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Distension Capacity of the Carotid Artery
and Ambulatory Blood Pressure Monitoring

Effects of Age and

ypertension

R.S. Cunha, A. Benetos, S. Laurent, M.E. Safar, and R.G. Asmar

In hypertension, the principal components of the
mechanical stress acting on the arterial wall may
be evaluated not only from the level of peak sys-
tolic and end-diastolic blood pressure but also by
the level of pulse pressure and variability of blood
pressure measured by ambulatory monitoring. The
purpose of the present study was, in a population
of 51 subjects with essential hypertension, to de-
termine the influence of these parameters and of
heart rate on the distension capacity of the com-
mon carotid artery, measured noninvasively by
high-resolution echo-tracking techniques. The pul-
satile change in diameter of the carotid artery di-
ameter, estimated either in absolute or relative val-
ues, was shown to be significantly and indepen-
dently correlated with four mechanical parameters
deduced from daytime ambulatory blood pressure
measurements: baseline diastolic blood pressure
(the lower the diastolic blood pressure, the higher
the distension capacity; r = —0.44; P < .001); pulse
pressure (the higher the pulse pressure, the higher
the distension capacity; r = 0.32; P < .024); vari-
ability of diastolic blood pressure (the higher the
variability, the higher the distension capacity; r =

0.37; P < .008); and mean heart rate (the higher the
heart rate, the more reduced the distension capac-
ity; r = —0.28; P < .05). Multiple regression analy-
sis indicated that mean diastolic blood pressure
and its variability, mean heart rate, and pulse pres-
sure acted independently on carotid artery disten-
sion, even after adjustment for age. The present
study suggests for the first time that, in humans,
hypertension may act on the arterial wall not only
through the amplitude of peak systolic and end-
diastolic blood pressure but also through several
other mechanical factors involving the level of
pulse pressure and heart rate and also blood pres-
sure variability. Thus, in addition to the level of
blood pressure, carotid artery distension is specifi-
cally influenced by two factors independently im-
plicated in the epidemiologic cardiovascular risk:
pulse pressure and heart rate. Am J Hypertens
1995;8:343-352
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ypertension, one of the major risk factors
of cardiovascular disease, is usually diag-
nosed on the basis of two specific points
of the blood pressure curve: peak systolic
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blood pressure and end-diastolic blood pressure.
These two points give a very approximate view of the
cyclic characteristics of the blood pressure curve. In-
deed, through these two points, it is possible to draw
only one straight line, but it is also possible, in con-
trast, to represent an infinite number of pulsatile
blood pressure curves. If hypertension is considered
as a mechanical factor acting on the arterial wall, thus
causing an increased cardiovascular morbidity and
mortality in the human population, it is not only the
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level of systolic and diastolic blood pressure that we
should evaluate, but rather the totality of the charac-
teristics of the blood pressure curve. Epidemiologic
studies have shown that, in patients over 50 years of
age, systolic is a stronger cardiovascular risk factor
than diastolic blood pressure.! In addition, pulse
pressure”” and heart rate** have been reported to be
independent cardiovascular risk factors, particularly
for cardiac morbidity and mortality. Finally, in-
creased variability of blood pressure has been shown
to contribute to target organ damage in human pop-
ulations.®” Taken together, such findings indicate
that several mechanical particularities of the blood
pressure curve, such as peak systolic, end-diastolic,
and mean arterial pressure, and also heart rate, pulse
pressure, and variability of blood pressure, should be
taken into account in the evaluation of cardiovascular
risk. In this view, ambulatory blood pressure should
be considered as a reference method for this kind of
investigation.

Usually, the target organ damage evaluated in the
hypertensive population is described in terms of car-
diovascular morbid events, such as heart attacks,
congestive heart failure, or strokes. More recently,
intermediate criteria, such as the degree of cardiac
hypertrophy or the frequency of rhythmic disorders,
have been widely used.®® However, large arteries,
through rupture or thrombosis, are the principal sites
of the complications of hypertensive vascular disease.
Thus, it is important in hypertension to relate the
characteristics of the blood pressure curve to the me-
chanical properties of the arteries. Since pulse pres-
sure is an independent factor of cardiovascular risk*?
and since pulse pressure acts principally on the dis-
tension capacity of the arteries, 1? it should be relevant
to evaluate the influence of this pressure-induced me-
chanical signal on the distension capacity of the arte-
rial wall. Recent innovations in echo-tracking tech-
niques of high resolution permit a safe, noninvasive
evaluation of the distension capacity of the carotid
artery with an elevated degree of reproducibility. '3

The purpose of the present study was to deter-
mine, in a population of hypertensive subjects, the
distension capacity of the carotid artery as a function
of several mechanical signals deduced from ambula-
tory blood pressure measurements, ie, systolic, dia-
stolic, and mean arterial pressure, but also pulse
pressure and variability of blood pressure. The rela-
tionship between heart rate and arterial distension
capacity was also investigated.

MATERIALS AND METHODS

Patients Fifty-one subjects (32 men and 19 women)
with mild to moderate hypertension were selected
during 1990 to 1991 from the Hypertensive Clinic of
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Broussais Hospital, Paris. Based on the auscultatory
method described below, diastolic blood pressure de-
termined in consultation was between 90 and 105 in
all subjects with sustained moderate hypertension.
The age range was between 21 and 78 years; mean
age was 46 * 13 years (*1 SD). Mean weight and
height were, respectively, 70 + 13 kg and 169 + 8 cm.
On the basis of standard clinical and biologic inves-
tigations, ' all subjects were considered to have un-
complicated essential hypertension. Antihyperten-
sive therapy had been stopped at least 4 weeks pre-
viously. No subject had coronary ischemic heart
disease, congestive heart failure, or any renal or ce-
rebral complication. Informed consent, based on a
detailed description of the procedure, had been ob-
tained from all patients.

For the investigation, a blood sample was taken
after overnight fasting, at 8 AmM, for plasma glucose
and lipid determinations according to standard tech-
niques. Casual blood pressure was measured in the
supine position after 10 min rest. Patients then un-
derwent carotid artery measurements and blood
pressure monitoring according to the methodology
described below.

Casual Blood Pressure Measurements Casual blood
pressure was measured after 10 min rest in the supine
position using a mercury sphygmomanometer. An
average of three measurements was taken for each
patient. The Korotkoff noise phase I was used for the
determination of systolic blood pressure; phase V
was used for the evaluation of diastolic blood pres-
sure. Mean blood pressure was calculated as the sum
of diastolic blood pressure plus one-third of the pulse
pressure, and pulse pressure as the difference be-
tween systolic and diastolic blood pressure.

Ambulatory Blood Pressure Monitoring Auto-
mated blood pressure monitoring was carried out in
each patient using a Novacor apparatus (model Di-
asys 200 R, Rueil-Malmaison, France) to measure and
record blood pressure and heart rate over a full 24-h
period. The reliability of this method has been pub-
lished in detail elsewhere.'>'® Recordings were per-
formed every 15 min during the 24 h. Ambulatory
monitoring was undertaken for a full active day; the
patient worked as usual during the day and then
went home as usual in the evening. As previously
published,'” recordings that showed a calculated
pulse pressure >100 mm Hg or <20 mm Hg with a
systolic blood pressure >100 mm Hg were deleted
before further data analysis. Each full day’s recording
was divided into an activity (diurnal) period (7 am to
10 p™) and a nonactivity (nocturnal) period (10 pMm to
7 am). Based on the patients’ diaries, this classifica-
tion corresponded well to waking and sleeping times.
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Mean values were used for statistical analysis and
variability was assessed on the basis of the absolute
standard deviation (SD) evaluated in each subject.

On the basis of the mean value of diurnal diastolic
blood pressure (DBP) measurements, subjects were
classified into two groups according to their diastolic
blood pressure (DBP < 85 or = 85 mm Hg). Subjects
with DBP < 85 mm Hg fulfill the classical criteria of
“‘white-coat hypertension.”®”'>='7 In addition, to
evaluate the role of age on hemodynamic parameters,
the subjects of the same population were classified as
younger (<45 years) or older (=45 years). The clinical
characteristics of these subgroups are indicated in Ta-
ble 1. Older subjects had a slightly higher level of
plasma glucose and cholesterol (P < .05).

Carotid Artery Parameters The vessel wall motion
of the common carotid artery was measured by using
an original pulsed ultrasound echo-tracking system
based on the Doppler shift."’ The operating fre-
quency of the device was 7.5 MHz. Details of this
method have been described elsewhere.’"'* Briefly,
this system enables the transcutaneous assessment of
the displacement of the arterial wall during the car-
diac cycle and, hence, the time-dependent changes in
arterial diameter relative to its initial diameter at the
start of the cardiac cycle. The availability of the elec-
trocardiogram (ECG) trigger facilitates the detection
of the peak distension of the artery relative to its ini-
tial diameter. A typical displacement waveform or the
anterior and posterior walls of the common carotid
artery permits recording of the successive values of
peak systolic (Ds) and end-diastolic (Dd) diameters,
the stroke change in diameter during systole (Ds —
Dd), and the relative stroke change in diameter [(Ds
— Dd)/Dd], which were computed from the record-
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ing. The distension capacity of the carotid artery is
thus evaluated either in absolute (Ds — Dd) or in
relative [(Ds — Dd)/Dd] values. Using this procedure,
it was previously shown that the side (right or left) of
measurement did not influence the values of the ar-
terial dimensional data.'*

The repeatability of the carotid artery measure-
ments was previously studied in five normotensive
subjects.'® The coefficient of variation (standard de-
viation expressed as a percentage of the mean of sev-
eral successive measurements) was used for this pur-
pose. First, repeatability was assessed during the re-
cording of three to eight successive cardiac cycles.
The mean coefficients of variation determined under
these conditions were, respectively, 1%, 6%, and 6%
for Dd, Ds — Dd, and (Ds — Dd)/Dd. Second, re-
peatability was assessed during 12 measurements
performed by each of two observers over a 90-min
period in five subjects. Each of the 12 measurements
was the mean of three to eight values corresponding
to three to eight cardiac cycles. Under these condi-
tions, the mean intraobserver coefficient of variation
was 3%, 8% and 10%, for Dd, Ds — Dd, and [(Ds —
Dd)/Dd], respectively. In the present study, all mea-
surements were performed by the same observer
(RA).

Statistical Analysis Statistical analysis'® was per-
formed with SYSTAT for Windows version 5 statisti-
cal software (Evaston, IL). Values are expressed as
means + SD. Comparison of the mean values be-
tween two populations was performed using the un-
paired Student ¢ Test. Simple and stepwise multiple
regression analyses were performed according to
standard techniques.’® The significance level was
fixed at .05.

TABLE 1. CLINICAL LABORATORY AND BLOOD PRESSURE VALUES IN SUBJECTS ACCORDING TO THEIR
DIURNAL DIASTOLIC BLOOD PRESSURE AND AGE

DBP < 85 mm Hg

DBP = 85 mm Hg

Age < 45 years Age = 45 years

(n = 25) (n = 26) (n = 25) (n = 26)
Age (years) 43 = 15 49 = 10 36 6 56 + 8
Sex (M:F) 18:7 14:12 16:9 16:10
Weight (kg) 67 £ 11 72+13 69 = 10 71 = 14
Height (cm) 169 = 9 169 = 7 169 = 8 168 + 9
Total cholesterol (mmol/L) 571 612 55 *0.9 6.2 = 1.1*
Serum glucose (mmol/L) 55 =% 0.5 55 % 0.5 53 =05 5.7 = 0.6*
Sokolow index (mm) 259 24 + 7 24 + 8 25 + 8.6
Serum creatinine (mmol/L) 87 =24 89 + 19 81 =14 94 + 25
Serum potassium (mmol/L) 43 x03 41=x04 42 + 04 42 + 0.3
Serum triglycerides (mmol/L) 1.0 04 1.4 +0.7 1.2 £ 0.6 1.3 = 0.6
Auscultatory SBP (mm Hg) 147 = 15 155 = 21 146 + 17 154 + 20
Auscultatory DBP (mm Hg) 92 + 10 98 + 10 93 +13 97 =7

*P < .05, age > 45 v age < 45 years.
All values except male:female ratio are mean * SD.
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RESULTS

Mean Values Table 2 shows that, whereas blood
pressure and its variability were identical when the
subjects were divided into those who were younger
or older, the classification into subjects with DBP <
85 or DBP = 85 mm Hg on the basis of blood pressure
monitoring indicates that subjects with DBP = 85 mm
Hg had a higher systolic (P = NS), diastolic (P < .001),
and mean (P < .001) arterial pressure but a slightly
lower pulse pressure (P < .04). No significant corre-
lation was observed between mean arterial pressure
and pulse pressures. The changes predominated dur-
ing the day. For all parameters presented in Table 2,
variability was identical whether subjects were classi-
fied according to age or to the level of blood pressure.
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Table 3 shows that the systolic and diastolic arterial
diameters are significantly larger both in subjects
with DBP = 85 mm Hg and in older subjects. The
level of significance is more pronounced when
younger and older subjects are compared (P = .005;
P = .015) than when subjects with DBP < 85 and
subjects with DBP = 85 mm Hg are compared (P =
.042; P = .088). Subsequently, subjects with higher
DBP and older subjects have a significantly decreased
capacity of distension, either expressed in absolute
(Ds — Dd) (P = .003 for subjects with DBP = 85 mm
Hg and P < .001 for older subjects) or in relative [(Ds
— Dd)/Dd] (P < .0001 for subjects with DBP = 85 mm
Hg and P < .001 for older subjects) values.

Study of Simple Correlation Coefficients Table 4

TABLE 2. AMBULATORY BLOOD PRESSURE AND HEART RATE MEASUREMENTS IN SUBJECTS WITH
DBP < OR = 85 mm Hg AND IN SUBJECTS YOUNGER AND OLDER THAN 45 YEARS

DBP < 85 mm Hg

DBP = 85 mm Hg

Age < 45 years Age = 45 years

(n = 25) (n = 26) (n = 25) (n = 26)
24-h
SBP (mm Hg) 126 * 14 135 + 18 128 + 16 133 + 17
SD (mm Hg) 17 + 5 17 £ 3 17 = 4 17 £ 4
DBP (mm Hg) 74 £ 6 91 £ 9* 81 =10 85 + 13
SD (mm Hg) 14 x5 14 +3 14 £5 14 £ 5
MAP (mm Hg) 91+ 6 106 + 11* 9% + 12 101 = 11
SD (mm Hg) 12 £ 3 132 133 13+3
PP (mm Hg) 52 +15 44 + 13% 47 = 15 48 = 15
SD (mm Hg) 14 =5 12+3 135 145
HR (bpm) 77 + 12 79 +9 78 +9 79 =13
SD (bpm) 15+ 3 134 15+ 4 123
Day
SBP (mm Hg) 133 + 14 146 = 19 136 = 17 139 = 18
SD (mm Hg) 13+ 4 133 133 14 £ 4
DBP (mm Hg) 78 £ 6 9 + 9% 85 + 13 89 + 11
SD (mm Hg) 12+3 11+2 12+3 123
MAP (mm Hg) 9 + 6 111 + 11* 102 + 12 105 = 11
SD (mm Hg) 10 =2 102 10 =2 10+2
PP (mm Hg) 55 = 16 46 * 14% 51 16 50 + 16
5D (mm Hg) 145 13+3 13+ 4 145
HR (bpm) 83 + 11 83 + 10 84 +9 83 + 13
SD (bpm) 133 11+ 4 13+ 4 11 =3
Night
SBP (mm Hg) 116 = 14 125 + 19 117 = 16 124 = 17
SD (mm Hg) 146 14 + 4 135 14 £5
DBP (mm Hg) 68 8 83 = 10* 74 £ 12 78 £ 11
SD (mm Hg) 12 +6 11+3 11 £ 4 123
MAP (mm Hg) 84 £ 8 97 £ 12* 88 = 12 93 £ 11
SD (mm Hg) 10 £ 3 112 103 103
PP (mm Hg) 47 = 14 42 * 14¢ 43 + 14 46 *+ 14
SD (mm Hg) 12=x5 10 +3 115 11 +4
HR (bpm) 68 + 13 739 70 = 11 72 £ 13
SD (bpm) 105 10 + 4 12 + 4 12+ 2

DBP, diastolic blood pressure; SBP, systolic blood pressure; PP, pulse pressure; MAP, mean arterial pressure; HR, heart rate; SD, variability.

*P < .001; 1P < .01, #P < .05; DBP = 85 v DBP < 85 mm Hg.
All values are mean = standard deviation.



AJH-APRIL 1995-VOL. 8, NO. 4, PART 1

DISTENSION CAPACITY OF THE CAROTID ARTERY 347

TABLE 3. CAROTID ARTERY PARAMETERS IN SUBJECTS WITH DBP < OR =85 MM HG AND IN SUBJECTS
YOUNGER AND OLDER THAN 45 YEARS

DBP < 85 mm Hg

DBP = 85 mm Hg

Age < 45 years Age = 45 years

Parameter (n = 25) (n = 26) (n = 25) (n = 26)
[(Ds — Dd)/Dd)] (%) 7.0+22 48 = 1.8* 73x2 45+ 1.7§
(Ds — Dd) (um) 470 = 146 355 = 115t 482 + 142 343 = 100§
Diastolic diameter (mm) 6.8 +1 7.5 * 1.3 6.7 £ 0.9 7.6 £ 1.388
Systolic diameter (mm) 7.3x09 79+13 72+1.0 8.0 +1.2§

(Ds — Dd), stroke change in carotid diameter during systole; [(Ds — Dd)/Dd)], relative stroke change in diameter, * standard deviation.
*P < .001; tP < .01; P < .05; DBP = 85 mm Hg v DBP < 85 mm Hg.

§P < .001; §§P < .01; §§§P <.05; older v younger than 45 years old.

summarizes, in subjects with DBP < 85 mm Hg, in
subjects with DBP = 85 mm Hg, and in the totality of
the population, the simple correlation coefficients of
age and blood pressure with the capacity of disten-
sion expressed as [(Ds — Dd)/Dd] or (Ds — Dd). For
this analysis, only the correlation of (Ds — Dd)/Dd
with diurnal blood pressure is noted in the results.
The main results of the correlation study are a nega-
tive correlation between age and [(Ds — Dd)/Dd] (r =
—0.60; P = .001), a negative correlation between [(Ds
— Dd)/Dd] and baseline diastolic pressure (r =
—0.44; P = .001) (Figure 1), and a positive correlation
between [(Ds — Dd)/Dd] and pulse pressure (r =
0.32; P < .02), but the higher levels of correlation
coefficients were observed in subjects with DBP < 85
mm Hg (r = 0.47; P = .02) and younger subjects (r =
0.47; P < .05).

Similar results were observed using (Ds — Dd) in-
stead of [(Ds — Dd)/Dd] (Figure 3). In addition, [(Ds
— Dd)/Dd] and (Ds — Dd) were positively related
with the variability of diurnal diastolic blood pressure
but not with the diurnal variability of the heart rate
(Table 4 and Figure 3). (Ds — Dd) was negatively
correlated with average heart rate (r = —0.28; P =

.054), particularly in subjects with DBP = 85 mm Hg
(r = —0.45; P < .05). (Ds — Dd) was also positively
related with the variability of the heart rate when
measured during 24 h (r = 0.37, P < .007). None of
these correlations were significant when blood pres-
sure measured by the auscultatory method was used,
instead of that seen using blood pressure monitoring.

Multiple Regression Analysis Table 5 shows that
[(Ds — Dd)/Dd] was independently associated (F ra-
tio:16.26) with age (P < .0001), baseline diastolic
blood pressure (P < .003), pulse pressure (P = .037),
and heart rate (P < .005). Factors influencing (Ds —
Dd) were different, involving (F ratio:12.30) age (P <
.001), pulse pressure (P < .009), heart rate (P < .001),
and the variability of diastolic blood pressure (P <
.007).

DISCUSSION

One of the principal factors acting on the vascular
wall is the aging process. Hypertension is often con-
sidered to be an accelerating factor contributing to
worsening the age-induced changes in arter-

ies.?%10.14 In humans it is difficult to evaluate wheth-

TABLE 4. SIMPLE CORRELATION COEFFICIENTS BETWEEN CAROTID PARAMETERS AND DIURNAL
AMBULATORY BLOOD PRESSURE AND HEART RATE PARAMETERS

Ds — Dd/Dd (%) Ds — Dd (pm)
All DBP DBP All DBP DBP
Subjects <85 mm Hg =85 mm Hg Subjects <85 mm Hg =85 mm Hg

Age (years) —0.60* —0.601 —0.54t -0.51* —-0.501 —0.44%
DBP (mm Hg) —0.44* 0.30 0.06 —-0.31% 0.25 0.24
SBP {mm Hg) 0.0 0.38 0.06 0.14 0.30 0.15
MAP (mm Hg) -0.30% 0.10 0.01 0.15 0.15 0.21
PP (mm Hg) +0.32¢ 0.43% 0.12 +0.38+ +0.47% 0.05
HR (bpm) 0.22 0.20 —0.42% —0.28% 0.20 —0.45%
DBP variability 0.19 0.29 0.0 0.37+ 0.45% 0.24

(mm Hg)
HR variability 0.35% 0.33 0.19 0.30* 0.24 0.20

(bpm)

For abbreviations, see Tables 2 and 3.
*P < .001; 1P < .01; 1P < .05.
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Correlations between diastolic blood pressure and the relative stroke change in carotid diameter. Effects of age (A) and

hypertension (B). Note that for a given DBP [(Ds — Dd)/Dd] is higher in younger than in older subjects. ***P < .001. A: Open boxes,

age < 45 years; filled boxes, age = 45 years.

er age, hypertension, or the combination of both fac-
tors has the most important influence on the arterial
wall. Recent studies have shown that the mechanical
properties of the peripheral arteries, such as the ra-
dial artery, are poorly influenced by age, whereas
those of the central arteries, such as the carotid ar-
tery, are predominantly influenced by age.’® In the
present study, using a stepwise regression analysis,
we showed that, independently of age, the carotid
distension was significantly influenced by several
mechanical parameters evaluated from the character-
istics of the blood pressure curve. More specifically, it
appeared that not only the levels of systolic and dia-
stolic pressure have to be analyzed in hypertension,
but also the levels of pulse pressure and heart rate.
Such findings were obtained from new techniques

AGE < 45 years
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FIGURE 2.

permitting evaluation of the pulsatile changes in di-
ameter and blood pressure.

In recent years, several devices have been de-
scribed that transcutaneously measure arterial diam-
eter and wall motion by tracking the echo signals
from both the anterior and posterior walls.'*~** The
device used in the present study was substantially
improved with the help of the Doppler shift to eval-
uate wall motion,!! thus permitting a high degree of
reproducibility for the determination of the disten-
sion capacity of the carotid artery. In this respect, the
observed values in subjects with DBP < 85 mm Hg
and in subjects with DBP = 85 mm Hg were quite
similar to those previously reported.'>141%:20

In contrast to the measurement of carotid arterial
distension, the mechanical signal responsible for the
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Influence of age and diastolic blood pressure on the correlation between absolute carotid distension and pulse pressure.



AJH-APRIL 1995-VOL. 8, NO. 4, PART 1

800 -
e’ . o ¢
g 600 - o :o ®
=N
= . [
T 400 - N
3 ,,;‘”/:;./
N ° o8 ‘. [ ]
e 200 ° .o. [ ]
0 : \ )
5 10 15 20

DBP Variability (mmHg)

FIGURE 3. Correlation between absolute carotid distension (Ds
— Dd) and DBP variability. r = 0.37; P = .008.

pulsatile change in diameter, ie, carotid pulse pres-
sure, is much more difficult to obtain in clinical prac-
tice for two reasons. First, a noninvasive determina-
tion of carotid blood pressure, as usually obtained by
applanation tonometry, requires a calibration of the
pressure curve, an estimation that reduces the re-
producibility of the method.'*' Second, pulse pres-
sure varies greatly along the arterial tree, with a lower
amplitude in the central than in the peripheral arter-
ies.'® Thus carotid pulse pressure is difficult to eval-
uate from the simple measurement of brachial pulse
pressure. For such reasons, the present work was
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limited to the study of the relationships between the
distension capacity of the common carotid artery and
the brachial blood pressure measurements obtained
from ambulatory monitoring. Even considering that
this approach cannot support the presumption of a
causal relationship between blood pressure parame-
ters and the carotid arterial distension, the described
methodology has definite advantages. First, the
mean value of serial blood pressure measurements is
known to give a better insight into the average base-
line level and the variability of blood pressure than
casual blood pressure, as shown in the present study
and previously reported results.®” Second, in this
study, the ambulatory blood pressure determinations
were not restricted to the measurements of systolic,
diastolic, or mean arterial pressure, but also involved
the calculation of pulse pressure. As shown previ-
ously,’”?! pulse pressure is poorly correlated with
the mean arterial pressure in a given population and
was even slightly lower in the subjects with DBP = 85
mm Hg. Finally, multiple ambulatory blood pressure
measurements have been shown to be more signifi-
cantly related than casual blood pressure to the most
classical indexes of arterial stiffness, such as pulse
wave velocity.*!

In the present study, a positive correlation was ob-
served in the totality of the population between bra-
chial pulse pressure and the carotid distension capa-

TABLE 5. RESULTS OF A FORWARD STEPWISE MULTIPLE REGRESSION OF FACTORS INFLUENCING
CAROTID PARAMETERS

Dependent Variable: [(Ds — Dd)/Dd]; n = 51; multiple R = 0.75

Standard Standard
Variable Coefficient Error Coefficient T P(Two-tail)
Constant 18.76 2.71 0.000 6.90 .000
Age —-0.094 0.017 0.535 -5.15 .000
DBP -0.06 0.019 -0.310 -3.1 .003
PP 0.031 0.014 0.210 2.14 .037
HR —0.059 0.02 —0.285 -2.97 .005
Analysis of variance: F-ratio = 15.26 P = .000

Dependent Variable: Ds — Dd; n = 51; multiple R = 0.75

Standard Standard
Variable Coefficient Error Coefficient T P(Two-tail)
Constant 902.83 175.24 0.000 5.15 .000
Age —4.46 1.09 —0.413 -4.09 .000
PP 2.50 0.916 0.275 2.73 .009
HR —-4.16 1.24 —-0.365 -3.7 .001
DBP variability 13.82 4.92 0.284 2.8 .007

Analysis of variance: F-ratio = 12.30 P = .000

For abbreviations see Table 2.
Coefficient reflects the correlation between predictors.
Standard Error, expected error using these predictors in other group.

Standard Coefficient, relative contribution of the predictors to the model.



350 CUNHA ET AL

city measured either in absolute or relative values.
This finding supports the well-established concept
that the principle mechanical factor causing the
stroke change in arterial diameter in animals and hu-
mans is pulse pressure. However, this correlation
was found to be stronger in younger subjects or in
those with DBP < 85 mm Hg, rather than in older
subjects or those with DBP = 85 mm Hg. This finding
is difficult to explain. Physiologically, the pressure-
diameter relationship is known to be nonlinear and
involves two different phases;'” in the lower pressure
ranges, the slope of the curve is steeper because
blood pressure bears mainly on the elastin fibers and
the vascular smooth muscle of the arterial wall. In the
higher pressure ranges, the slope of the curve is flat-
ter, since blood pressure bears almost exclusively on
collagen fibers. Since the collagen content of the ar-
terial wall increases with age and level of blood pres-
sure, the latter situation is known to be observed par-
ticularly in older and hypertensive subjects, thus
leading to insignificant values of correlation coeffi-
cients for the curve relating pulsatile pressure to pul-
satile diameter (Figure 2). In our study, the finding
that the distension capacities were negatively influ-
enced by the baseline average level of diastolic blood
pressure corroborates this interpretation. In subjects
with the lower baseline diastolic pressure ranges, the
correlation between pulsatile pressure and pulsatile
diameter is significant, whereas the significance of
the correlation disappears in the higher baseline dia-
stolic pressure ranges, thus indicating a flatter curve.
In the study of this relationship, not only the corre-
lation coefficients were predominantly significant in
the younger subjects and in populations with DBP <
85 mm Hg, but the level of the correlation coefficients
was also relatively low. This finding raises the ques-
tion of the numerous factors (other than pulse pres-
sure) which could modulate the distension capacities
of the carotid artery. In this regard, age is certainly of
major importance. It is the cumulative effect of the
increasing values pulse pressure with increasing age
which should be important to consider for arterial
thickening and damage. However, this factor is dif-
ficult to estimate in the present statistical evalua-
tion.’ On the other hand, pulsatile pressure and,
moreover, pulsatile blood flow may alter the arterial
wall and cause structural changes through both me-
chanical and nonmechanical factors involving the
transducer properties of the endothelium.? Endothe-
lium, through the release of vasoactive substances,
may modify the distension capacity of the arteries, as
shown from experimental studies in rats.”® These va-
soactive properties are strongly influenced by age.?
Therefore, at any given value of pulse pressure,
changes in endothelium function may greatly influ-
ence the distension capacity of the carotid artery.
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Such observations are important to consider since
pulse pressure in humans is an important indepen-
dent cardiovascular risk factor,?? with several impli-
cations involving the pathology of the heart*** and
the vessels?*?® in older people.

In the present study, the distension capacity of the
carotid artery was influenced not only by the average
level of baseline diastolic blood pressure but also by
the variability of this parameter. For a given value of
diastolic blood pressure, the distension capacity of
the carotid artery was positively associated with dia-
stolic blood pressure variability. In recent years, few
studies have reported that blood pressure variability
may interact with the distension capacities of the ar-
terial wall. In populations of hypertensive subjects,
Parati et al® and Frattola et al’” have shown that end-
organ damage for long term follow-up was related
not only to the level of clinic blood pressure and the
initial level of end-organ damage but also to long-
term blood pressure variability at the initial evalua-
tion. On the other hand, Lacolley et al®® described an
experimental model in rats in which blood pressure
variability was selectively increased in the absence of
any significant change in systolic, diastolic, or mean
arterial pressure. In this study increased blood pres-
sure variability was not associated with a substantial
change in operational carotid distension. Whether
this observation, done as a longitudinal study, is rel-
evant for the present human cross-sectional approach
remains to be explored.

The most important finding of this study was that,
independently of blood pressure changes, the disten-
sion capacity of the carotid artery was negatively as-
sociated with heart rate: the higher the heart rate, the
more reduced the R-R interval and the lower the ca-
rotid capacity for distension. Because the viscous
component of the carotid 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 capacity for distension.**? Thus,
for a given value of pulse pressure, arterial stiffness
(ie, the ratio between the distension capacity and
pulse pressure) is expected to be higher when the
heart rate is increased, a finding reported previ-
ously.” This frequency dependence of the various
indices of arterial stiffness has been described previ-
ously in several experimental studies'® but becomes
particularly important to evaluate in human popula-
tions because: i) numerous epidemiologic reports
have emphasized that elevated heart rate is associ-
ated with an increased occurrence of clinical cardio-
vascular morbid events,* ii) it has been established
that cycling stretching stimulates synthesis of matrix
components by arterial smooth muscle cells in vitro,*!
and iii) experimental studies in atherosclerotic mon-
keys have shown that increased heart rate through
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disturbed shear stress is positively correlated with
plaque formation at the site of the carotid bifurca-
tion.>>"* Taken together, such observations raise the
possible role of the activation of the autonomic ner-
vous system in the mechanisms of the distension ca-
pacity of the carotid artery. The autonomic nervous
system may modulate not only the average heart rate
over 24 h but also the amplitude of minute-to-minute
excursions in heart rate and the time necessary for
heart rate to return to baseline following various
changes in 24-h activity. In that condition, it is rele-
vant to notice that, in the present study, the disten-
sion capacity of the carotid artery was influenced not
only by the average baseline level of heart rate but
also by the 24-h heart rate variability.

Some findings of the present study should be con-
sidered with caution. Indeed, studies of pulsatile ar-
terial hemodynamics indicate that, as arteries stiffen
and become less distensible, pulse wave velocity in-
creases, systolic blood pressure increases, diastolic
blood pressure decreases, and pulse pressure wid-
ens. Thus one might expect a direct relation between
diastolic blood pressure and distensibility in older in-
dividuals with predominant systolic hypertension
and an inverse relation between the two in predom-
inant diastolic hypertension (and the inverse for
pulse pressure). However, such findings would be
expected principally from a longitudinal study and do
not disagree with the present cross-sectional investi-
gation in which the younger and older subjects had a
narrow difference between their mean age (36 and 56
years, respectively). In our comments we have
shown under what conditions the present methodol-
ogy agrees with several aspects of pulsatile arterial
hemodynamics, and that it largely concords with the
curvilinearity of the pressure-diameter relationship.

In conclusion, the present study has shown that
the distensions capacity of the carotid artery is mod-
ulated in humans not only by the level of systolic or
diastolic blood pressure but also by several other me-
chanical signals estimated from the blood pressure
curve: the elevation of pulse pressure, the increase in
the variability of blood pressure, and the increased
level and variability of heart rate. All these mechan-
ical signals may act independently on the arterial
wall, and, moreover, independently of age, as shown
from the stepwise multiple regression analysis (Table
5). Furthermore, in addition to the level of systolic
and diastolic blood pressure, increased pulse pres-
sure and elevated heart rate are known to be inde-
pendent factors of cardiovascular risk.?® In the
present study, it is shown that, for a given pulse pres-
sure, the carotid artery is more rigid with an elevated
than with a low heart rate. Whether these arterial
changes participate in target organ damage and
therefore in cardiovascular morbidity and mortality
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has never been explored in animals and humans and
remains to be investigated.

ACKNOWLEDGMENTS

This study was performed with a grant from the Institut
National de la Santé et de la Recherche Médicale
(INSERM-U 337), Paris. Dr. R.S. Cunha is supported by the
Brazilian National Research Council (CNPq). We thank the
Cardiovascular Research and Education Institute for its col-
laboration and Mrs. Suzanne Daubanes for the secretarial
assistance.

REFERENCES

1. Kannel WB, Gordon T, Schwartz MJ: Systolic versus
diastolic blood pressure and risk of coronary heart dis-
ease: the Framingham study. Am ] Cardiol 1971;27:
335-346.

2. Darne B, Girerd X, Safar M, et al: Pulsatile versus
steady component of blood pressure and a prospec-
tive analysis on cardiovascular mortality. Hyperten-
sion 1989;13:392-400.

3. Madhavan S, Wee Lock Ooi, Cohen H, Alderman M:
Relation of pulse pressure and blood pressure reduc-
tion to the incidence of myocardial infarction. Hyper-
tension 1994,23:395-401.

4. Dyer A, Persky V, Stamler ], et al: Heart rate as a
prognostic factor for coronary heart disease and mor-
tality: findings in three Chicago Epidemiological stud-
ies. Am ] Epidemiol 1980;112:736-749.

5. Kannel W, Kannel C, Paffenbarger R, Cupples LA:
Heart rate and cardiovascular mortality: the Framing-
ham Study. Am Heart ] 1987;113:1489-1494.

6. Parati G, Pomidossi G, Albini F, et al: Relationship of
24-hour blood pressure mean and variability to sever-
ity of target-organ damage in hypertension. ] Hyper-
ten 1987;5:93-98.

7. Frattola A, Parati G, Cuspidi C, et al: Prognostic value
of 24-hour blood pressure variability. ] Hypertens
1993;11:1133-1137.

8. Levy D, Garrison R], et al: Echocardiographic criteria
for left ventricular hypertrophy: the Framingham
heart study. Am ] Cardiol 1987;59:956-960.

9. Kannel WB, Stokes JL: Hypertension as a cardiovas-
cular risk factor, in Bulpitt CJ (ed), Handbook of Hy-
pertension. Vol 6, Epidemiology of Hypertension.
Amsterdam, Elsevier Science, 1985, pp 15-34.

10. Nichols WW, O’Rourke MF: McDonald’s Blood Flow
in Arteries: Theoretical Experimental and Clinical
Principles. Third Edition. London, Edward Arnold,
1990:77-420.

11. Hoeks APG, Brands PJ, Smeets GAM, Reneman RS:
Assessment of the distensibility of superficial arteries.
Ultrasound Med Biol 1990;16:121-128.

12. Tardy Y, Meister J], Perret F, Waeber B, Brunner HR:
Assessment of the elastic behavior of peripheral arter-
ies from a non-invasive measurement of their diame-
ter-pressure curves. Clin Phys Physiol Meas 1991;12:
39-54.



352 CUNHA ET AL

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

Kawasaki T, Sasayama S, Yagi SI, et al: Non-invasive
assessment of the age related changes in stiffness of
the human arteries. Cardiovasc Res 1987;21:678-687.

Arcaro G, Laurent St, Jondeau G, et al: Stiffness of the
common carotid artery in treated hypertensive pa-
tients. ] Hypertens 1991;9:947-954.

Barthelemy JC, Geyssant A, Auboyer C, et al: Accu-
racy of ambulatory blood pressure determination: a
comparative study. Scand | Clin Lab Invest 1991;51:
461-466.

Degaudemaris R, Deloraine A, Siche JP, Mallion JM:
Ambulatory blood pressure monitoring: comparative
evaluation of 4 systems: Avionics P4, Novacor 200,
Spacelabs 90207, Takeda TM 2420 (abstr). Arch Mal
Coeur 1989;82.

Asmar R, Girerd X, Brahimi M, et al: Ambulatory
blood pressure measurement, smoking and abnormal-
ities of glucose and lipid metabolism in essential hy-
pertension. ] Hypertens 1992;10:181-187.

Drayer N, Smith H: Applied Regression Analysis.
New York, John Wiley and Sons, 1966, pp 4-33.

Benetos A, Laurent 5, Hoeks AP, et al: Arterial alter-
ations with aging and high blood pressure: a nonin-
vasive study of carotid and femoral arteries. Arterio-
sclerosis Thromb 1993;13:90-97.

Van Merode T, Van Bortel L, Smeets FA, et al: The
effect of verapamil on carotid artery distensibility and
cross-sectional compliance in hypertensive patients. ]
Cardiovasc Pharmacol 1990;15:109-103.

Asmar RG, Brunnel PC, Pannier BM, et al: Arterial
distensibility and ambulatory blood pressure monitor-
ing in essential hypertension. Am ] Cardiol 1988;61:
1066-1070.

Pohl U, Holtz J, Busse R, Bassenge E: Crucial role of
endothelium in the vasodilator response to increased
flow in vivo. Hypertension 1986;8:37-44.

Levy BI, Benessiano ], Poitevin P, Safar ME: Endothe-
lium-dependent mechanical properties of the carotid

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

AJH-APRIL 1995-VOL. 8, NO. 4, PART 1

artery in WKY and SHR: role of angiotensin convert-
ing enzyme inhibition. Circ Res 1990;66:321-328.

Pannier B, Brunel P, El Aroussy W, et al: Pulse pres-
sure and echocardiographic findings in essential hy-
pertension. ] Hypertens 1989;7:127-132.

London GM, Marchais SJ, Safar ME, et al: Aortic and
large artery compliance in end-stage renal failure. Kid-
ney Int 1990;37:137-142.

Safar ME, Toto-Moukouo JJ, Asmar RA, Laurent S:
Increased pulse pressure in patients with arterioscle-
rosis obliterans of the lower limb. Arteriosclerosis
1987,7:232-237.

Baumbach GL, Siems JE, Heistad DD: Effects of local
reduction in pressure on distensibility and composi-
tion of cerebral arterioles. Circ Res 1991;68:338-351.

Christensen KL: Reducing pulse pressure in hyperten-
sion may normalize small artery structure. Hyperten-
sion 1991;18:722-727.

Lacolley P, Glaser E, Safar ME, Laurent St: Effects of
lability of arterial pressure on distensibility of large
arteries in rats (abstract 1991). Circulation 1993;88:356.

Bergel DH: The dynamic elastic properties of the ar-
terial wall. J Physiol 1961;156:458-469.

Leung Y, Glagov S, Matthews M: Cyclic stretching
stimulates synthesis of matrix components by arterial
smooth muscle cells in vitro. Science 1976;191:475-
477.

Glagov B, Zarins CK: Retarding effect of lowered heart
rate on coronary atherosclerosis. Science 1984;226:
180-182.

Beere PA, Glagov S, Zarins CK: Experimental athero-
sclerosis at the carotid bifurcation of the cynomolgus
monkey. Arteriosclerosis Thrombosis, 1992;12:1245-
1253.

Manuck SB, Kaplan JR, Clarkson TB: Behaviorally in-
duced heart rate activity and atherosclerosis in cyno-
molgus monkeys. Psychosom Med 1983;56:27-37.



