
Racial Differences in Arterial Stiffness and Microcirculatory Function
Between Black and White Americans
Alanna A. Morris, MD; Riyaz S. Patel, MD; Jose Nilo G. Binongo, PhD; Joseph Poole, MD, PhD; Ibhar al Mheid, MD; Yusuf Ahmed, MD, MPH;
Neli Stoyanova, MD; Viola Vaccarino, MD, PhD; Rebecca Din-Dzietham, MD, PhD;† Gary H. Gibbons, MD; Arshed Quyyumi, MD

Background-—Compared with whites, black Americans suffer from a disproportionate burden of cardiovascular disease (CVD). We
hypothesized that racial differences in the prevalence of CVD could be attributed, in part, to impaired vascular function in blacks
after adjustment for differences in risk factor burden.

Methods and Results-—We assessed vascular function in 385 black and 470 white subjects (mean age, 48�11 years; 45% male).
Using digital pulse amplitude tonometry (EndoPAT) we estimated the reactive hyperemia index (RHI), a measure of microvascular
endothelial function, and peripheral augmentation index (PAT-AIx). Central augmentation index (C-AIx) and pulse-wave velocity
(PWV) were measured as indices of wave reflections and arterial stiffness, respectively, using applanation tonometry (Sphygmocor).
Compared with whites, blacks had lower RHI (2.1�0.6 versus 2.3�0.6, P<0.001), greater arterial wave reflections assessed as
both PAT-AIx (20.4�21.5 versus 17.0�22.4, P=0.01) and CAIx (20.8�12.3 versus 17.5�13.3, P=0.001), and greater arterial
stiffness, measured as PWV (7.4�1.6 versus 7.1�1.6 m/s, P=0.001). After adjustment for traditional CVD risk factors, black race
remained a significant predictor of lower RHI and higher PAT-AIx and CAIx (all P<0.001) in all subjects and of higher PWV in men
(P=0.01). Furthermore, these associations persisted in a subgroup analysis of “healthy” individuals free of CVD risk factors.

Conclusion-—Black race is associated with impaired microvascular vasodilatory function, and greater large arterial wave reflections
and stiffness. Because impairment in these vascular indices may be associated with worse long-term outcomes, they may
represent underlying mechanisms for the increased CVD risk in blacks. ( J Am Heart Assoc. 2013;2:e002154 doi: 10.1161/
JAHA.112.002154)
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D espite an overall trend toward decreasing mortality from
cardiovascular disease (CVD) over recent decades in the

United States, blacks continue to experience disproportion-
ately higher CVD morbidity and mortality when compared with
whites.1 These observations are only partly explained by a
higher prevalence of traditional CVD risk factors such as

obesity, hypertension, type 2 diabetes mellitus, and tobacco
use among blacks.2,3 Assessments of subclinical disease in
microcirculation and in large arteries by vascular function
testing may provide valuable insights into the etiology of this
health disparity.

In the healthy state, the endothelium maintains vascular tone
and homeostasis through mediators such as nitric oxide (NO).4,5

Endothelial dysfunction, characterized as decreased NO
bioavailability from exposure to CVD risk factors, ultimately
leads to the development and progression of atherosclerosis
with its sequelae of myocardial infarction and stroke.6,7

Endothelial functional assessments by traditional approaches
using intra-arterial agonists or flow-mediated vasodilation are
impractical for deployment in population studies. Emerging
data support the use of digital pulse amplitude tonometry (PAT)
for the noninvasive assessment of microvascular function that
can be assessed rapidly and reliably by measuring pulse
amplitude in the fingertip at rest and following the induction of
reactive hyperemia.5 Lower PAT hyperemic response correlates
with the presence of CVD risk factors8,9 and with brachial and
coronary arterial endothelial dysfunction.9–11 Importantly,
approximately half of the PAT hyperemic response is mediated
by NO.12
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Arterial stiffening is also associated with CVD risk factors and
may worsen hypertension through a feed-forward mechanism,
with chronic elevations in blood pressure leading to arterial wall
thickening and compensatory remodeling, adversely affecting
the internal elastic properties of the vessel wall.13 Noninvasive
and reproducible techniques allow estimation of central aortic
pressures and stiffness.14,15 Aortic pulse-wave velocity (PWV),
an estimate of the speed of the pressure wave traveling along
the aorta, is regarded as a direct measure of large artery
stiffness. The augmentation index (AIx), a composite measure of
the magnitude of arterial wave reflections and systemic arterial
stiffness, increases as PWV increases. Impaired arterial elastic
properties, measured as the aortic AIx and/or PWV, are
increasingly recognized as independent predictors of incident
CVD events (myocardial infarction, stroke, revascularization), as
well as all-cause mortality.16

Prior studies examining the relationship between race and
vascular function have often been restricted to relatively small
cohorts using invasive and/or cumbersome techniques to
assess arterial health. Blacks were found to have impaired
endothelium-dependent and -independent vasodilation com-
pared with whites.17,18 Moreover, endothelial cells of blacks
appear to generate more oxidant stress, leading to enhanced
nitric oxide (NO) inactivation.19,20 This diminished response to
endogenous and exogenous NO in blacks may partly account
for the more severe hypertension in this population. In addition,
blacks appeared to have greater arterial stiffness, although
many of these analyses did not fully account for differences in
risk factor burden.21,22 Impairment of vascular function may
represent a mechanism through which increased cardiovascu-
lar risk is manifested. We hypothesized that, compared with
whites, blacks would have impaired microvascular function,
increased arterial stiffness, and abnormal wave reflections that
would be independent of differences in CVD risk factor burden.

Methods

Study Sample
Self-identified black and white residents of metropolitan
Atlanta, aged 20 to 70 years (n=929) without a history of
preexisting CVD, were recruited from March 2005 to October
2009 to come to either the Emory or Morehouse Schools of
Medicine for evaluation. Detailed information on demograph-
ics and anthropometrics was collected. Blood pressure was
measured with a sphygmomanometer after 5 minutes of rest
and was based on the average of the final 2 of 3 readings
measured 5 minutes apart. Height and weight were mea-
sured, and body mass index (BMI) was calculated as weight in
kilograms divided by height in meters squared (kg/m2).
History of diabetes and hypertension was defined by partic-
ipant self-report, or use of antidiabetic or antihypertensive

medications. Smoking history, obtained using standardized
questionnaires, was defined as current or never/former (no
cigarettes within the past 30 days). Pregnant women, partic-
ipants with history of myocardial infarction or stroke, and
those with acute illnesses were excluded. The study was
approved by the Emory University and Morehouse School of
Medicine Institutional Review Committees. Informed consent
was obtained from all participants.

Blood Specimens
Participants were instructed to fast and to refrain from
smoking for 12 hours before the study visit. Venous blood
was collected in sodium heparin tubes. Serum levels of total
cholesterol, low-density lipoprotein cholesterol (LDL-C), high-
density lipoprotein cholesterol (HDL-C), triglycerides, and
glucose were measured by spectrophotometry.

Pulse Volume Analysis
Digital pulse amplitude tonometry (PAT) was used to measure
pulse volume amplitude (PVA) in the tip of the index finger,
with participants resting in the supine position in a quiet,
temperature-controlled environment set at 22°C after an
overnight fast (Endo-PAT, Itamar-Medical, Israel). Full details
of the probe technology and the basis of measurements are
available elsewhere.10,23 PVA was analyzed at rest and during
reactive hyperemia, which was elicited by the release of an
upper arm blood pressure cuff inflated to suprasystolic
pressure for 5 minutes. The reactive hyperemia index (RHI)
was calculated as the ratio of the post- to preocclusion PVA of
the tested arm, divided by the post- to preocclusion ratio of
the control arm (the average PVA over a 1-minute interval
starting 1-minute after cuff deflation divided by the average
PVA measured for 1 minute before cuff inflation [base-
line])10,11,23 (Figure 1). The Framingham RHI (fRHI) was also
calculated on the basis of previously described methods.8 An
augmentation index (PAT-AIx), representing an estimate of
peripheral wave reflections, was also derived from the 2
systolic peaks of the baseline PAT waveform. Participants
were excluded from this analysis for missing values (n=68) or
technically inadequate study (n=6), leaving n=855 in the final
analysis. Compared with those who were included in the
analysis, among the 74 participants excluded from the
analysis there was a higher percentage of women (67%
versus 55%, P<0.001) and African Americans (59% versus
45%, P<0.001).

Arterial Waveform Analysis
Indices of arterial stiffness and wave reflections were
estimated in the supine position after an overnight fast
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using the Sphygmocor device (Atcor Medical, Australia), which
records sequential high-quality pressure waveforms at periph-
eral pulse sites using a high-fidelity tonometer. Full details of
the probe technology and basis of measurements are
available elsewhere.24

Pulse-wave analysis was performed on the basis of
acquisition of radial artery pressure waveforms with applica-
tion of a generalized transfer function to derive the central
aortic pressure waveform, from which estimates of central
pulse pressure (CPP) are generated. The central augmenta-
tion index (CAIx) is a function of the degree of pressure
augmentation (AP) secondary to reflected waves from the
periphery (AIx=AP/total CPP). CAIx standardized to a heart
rate of 75 bpm was calculated and used for the purposes of
this study.25

Pulse-wave velocity (PWV) measured between carotid and
femoral arteries is a regional assessment of aortic stiffness
and is the gold standard index of arterial stiffness.24 Pressure
waveforms at the carotid and femoral arterial sites were
acquired using tonometry and electrocardiographic gating.
Velocity (distance/time in meters/second) was calculated
using the “foot-to-foot” method, measuring the interval
between the R wave on the ECG and the foot of the recorded
pressure waveform at each site, whereas distance between
the sites was measured manually by the operator. Data on
PWV were available for 577 participants. Compared with the
total population, there was a higher percentage of blacks (56%
versus 40%, P<0.001) and women (64% versus 52%, P=0.001)
in the 278 participants who were missing data on PWV.
Reproducibility studies in our laboratory on consecutive days
have demonstrated a coefficient of variation of 20.3% and
3.8% for CAIx and PWV, respectively.

Statistical Methods
Study variables are described as the mean�standard devia-
tion (SD) for normally distributed continuous variables,
median (interquartile range) for skewed continuous variables,
or proportions for categorical variables. RHI, fRHI, PAT-AIx,
CAIx, and PWV were examined as continuous variables. All
continuous variables were first tested for normality using the
Kolmogorov–Smirnov criterion. Groups were compared using
the chi-square test for categorical outcomes and t tests or
Wilcoxon rank sum tests for continuous outcomes.

Multivariable linear regression models were constructed to
examine the association of race with indices of vascular
function after adjusting for risk factors. Risk factors were
selected on the basis of their known association with vascular
function and included age, sex, socioeconomic status (level of
education), history of hypertension, history of diabetes,
smoking status, BMI, mean arterial pressure, triglycerides,
LDL-C, ratio of total/HDL cholesterol, and glucose. Predefined
subgroup analyses were performed in participants who were
free of traditional risk factors for CVD. All tests of statistical
significance were 2-tailed, and P<0.05 was considered
significant. Statistical analyses were performed using SPSS,
Inc, v19.0 (Chicago, IL).

Results

Subject Characteristics
Demographic and clinical characteristics of the study partic-
ipants are presented in Table 1. The mean age was
48�11 years, 55% were female, and 45% were black.
Compared with whites, blacks were younger, were more
likely to have a history of hypertension, diabetes, and
smoking, and were less likely to be college graduates. Blacks
had higher BMI and mean arterial pressure and lower levels of
triglycerides than whites.

Clinical Correlates of PAT and Arterial Stiffness
Table 2 depicts the associations of traditional CVD risk
factors with indices of vascular function, after adjusting for
race, sex, age, smoking, history of hypertension or diabetes,
BMI, mean arterial pressure, lipids, and glucose. RHI positively
correlated with age and LDL-C, but was negatively correlated
with total/HDL cholesterol. fRHI was negatively correlated
with smoking, BMI, and total/HDL cholesterol. PAT-AIx and
CAIx positively correlated with female sex, age, mean arterial
pressure, but were negatively correlated with total/HDL
cholesterol. PAT-AIx also positively correlated with smoking
and trended toward correlation with history of hypertension
(P=0.06), but was negatively correlated with history of
diabetes and BMI. CAIx also positively correlated with history

Figure 1. Digital pulse amplitude in a participant with a pulse
amplitude tonometry (PAT) ratio in the highest tertile (A) and in a
different participant with a PAT ratio in the lowest tertile (B). In the
arm undergoing hyperemia (top tracing, A and B), baseline pulse
amplitude is recorded. Flow is occluded in both participants during
cuff inflation; subsequently, flow rises rapidly after cuff release in the
participant with a high response (A) but not in the participant with a
low response (B) during the hyperemic period. In the contralateral
control finger (bottom tracing, A and B), flow continues throughout,
and pulse amplitude undergoes minimal change. Adapted with
permission from Hamburg et al.8
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of hypertension, triglycerides, and LDL-C. PWV positively
correlated with age, history of diabetes, and mean arterial
pressure, but was negatively correlated with LDL-C.

Race-Related Differences in Microvascular
Function
RHI was significantly lower in blacks than whites (Table 3).
Furthermore, blacks were more likely to have RHI <1.67
(21.4% versus 13.5%, P=0.003), a value that has previously
been associated with coronary endothelial dysfunction.11

Baseline digital pulse volume amplitude (PVA) was also
significantly lower in blacks compared with whites (Table 3).
Although the peak fingertip hyperemic response was similar in
blacks and whites, hyperemia during recovery from the peak
response remained significantly lower in blacks at all times
(P≤0.01; Figure 2A). After stratifying by sex, the findings were
similar; white women had the highest hyperemic response,
whereas black men had the lowest (Figure 2B). After multi-
variable adjustment for age, sex, history of hypertension,
history of diabetes, smoking status, BMI, mean arterial
pressure, triglycerides, LDL-C, ratio of total/HDL cholesterol,
and glucose, black race remained an independent predictor of

lower RHI (b=�0.169, P<0.001) and lower baseline PVA
(b=�0.143, P<0.001).

Race-Related Differences in Wave Reflections and
Arterial Stiffness
As shown in Table 3, blacks had higher PAT-AIx, CAIx, and
PWV compared with whites. After adjusting for risk factors,
black race remained an independent predictor of higher
PAT-AIx (b=0.127, P<0.001) and CAIx (b=0.170, P<0.001). In
multivariable models stratified by sex, black race remained an
independent predictor of higher PWV in men (b=0.153,
P=0.02) but not women (b=0.037, P=0.60), although the
formal test for race9sex interaction was not significant
(P=0.40).

Subgroup Analysis in Low-Risk Participants
For this analysis, participants were excluded for history of
hypertension or diabetes, current smoking, measured SBP
≥140 or DBP ≥90 mm Hg, BMI ≥30 kg/m2, or fasting glucose
≥100 mg/dL. In the 390 participants who were free of these
traditional risk factors for CVD, blacks (n=123) had lower RHI

Table 1. Subject Characteristics by Racial Group

Total Population (n=855) Whites (n=469) Blacks (n=386) P Value

Age, y 48�11 49�11 47�10 0.005

Female, % 474 (55) 275 (59) 199 (52) 0.83

History of hypertension, % 218 (28) 91 (21) 127 (37) <0.001

History of diabetes, % 54 (7) 16 (4) 38 (11) <0.001

Current smoking, % 118 (14) 35 (8) 83 (23) <0.001

Education* <0.001

High school or GED 135 (21) 35 (10) 100 (31)

Some college 164 (25) 62 (19) 102 (32)

College graduate 354 (54) 235 (71) 119 (37)

Body mass index, kg/m2 27 (23, 32) 25 (23, 29) 29 (25, 35) <0.001

Mean arterial pressure, mm Hg 89 (82, 97) 88 (81, 96) 92 (84, 100) <0.001

Total/HDL-C 3 (3, 4) 3 (3, 4) 3 (3, 4) 0.73

Triglycerides, mg/dL 90 (65, 125) 95 (66, 133) 86 (63, 113) <0.001

LDL-C, mg/dL 113�33 112�31 115�36 0.55

Glucose, mg/dL 87 (82, 93) 88 (82, 94) 87 (81, 93) 0.30

Framingham risk, % 0.9

Low 719 (86) 401 (86) 318 (86)

Intermediate 100 (12) 56 (12) 44 (12)

High 14 (2) 7 (2) 7 (2)

Values shown are mean�SD, median (interquartile range), or n (%). GED indicates General Educational Development; HDL-C, high-density lipoprotein cholesterol; LDL-C, low-density
lipoprotein cholesterol; SD, standard deviation. P values are for black–white comparison.
*Data on level of education available for n=653 participants.
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(2.1�0.6 versus 2.4�0.6, P<0.001), and higher PWV
(7.3�1.6 versus 6.8�1.4, P=0.002). There was no univariate
difference in PAT-AIx or CAIx. After adjusting for risk factors
including age, sex, and lipids, black race remained an
independent predictor of lower RHI (b=�0.149, P=0.006)
and higher PWV (b=0.188, P=0.001) and CAIx (b=0.136,
P=0.003).

Discussion
In this biracial community-based sample, we demonstrate that
black race is associated with impaired vascular function
compared with whites. Specifically, blacks had (1) reduced
microvascular endothelial function measured as RHI; (2)
abnormal arterial wave reflections, measured as higher
PAT-AIx and CAIx; and (3) greater arterial stiffness, measured
as higher PWV, even after adjustment for traditional CVD risk
factors. Importantly, these differences were present even in
the subgroup of participants who were completely free of
conventional CVD risk factors.

Mechanisms underlying the observed ethnic differences in
vascular function may involve both NO-dependent and
-independent mechanisms. NO is tonically released from
endothelial cells and is essential to the maintenance of
vasodilator tone and homeostasis, which are adversely
affected by CVD risk factors.4,7,26 Decreased NO bioavailabil-
ity can lead to vascular remodeling in experimental models,
affecting both large elastic arteries and smaller resistance
vessels.27,28 We and others have shown that NO contributes
to the total duration of reactive hyperemia but not to peak
hyperemia, and that the RHI is in part NO-dependent.12,29 In
addition, using invasive techniques, we and others have
shown that blacks have reduced NO bioactivity in forearm
microcirculation17,18 coupled with reduced smooth-muscle
vasodilator response to NO donors and thus have more
generalized vascular dysfunction than whites.18,30

Our findings of reduced RHI and worse microvascular
function in blacks, even after adjustment for differences in
CVD risk factor burden, are consistent with those of
Mulukutla et al,31 who also observed that black race was

Table 2. Multivariate Linear Regression of CVD Risk Factors With RHI and Indices of Arterial Elasticity

RHI fRHI PAT-AIx CAIx PWV

Black race �0.170** �0.020 0.127** 0.170** 0.082

Female sex �0.028 0.046 0.117** 0.162** 0.013

Age 0.095* 0.027 0.475** 0.462** 0.264**

Current smoking �0.013 �0.082* 0.110** 0.057 �0.047

History of hypertension 0.015 0.025 0.068 0.073* 0.041

History of diabetes 0.007 0.018 �0.083* �0.029 0.111*

Body mass index, kg/m2 �0.025 �0.101* �0.144** �0.051 �0.089

Mean arterial pressure, mm Hg �0.031 �0.029 0.127** 0.190** 0.312**

Total/HDL-C �0.146* �0.238** �0.197** �0.239** 0.086

Triglycerides, mg/dL 0.031 �0.003 0.066 0.180** �0.011

LDL-C, mg/dL 0.149* 0.199 0.067 0.099* �0.128*

Glucose, mg/dL �0.027 �0.069 0.008 �0.045 0.018

Values shown are standardized beta coefficients. Values are adjusted for all CVD risk factors displayed in the first column. CVD indicates cardiovascular disease; RHI, reactive hyperemia
index; fRHI, Framingham reactive hyperemia index; PAT-AIx, peripheral augmentation index; CAIx, central augmentation index; PWV, pulse-wave velocity; HDL-C, high-density lipoprotein
cholesterol; LDL-C, low-density lipoprotein cholesterol.
*P≤0.05, **P≤0.001.

Table 3. Measures of Vascular Function by Racial Group Adjusted for CVD Risk Factors

Baseline PVA† RHI fRHI PAT-AIx CAIx PWV

Blacks 275�6** 2.1�0.04** 0.8�0.01 21.4�1.1** 21.2�0.6** 7.3�0.1**

Whites 328�6 2.3�0.03 0.8�0.01 15.7�1.0 16.6�0.6 7.1�0.1

Values are mean�standard error. Values are adjusted for race, sex, age, smoking, history of hypertension or diabetes, BMI, mean arterial pressure, lipids, and glucose. CVD indicates
cardiovascular disease; PVA, pulse volume amplitude; RHI, reactive hyperemia index; fRHI, Framingham reactive hyperemia index; PAT-AIx, peripheral augmentation index; CAIx, central
augmentation index; PWV, pulse-wave velocity; BMI, body mass index.
*P≤0.01, **P≤0.001 when compared with whites.
†Values shown are in occluded arm.
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independently associated with lower PAT ratio across all
Framingham risk strata. In contrast to that study, however,
our population was younger with a lower Framingham risk
score. Importantly, although baseline PVA and total hyperemic
response were both lower in blacks, the peak hyperemic
response was similar in blacks and whites, indicating
increased resting as well as hyperemic microvascular con-
strictor tone in blacks. Similar reductions in resting and
hyperemic blood flow have been observed secondary to aging
and diabetes.32

Increases in CAIx and PWV have been associated with
higher risk of adverse cardiovascular events and appear to be
stronger predictors of outcomes than brachial pulse pres-
sure.33–35 Previous studies of racial differences in large artery
stiffness have been limited in sample size and by the use of
alternative techniques such as carotid artery b stiffness
index.36,37 Similarly, in prior small studies, higher AIx and PWV
have been observed in blacks compared with whites.22,38 To
the best of our knowledge, ours is the largest study to date
that provides compelling evidence that black race is associ-
ated with abnormalities in indices of arterial wave reflections
and stiffness, even after adjustment for traditional CVD risk
factors.

The pulsatile arterial tonometer is programmed to estimate
the peripheral augmentation index (PAT-AIx) using an algorithm
that transforms the digital signal. In the largest investigation to
date, our study shows that PAT-AIx is not only higher in blacks
but is also associated with other conventional risk factors, as
recently reported in smaller studies.39,40

Race-independent associations between CVD risk factors
and indices of digital and central vascular reactivity have been
previously investigated. Comparable to our findings, in the
largely white Framingham cohort, RHI was directly associated
with age and inversely associated with total/HDL choles-
terol.8 In addition, we calculated fRHI, an index that had a
better correlation with risk factors in the Framingham study,
and found similar results.8 In contrast to RHI, we found strong
associations between other traditional CVD risk factors and
indices of arterial stiffness and wave reflections. These
findings illustrate that the impact of risk factors on micro-
vascular function in the digital vascular bed differs consider-
ably from that on central arterial stiffness, and yet both these
measures are abnormal in blacks. Although other factors such
as socioeconomic class and physical activity may contribute
to the observed differences, adjustment for these factors did
not diminish the racial differences in PAT hyperemia mea-
sured in a recent study.31

Understanding racial differences in endothelial function
and arterial stiffness can help to identify patients at high risk
for adverse outcomes including renal disease, myocardial
infarction, and stroke. Vascular function measures have the
advantage of integrating the time-dependent effects of risk
factors over the life span, as well as the modulatory influences
of psychosocial factors and racial differences in genetic
susceptibility. The striking abnormalities we observed in
microvascular tone and arterial elasticity in blacks without any
CVD risk factors illustrate that elements beyond conventional
risk factors are important. Future studies should investigate
whether incorporation of vascular function into new risk
prediction models for CVD provides more accurate assess-
ment of risk in blacks.

The strengths of our study include a large sample size of an
unselected community-based population with good represen-
tation of young, female, and black subjects. In addition, our
cohort was large enough to allow the selection of a subgroup
that lacked traditional risk factors for CVD, illustrating that
the observed racial differences in vascular function cannot be
attributed solely to differences in CVD risk factor burden.
These strengths may make our findings more generalizable
than previous data. In addition, ours is the first study to use
multiple measurements of vascular function in the same
subject, allowing for comparison of different modalities of
assessing vascular function. We are also one of the first
groups to report data for variables such as PAT-AIx that have
not previously been reported in large cohorts.

(a)

(b)

Figure 2. A, Pulse amplitude response shown for the hyperemic
finger and control finger in whites and blacks. Peak hyperemia
occurred at 90 seconds in both groups. Blacks had lower responses
from peak hyperemia throughout in both fingers (P≤0.01). Values are
means. The minimum and maximum SEs were 0.02 to 0.06. B, Pulse
amplitude response shown for the hyperemic finger and control
finger in whites and blacks stratified by sex. Blacks had lower
responses from peak hyperemia throughout in both fingers. Values
are means. The minimum and maximum SEs were 0.02 to 0.09. PAT
indicates pulse amplitude tonometry; SE, standard error of the mean.
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Limitations include the cross-sectional design of our study,
which precludes establishment of a causal relationship
between risk factors and digital vascular function or arterial
stiffness. Although we accounted for antihypertensive and
statin medication use (<12% of our study population reported
use of these medications), it is uncertain whether treatment
duration and intensity influenced the vascular parameters. It is
recognized that socioeconomic factors may mediate racial
differences in CVD risk and that a low level of education has
been associated with greater arterial stiffness.41 However,
adding level of education in our sample did not significantly alter
our findings. PWV was higher in both black men and women in
the healthy subgroup, but only inmenwith risk factors. Thismay
be because of technical aspects such as abdominal obesity and
large bust size in women that can make distance measure-
ments imprecise and affect PWV measurements.

In conclusion, we have demonstrated lower digital reactive
hyperemia and increased arterial wave reflections and arterial
stiffness in blacks compared with whites in a community-based
sample. These findings demonstrate that blacks have worse
vascular function compared with whites independent of differences
in CVD risk factor prevalence. Because impaired RHI and indices of
arterial elasticity have been associated with worse long-term
outcomes, thesemeasuresmaybeuseful tools formonitoring risk in
blacks who have higher CVD risk compared with whites and for
following response to therapy in this higher-risk population.

Acknowledgments
The authors are indebted to the late Dr. Rebecca Din-Dzietham for
her scientific contributions and critical review of the manuscript. The
authors thank the participants of the Morehouse and Emory Team up
to Eliminate Health Disparities (META-Health) Study, and the Emory
Predictive Health Initiative. We also thank the Emory and Morehouse
GCRC staff for their assistance and participation.

Sources of Funding
This work was supported by funding from NIH/NHLBI 1 U01
HL079156-01 (Quyyumi) and1U01HL79214-01 (Gibbons); NIH,
National Center for Research Resources (NCRR) Grant M01-
RR00039 for the Emory Clinical Interaction Unit (ACTSI) and
NIH/NCRR 5P20RR11104 for the Morehouse CRC; NIH
K24HL077506-06 (Vaccarino); NIH/NCRR 5U54RR022814
(Din); and the Woodruff Fund (Emory Predictive Health Initiative).

Disclosure
None.

References
1. Lloyd-Jones D, Adams R, Carnethon M, De Simone G, Ferguson TB, Flegal K,

Ford E, Furie K, Go A, Greenlund K, Haase N, Hailpern S, Ho M, Howard V,

Kissela B, Kittner S, Lackland D, Lisabeth L, Marelli A, McDermott M, Meigs J,
Mozaffarian D, Nichol G, O’Donnell C, Roger V, Rosamond W, Sacco R, Sorlie P,
Stafford R, Steinberger J, Thom T, Wasserthiel-Smoller S, Wong N, Wylie-Rosett
J, Hong Y; American Heart Association Statistics Committee and Stroke
Statistics Subcommittee. Heart disease and stroke statistics—2009 update: a
report from the American Heart Association Statistics Committee and Stroke
Statistics Subcommittee. Circulation. 2009;119:e21–e181.

2. Gu Q, Burt VL, Paulose-Ram R, Yoon S, Gillum RF. High blood pressure and
cardiovascular disease mortality risk among U.S. adults: the third National
Health and Nutrition Examination Survey mortality follow-up study. Ann
Epidemiol. 2008;18:302–309.

3. Hozawa A, Folsom AR, Sharrett AR, Chambless LE. Absolute and attributable
risks of cardiovascular disease incidence in relation to optimal and borderline
risk factors: comparison of African American with white subjects—Athero-
sclerosis Risk in Communities Study. Arch Intern Med. 2007;167:
573–579.

4. Quyyumi AA. Endothelial function in health and disease: new insights into the
genesis of cardiovascular disease. Am J Med. 1998;105:32S–39S.

5. Hamburg NM, Benjamin EJ. Assessment of endothelial function using digital
pulse amplitude tonometry. Trends Cardiovasc Med. 2009;19:6–11.

6. Rubanyi GM. The role of endothelium in cardiovascular homeostasis and
diseases. J Cardiovasc Pharmacol. 1993;22:S1–S14.

7. Busse R, Fleming I. Regulation and functional consequences of endothelial
nitric oxide formation. Ann Med. 1995;27:331–340.

8. Hamburg NM, Keyes MJ, Larson MG, Vasan RS, Schnabel R, Pryde MM,
Mitchell GF, Sheffy J, Vita JA, Benjamin EJ. Cross-sectional relations of digital
vascular function to cardiovascular risk factors in the Framingham Heart
Study. Circulation. 2008;117:2467–2474.

9. Hamburg NM, Palmisano J, Larson MG, Sullivan LM, Lehman BT, Vasan RS,
Levy D, Mitchell GF, Vita JA, Benjamin EJ. Relation of brachial and digital
measures of vascular function in the community: the Framingham Heart Study.
Hypertension. 2011;57:390–396.

10. Kuvin JT, Patel AR, Sliney KA, Pandian NG, Sheffy J, Schnall RP, Karas RH,
Udelson JE. Assessment of peripheral vascular endothelial function with finger
arterial pulse wave amplitude. Am Heart J. 2003;146:168–174.

11. Bonetti PO, Pumper GM, Higano ST, Holmes DR Jr, Kuvin JT, Lerman A.
Noninvasive identification of patients with early coronary atherosclerosis by
assessment of digital reactive hyperemia. J Am Coll Cardiol. 2004;44:
2137–2141.

12. Nohria A, Gerhard-Herman M, Creager MA, Hurley S, Mitra D, Ganz P. Role of
nitric oxide in the regulation of digital pulse volume amplitude in humans.
J Appl Physiol. 2006;101:545–548.

13. Zieman SJ, Melenovsky V, Kass DA. Mechanisms, pathophysiology, and
therapy of arterial stiffness. Arterioscler Thromb Vasc Biol. 2005;25:932–943.

14. Wilkinson IB, Fuchs SA, Jansen IM, Spratt JC, Murray GD, Cockcroft JR, Webb
DJ. Reproducibility of pulse wave velocity and augmentation index measured
by pulse wave analysis. J Hypertens. 1998;16:2079–2084.

15. O’Rourke MF, Adji A. An updated clinical primer on large artery mechanics:
implications of pulse waveform analysis and arterial tonometry. Curr Opin
Cardiol. 2005;20:275–281.

16. Vlachopoulos C, Aznaouridis K, Stefanadis C. Prediction of cardiovascular
events and all-cause mortality with arterial stiffness: a systematic review and
meta-analysis. J Am Coll Cardiol. 2010;55:1318–1327.

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

18. Campia U, Choucair WK, Bryant MB, Waclawiw MA, Cardillo C, Panza JA.
Reduced endothelium-dependent and -independent dilation of conductance
arteries in African Americans. J Am Coll Cardiol. 2002;40:754–760.

19. Kalinowski L, Dobrucki IT, Malinski T. Race-specific differences in endothelial
function: predisposition of African Americans to vascular diseases. Circulation.
2004;109:2511–2517.

20. Mason RP, Kalinowski L, Jacob RF, Jacoby AM, Malinski T. Nebivolol reduces
nitroxidative stress and restores nitric oxide bioavailability in endothelium of
black Americans. Circulation. 2005;112:3795–3801.

21. Ruan L, Chen W, Srinivasan SR, Xu J, Sun M, Toprak A, Berenson GS.
Relation of plasma homocysteine to arterial stiffness in black and white
young adults (from the Bogalusa Heart Study). Am J Cardiol. 2009;103:
985–988.

22. Heffernan KS, Jae SY, Wilund KR, Woods JA, Fernhall B. Racial differences in
central blood pressure and vascular function in young men. Am J Physiol Heart
Circ Physiol. 2008;295:H2380–H2387.

23. Bonetti PO, Barsness GW, Keelan PC, Schnell TI, Pumper GM, Kuvin JT, Schnall
RP, Holmes DR, Higano ST, Lerman A. Enhanced external counterpulsation

DOI: 10.1161/JAHA.112.002154 Journal of the American Heart Association 7

Race Arterial Stiffness Microcirculatory Function Morris et al



improves endothelial function in patients with symptomatic coronary artery
disease. J Am Coll Cardiol. 2003;41:1761–1768.

24. Laurent S, Cockcroft J, Van Bortel L, Boutouyrie P, Giannattasio C, Hayoz D,
Pannier B, Vlachopoulos C, Wilkinson I, Struijker-Boudier H. Expert consensus
document on arterial stiffness: methodological issues and clinical applications.
Eur Heart J. 2006;27:2588–2605.

25. Wilkinson IB, MacCallum H, Flint L, Cockcroft JR, Newby DE, Webb DJ. The
influence of heart rate on augmentation index and central arterial pressure in
humans. J Physiol. 2000;525:263–270.

26. Cai H, Harrison DG. Endothelial dysfunction in cardiovascular diseases: the
role of oxidant stress. Circ Res. 2000;87:840–844.

27. Dzau VJ, Gibbons GH. Endothelium and growth factors in vascular remodeling
of hypertension. Hypertension. 1991;18:115–121.

28. Galderisi M, de Divitiis O. Risk factor-induced cardiovascular remodeling and
the effects of angiotensin-converting enzyme inhibitors. J Cardiovasc Pharma-
col. 2008;51:523–531.

29. Dakak N, Husain S, Mulcahy D, Andrews NP, Panza JA, Waclawiw M, Schenke
W, Quyyumi AA. Contribution of nitric oxide to reactive hyperemia: impact of
endothelial dysfunction. Hypertension. 1998;32:9–15.

30. Ozkor M, Rahman A, Murrow J, Kavtaradze N, Lin J, Manatunga A, Quyyumi A.
Greater contribution of endothelium-derived hyperpolarizing factor to exercise-
induced vasodilation in African Americans compared to whites. Circulation.
2010;122:A13694.

31. Mulukutla SR, Venkitachalam L, Bambs C, Kip KE, Aiyer A, Marroquin OC, Reis
SE. Black race is associated with digital artery endothelial dysfunction: results
from the Heart SCORE Study. Eur Heart J. 2010;31:2808–2815.

32. Petrofsky J, Lee S, Cuneo M. Effects of aging and type 2 diabetes on resting
and post occlusive hyperemia of the forearm; the impact of rosiglitazone. BMC
Endocr Disord. 2005;5:4.

33. Williams B, Lacy PS, Thom SM, Cruickshank K, Stanton A, Collier D, Hughes
AD, Thurston H, O’Rourke M. Differential impact of blood pressure-lowering

drugs on central aortic pressure and clinical outcomes: principal results of the
Conduit Artery Function Evaluation (CAFE) study. Circulation. 2006;113:1213–
1225.

34. Roman MJ, Devereux RB, Kizer JR, Lee ET, Galloway JM, Ali T, Umans JG,
Howard BV. Central pressure more strongly relates to vascular disease and
outcome than does brachial pressure: the Strong Heart Study. Hypertension.
2007;50:197–203.

35. Vlachopoulos C, Aznaouridis K, O’Rourke MF, Safar ME, Baou K, Stefanadis C.
Prediction of cardiovascular events and all-cause mortality with central
haemodynamics: a systematic review and meta-analysis. Eur Heart J. 2010;
31:1865–1871.

36. Din-Dzietham R, Couper D, Evans G, Arnett DK, Jones DW. Arterial stiffness is
greater in African Americans than in whites[ast]. Am J Hypertens.
2004;17:304–313.

37. Urbina EM, Srinivasan SR, Kieltyka RL, Tang R, Bond MG, Chen W, Berenson
GS. Correlates of carotid artery stiffness in young adults: the Bogalusa Heart
Study. Atherosclerosis. 2004;176:157–164.

38. Birru MS, Matthews KA, Thurston RC, Brooks MM, Ibrahim S, Barinas-Mitchell
E, Janssen I, Sutton-Tyrrell K. African-American ethnicity and cardiovascular
risk factors are related to aortic pulse-wave velocity progression. Am J
Hypertens. 2011;24:809–815.

39. Heffernan KS, Patvardhan EA, Hession M, Ruan J, Karas RH, Kuvin JT. Elevated
augmentation index derived from peripheral arterial tonometry is associated
with abnormal ventricular–vascular coupling. Clin Physiol Funct Imaging.
2010;30:313–317.

40. Patvardhan EA, Heffernan KS, Ruan J, Hession M, Warner P, Karas RH, Kuvin JT.
Augmentation index derived from peripheral arterial tonometry correlates with
cardiovascular risk factors. Cardiol Res Pract. 2011;2011:6.

41. Thurston RC, Matthews KA. Racial and socioeconomic disparities in arterial
stiffness and intima media thickness among adolescents. Soc Sci Med.
2009;68:807–813.

DOI: 10.1161/JAHA.112.002154 Journal of the American Heart Association 8

Race Arterial Stiffness Microcirculatory Function Morris et al


