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Background: Impairment of arterial dilation is
thought to occur earlier than arterial wall thickening in the
atherosclerotic process. In comparison with whites, Afri-
can Americans reportedly have a generalized attenuation
of their vasodilation mechanisms. We set out to evaluate
arterial stiffness and its correlates by ethnicity, hypothe-
sizing that African Americans would have stiffer common
carotid arteries (ie, lower arterial distension for a given
systolic pressure) than their white counterparts.

Methods: The study population included 268 African
Americans and 2459 whites, who were aged 45 to 64 years
at baseline examination in 1986 to 1989, free of coronary
heart disease and stroke/transient ischemic attack, from
Forsyth County, North Carolina. The � stiffness index and
pulsatile arterial diameter change were derived from bra-
chial blood pressure and from echo-tracked systolic and
diastolic carotid arterial diameters.

Results: African Americans had stiffer carotid arteries
than their white counterparts, with a right shift of the �

stiffness index distribution. After adjustment for selected
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cardiovascular risk factors, the mean � stiffness index was
9% higher for African Americans (mean � SEM: 11.3 �
0.3) than for whites (mean � SEM: 10.3 � 0.1) among
participants not taking antihypertensive medication. So-
cioeconomic status and comorbidities were differentially
associated with arterial stiffness by ethnicity. Specifically,
the association between these correlates and � stiffness
index was stronger in African Americans than in whites.

Conclusions: This report on arterial mechanics in
African Americans suggests that large artery stiffening
either occurs earlier, or is more accelerated in African
Americans than in whites in our sample, perhaps as a
result of earlier exposure to multiple risk factors. This
finding may have implications for hypertension preven-
tion, as arterial stiffness is associated with the develop-
ment of hypertension. Am J Hypertens 2004;17:
304–313 © 2004 American Journal of Hypertension, Ltd.
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I n the United States, African Americans have higher
prevalence1 and incidence2 of hypertension and of
end-organ damage than whites. These patterns have

stimulated a large body of research to identify the deter-
minants of this disproportionally higher burden of hyper-
tension and its sequelae in African Americans. In the past,
primarily due to technological limitations, greater atten-
tion was given to small artery (ie, increased peripheral
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Studies of the large arteries function were subsequently
fostered by several findings. First, in epidemiologic stud-
ies systolic blood pressure (SBP), a major correlate of
large artery elasticity, was a stronger predictor of cardio-
vascular events and death than diastolic blood pressure
(DBP).6,7 Second, large artery disease was shown to differ
from small artery disease with respect to epidemiologic
and pathophysiologic characteristics.8 Finally, recent data
suggest that impairment of arterial dilation may precede
arterial wall thickening.9

The scarcity of data on arterial mechanics in African
Americans,10 their differential response to antihyperten-
sive medication,11 and the high toll they pay to hyperten-
sion led us to explore the stiffness of the common carotid
artery (CCA) in African Americans in the Atherosclerosis
Risk In Communities (ARIC) study. The main objectives
were to address the following questions: 1) Do African
Americans have stiffer elastic arteries than whites inde-
pendently of age, sex, BP, body mass index, and artery
diameter? 2) Do major cardiovascular risk factors other
than age, sex, BP, body mass index, and arterial diameter
offer a statistical explanation (and thereby insight into
potential explanatory mechanisms) for a differential arte-
rial stiffness by ethnicity? 3) Are these factors differen-
tially associated with arterial stiffness within each ethnic
group?

Methods
Study Population

The ARIC study included 15,792 participants, aged 45 to
64 years at enrollment, randomly selected from four U.S.
locations: suburban Minneapolis, MN; Forsyth County,
NC; Jackson, MS; and Washington County, MD.5 To
evaluate the ethnic differences in arterial stiffness free of
confounding by study site, our analysis was restricted to
the residents of Forsyth County, the only center that re-
cruited sizable numbers of residents from both ethnic
groups. Of the 4036 participants from this center, 2977
had pulsatile data. Additional exclusions were SBP �70
mm Hg or pulse pressure �0 mm Hg (n � 3) and symp-
tomatic cardiovascular disease (n � 247). The final sample
included 2727 participants, of whom 268 were African
American and 1529 were women. The University of North
Carolina Institutional Review Board approved the study
and subjects gave written informed consent.

Study Variables

Outcome The pulsatile arterial diameter change
(PADC) and the � index measured arterial stiffness (�).
The � was derived from the echo-tracked systolic (SAD)
and diastolic (DAD) CCA diameters, and from the oscil-
lometrically (DINAMAP 1846-SX; Vital Signs Monitors,
Tampa, FL) measured brachial BP. Details of the ultra-
sound method have been described elsewhere.12 Supine

BP, the average of all BP measures taken at 5-min inter-
vals during the ultrasound examination, was modeled as
actual BP and as ethnic-specific percentile rank. These
data were used to compute PADC (PADC � SAD �
DAD) and the � index.13 Stiffer arteries are associated
with smaller diameter changes for a given difference in
pressure (ie, smaller PADC and larger �).

Exposure and Covariates Only participants classifying
themselves as African American or white were included in
this analysis. Age, body mass index, waist-to-hip ratio,
education, household income, cigarette smoking, hyper-
tension, and diabetes were self-reported. Fasting blood
chemistries included cholesterol, triglycerides, HDL cho-
lesterol, calculated LDL cholesterol, von Willebrand fac-
tor, fibrinogen, glucose, and insulin. Ultrasound measure-
ments from the left CCA were used in this study, as they
match the site of measurement of PADC. All procedures
were in accordance with institutional guidelines.

Statistical Analyses

Graphic spline smoothing models found a linear relation-
ship to be adequate for all variables except DBP, lifetime
cigarette use, and triglycerides. The main association was
evaluated by multiple regression modeling in the whole
study population and in the subset of participants who
were not using antihypertensive medication. Quadratic
terms were included for curvilinear dose–response shapes.

To answer the second question, nested ethnicity inclu-
sive (unstratified) models were fit, with additional covari-
ates included in the full model one at a time, then
aggregated based on the magnitude of the change of the
estimate of interest. To answer the third question, we fitted
the fullest model including all two-way interaction terms
between ethnicity and all covariates to check which ones
were modifiers, and then fitted the ethnicity-specific mod-
els. The nominal value for significance of main and inter-
active effect was set at 0.05 and 0.10, respectively. All
analyses were carried out with the Statistical Analysis
Software, version 6.12 (SAS Institute, Cary, NC).

Results
Population Characteristics

The four ethnicity–gender groups were of comparable age
(Table 1). African Americans reported less formal educa-
tion than their white counterparts. African-American
women had the lowest household income; 40% of them
earned less than $16,000 per year. The prevalence of
hypertension and diabetes in African Americans was twice
that of whites. African-American women had the largest
mean body mass index values. African Americans had
higher values for fasting blood glucose levels, consider-
ably higher insulin levels, and markedly lower values for
triglycerides.

Brachial artery hemodynamics and CCA dimensions
also displayed a pattern of ethnic and sex differences

(Table 2). Men had larger arterial diameter and wall thick-



Table 1. Demographic, socio-economic, behavioral, comorbidity anthropometric, and biological characteristics in the Forsyth County cohort by sex and
ethnicity

Parameter Overall

Women Men

African
Americans Whites

African
Americans Whites

n (%) 2727 (100) 168 (6.2) 1361 (49.9) 100 (3.7) 1098 (40.3)
Demographics
Age (y) 56.7 � 5.9 56.8 � 5.8 56.9 � 6.0 56.4 � 6.2 56.5 � 5.8

Socioeconomic factors (%)
Education

�High school 14.5 19.6 13.6† 26.0 13.8‡
High school graduate 42.7 37.7 49.0 37.0 35.9
�High school 42.8 41.7 37.3 37.0 50.3

Household income
�$16,000 13.0 40.3 14.1§ 21.7 6.7§
$16,000–$35,000 32.6 37.2 34.5 42.2 28.7
$35,000� 54.3 22.5 51.4 36.1 64.6

Behavioral factors
Smoking status (%)
Current 26.4 33.9 25.5* 46.5 24.7§
Former 35.2 22.6 26.2 27.3 49.1
Never 38.3 43.5 48.3 26.3 26.2

Cigarettes (pack-years) 16.6 � 21.8 9.0 � 12.9* 11.6 � 17.7 21.8 � 23.5 23.5 � 24.9
Comorbidity factors (%)
Hypertension 28.3 55.4 23.2§ 51.0 28.4§
Diabetes 10.4 18.0 7.7§ 24.2 11.4‡
Antihypertensive medication use 17.9 41.7 14.6§ 33.0 17.0§

Anthropometric characteristics
Body mass index (kg/m2) 26.1 � 4.4 28.8 � 5.6 25.3 � 4.6§ 26.8 � 4.6 26.6 � 3.5
Waist-to-hip ratio 0.910 � 0.083 0.899 � 0.074 0.866 � 0.081§ 0.945 � 0.049 0.963 � 0.051‡

Biological risk factors
Fasting glucose (mmol/L) 6.0 � 1.9 6.6 � 3.0 5.8 � 1.7§ 6.8 � 3.0 6.1 � 1.7‡
Fasting insulin (�U/mL) 12.0 � 23.7 20.4 � 60.5 9.7 � 12.9§ 22.4 � 67.1 12.6 � 14.1§
HDL cholesterol (mmol/L) 1.3 � 0.5 1.5 � 0.4 1.5 � 0.5 1.2 � 0.4 1.1 � 0.3§
LDL cholesterol (mmol/L) 3.4 � 0.9 3.3 � 1.0 3.3 � 1.0 3.4 � 1.1 3.4 � 0.9
Triglycerides (mmol/L) 1.5 � 1.1 1.1 � 0.5 1.5 � 0.9§ 1.3 � 0.7 1.7 � 1.3†
Total cholesterol (mmol/L) 5.4 � 1.0 5.3 � 1.0 5.5 � 1.0* 5.2 � 1.1 5.2 � 1.0
Fibrinogen (�mol/L) 8.7 � 1.8 9.6 � 1.9 8.7 � 1.8§ 9.0 � 1.7 8.5 � 1.8†
von Willebrand factor (%) 111.5 � 43.3 129.8 � 54.4 121.6 � 46.8§ 109.7 � 41.9 110.0 � 42.1†

Data are mean � SD unless otherwise specified (%).
* P � .050–.070; † P � .049–.010; ‡ P � .009–.001; § P � .0001.
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Table 2. Common carotid artery dimensions and brachial artery hemodynamic parameters in the Forsyth County cohort by sex and ethnicity

Parameter Overall

Women Men

African Americans Whites African Americans Whites

n (%) 2727 (100) 168 (6.2) 1361 (49.9) 100 (3.7) 1098 (40.3)
Common carotid artery characteristics
Diastolic arterial diameter (mm) 7.483 � 0.855 7.403 � 0.871 7.111 � 0.733‡ 7.983 � 0.799 7.912 � 0.772
Systolic arterial diameter (mm) 7.879 � 0.884 7.756 � 0.895 7.505 � 0.757‡ 8.367 � 0.802 8.317 � 0.813
Pulsatile arterial diameter change# (mm) 0.396 � 0.124 0.353 � 0.117 0.395 � 0.115‡ 0.384 � 0.141 0.405 � 0.132
Distension ratio# 0.05 � 0.02 0.048 � 0.016 0.056 � 0.017‡ 0.049 � 0.019 0.051 � 0.016
Left far wall thickness (mm) 0.647 � 0.159 0.671 � 0.165 0.615 � 0.144‡ 0.737 � 0.176 0.675 � 0.164†
Wall-to-radius ratio 0.170 � 0.040 0.177 � 0.040 0.169 � 0.037* 0.181 � 0.044 0.167 � 0.039†
� index (adventitial diameter) 10.73 � 4.05 12.85 � 5.25 10.76 � 4.00‡ 11.60 � 4.70 10.29 � 3.60†
� index (internal diameter) 7.34 � 2.43 8.49 � 2.99 7.44 � 3.50‡ 7.43 � 2.49 7.03 � 2.10†

Brachial artery hemodynamics
Systolic blood pressure (mm Hg) 120.5 � 17.9 131.1 � 22.5 116.2 � 17.0‡ 132.8 � 21.8 123.1 � 15.9‡
Diastolic blood pressure (mm Hg) 71.3 � 9.7 74.7 � 10.6 66.7 � 8.3‡ 80.2 � 10.5 75.7 � 8.1‡
Pulse pressure (mm Hg) 49.2 � 13.2 56.4 � 16.5 49.4 � 13.5‡ 52.6 � 14.9 47.4 � 11.5‡
Mean arterial pressure (mm Hg) 87.7 � 11.4 93.5 � 13.6 83.2 � 10.1‡ 97.7 � 13.5 91.5 � 9.9‡
Heart rate (beat/min) 65.8 � 10.0 66.7 � 10.8 67.4 � 9.7 63.8 � 9.9 63.9 � 9.8

Data are mean � SD.
# Pulsatile arterial diameter change � systolic arterial diameter (SAD) � diastolic arterial diameter (DAD); distension ratio (strain) � (SAD�DAD)/DAD.
* P � .050–.070; † P � .0009–.0001; ‡ P � .0001.
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ness, but the wall-to-radius ratio was slightly greater for
African Americans than for whites because of their larger
intima-media thickness (IMT). All BP components were
greater for African Americans than for whites. African
Americans had stiffer CCA as expressed by the cumulative
distribution curve (Fig. 1; Kolmogorov-Smirnov test P �
.001). The ethnic difference remained significant after
performing a Welch corrected t test to account for the
ethnic differential in variances (P � .001). The unadjusted
between-group difference was 1.9 (1.4, 2.4) for � and �35
(�50, �19) microns for PADC.

Regression Analysis

Association Overall, African Americans had statisti-
cally significantly stiffer CCA than their white counter-
parts after adjustment for age, SBP and DBP, DAD, and
body mass index (Table 3). Adjusted mean PADC was
lower by 7% and adjusted mean � greater by 12% for the
former compared with the latter. After exclusion of those
receiving antihypertensive therapy, the ethnic difference
was reduced to 6% and 9% for PADC and �, respectively.
Women had stiffer arteries than men, with sex differences
in adjusted mean � and PADC of a similar magnitude as
ethnic differences.

Explanatory Regression Modeling Beyond age, sex,
body mass index, SBP, DBP, and DAD, which were
included in the reference model, hypertension, diabetes,
and income further explained the ethnic difference in ar-
terial stiffness, which was reduced to 10.2% (P � .0001).
Even when all the “established” cardiovascular disease
risk factors were included in the model, there remained a
significant ethnic difference in arterial stiffness (12.1%, P
� .0001). The pattern of association of ethnicity with
PADC followed that of the � (data not shown).

Ethnicity-Specific Correlates of Arterial Stiffness In
the reference model, the two-way interaction terms be-
tween ethnicity and IMT on the one hand, and DAD on the
other (P � .08 for both terms) were statistically signifi-

FIG. 1. Unadjusted cumulative distribution curve. The solid line
represents African Americans and the dashed line represents
whites.
cant. However, in the fullest unstratified model, these
interactions were no longer significant. The DAD and IMT
are important factors to explore as they reflect the vascular
remodeling process.14 In this fullest model, education,
income, hypertension, diabetes, and triglycerides were dif-
ferentially associated with arterial stiffness by ethnicity (P
for interaction � .10 for all; Table 4). The ethnic-specific
models showed that mean �, in relation to socioeconomic
status and comorbidity variables, was greater in African
Americans than in whites (Table 4). Most of the factors
were statistically independent correlates of arterial stiff-
ness in both groups.

Discussion
In this study—restricted to ARIC participants from For-
syth, North Carolina—African Americans had stiffer CCA
than whites. This difference, observed in participants with-
out symptomatic atherosclerosis and not taking antihyper-
tensive medications, and persistent after correction for
unequal variances, was in part explained by age, BP, body
mass index, and DAD, but remained statistically signifi-
cant after adjustment for these factors. Adjustment for
hypertension, diabetes, and income further reduced the
ethnic difference. The final adjusted mean � was roughly
9% higher and PADC 6% lower for African Americans
not taking antihypertensive medication than for their white
counterparts. Correlates of arterial stiffening were not
identical in these ethnic groups. To our knowledge, this is
the first report of such findings.

Few studies have reported on � and PADC values in
African Americans, and none are population-based or can
serve as comparison to the ones reported here. Our values
for mean � [SD] derived from the internal diameter for
whites are in the same range as those observed in small-
scale studies in women (9.8 [4.1]) and men (8.1 [2.3]) in
their sixth decade, in Sweden.15 The only study describing
the age distribution of � derived from the adventitial
diameter, as was done for our study, was published on
Japanese examinees.16 The CCA mean � (SD) was 11.3
(2.0) among men and women �60 years old. Several
studies have assessed ethnic differences in arterial stiffness
using pulse wave velocity (PWV)10,17 or pulse wave anal-
ysis of the radial18,19 or brachial artery.20 Three studies
found stiffer arteries in African Americans than in whites,
although the results were not adjusted for confounding
factors.10,18,20 In Ferreira’s study,10 hypertensive Brazil-
ian-born male soldiers of African descent had greater
mean PWV (stiffer aorta) than their white counterparts,
whereas normotensive African Americans had lower val-
ues than their white counterparts. However, the slope of
increase of aortic stiffness with SBP was steeper for Af-
ricans than for whites along the entire range of observed
BP. In Prisant’s study,18 in contrast, the data suggested
that small arteries were stiffer among normotensive Afri-
can Americans compared with their white counterparts,
but not among untreated or controlled hypertensives.

Greater arterial stiffness was also observed among the



Table 3. Least-squares mean pulsatile arterial diameter change and � index (�SE) in Forsyth cohort for ethnic and sex groups

Parameter n

Mean Pulsatile Arterial Diameter
Change � SEM* (microns) Mean � Index � SEM*

Crude
Absolute

BP†
Percentiles

BP‡ Crude
Absolute

BP†
Percentiles

BP‡

Total population
African Americans 268 365 � 8 379 � 7 373 � 7 12.5 � 0.2 11.5 � 0.2 12.0 � 0.2
Whites 2459 399 � 2 399 � 2 399 � 2 10.5 � 0.1 10.6 � 0.1 10.6 � 0.1
Ethnic difference� (%) �10 �5 �7 16 8 12
P value for difference � 0 .0001 .007 .006 .0001 .0001 .0001
Women 1529 391 � 3 385 � 3 387 � 3 11.0 � 0.1 11.0 � 0.1 11.1 � 0.1
Men 1198 403 � 4 410 � 4 408 � 4 10.4 � 0.1 10.4 � 0.1 10.3 � 0.1
Sex difference� (%) �3 �7 �5 5 6 7
P value for difference � 0 .0001 .0001 .0001 .0004 .0001 .0001

Participants with self-report
of antihypertensive
medication excluded

African Americans 165 373 � 10 381 � 9 377 � 9 11.4 � 0.3 10.9 � 0.3 11.3 � 0.3
Whites 2071 401 � 3 401 � 2 401 � 2 10.3 � 0.1 10.3 � 0.1 10.3 � 0.1
Ethnic difference� (%) �8 �5 �6 11 6 9
P value for difference � 0 .003 .03 .009 .002 .03 .0001
Women 1259 392 � 3 390 � 4 392 � 4 10.6 � 0.1 10.6 � 0.1 10.6 � 0.1
Men 977 409 � 4 411 � 4 409 � 4 10.1 � 0.1 10.1 � 0.1 10.0 � 0.1
Sex difference� (%) �4 �5 �4 5 5 6
P value for difference � 0 .001 .0003 .003 .001 .008 .0007

* Estimates obtained in the multiple regression model performed with PROC GLM in SAS and based on the least-squares means with coefficients across classification effects proportional to observed
margins. All estimates represent main effects for ethnicity and sex.

† Model included ethnicity, sex, age, diastolic diameter, systolic blood pressure, diastolic blood pressure linear and squared, body-mass-index, all continuous.
‡ Same model as in previous model† but blood pressure components are ethnicity-specific percentiles.
� Ethnic/sex difference � (mean � index/PADC for African Americans � mean � index/PADC for whites)/mean � index/PADC for African Americans.
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Table 4. Correlates � index within ethnic groups*

Parameter

Ethnicity-specific Models

Ethnicity-inclusive
Model P Value for
Interaction � 0

African Americans (n � 268) Whites (n � 2459)

Regression Coefficient
� SEM†

P Value for
Coefficient � 0

Regression Coefficient
� SEM†

P Value for
Coefficient � 0

Model R2 (P value for variance
explained � 0) 0.32 (P � .0001) 0.28 (P � .0001)

Age (y) 0.15 � 0.05 .004 0.14 � 0.01 .0001
Diastolic arterial diameter (mm) 0.71 � 0.38 .06 0.49 � 0.10 .0001
Systolic blood pressure (mm Hg) 0.04 � 0.01 .005 0.05 � 0.003 .0001
Diastolic blood pressure (mm Hg)‡ �0.03 � 0.01 .01 �0.03 � 0.003 .0001
Diastolic blood pressure2 (mm2 Hg)‡ 0.0006 � 0.0003 .09 0.0003 � 0.00009 .0004
Insulin (�U/mL) 0.009 � 0.005 .06 0.006 � 0.006 .32
HDL cholesterol (mmol/L) 0.55 � 0.77 .48 0.08 � 0.20 .68
LDL (mmol/L)§ 0.11 � 0.05 .03 0.02 � 0.02 .30
Triglycerides (mmol/L)‡,§ �0.16 � 0.13 .22 0.13 � 0.04 .002 .04
Body mass index (kg/m2) 0.12 � 0.07 .05 0.07 � 0.02 .0002
Waist-to-hip ratio 1.17 � 5.24 .82 1.05 � 1.18 .37

Mean � index
� SEM†

P value for
difference � 0

Mean beta index
� SEM†

P value for
difference � 0

Sex
Women 12.6 � 0.4 .35 10.9 � 0.1 .0001
Men 11.9 � 0.6 10.0 � 0.1

Smoking
Never/former 12.4 � 0.3 .49 10.6 � 0.1 .0001
Current 12.0 � 0.4 10.0 � 0.1

Hypertension
No 11.7 � 0.4 .08 10.4 � 0.1 .004 .05
Yes 12.8 � 0.4 10.9 � 0.1

Diabetes
No 12.0 � 0.3 .07 10.5 � 0.1 .58 .10
Yes 13.4 � 0.8 10.7 � 0.2

Income
$5,000–$15,999 13.4 � 0.5 .03 10.8 � 0.2
$16,000–$34,999 12.2 � 0.4 10.6 � 0.1 .07 .01
$35,000� 11.3 � 0.6 10.4 � 0.1

Education
�High school 11.7 � 0.6 .05 10.7 � 0.2
High school graduate 11.9 � 0.4 10.3 � 0.1 .24 .03
�High school 13.2 � 0.5 10.6 � 0.1

* Ethnicity-specific regression models. See footnote to Table 3 for statistical procedure.
† Each variable is adjusted for the others.
‡ Variables with a quadratic fit centered to their mean to decrease colinearity.
§ Estimates derived from ethnicity-inclusive model, based on main and interaction term coefficient, using option ESTIMATE of Proc GLM.
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African-American young adults enrolled in the Bogalusa
study,20 but not among the elderly participants in the
Cardiovascular Health Study.17 At the pathophysiologic
level, attenuation of endothelium-dependent as well as
endothelium-independent vasodilation, the potential un-
derlying mechanism for arterial stiffening, has been de-
scribed in normotensive and hypertensive African
Americans by many investigators.21,22 In our study,
women had stiffer CCA than men after control for several
variables, whereas the opposite was observed in the Bo-
galusa younger study population. Sex differences in arte-
rial dynamics have been related to body height,23 and
estrogen effect,24 and the age-related switch of the sex
difference has been described by other researchers25 and
attributed to a hormonal effect.

A concern with these results is whether the observed
ethnic differences in arterial stiffness merely reflect ethnic
differences in the hypertension course. Adjusting for hy-
pertension reduced the ethnic difference the most but
might not have totally accounted for the confounding
effect of medication. These antihypertensive medications
have a direct variable effect on arterial stiffness and access
and responsiveness to treatment vary by ethnicity. Our
analyses in the subset not taking antihypertensive medica-
tion mitigated this concern, as a statistically significant 9%
ethnic difference in arterial stiffness persisted. Although
we adjust for level of risk factors at the time of examina-
tion, a residual confounding by duration of exposure to
risk factors may have persisted, as African Americans
more often exhibit multiple risk factors.

Some of the limitations of our study include potential
selection bias, the substitution of static brachial pressure
for dynamic carotid pressure, and residual and latent con-
founding. These are outlined.

There are several ways that selection bias may have
affected our estimates of ethnic differences in arterial stiff-
ness. Response rates differed by ethnicity. Furthermore,
we were able to obtain technically optimal pulsatile data
on only a subset of participants. Last, the exclusion of
prevalent coronary heart disease, stroke, and transient
ischemic attack may have differentially removed white and
African American participants because of ethnic differ-
ences in risk, in access to medical care, and in the expres-
sion, recognition, and reporting of clinical symptoms.

The important issue of substituting brachial for carotid
BP stems from the site-specificity of arterial behavior,
which calls to measure both dimensions and pressure at
the same site.26 Thus, one assumption we make is that
brachial BP measured noninvasively by an oscillometric
device is an acceptable approximation of the CCA intra-
arterial pressure. Brachial BP correlates very well with
intracarotid pressure, although it is higher by 10% to
15%,27 as a result of the amplification phenomenon.26

Self-calibrating automated devices also yield slightly
higher values of SBP and lower DBP and consequently,
larger pulse pressure than the auscultatory method,28 al-

though its high levels of repeatability rule out the well-
known observer differences in BP measurement and
possible differences by ethnicity of the examinee. How-
ever, because the BP measurement error does not vary by
ethnicity,29 adjusting for pulse pressure removes, in a
similar fashion for African Americans and whites, that part
of the effect on arterial stiffness that is due to pulse
pressure. The ethnic difference remained significant after
such adjustment.

Beta index was directly associated with education
among African Americans (P � .05), but not among
whites, and strongly and inversely associated with income
(P � .01) in the former. This differential association by
ethnicity may reflect the incommensurability of socioeco-
nomic status variables.30 The unexpected stiffer CCA in
African Americans with higher education may be the
result of the small sample size in the higher education–
lowest income level group (data not shown). The small
sample size prevented us from exploring this discrepancy
termed social incongruity by Dressler,31 and reported by
other investigators.32 The potential residual confounding
by incomplete control of socioeconomic status factors in
models including socioeconomic status, which would act
by inflating the ethnic difference in arterial stiffness,30 was
addressed by not including socioeconomic status in the
reference model and by stratifying regression analyses by
ethnicity. Finally, the observed difference may also be
related to latent confounding by unmeasured variables,
such as markers of vasodilation, more specific vessel
structure variables, and parameters of kidney function.

Also to be mentioned as limitations of these findings,
the cross-sectional design is open to temporal ambiguity;
thus the explanatory variables merely suggest antecedent
factors, to be confirmed or refuted in prospective studies.
Furthermore, the “generalizability” of the results is of
concern as we used a single center to evaluate the ethnic
differences in arterial stiffness.

Despite these limitations, these results are important.
Although ethnicity, as an epidemiologic exposure vari-
able, is a blunt instrument to measure population differ-
ences in arterial stiffness, as it applies to several
dimensions (eg, historic, cultural, socioeconomic, and ge-
netic) and defines populations with large within-group
heterogeneity,33 the magnitude of the observed ethnic dif-
ference in � is meaningful. It is of the same order as that
observed between patients with angiographically normal
coronaries (� � SD: 9.2 � 2.2) and those with angio-
graphically significant coronary artery disease (� � SD:
11.6 � 3.2),34 and between baseline values for ARIC
participants who 6 years later developed hypertension (�
� SD: 11.9 � 4.7) versus those who did not (� � SD:
10.3 � 3.8).35 In addition, factors that differentially cor-
related with arterial stiffness by ethnicity were factors
whose environmental contribution to their variance is re-
portedly greater than the genetic component (eg, income,
education, hypertension, diabetes, and triglycerides).36,37

Therefore, we submit that environmental—modifiable—

factors, particularly socioeconomic status, may contribute
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to the observed greater arterial stiffness in African Amer-
icans compared with whites. Prospective studies will elu-
cidate the temporal and causal interplay between these
factors and arterial stiffness. Because arterial stiffness is an
early and reversible stage of the atherosclerotic process
and predicts incident hypertension,35 monitoring of this
subclinical sign, along with BP,38 in people at risk39,40 and
modulation of the modifying factors may prevent initiation
or progression of this early stage of disease and thus has
the potential to reduce ethnic cardiovascular disease dis-
parities.

In conclusion, this is the first population-based report
showing that African Americans who are free of clinical
manifestations of atherosclerosis have significantly stiffer
CCA than their white counterparts, after adjustment for
major cardiovascular disease risk factors. The cross-sec-
tional design does not allow us to conclude whether arte-
rial disease occurs earlier or is more severe in African
Americans compared with whites. Correlates for arterial
stiffening that statistically differ by ethnicity are mostly
environmental factors or factors with an important envi-
ronmental etiologic component (eg, socioeconomic status,
hypertension, diabetes, and lipids). These results bear their
importance in the context of hypertension prevention.

Acknowledgments
We thank the staff and participants in the ARIC study for
their important contributions.

References

1. Burt VL, Culter JA, Higgins M, Horan MJ, Labarthe D, Whelton P,
Brown C, Roccella EJ: Trends in the prevalence, awareness, treat-
ment, and control of hypertension in the adult US population. Data
from the health examination surveys, 1960 to 1991. Hypertension
1995;26:60–69.

2. Cornoni-Huntley J, LaCroix AZ, Havlik RJ: Race and sex differ-
entials in the impact of hypertension in the United States. The
National Health and Nutrition Examination Survey I Epidemiologic
Follow-up Study. Arch Intern Med 1989;149:780–788.

3. Safar ME, Frohlich ED: The arterial system in hypertension. A
prospective view. Hypertension 1995;26:10–14.

4. Gamble G, Beaumont B, Smith H, Zorn J, Sanders G, Merrilees M,
MacMahon S, Sharpe N: B-mode ultrasound images of the carotid
artery wall: correlation of ultrasound with histological measure-
ments. Atherosclerosis 1993;102:163–173.

5. The ARIC Investigators: The Atherosclerosis Risk in Communities
(ARIC) Study: design and objectives. Am J Epidemiol 1989;129:
687–702.

6. Kannel WB, Gordon T, Schwartz MJ: Systolic versus diastolic
blood pressure and risk of coronary heart disease. The Framingham
study. Am J Cardiol 1971;27:335–346.

7. Rutan GH, Kuller LH, Neaton JD, Wentworth DN, McDonald RH,
Smith WM: Mortality associated with diastolic hypertension and
isolated systolic hypertension among men screened for the Multiple
Risk Factor Intervention Trial. Circulation 1988;77:504–514.

8. Criqui MH, Browner D, Fronek A, Klauber MR, Coughlin SS,
Barrett-Connor E, Gabriel S: Peripheral arterial disease in large
vessels is epidemiologically distinct from small vessel disease. An

analysis of risk factors. Am J Epidemiol 1989;129:1110–1119.
9. Bauters C, Meurice T, Van Belle E, Lablanche JM, Bertrand ME:
Endothelial dysfunction in cardiovascular diseases: therapeutic im-
plications after coronary angioplasty. Arch Mal Coeur Vaiss 1997;
90:35–39.

10. Ferreira AV, Viana MC, Mill JG, Asmar RG, Cunha RS: Racial
differences in aortic stiffness in normotensive and hypertensive
adults. J Hypertens 1999;17:631–637.

11. Jamerson KA: Prevalence of complications and response to different
treatments of hypertension in African Americans and white Amer-
icans in the U.S. Clin Exp Hypertens 1993;15:979–995.

12. Riley WA, Evans GW, Sharrett AR, Burke GL, Barnes RW: Vari-
ation of common carotid artery elasticity with intimal-medial thick-
ness: the ARIC Study. Atherosclerosis Risk in Communities.
Ultrasound Med Biol 1997;23:157–164.

13. Hayashi K, Handa H, Nagasawa S, Okumura A, Moritake K: Stiff-
ness and elastic behavior of human intracranial and extracranial
arteries. J Biomech 1980;13:175–184.

14. Gibbons G, Dzau V: Mechanisms of disease: the merging concept of
vascular remodeling. N Engl J Med 1994;330:1431–1438.

15. Hansen F, Mangell P, Sonesson B, Lanne T: Diameter and compli-
ance in the human common carotid artery—variations with age and
sex. Ultrasound Med Biol 1995;21:1–9.

16. Kawasaki T, Sasayama S, Yagi S, Asakawa T, Hirai T: Non-
invasive assessment of the age related changes in stiffness of major
branches of the human arteries. Cardiovasc Res 1987;21:678–687.

17. Mackey RH, Sutton-Tyrrell K, Vaitkevicius PV, Sakkinen PA,
Lyles MF, Spurgeon HA, Lakatta EG, Kuller LH: Correlates of
aortic stiffness in elderly individuals: a subgroup of the Cardiovas-
cular Health Study. Am J Hypertens 2002;15:16–23.

18. Prisant LM, Resnick LM, Hollenberg SM, Jupin D: Arterial elas-
ticity among normotensive subjects and treated and untreated hy-
pertensive subjects: influence of race. Ethnicity & Disease 2002;12:
63–68.

19. Weinberger MH, Fineberg NS, Fineberg SE: Effects of age, race,
gender, blood pressure, and estrogen on arterial compliance. Am J
Hypertens 2002;15:358–363.

20. Urbina EM, Brinton TJ, Elkasabany A, Berenson GS: Brachial
artery distensibility and relation to cardiovascular risk factors in
healthy young adults (The Bogalusa Heart Study). Am J Cardiol
2002;89:946–951.

21. Stein CM, Lang CC, Nelson R, Brown M, Wood AJ: Vasodilation
in black Americans: attenuated nitric oxide-mediated responses.
Clin Pharmacol Ther 1997;62:436–443.

22. Kahn DF, Duffy SJ, Tomasian D, Holbrook M, Rescorl L, Russell
J, Gokce N, Loscalzo J, Vita JA: Effects of black race on forearm
resistance vessel function. Hypertension 2002;40:195–201.

23. London GM, Guerin AP, Pannier BM, Marchais SJ, Metivier F:
Body height as a determinant of carotid pulse contour in humans.
J Hypertens 1992;10(Suppl):S93–S95.

24. Liang Y, Teede H, Shiel L, Thomas A, Craven R, Sachithanandan
N, McNeil JJ, Cameron JD, Dart A, McGrath BP: Effects of estro-
gen and progesterone on age-related changes in arteries of post-
menopausal women. Clin Exp Pharmacol Physiol 1997;24:457–459.

25. London GM, Guerin AP, Pannier B, Marchais SJ, Stimpel M:
Influence of sex on arterial hemodynamics and blood pressure. Role
of body height. Hypertension 1995;26:514–519.

26. O’Rourke M: Mechanical principles in arterial disease. Hyperten-
sion 1995;26:2–9.

27. Kroeker E, Wood E: Comparison of simultaneous recorded central
and peripheral arterial pressure pulses during rest, exercise and tilted
position in man. Circ Res 1955;3:623–632.

28. Pessenhofer H: Single cuff comparison of two methods for indirect
measurement of arterial blood pressure: standard auscultatory
method versus automatic oscillometric method. Bas Res Cardiol
1986;81:101–109.

29. Rose KM, Arnett DK, Ellison RC, Heiss G: Skip patterns in
DINAMAP-measured blood pressure in 3 epidemiological studies

(Comment). Hypertension 2000;35:1032–1036.



313AJH–April 2004–VOL. 17, NO. 4 ARTERIAL STIFFNESS AND ETHNICITY
30. Kaufman J, Cooper R, McGee D: Socioeconomic status and health
in Blacks and Whites: the problem of residual confounding and the
resiliency of race. Epidemiology 1997;8:621–628.

31. Dressler WW: Hypertension in the African American community:
social, cultural, and psychological factors. Sem Nephrol 1996;16:
71–82.

32. Din-Dzietham R, Hertz-Picciotto I: Relationship of education to the
racial gap in neonatal and postneonatal mortality. Arch Pediatr
Adolesc Med 1997;151:787–792.

33. Owens K, King MC: Genomic views of human history. Science
1999;286:451–453.

34. Hirai T, Sasayama S, Kawasaki T, Yagi S: Stiffness of systemic
arteries in patients with myocardial infarction. A noninvasive
method to predict severity of coronary atherosclerosis. Circulation
1989;80:78–86.

35. Liao D, Arnett DK, Tyroler HA, Riley WA, Chambless LE, Szklo
M, Heiss G: Arterial stiffness and the development of hypertension.
The ARIC study. Hypertension 1999;34:201–206.
36. Ward R: Familial aggregation and genetic epidemiology of blood
pressure, in Laragh J, Brenner B (eds): Hypertension: Pathophysi-
ology, Diagnosis, and Management. 2nd ed. New York, Raven
Press, 1995, pp 67–88.

37. Cullen P, Funke H, Schulte H, Assmann G: Lipoproteins and
cardiovascular risk-from genetics to CHD prevention. J Atheroscl
Thromb 1997;4:51–58.

38. Cox JP, England R, Cox T, Walsh JB, Coakley D, Feely J, O’Malley
K, O’Brien E: Do subjects with stiff arteries have high blood
pressure? J Hypertens 1989;7(Suppl):S82–S83.

39. Meaney E, Samaniego V, Alva F, Valdovinos RA, Marrufo R, Vela
A, Allen T, Misra A, Madsen R: Increased arterial stiffness in
children with a parental history of hypertension. Pediatr Cardiol
1999;20:203–205.

40. Tounian P, Aggoun Y, Dubern B, Varille V, Guy-Grand B, Sidi D,
Girardet JP, Bonnet D: Presence of increased stiffness of the com-
mon carotid artery and endothelial dysfunction in severely obese
children: a prospective study. Lancet 2001;358:1400–1404.


	Arterial Stiffness Is Greater in African Americans Than in Whites
	Methods
	Study Population
	Study Variables
	Outcome
	Exposure and Covariates

	Statistical Analyses

	Results
	Population Characteristics
	Regression Analysis
	Association
	Explanatory Regression Modeling
	Ethnicity-Specific Correlates of Arterial Stiffness


	Discussion
	Acknowledgments
	References


