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Abstract Decreased distensibility of carotid artery is

independently associated with the incidence of cardiovas-

cular and cerebrovascular events. Arterial distensibility is

determined by vascular tone. Since shear stress is an

important driving force of vasodilatory substances pro-

duction form endothelial cells, we hypothesized that local

basal (i.e., resting) arterial blood flow velocity is associated

with regional arterial distensibility. To test this hypothesis,

we determined the influence of local blood flow velocity on

carotid arterial distensibility in cross-sectional study

design. In a total of 73 apparent healthy men

(18–64 years), carotid arterial properties, including mea-

sures of carotid arterial distensibility and BFV at rest, were

evaluated via B-mode and Doppler ultrasound imaging and

applanation tonometry system. Carotid arterial peak BFV

and the absolute and normalized pulsatile BFV signifi-

cantly correlated with age (r = -0.453 to -0.600,

p\ 0.0001), whereas mean and minimum BFV were not

influenced by age. Distensibility coefficient of carotid

artery correlated with peak BFV (r = 0.305, p\ 0.01) and

more strongly with pulsatile (i.e., systolic minus end-di-

astolic) BFV (r = 0.406, p\ 0.0001) and the normalized

pulsatile BFV by time-averaged velocity (r = 0.591,

p\ 0.0001). Multi-regression analysis revealed that age

(b = -0.57, p\ 0.0001) was the primary independent

determinant for distensibility coefficient. In addition with

this, carotid lumen diameter (b = -0.202, p\ 0.01) and

the normalized pulsatile BFV (b = 0.237, p\ 0.05) were

significant independent determinants of distensibility

coefficient. Qualitatively similar results (although inverse

in direction) were obtained by use of b-stiffness index.

These results suggest that greater gradient of blood flow

velocity during a cardiac cycle are favorably associated

with distensibility of carotid artery.
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Introduction

Large elastic arteries such as the aorta and carotid artery

have important roles: expanding as they accept the cardiac

ejection from left ventricle with cyclic contraction of the

heart, and then recoiling to drive the blood distally. These

functions are associated with attenuating excess increases

in arterial systolic and pulse pressures, maintaining coro-

nary perfusion, and dampening blood flow fluctuation.

Thus, stiffening of large elastic arteries may lead to left

ventricular hypertrophy (caused by repeatedly ejecting

blood out into stiff arteries) and microvascular damage

especially in high-flow vital organs such as the brain and

kidneys [1–3], and hence, future incident of cardiovascular

and cerebrovascular events [4–7]. Therefore, the elucida-

tion of physiological mechanisms responsible for carotid

arterial distensibility regulation might give us a distinct

target for the prevention of future cardiovascular and

cerebrovascular diseases.

Arterial distensibility is determined by tone of smooth

muscle in vessel wall as well as material properties (e.g.,
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elastin and collagen) [8]. There is a growing recognition

that shear stress is an important driving force of vasodila-

tory substances production form endothelial cells [9–11].

Accordingly, we reasoned that local arterial blood flow

velocity influences vascular tone via endothelium-derived

vasodilatory substances and regulates regional arterial

distensibility. The aim of this study was to determine the

influence of local blood flow velocity on carotid arterial

distensibility in a cross-sectional study design.

Methods

Subjects

A total of 73 apparently healthy men (18–64 years) were

recruited. All subjects were free of overt chronic heart

diseases assessed by medical history and physical exami-

nation and non-medicated. Candidates who smoked in the

past 5 years were excluded. All subjects were normoten-

sive (blood pressure \140/90). All experimental proce-

dures and protocols conformed to the Declaration of

Helsinki and were approved by the Human Research

Institutional Committee of the National Institute of

Advanced Industrial Science and Technology before

commencement. All subjects gave their written informed

consents for participating in this study.

Experimental procedures

All measurements were performed in the morning after an

overnight fast except for water intake. Subjects were

requested to abstain from caffeinated beverages for 12 h

and from strenuous physical activity and alcohol for at least

24 h before the day of the experiment.

Measurements

After at least 15 min of resting, hemodynamic variables

were measured in supine position. Heart rate (via electro-

cardiogram) and blood pressure (via oscillometric method)

were measured with a vascular testing device (form PWV/

ABI; Omron Colin, Kyoto, Japan). Carotid arterial pressure

was recorded using an applanation tonometry probe

incorporating a high-fidelity strain-gauge transducer (SPT-

301, Millar Instruments, Houston, TX, USA) on the left

common carotid artery [12]. The pressure signal obtained

by tonometry was calibrated by equilibrating the carotid

mean arterial and diastolic blood pressures to the brachial

mean and diastolic blood pressure measured by an oscil-

lometric device because the baseline levels of carotid blood

pressure are subject to hold-down forces [13]. Lumen

diameter (from the intima of the far wall the media-ad-

ventitia of the near wall) and intima-media thickness (IMT)

of carotid artery was evaluated B-mode longitudinal

ultrasound images of the right common carotid artery via a

duplex ultrasound machine equipped with a high-resolution

(10 MHz) linear transducer (SonoSite180PLUS; SonoSite

Inc., Bothell, WA, USA). Video clips of carotid arterial

pulsation (more than ten beats) were stored as AVI files at

30 flames/s of sampling rate in a personal computer (Pre-

cision T5500, Dell Inc., Kawasaki, Japan), and analyzed

with image-analysis software (ImageJ 1.48v, NIH, USA).

Average diameter in the region of interest (approximately

1 cm 9 1 cm square around 1–2 cm proximal to the

bifurcation) was computed each flame, and then peak and

minimum diameters were extracted in every cardiac cycle.

More than five measurements of peak and minimum

diameters were averaged and reported, respectively. IMT

was measured at end-diastole. To characterize Windkessel

function as comprehensively as possible, distensibility

coefficient and b-stiffness index (an index of distensibility

adjusted for distending pressure) were obtained by the

following equations [14, 15]:

Distensibility coefficient ¼ Dmax�Dmin½ �=Dminð Þ=
Pmax�Pminð Þ

b-stiffness index ¼ ln Pmax=Pminð Þ= Dmax � Dmin½ �=Dminð Þ

where Dmax and Dmin are maximal and minimal carotid

arterial diameters, respectively. Pmax and Pmin are carotid

arterial pressure at peak systole and end diastole (i.e.,

maximal and minimal pressures, respectively).

Dmax � Dmin½ �=Dmin was defined as %distension.

Blood flow velocity (BFV) measurements were per-

formed by the Doppler method with the insonation angle

\60�. The peak (systolic), minimum (diastolic), pulsatile

(peak minus minimum), and mean (time-averaged) BFV

were reported as averaged values calculated from succes-

sive 7–10 beats of Doppler envelopes. Furthermore, pul-

satile BFV was normalized by mean BFV.

Each subject underwent an incremental-graded cycling

exercise (with the load increased 15 W every 1 min fol-

lowing a 2-min warm-up period at 20 W) for evaluating

aerobic capacity. Throughout the exercise test, expired gas

was sampled by using a breath-by-breath method, and

oxygen uptake, carbon dioxide output, minute ventilation,

respiratory rate, and tidal volume were measured simulta-

neously with a metabolic cart (AE-300S aero monitor;

Minato Ikagaku Co., Tokyo, Japan). Maximal oxygen

consumption (VO2max) was estimated by the age-predicted

maximum heart rate and the linear regression line between

heart rate and oxygen consumption during cycle exercise as

we previously described [12].
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Statistical analyses

Univariate correlation and multi-regression analyses were

performed to determine the relationships among variables

of interest. In the multi-regression analysis, to eliminate the

influence of multicollinearity, carotid mean (time-aver-

aged) arterial pressure (as a regional steady component)

and pulse pressure (as a regional pulsatile component) were

only used for candidate determinants of blood pressure.

Statistical significance was set a priori at p\ 0.05.

Results

Subjects’ physiological characteristics and hemodynamic

parameters are presented in Table 1. As shown in Fig. 1,

with advancing age, carotid arterial %distension and dis-

tensibility coefficient were deceased (r = -0.696 and

r = -0.722, p\ 0.0001 for both), whereas b-stiffness
index was increased (r = 0.661, p\ 0.0001). Carotid

arterial diastolic diameter and pulse pressure did not cor-

relate with age (r = -0.037 and r = 0.120, respectively).

Carotid arterial peak BFV, pulsatile BFV, and the nor-

malized pulsatile BFV significantly correlated with age

(r = -0.453 to -0.600, p\ 0.0001 for all), whereas mean

and minimum BFV were not influenced by age (Fig. 2).

Peak BFV, pulsatile BFV, and the normalized pulsatile

BFV was significantly correlated with %distension

(r = 0.367–0.624, p\ 0.001–0.0001), whereas mean and

minimal BFV did not correlate with %distension. No

measurements of carotid arterial BFV were correlated with

carotid pulse pressure. As shown in Table 2, distensibility

coefficient of carotid artery correlated with peak BFV

(r = 0.305, p\ 0.01), pulsatile BFV (r = 0.406,

p\ 0.0001), and the normalized pulsatile BFV (r = 0.591,

p\ 0.0001). Multi-regression analysis revealed that age,

heart rate, and lumen diameter, pulse pressure, and the

normalized pulsatile BFV of carotid artery were significant

independent determinants of distensibility coefficient.

Likewise, b-stiffness index correlated with peak BFV

(r = -0.281, p\ 0.05), pulsatile BFV (r = -0.374,

p\ 0.01), and the normalized pulsatile BFV (r = -0.530,

p\ 0.0001). Multi-regression analysis revealed that age,

heart rate, estimated VO2max, mean arterial pressure, and

carotid arterial lumen diameter and the normalized pul-

satile BFV were significant independent determinants of b-
stiffness index.

Table 1 Subjects’ characteristics

Variables Mean ± SD Range

Age, years 40 ± 14 18–64

Height, cm 170 ± 6 157–183

Weight, kg 66 ± 8 50–93

Body mass index, kg/m2 22.9 ± 2.5 17.4–30.3

Estimated VO2max, ml/kg/min 37.2 ± 11.1 18.9–76.8

Heart rate, bpm 57 ± 8 40–88

Mean arterial pressure, mmHg 87 ± 8 66–109

Brachial systolic BP, mmHg 117 ± 10 93–137

Brachial diastolic BP, mmHg 71 ± 8 54–88

Carotid arterial properties

Systolic BP, mmHg 110 ± 10 89–142

Pulse pressure, mmHg 42 ± 6 32–58

Diastolic diameter, mm 5.8 ± 0.5 4.5–7.5

IMT, mm 0.58 ± 0.11 0.40–1.00

IMT/lumen diameter ratio 0.10 ± 0.02 0.07–0.19

Mean BFV, cm/s 46.8 ± 9.1 32.0–73.8

Peak BFV, cm/s 105.8 ± 22.9 65.3–172.2

Minimum BFV, cm/s 30.2 ± 6.8 18.4–48.3

Pulsatile BFV, cm/s 75.7 ± 19.3 41.1–135.2

Normalized pulsatile BFV, unit 1.6 ± 0.3 1.1–2.6

Distensibility coefficient, kPa-1 10-3 13.4 ± 5.2 4.6–28.5

b-stiffness index, unit 7.1 ± 2.5 3.7–15.7

BFV blood flow velocity, BP blood pressure, IMT intima-media

thickness, VO2max maximal oxygen consumption

Fig. 1 Relations between age and carotid arterial distensibility

measures
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The normalized pulsatile BFV positively and signifi-

cantly correlated with estimated VO2max (r = 0.479,

p\ 0.0001, Fig. 3).

Discussion

Aggregate evidence suggests that the lowered distensibility

of central elastic arteries could be a risk for cardiovascular

and cerebrovascular diseases [4–7]. Accordingly, elucida-

tion of the physiological mechanisms responsible for car-

otid artery distensibility provides a distinct target for the

prevention of future cardiovascular and cerebrovascular

diseases. In this study, using a cross-sectional study design,

we sought determinants of central arterial distensibility.

Major findings are as follows: first, carotid arterial peak

and pulsatile BFV decreased with advancing age. Second,

indices of carotid arterial distensibility correlated with peak

BFV and more strongly with the absolute and normalized

pulsatile BFV of carotid artery. Third, multi-regression

analysis demonstrated that, in addition to age, the

normalized pulsatile BFV was a significant independent

determinant of distensibility coefficient. These results

suggest that a greater gradient of blood flow velocity dur-

ing a cardiac cycle at rest is favorably associated with

distensibility of the carotid artery.

There is a growing recognition that shear stress is an

important driving force of vasodilatory substances produc-

tion form endothelial cells [9–11]. Based on this notion, we

reasoned that local arterial BFV influences vascular tone via

endothelium-derived vasodilatory substances and regulates

regional arterial distensibility. Expectedly, we found that

carotid lumen diameter and normalized pulsatile BFV were

significant independent determinants of distensibility coef-

ficient. Qualitatively similar results (although inverse in

direction) were obtained by the use of the b-stiffness index.
Therefore, carotid arterial distensibility might be favorably

influenced by smaller lumen diameter and greater gradient of

BFV during a cardiac cycle. These results suggest the con-

tribution of basal (resting)wall shear stress on carotid arterial

distensibility. Alongwith cardiac ejection, basal arterial wall

shear stress continuously and chronically exerted by flowing

blood on the endothelial surfacewhich to produce vasoactive

substances [16]. Thus, our findings have potentially impor-

tant clinical implications.

Several studies demonstrate outward remodeling of the

carotid artery with aging [17], although we observed no

significant age-related change in carotid diastolic diameter

in the present study. It may lead to decreases of wall shear

stress and arterial distensibility. On the other hand, we

identified that carotid arterial normalized pulsatile BFV, a

significant independent determinant of carotid arterial

distensibility, was correlated with aerobic capacity in the

present study. These results might be due to high left

ventricle ejection and large stroke volume [18]. Therefore,

it is necessary to determine whether aerobic exercise

training augments carotid arterial blood flow gradient

during a cardiac cycle at rest, especially in aged popula-

tions from the standpoint of prevention of future cardio-

vascular and cerebrovascular diseases.

We could speculate possible basal blood flow-mediated

substances that may influence arterial distensibility. Nitric

oxide (NO), a potent vasodilator, is produced by shear

stress from endothelial cells. A recent meta-analysis

demonstrates that flow-mediated vasodilation (FMD) of

conduit arteries in humans is, at least in part, mediated by

NO [11]. Thus, it is plausible that NO contributes to the

regulation of basal vascular tone in conduit arteries.

However, in young healthy adults, carotid artery distensi-

bility remained unchanged during the systemic NO syn-

thase inhibition in spite of systemic vasoconstriction [19].

Such conflict is possible to be explained by the different

hemodynamics (e.g., basal blood flow vs. rapid increase in

blood flow). Bellien et al. suggest that cytochrome P450-

Fig. 2 Relations between age and carotid artery blood flow velocity

(BFV)
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derived endothelium-derived hyperpolarization factor

(EDHF) and/or cyclooxygenase products (such as pros-

taglandins) are actively secreted in resting conditions by

the endothelium of conduit arteries [9]. Furthermore, Gori

et al. demonstrate that the radial artery constricts when

forearm blood flow is limited by occlusion (i.e., low flow-

mediated vasoconstriction [L-FMC]) [16]. FMD is the

ability of dilatation in response to the rapid change of blood

flow and shear stress, whereas L-FMC is induced by 5 min

of occlusions. Thus, diameter change during L-FMC is

mediated by the reduced basal blood flow and shear stress.

Importantly, this response is blunted by inhibitors of

cyclooxygenase and cytochrome P450 (CYP)-derived

EDHF but not by the NO synthase inhibitor, suggesting

that wall shear stress regulates basal vascular tone of the

conduit artery via productions of prostaglandins and EDHF

rather than NO. Although NO is considered a key sub-

stance of high flow-mediated vasodilation [11], it might not

be responsible for basal blood flow and wall shear stress-

Table 2 Determinants of measures of carotid arterial distensibility

Independent variables Univariate model Multivariate model

r value p value b value Accumulative R2 Incremental R2 p value

Dependent variable: distensibility coefficient

Age -0.722 \0.0001 -0.570 0.521 0.521 \0.0001

Heart rate -0.375 \0.01 -0.174 0.579 0.058 \0.05

Carotid diastolic diameter -0.208 \0.10 -0.202 0.627 0.048 \0.01

PP -0.188 NS -0.016 0.655 0.028 \0.05

Normalized pulsatile BFV 0.591 \0.0001 0.237 0.673 0.019 \0.05

BMI -0.249 \0.05 NS

Estimated VO2max 0.559 \0.0001 NS

MAP -0.371 \0.01 NS

IMT -0.193 NS NS

Peak BFV 0.305 \0.01 NS

Minimum BFV -0.126 NS NS

Mean BFV -0.029 NS NS

Pulsatile BFV 0.406 \0.0001 NS

Normalized peak BFV 0.572 \0.0001 NS

Dependent variable: b-stiffness index

Age 0.661 \0.0001 0.654 0.437 0.437 \0.001

Carotid diastolic diameter 0.224 \0.10 0.228 0.499 0.062 \0.001

Heart rate 0.348 \0.01 0.265 0.543 0.043 \0.01

Estimated VO2max -0.428 \0.0001 0.244 0.560 0.017 \0.05

Normalized pulsatile BFV -0.530 \0.0001 -0.223 0.570 0.010 \0.05

MAP 0.133 NS -0.202 0.590 0.020 \0.05

PP 0.106 NS NS

IMT 0.111 NS NS

Peak BFV -0.281 \0.05 NS

Minimum BFV 0.118 NS NS

Mean BFV 0.014 NS NS

Pulsatile BFV -0.374 \0.01 NS

Normalized peak BFV -0.511 \0.0001 NS

BFV carotid arterial blood flow velocity, BMI body mass index, IMT intima-media thickness, MAP mean arterial pressure, PP carotid pulse

pressure, VO2max maximal oxygen consumption

Fig. 3 Relation between the estimated maximal oxygen consumption

(VO2max) and carotid arterial normalized pulsatile blood flow velocity

(BFV)
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related basal smooth muscular tone of conduit arteries.

Some intervention aimed at modifying flow and/or diam-

eter (e.g., via either CO2 rebreathing, NO donors, COX

inhibitors, induction of CYP) is required to elucidate a bit

further the mechanisms involved.

Several limitations of this study deserve comments.

First, we studied limited subjects cross-sectionally: men

older than 65 years and women were not included. Given

the well-known limitation of cross-sectional study design,

we deemed that cross-sectional study should be confirmed

prospectively with the interventional approach as well as

with extending subjects of investigation (e.g., women and

elderly population). Second, we did not include shear rate

into the multiple-regression model as a possible indepen-

dent variable for carotid arterial distensibility. This is due

to avoid multicollinearity: both shear rate and distensibility

of carotid arterial are calculated from arterial diameter.

Importantly, carotid arterial diameter and pulsatile BFV

were significant independent determinants, implying the

significant contribution of shear rate to carotid arterial

distensibility. On the other hand, hemoglobin concentration

and hematocrit, which have potential impacts on blood

viscosity and shear stress, were not measured in the present

study. As the age-related decrease of hematocrit was

reported in men [20], future investigation is needed.

In conclusion, using a cross-sectional study design we

sought determinants responsible for carotid arterial dis-

tensibility. Our present findings demonstrate that a greater

gradient of blood flow velocity during a cardiac cycle is

favorably associated with distensibility of the carotid

artery.
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