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Abstract—The central arteries stiffen with age, causing hemodynamic alterations that have been associated with
cardiovascular events. Changes in body fat with age may be related to aortic stiffening. The association between vascular
stiffness and body fat was evaluated in 2488 older adults (mean age, 74 years; 52% female; 40% black) enrolled in the
Study of Health, Aging, and Body Composition (Health ABC), a prospective study of changes in weight and body
composition. Clinical sites were located in Pittsburgh, Pa, and Memphis, Tenn. Aortic pulse wave velocity was used as
an indirect measure of aortic stiffness. A faster pulse wave velocity indicates a stiffer aorta. Body fat measures were
evaluated with dual energy x-ray absorptiometry and computed tomography. Independent of age and blood pressure,
pulse wave velocity was positively associated with weight, abdominal circumference, abdominal subcutaneous fat,
abdominal visceral fat, thigh fat area, and total fat (P,0.001 for all). The strongest association was with abdominal
visceral fat. Elevated pulse wave velocity was also positively associated with history of diabetes and higher levels of
glucose, insulin, and hemoglobin A1c (P,0.001 for all). In multivariate analysis, independent positive associations with
pulse wave velocity were found for age, systolic blood pressure, heart rate, abdominal visceral fat, smoking, hemoglobin
A1c, and history of hypertension. The association between pulse wave velocity and abdominal visceral fat was
consistent across tertiles of body weight. Among older adults, higher levels of visceral fat are associated with greater
aortic stiffness as measured by pulse wave velocity.(Hypertension. 2001;38:429-433.)
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A s we age, the arteries stiffen, resulting in higher systolic
blood pressure (BP) and widening of the pulse pressure.

Structural changes that occur with age include fragmentation
and degeneration of elastin, increases in collagen, and thick-
ening of the arterial wall.1 A progressive dilation of the
arteries accompanies this stiffening process. Arterial stiffen-
ing occurs at different rates for different individuals and can
be viewed as a process of biological aging of the vascular
system.

Arterial stiffening can be evaluated indirectly by measure-
ment of the speed of the systolic pressure wave as it travels
down the aorta (ie, aortic pulse wave velocity [aPWV]). A
faster PWV indicates a stiffer aorta. Elevated aPWV results in
an early return of the reflected pressure wave from the
periphery, causing amplification of the systolic pressure and
a reduction in the diastolic pressure,2 the hallmarks of isolated
systolic hypertension. The cardiovascular risks associated
with systolic hypertension are well documented.3,4

Accelerated arterial stiffness has been linked to diabetes,5,6

hyperglycemia, hyperinsulinemia, and impaired glucose tol-
erance.7–11 These findings have been confirmed in older
adults12 and suggest that insulin resistance or its products, ie,
hyperglycemia and hyperinsulinemia, may promote arterial
stiffening independent of age. Although some data suggest
that weight and body fat distribution are also related to
arterial stiffness,7,12 a detailed evaluation of this possibility
has not yet been published. The purpose of this report is to
evaluate the relationship of weight, body fat distribution, and
markers of insulin resistance to aortic stiffness estimated by
aPWV.

Methods
Study Population
The Health, Aging, and Body Composition (Health ABC) study is a
population-based, prospective study of the impact of changes in
weight and body composition on age-related physiological and
functional changes. Participants, 70 to 79 years of age, were
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recruited from March 1997 to July 1998 at 2 field centers located in
Pittsburgh, Pa, and Memphis, Tenn. Participants were drawn from a
random sample of Medicare beneficiaries residing in ZIP codes from
the metropolitan areas surrounding Pittsburgh and Memphis. Eligible
subjects reported no difficulty walking one quarter of a mile,
climbing 10 steps, or performing basic activities of daily living.
Participants also had to be free of life-threatening illness and to plan
to remain in the area for$3 years. The cohort consisted of 3075 men
(48.4%) and women (51.6%), of whom 41.6% were black. PWV data
were missing for 354 participants because of equipment problems
and for 233 subjects whose waveforms were of unacceptable quality
or out of range (,300 or.3000 cm/s). This report is based on the
remaining 2488 participants. All participants signed a written in-
formed consent approved by the institutional review boards of the
University of Pittsburgh and University of Tennessee.

Body Fat Measures
Weight was assessed by a balance-beam scale while the participant
was wearing lightweight clothing. Standing height was assessed by a
stadiometer. Dual energy x-ray absorptiometry (Hologic QDR 4500,
software version 8.21) provided measures of total mass, total fat
mass, and fat-free (lean) mass.

Abdominal visceral fat was estimated with a 1-cm computed
tomography (CT) image obtained during suspended respiration
between the fourth and fifth lumbar vertebrae. A GE 9800 Advan-
tage was used in Pittsburgh, and a Siemens Somatom Plus and a
Picker PQ2000S were used in Memphis. Central readings were
performed at the University of Colorado Health Sciences Center. The
adipose tissue density range was determined from a bimodal histo-
gram of adipose and soft tissue intensities. Image pixels with
intensity within this range were classified as adipose tissue. The fat
area for the entire image was determined by multiplying the number
of adipose tissue pixels by the area of a pixel. A region-of-interest
line was drawn at the junction of the abdominal wall musculature and
the visceral compartment, extending around the body to the back
muscles. Adipose tissue within this circle was considered to be
abdominal visceral fat. The difference in fat area between the entire
image and the visceral fat is equal to the subcutaneous fat area.

Thigh fat was estimated from a CT slice of the mid thigh of the leg
used for strength testing, usually the right leg. Intermuscular fat was
distinguished from subcutaneous fat by manually drawing a line
along the deep facial plane surrounding the thigh muscles. Muscle
borders that were not already defined by adipose tissue were outlined
manually. As above, areas were calculated by multiplying the
number of pixels of classified tissue by the area of a pixel in the
image.

Abdominal circumference was measured by use of a metal tape
measure at the maximum waist circumference between the lower rib
and the iliac crest. Participants were asked to stand with their weight
equally distributed on both feet, with arms hanging at their sides and
head facing straight ahead, relaxing their abdomen and breathing
normally. The abdominal circumference was measured at eye level
directly over bare skin, and the measurement was made at the end of
a normal expiration to the nearest 0.1 cm. The measurement was
taken twice. If the difference between the first 2 measurements was
.1 cm, third and fourth measurements were obtained. The computed
abdominal circumference value used was the mean of the 2 or 4
recorded values.

Laboratory Values
HDL, triglycerides, and glucose were assayed with a colorimetric
technique on a Johnson and Johnson Vitros 950 analyzer. HDL was
assayed after a magnetic precipitation of LDL, VLDL, and chylo-
microns. LDL was estimated with the Friedewald equation.13 Insulin
was assayed with a microparticle enzyme immunoassay (Abbott IMx
analyzer), and for hemoglobin A1c, ion-exchange high-performance
liquid chromatography (Biorad Variant analyzer) was used.

Medical history was evaluated by questionnaire. A condition was
considered present if the participant reported that a physician had
told him or her of the condition. History of cardiovascular disease
was defined as a history of myocardial infarction, angina, stroke,

transient cerebral ischemia, or any vascular surgery, including
endarterectomy or angioplasty.

PWV Methods
aPWV was measured from simultaneous Doppler flow signals
obtained from the right carotid and right femoral arteries by use of
nondirectional transcutaneous Doppler flow probes (Parks Medical
Electronics Inc; model 810A, 9.0- to 10-MHz probes). Digitized data
were recorded by custom programming for subsequent analysis. At
least 10 beats were averaged for each simultaneous recording site
with the QRS used for synchronization. Three separate runs were
recorded for each participant, and all usable runs were averaged. The
distance between the carotid and femoral sampling sites was mea-
sured above the surface of the body with a metal tape measure.
Timing between the onset of flow at the carotid and femoral (defined
as foot of the velocity signal at each site) sites was divided by the
associated distance to produce flow velocity. Stiffer vessels are
associated with a faster PWV. The National Institute on Aging,
Laboratory of Cardiovascular Science, Gerontology Research Center
(Baltimore, Md) trained and certified all study personnel before data
collection, read the waveforms, and evaluated data quality. Results
from all acceptable runs were averaged for the final PWV measure
used in the analyses. Replicate measures of aPWV in 14 subjects
revealed intraclass correlations of 0.88 between sonographers and
0.84 between readers.

Statistical Analysis
The distribution of aPWV values was not normal; thus, median
values were compared across subgroups. A Wilcoxon test was used
to determine differences across groups. The PWV distribution was
normalized through a natural log transformation, and its association
with other continuous variables was evaluated by use of Pearson
correlation coefficients. Other variables that were log transformed to
obtain normality were triglycerides, glucose, insulin, hemoglobin
A1c, and thigh fat area. Age- and systolic BP–adjusted associations
were performed with partial correlations.

Linear regression was used to model the natural log of aPWV.
Several variables were forced into the model, including age and
systolic BP, which were positively correlated with aPWV; height and
weight to control for body size; and clinical site to control for
potential variations in protocol implementation and/or study popu-
lation between sites. Through a stepwise approach, all other variables
significantly associated with PWV in univariate analysis were
considered candidates to enter the model. The final model was then
run by race and gender subgroups to determine whether associations
differed by race and gender. The presentation of the multivariate
model included the standardized coefficient, which was calculated as
the parameter estimate divided by the ratio of the sample standard
deviation of the dependent variable to the sample standard deviation
of the regressor.14 This allowed comparison of the strength of the
coefficient across the variables in the model.15

Results
aPWV was available for 2488 of the 3075 Health ABC
participants. The average age of these individuals was 74
years; 52% were female, and 40% were black. Values of
aPWV ranged from 312 to 2998 cm/s, with a mean of 903
cm/s and a median of 808 cm/s. Ninety percent of the PWV
values were between 525 and 1399 cm/s. This distribution of
PWV values is similar to that found in other population
studies.12,16,17

Significantly higher values of aPWV were found among
blacks compared with whites, men compared with women,
and smokers compared with those who never smoked (Table
1). Higher values of aPWV were also seen among those with
a history of cardiovascular disease, diabetes, or hypertension.
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Participants from Tennessee had consistently higher aPWV
values than Pittsburgh participants.

Systolic BP showed the strongest association with aPWV
(Table 2). Age was significantly but weakly related to aPWV,
most likely because of the narrow age range represented here.
Other risk factors positively associated with aPWV were
triglycerides, glucose, insulin, and hemoglobin A1C. A sig-
nificant negative association was seen between HDL choles-
terol and aPWV. In addition, all body fat measures were
positively associated with aPWV, even after age and systolic
BP were controlled for (Table 2). The strongest association
was with abdominal visceral fat.

Results of the multivariate analysis (Table 3) indicate that
in addition to age and systolic BP, factors independently
associated with aPWV were heart rate, abdominal visceral
fat, smoking, hemoglobin A1c, and history of hypertension.
Black race was borderline significant (P50.07). Height and
weight were forced into the model to control for body size
and to determine whether the association with visceral fat was
independent of obesity in general. Neither height nor weight
was significant after controlling for the other factors in the
model. When height and weight were not included in the
model, the associations remained the same with the exception
of male gender, which became significantly and positively
associated with aPWV. In the final multivariate model, after
hemoglobin A1c was controlled for, glucose, insulin, and
history of diabetes were not associated with aPWV. When
either glucose or history of diabetes was placed in the model

in place of hemoglobin A1c, each remained independently
associated with aPWV. Insulin was also associated with
aPWV independent of age, gender, race, systolic BP, visceral
fat, smoking, history of hypertension, and height. However,
when heart rate, weight, or hemoglobin A1c was entered,
insulin added no further predictive value to the model.
Forcing insulin into the model did not affect the strength of
the association between abdominal visceral fat and aPWV.
When the subgroup of 358 participants with a history of
diabetes were excluded from the analysis, results were
unchanged.

TABLE 1. Median PWV by Sociodemographic and Disease
History Variables

Variable n
Median

PWV, cm/s P

Race

White 1486 796

Black 1002 835 ,0.001

Gender

Male 1186 841

Female 1302 787 ,0.001

Site

Pittsburgh 1455 763

Tennessee 1033 866 ,0.001

Smoking

Never 1095 782

Former 1135 832

Current 254 829 0.005

History of cardiovascular disease

No 1804 795

Yes 684 851 0.008

History of diabetes

No 2127 793

Yes 358 908 ,0.001

History of hypertension

No 1216 756

Yes 1251 865 ,0.001

TABLE 2. Correlations Between (Log) Aortic PWV and Age,
Hemodynamic, Biochemical, and Body Composition Measures

Variable Unadjusted P
Age and Systolic

BP Adjusted P

Age 0.069 ,0.001 z z z z z z

Hemodynamic

Systolic BP 0.212 ,0.001 z z z z z z

Diastolic BP 0.075 ,0.001 20.032 0.137

Pulse pressure 0.203 ,0.001 0.032 0.137

Heart rate 0.155 ,0.001 0.151 ,0.001

Laboratory values

Cholesterol 20.004 0.832 20.010 0.658

HDL 20.067 ,0.001 20.070 0.001

LDL 0.003 0.888 0.005 0.832

(Log) triglycerides 0.067 0.001 0.081 ,0.001

(Log) glucose 0.133 ,0.001 0.118 ,0.001

(Log) insulin 0.112 ,0.001 0.112 ,0.001

(Log) hemoglobin A1c 0.128 ,0.001 0.103 ,0.001

Body composition

Height 0.062 ,0.002 0.093 ,0.001

Weight 0.125 ,0.001 0.126 ,0.001

Abdominal circulation 0.103 ,0.001 0.104 ,0.001

Subcutaneous fat 0.059 0.004 0.049 0.026

Visceral fat 0.179 ,0.001 0.187 ,0.001

(Log) thigh fat area 0.142 ,0.001 0.128 ,0.001

Total fat 0.082 ,0.001 0.078 ,0.001

TABLE 3. Independent Associations With the Log of PWV
Linear Regression

Covariate Coefficient
Standardized
Coefficient P

Age (y) 0.010 0.071 ,0.001

Male (vs female) 0.028 0.036 0.212

Black (vs white) 0.031 0.039 0.073

Systolic BP (mm Hg) 0.004 0.203 ,0.001

Heart rate (bpm) 0.004 0.122 ,0.001

Log (visceral fat) 0.110 0.142 ,0.001

Ever smoked (vs never) 0.030 0.050 0.011

Hemoglobin A1c (%) 0.027 0.077 ,0.001

History of hypertension (yes vs no) 0.062 0.079 ,0.001

Model also includes clinical site, height, and weight. Model R 250.1438.
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The association between abdominal visceral fat and aPWV
was clearly independent of body weight. In the Figure,
median aPWV is plotted by tertiles of both weight and
abdominal visceral fat. The positive association between
abdominal visceral fat and aPWV was consistently strong in
each tertile of body weight. In comparison, the association
between body weight and aPWV was relatively weak within
each tertile of abdominal visceral fat.

Each of the other body fat measures was tested in the final
multivariate model in place of abdominal visceral fat. Each
variable was tested twice, once without weight in the model
and once with weight included. When weight was not
included in the model, each body fat measure was indepen-
dently associated with aPWV. Visceral fat showed the stron-
gest association, followed closely by percent body fat. With
weight in the model, only visceral fat, total body fat, and
percent body fat remained independently associated with
aPWV. When weight and visceral fat were in the model, total
and percent body fat added no further predictive value.

To determine whether the association between abdominal
visceral fat and aPWV was consistent across race and gender
subgroups, the final multivariate model was stratified by race
and gender. Abdominal visceral fat was independently and
significantly associated with aPWV in each of the 4 race and
gender subgroups.

Discussion
This study presents new data demonstrating a specific asso-
ciation between aortic stiffening and abdominal visceral fat.
Although all body fat measures were related to aortic stiff-
ening in univariate analysis, it was clear from the multivariate
analysis that the visceral fat depot was the most important.
Thus, body weight and body fat measures may be risk factors
for aortic stiffness primarily because they are correlated with
the degree of visceral adipose tissue. However, even in those
participants who were not obese, a more central distribution
of body fat was associated with higher aPWV.

These findings have broad implications for the health of
older individuals and suggest that factors that promote weight
gain in older adults may accelerate vascular stiffening. The
causes of a shift to greater central adiposity with age are
unknown but are thought to be due in part to decreasing
activity levels.18–20 If the shift to central adiposity can be
slowed (possibly through exercise), then the process of
vascular stiffening might also be slowed. A slowing of the
vascular stiffening process would probably reduce the likeli-

hood of systolic hypertension and the associated risk of
cardiovascular events.

Visceral adipose tissue is the main fat store responsible for
insulin resistance21; thus, elements of the insulin resistance
syndrome may serve as part of the link between increased
visceral adipose tissue and stiffening of the aorta. The
literature consistently reports increased aortic stiffening with
diabetes,5,6 as well as less extreme alterations in glucose
metabolism.8,9,11Our data support this finding, with glycosy-
lated hemoglobin being a strong independent predictor of
higher aPWV. Hyperglycemia can cause vascular damage by
stimulating collagen synthesis and causing glycation of pro-
teins in the arterial wall, which leads to cross linking between
protein fibers.22

Insulin stimulates the sympathetic nervous system, result-
ing in increases in heart rate and BP,23 both of which add to
the mechanical strain on the vascular system. In fact, a higher
heart rate was one of the stronger associations with increased
aPWV in this analysis, and in multivariate analysis, the
association between insulin and PWV was markedly reduced
when heart rate was added to the model. In addition, insulin
may cause hypertrophy of the vascular wall, resulting in an
increase in the number and size of monocytes, increases in
collagen, and proliferation of smooth muscle cells.23,24

Although exposure to insulin may contribute to vascular
stiffness, we did not find it to be an independent predictor of
vascular stiffness, indicating that other factors associated with
the insulin resistance syndrome are more important. One
possibility is an increase in nonesterified fatty acids, which
have been found to be associated with central obesity.25

Nonesterified fatty acids may contribute to vascular stiffness
by increasinga-adrenergic reactivity, vascular tone, and
BP.25 Increases in the expression of proinflammatory cyto-
kines have also been associated with abdominal obesity. Both
interleukin-6 and tumor necrosis factor-a are expressed in
adipose tissue and have been linked specifically to central
obesity.26 These proinflammatory cytokines have been hy-
pothesized to induce a low-grade systemic inflammation in
persons with excess body fat and central fat specifically.27

Measures of inflammation have been found to be positively
associated with aPWV in a recent evaluation of women with
lupus.28

Age was a significant predictor of aPWV in this popula-
tion, although the correlation was lower than in studies with
a wider age range.17,29 The distribution of aPWV found in
Health ABC is remarkably consistent with that found in other
studies of older adults. The median aPWV for Health ABC
was 808 cm/s (mean age, 74 years) compared with 821 cm/s
in the Cardiovascular Health Study12 (mean age, 78 years)
and 810 cm/s among 75-year-old men in the Baltimore
Longitudinal Study of Aging.17 A somewhat younger popu-
lation (mean age, 51 years) with low activity levels studied as
part of the Activity Counseling Trial had a median aPWV of
778 cm/s.16

Although the body fat measures were significantly corre-
lated with aPWV in the Health ABC population, the strength
of the correlations was somewhat weak, and the final model
explained only 14% of the total variance in aPWV. It is
possible that aPWV is not a precise measure of vascular

aPWV by tertile of weight and tertile of abdominal visceral fat.
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stiffness or that there are major risk factors that have yet to be
identified. One important point is that the strongest predictor
of aPWV—age—is muted in this analysis because of the
limited age range. Avolio et al29 published data on aPWV for
subjects ranging in age from 2 months to 94 years who were
living in urban and rural areas of China. In this analysis, the
correlation between aPWV and age was 0.55 for the rural
Chinese and 0.67 for the urban Chinese. Thus, the variance
explained by our model is limited to some extent by the
truncated age range.

In studies of older adults, the issue of selective survival
must always be considered. It is likely that subjects who were
genetically or environmentally prone to diabetes or insulin
resistance either may not have survived to be included in this
study or may not have met the eligibility criteria. Thus, we
may be left with a population that is less susceptible to either
insulin resistance or the adverse effects of components of the
insulin resistance syndrome on the vascular system. Thus, in
a middle-aged population with increased insulin resistance,
the associations observed here may be much stronger.

In conclusion, we have found that among healthy older
individuals, measures of body weight and degree of fat are
correlated with greater vascular stiffness. The strongest asso-
ciation was with visceral adipose tissue. The association
between visceral adipose tissue and aortic stiffening may be
mediated through elements of the insulin resistance
syndrome.
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