calculated individually for SBP and DBP in
patients with high and in those with low pulse-wave
velocity values. Since SD may be considered to reflect
the ‘shore-term variabilicy” of blood pressure [39], we may
argue that pulse-wave velocity does not affect short-term
blood pressure variability evaluated by intermittent non-
invasive monitoring significantly in this population.

The pattern is quite different when we analyse the circa-
dian rhyvthm, namely, the day-night variability. Subjects
with high pulse-wave velocities present, in comparison
with those with low pulse-wave velocity values, about a
5% increase in the mean diurnal blood pressure values
(both for SBP and for DBP) and about a 9% increase in
the mean nocturnal values. This difference could not be
accounted for by dipper status (arbitrarily defined as a fall
of more than 10% both in SBP and in DBP during night-
time), since the prevalence of dippers was similar in the
two groups (n =236, 66.6%, in patients with low pulse-
wave velocities versus n = 31, 58.5%, in patients with high
pulse-wave velocities).

[t has previously been reported [40] that day-night
changes in arterial distensibility are correlated to day—
night changes in blood pressure; in this study, a negative
correlation was noted between pulse-wave velocity and
the fall in nocturnal blood pressure, both for SBP and for
DBP. It is difficult to know whether a change in pulse-
wave velocity is causing the increase in nocturnal blood
pressure or vice versa. On the multivariate analysis, pulse-
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wave velocity appears as an independent predictor of
the nocturnal fall in SBP; chis may be explained by the
observation that an increased pulsc-wave velocity s
associated with an increase in SBP [41] and thus a reduced
nocturnal fall may be expected in these patients, mainly
in the SBP values, as has been described in patients with
arterial discases [42]. However, the independent predic-
tors of the nocturnal fall in DBP were age and mean
24 h blood pressure level, two well-known parameters
described previously in several reports [43.44].

Conclusion

The present study showed that the reduction in aortic
distensibility evaluated by carotid—femoral artery pulse-
wave velocity is associated with increased blood pressure
and heart rate levels and disturbances of the circadian
blood pressure profile with increased nocturnal values.
It also showed thar arterial distensibility appears to be an
independent predictor of the nocturnal fall in SBP. Since
there is an increased risk of organ damage and vascular
events in the presence of higher nocturnal blood pressure
values, and since the circadian profile of blood pressure
levels should influence the dosage and the time interval
between antihypertensive drug administrations, our find-
ings suggest that a study of arterial distensibility in the
normal follow-up of hypertensive patients might be of
benefit.
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