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Abdominal obesity is associated with arterial stiffness in
middle-aged adults
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Abstract Background and aims: The relation between adiposity and arterial stiffness remains
controversial. We determined whether abdominal and visceral adipose tissue may be a better
predictor of arterial stiffness than general obesity in middle-aged adults.

Methods and results: A total of 146 participants (76 men, 70 women; 50 years) were studied. The
automatic vascular screening device (Omron VP-1000plus) was used to measure blood pressure
simultaneously in the arms and ankles and to determine arterial stiffness by pulse wave velocity
(PWV). Using multiple linear regressions, the relations between indicators of obesity and arterial
stiffness were examined after adjustment for confounders. Both carotid-femoral PWV and
brachial-ankle PWV were significantly associated with BMI (both P < 0.05) but not with body
fat percentage. Measures of abdominal obesity, including waist circumference and visceral fat
mass (via DXA), were strongly associated with PWV and remained positively associated with
arterial stiffness after adjustment for age and gender. Cardiovascular fitness as assessed by
maximal oxygen consumption was related to body fat percentage but not with visceral fat. More
favorable cardiovascular health profile was associated with both lower visceral fat mass and PWV
(both P < 0.001).

Conclusion: Abdominal obesity and visceral fat are associated with large artery stiffness. These
findings support the importance of adiposity measures as a risk factor for arterial stiffening in
middle-aged adults.

© 2015 Elsevier B.V. All rights reserved.

Introduction

Excess adipose tissue, in particular abdominal and visceral
adipose tissue (VAT), has been closely linked to the
development of the metabolic syndrome, cardiovascular

* Corresponding author. University for Health Sciences, Medical
Informatics and Technology, Institute for Nutritional Sciences and
Physiology, A-6060 Hall in Tyrol, Eduard Wallnoefer-Center 1, Austria.
Tel.: +43 50 8648 3916; fax: +43 50 8648 3000.

E-mail address: barbara.strasser@umit.at (B. Strasser).

http://dx.doi.org/10.1016/j.numecd.2015.01.002
0939-4753/© 2015 Elsevier B.V. All rights reserved.

disease, and diastolic dysfunction [1,2]. In contrast, excess
adiposity in the extremity does not appear to increase the
cardiometabolic risk as much [3]. Although the link be-
tween obesity and cardiovascular disease has been
extensively studied, the underlying mechanism has not
been determined. Vascular dysfunction, particularly arte-
rial stiffening, has been suggested as a factor mediating
these two pathological states [4]. However, the association
between arterial stiffness and adiposity remains highly
controversial even to this date [5—8]. These discordant
results may be due to the methodological issues pertaining
to arterial stiffness.
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Obese individuals exhibit a greater stroke volume and
cardiac output simply because of the larger body size and
could influence measures of arterial stiffness that rely
heavily on stroke volume (e.g., systemic arterial compli-
ance) independent of arterial distensibility. Additionally,
arterial compliance measurements using ultrasonography
may be limited by decreased acoustic penetration and its
dependence on lumen diameter, which tends to be greater
in obese individuals. Pulse wave velocity (PWV) is
considered the reference-standard noninvasive method for
measuring arterial stiffness [9] and an independent pre-
dictor for atherosclerosis, cardiovascular risk, and future
cardiovascular disease (CVD) events [10,11].

The age of the subjects studied in previous in-
vestigations appears to be another factor that could
explain discordant results. The cardiovascular system of
young adults may be capable of adapting better to the
state of obesity because of the higher proportion of lean
mass [12]. With the expansion of VAT in older adults, an
adverse association between body fat and arterial stiffness
may become apparent in later life [13]. Given that arterial
stiffening is a subclinical process linking between obesity,
CVD risk factors, and clinical vascular disease, it is crucial
to examine the associations in midlife, where targeted
preventative efforts may be launched.

With this information as background, the main objec-
tive of the present study was to determine the relation
between various measures of body composition and arte-
rial stiffness as assessed by PWV in middle-aged adults.
We hypothesized that abdominal obesity, such as waist
circumference, android fat, and VAT, may be a better pre-
dictor of aortic stiffness than general obesity (indicated by
body mass index and whole body fat percentage). Further,
we aimed to investigate the extent to which the presence
of cardiovascular risk factors, such as blood pressure, total
cholesterol, HbAlc, and cardiorespiratory fitness is asso-
ciated with arterial stiffness in midlife. To do so, the ideal
cardiovascular health, a concept developed by the Amer-
ican Heart Association [14], was calculated by including
the presence of both ideal health behaviors (nonsmoking,
body mass index <25 kg/m?, physical activity at goal
levels, and pursuit of a diet consistent with current
guideline recommendations) and ideal health factors (total
cholesterol <200 mg/dL, blood pressure <120/
<80 mm Hg, and fasting blood glucose <100 mg/dL).

Methods
Subjects

A total of 146 adults between the ages of 40—60 years were
recruited from the community through electronic and
print advertisements. Individuals with a history of coro-
nary artery disease, neurological disease, angina pectoris,
myocardial infarctions, heart failure and cardiac surgery
were excluded. None of the postmenopausal women were
taking hormone replacement therapy. Participants who
passed the initial screen were enrolled in the study after
providing written informed consent. The study was

approved by the institutional review board at the Univer-
sity of Texas at Austin and was conducted in accordance
with the declaration of Helsinki, 1975.

Measurements

Body composition

Body mass index (BMI) was expressed as the ratio of total
body mass divided by height squared (kg/m?). Individuals
with a BMI between 18.5 and 24.9 kg/m? were classified as
having normal or acceptable body mass. Individuals with a
BMI ranging from 25 to 29.9 kg/m? were classified as
overweight while obesity was present when BMI reached
>30 kg/m?. Waist circumference, defined as the minimal
abdominal circumference between the lower edge of the
rib cage and the iliac crests, was measured according to a
highly standardized procedure, and National Cholesterol
Education Program Adult Treatment Panel III criteria were
used to estimate the prevalence of abdominal obesity
(>88 cm in women and >102 cm in men) [15]. The sagittal
abdominal diameter, the distance between the back sur-
face and the top of the abdomen midway between the
lower edge of the rib cage and the iliac crests, was
measured with an anthropometer after a gentle expiration
by the patient in a standing position. Body composition
and visceral fat mass were estimated non-invasively via
dual-energy X-ray absorptiometry (DXA) using a Lunar
Dual Energy X-Ray Absorptiometry DPX (General Electric
Medical Systems, Fairfield, Connecticut). The total body
scan was analyzed to yield measures of bone, fat, and lean
tissue for particular body regions (e.g., arms, legs, or trunk)
[16]. For measuring android fat, a region-of-interest is
automatically defined whose caudal limit is placed at the
top of the iliac crest and its height is set to 20% of the
distance from the top of the iliac crest to the base of the
skull to define its cephalad limit. Abdominal subcutaneous
fat and visceral fat are estimated within the android re-
gion. Visceral fat was computed by subtracting subcu-
taneous fat from the total abdominal fat in the android
region. DXA has been well validated as a sensitive, rela-
tively inexpensive tool for visceral fat measurement with
results comparable to that of computed tomography
[17,18], the gold standard for measuring visceral fat.

Arterial stiffness

All experiments were performed in an environmentally
controlled quiet laboratory during the morning hours, and
the room temperature was controlled at 22—24 C. Pre-
menopausal women were studied in the follicular phase of
the menstrual cycle. After at least 15 min of rest in the
supine position, bilateral brachial and ankle blood pres-
sure, carotid and femoral pulse pressure waveforms, and
heart rate were simultaneously measured by an automated
vascular testing device (VP-1000 plus; Omron Healthcare,
Bannockburn, IL) [19,20] that has been validated against
the manual measurement of pulse wave velocity [19].
Arterial applanation tonometry incorporating an array of
15 micropiezoresistive transducers recorded pulse
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pressure waveforms from the carotid and femoral arteries.
The time it takes for the pulse wave to travel between the
two tonometers was automatically measured based on the
foot-to-foot method. The straight distance between the
carotid and femoral arterial recording sites was measured
on body surface and multiplied by 0.8 in order to adjust
the measured distance close to the real pulse travel dis-
tance [21]. In order to minimize the influence of body
curvature affecting the distance measurements in obese
subjects, a customized segmometer specifically designed
for PWV studies (Rosscraft Anthropometric Calipers, Sur-
ray, Canada) was used. Subsequently, carotid-femoral
pulse wave velocity (cfPWV) was calculated as pulse
travel distance divided by the transit time. Additionally,
brachial-ankle PWV (baPWV) was measured [22]. To do so,
four limb occlusion cuffs were placed on the participant’s
arms and ankles to record the pulse waveform of pressure
for 10 s. On the basis of the foot-to-foot interval of wave-
forms at the oscillometric cuffs, the pulse transit time
between right arm and right ankle, and between right arm
and left ankle were calculated. Then the PWV across two
arterial segments was determined by dividing body dis-
tances by the time traveled over the segment (m/s).

Other measurements

A modified Bruce treadmill protocol was used to assess
maximal oxygen consumption (VO,max). This measure-
ment is generally considered the best indicator of cardio-
vascular fitness and aerobic endurance because it
establishes the upper limit of maximal energy production
through oxidative pathways. Whole blood samples were
drawn after overnight fasting and >24 h of abstinence
from alcohol, caffeine, food, and exercise. Triglycerides,
total and high-density lipoprotein cholesterol were deter-
mined enzymatically. Routine fasting blood glucose levels
and glycosylated hemoglobin (HbAlc) were measured
with standard techniques.

Statistical analyses

Outcomes were first checked for normality. Descriptive
characteristics of participants were presented as
means + SD. Gender differences were assessed using the
Student t-tests or Fisher’s exact tests as appropriate. The
unadjusted bivariate relationships were examined using
Pearson product correlation coefficient analysis. To
examine the independent associations between arterial
stiffness and indicators of obesity (BMI, waist circumfer-
ence, and visceral fat mass), multiple linear regression
analyses were performed before and after adjustment for
confounders such as age, gender. The models were deter-
mined to be stable and not disturbed by multi-collinearity.
For detecting the outliers in outcomes and indicators the
empirical rule method of 3 standard deviations from the
mean was used. Subjects were divided based on the
American Heart Association-proposed cardiovascular
health status [13] into ideal cardiovascular health (total
cholesterol <200 mg/dL, blood pressure <120/

<80 mm Hg, and fasting blood glucose <100 mg/dL) or
intermediate to poor cardiovascular health (multiple car-
diovascular risk factors). All statistical analyses were con-
ducted using SAS statistical software 9.3. The significance
level for statistical tests were set at o = 0.05.

Results

Selected participant characteristics are summarized in
Table 1. A total of 146 participants (76 men, 70 women)
were included in the study. Of those, 57 subjects were
obese based on BMI >30 kg/m?, whilst 61 subjects were
overweight with a BMI between 25 and 30 kg/m?, 43
women and 34 men were classified as having abdominal
obesity. Participants had a mean visceral fat mass of
1276 & 882 g, which was significantly correlated with BMI
(r = 0.61, P < 0.0001), waist circumference (r = 0.80,
P < 0.0001), systolic blood pressure (r = 0.32,
P = 0.0003), and HbAlc (r = 0.24, P = 0.0074).

Table 2 summarizes unadjusted correlations between
adiposity measures and arterial stiffness. Both carotid-
femoral and brachial-ankle PWV was significantly associ-
ated with BMI (both P < 0.05) but not with body fat per-
centage. Measures of abdominal obesity, including waist
circumference and visceral fat mass, were strongly asso-
ciated with both PWV measures. PWV correlated posi-
tively with cardiovascular risk factors, namely systolic
blood pressure (P < 0.0001), fasting blood glucose
(P = 0.01), and HbAl1c (P = 0.03) but not with lipids.
Cardiovascular fitness was associated with percent body
fat and android and gynoid fat mass but not with visceral
fat or arterial stiffness.

Table 3 illustrates the independent associations of
various indicators of adiposity and arterial stiffness in

Table 1 Descriptive characteristics of the subjects.

Clinical characteristics Mean + SD
Men/women (n) 76/70

Age (years) 50 + 6
Body mass (kg) 85+ 19
Body mass index (kg/m?) 29+ 6
Waist circumference (cm) 96 + 16
Body fat (%) 34+ 10
Lean tissue mass (kg) 51.8 £ 114
Trunk fat mass (kg) 16.8 +£ 8.2
Android fat mass (kg) 30+ 1.7
Gynoid fat mass (kg) 51+24
Total fat mass (kg) 30.1 + 13.6
Visceral fat mass (g) 1176 + 882
VO,max (ml/kg/min) 295+ 7
Heart rate (bpm) 62 + 10
Systolic BP (mmHg) 122 + 14
Diastolic BP (mmHg) 73 £ 10
Total cholesterol (mg/dl) 195 + 41
Fasting blood glucose (mg/dl) 101 + 31
HbA1lc (%) 57 +1.1
Carotid-femoral PWV (cm/s) 1038 + 204
Brachial-ankle PWV (cm/s) 1293 + 206

VO,max = maximal oxygen consumption; BP = blood pressure;
HbA1lc = glycosylated hemoglobin; PWV = pulse wave velocity.
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Table 2 Bivariate relations between various adiposity measures and arterial stiffness.

Predictors Carotid-femoral PWV Brachial-ankle PWV VOsmax

Pearson r P-value Pearson r P-value Pearson r P-value
Body mass index 0.203 0.022 0.225 0.011 -0.193 0.066
Body fat percentage 0.169 0.058 0.103 0.248 -0.719 < 0.0001
Waist circumference 0.369 < 0.0001 0.260 0.003 —0.094 0.377
Android fat mass 0.357 < 0.0001 0.209 0.018 —0.276 0.008
Gynoid fat mass 0.137 0.122 0.050 0.572 —0.589 < 0.0001
Visceral fat mass 0.369 <0.0001 0.276 0.002 —0.022 0.834
Systolic blood pressure 0.546 < 0.0001 0.526 < 0.0001 0.071 0.503
Total cholesterol 0.101 0.262 0.103 0.253 —0.087 0.411
Fasting blood glucose 0.225 0.011 0.218 0.014 0.021 0.846
HbAlc 0.196 0.031 0.205 0.024 —0.031 0.771
VO,max —0.142 0.1775 —0.090 0.3914 1.000

Bold: P values below 0.05 were considered statistically significant.

PWV = pulse wave velocity; HbAlc = glycosylated hemoglobin; VO,max = maximal oxygen consumption.

multivariable regression analyses. BMI, waist circumfer-
ence, and visceral fat mass were significantly associated
with increased PWV after adjusting for age and gender
(Model 2, P < 0.05). Visceral fat mass was significantly
associated with both measures of PWV (Fig. 1). Visceral fat
mass and PWV measures were significantly associated
with cardiovascular health status after adjusting for age
and gender (both P < 0.001) (Fig. 2).

Discussion

The salient findings from the present study are as follows.
Various measures of adiposity were significantly associ-
ated with arterial stiffness in a group of middle-aged
adults. The strengths of the associations with arterial
stiffness were substantially greater for abdominal obesity
than general obesity indicators. Body fat percentage as
assessed by DXA, a gold standard measure of whole-body
adiposity, was not even associated with arterial stiffness.
These results suggest that the accumulation of abdominal
fat that occurs in midlife plays an important role in
vascular dysfunction.

In univariate analysis, visceral fat depot was the stron-
gest correlate of arterial stiffening. Thus, body mass, BMI,
and waist size may be risk factors for arterial stiffening
primarily because they are correlated with the degree of
visceral adipose tissue. Our present analyses did not

support a significant relationship between percentage
body fat, a gold standard measure of overall obesity, and
arterial stiffness on a predominantly middle-aged popu-
lation. These results collectively suggest that the accu-
mulation of abdominal fat that occurs in midlife plays an
important role in vascular dysfunction, while the associa-
tion between percentage body fat and arterial stiffness
seems to be age-dependent. This may reflect vascular
adaptation to obesity in younger adults, which is lost with
advancing age, or the time taken for obesity-related
damage to accrue. We have found that android fat was
positively associated with arterial stiffness whereas gynoid
fat (leg fat) was not related to arterial stiffness. This sug-
gests that regional body fat patterning indicators are
differentially associated with arterial stiffness independent
of total fat mass [23]. Indeed, sexual dimorphism in body
size and fat distribution may contribute to differences in
potential mediators of arterial stiffness such as adipocyte
size, adipokines, pro-inflammatory cytokines, and lipid
species, providing evidence for a possible role of adipose
tissue characteristics in the sexual dimorphism of meta-
bolic flexibility and arterial stiffness [24].

The association between arterial stiffness and adiposity
remains highly controversial [5—8]. This is so even when
the searches are limited to the studies using PWV. Arterial
stiffness measured by PWV was greater with higher BMI in
both less obese and morbidly obese middle-aged adults
[25—27]. Similarly, BMI, but not VAT, were significantly

Table 3 Independent associations between indicators of obesity and arterial stiffness.

Predictor Model Carotid-femoral PWV Brachial-ankle PWV
Standardized Beta P-value Standardized Beta P-value

Body mass index 1 0.2030 0.022 0.2255 0.011

2 0.2329 0.005 0.2533 0.002
Waist circumference 1 0.3690 < 0.0001 0.2601 0.003

2 0.3721 < 0.0001 0.2571 0.003
Visceral fat mass 1 0.3687 < 0.0001 0.2755 0.002

2 0.3238 < 0.0005 0.2328 0.009

Bold: P values below 0.05 were considered statistically significant.
Model 1: no adjustment.
Model 2: adjusted for age and gender (sex).
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Figure 1 Correlation between visceral fat mass and arterial stiffness as assessed by carotid-femoral pulse wave velocity (cfPWV) and brachial-ankle

pulse wave velocity (baPWV).

associated with PWV in 50 healthy obese patients [28]. In
contrast, waist circumference, but not BMI, was signifi-
cantly associated with PWV in apparently healthy middle-
aged subjects [29]. We suspected that the carotid—femoral
travel distance, which is an essential factor in PWV
calculation, could be systematically biased in obese in-
dividuals with wider waist circumference. Indeed a recent
study showed a significant overestimation of PWV with
increasing central obesity in both men and women [30]. In
the present study, we used a segmometer, a device spe-
cifically designed to measure the arterial travel distance in
the horizontal line even in obese subjects, to measure the

distance between carotid and femoral arterial recording
sites. Additionally, we utilized brachial-ankle PWV, a
measure of arterial stiffness that does not require a mea-
surement of arterial travel distance, as the arterial travel
distance is derived automatically from one’s height via
algorithm. The present results obtained with cfPWV and
baPWV were highly consistent with each other and
showed that arterial stiffness was more strongly associated
with abdominal obesity than general obesity. Interestingly,
when we used percent body fat, a gold standard measure
of whole-body fatness, there was no significant association
with arterial stiffness.
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Figure 2 Independent association between visceral fat mass, arterial
stiffness measures and cardiovascular health status after adjusting for
age and gender.

The physiological mechanisms linking body fat with
arterial stiffness are not well understood, but a plausible
explanation includes changes in insulin sensitivity, acti-
vation of the renin-angiotensin system, sympathetic ner-
vous system activation, and the subsequent increase in
smooth muscle tone [31]. In the present study, PWV was
correlated positively with fasting blood glucose and
HbA1c, the latter being a strong independent predictor of
higher cfPWV, independent of conventional cardiovascular
risk factors [32]. Other potential factors include stimula-
tion of a pro-inflammatory state, resulting in activation of

oxidant enzyme systems, increased production of reactive
oxygen species such as superoxide anions, and the devel-
opment of oxidative stress [33]. Moreover, increased body
fatness can result in elevated circulating leptin concen-
trations, which could mediate the positive relationship
between trunk fat mass and aortic PWV as suggested in
the Baltimore Longitudinal Study of Aging [34]. In addi-
tion, there is some evidence that different fat depots are
metabolically distinct in their production of adipocyto-
kines and may cause arterial stiffening [23]. Further
studies are required to assess possible mediators of the
association between obesity measures and arterial stiff-
ness. Additionally, whether reductions in visceral fat
obesity through lifestyle interventions are associated with
the corresponding decreases in arterial stiffness should be
investigated. In this context, two recent studies found that
a good adherence to the therapeutic lifestyle change pro-
gram can successfully modify cardiovascular and meta-
bolic risk factors [35] and improve endothelial function in
patients with abdominal obesity [36].

Habitual aerobic exercise may be a particularly effective
strategy for body weight management given its favorable
independent modulatory influence on age-associated
arterial stiffening [37]. In the present study, higher
cardiorespiratory fitness was negatively related to android
and gynoid fatness. However, cardiorespiratory fitness was
not related to percent body fat or visceral fat. A lack of the
association may be reflecting a notion that regular exercise
may not always be associated with a loss of body mass and
body fatness [38]. Moreover, cardiorespiratory fitness was
not related to arterial stiffness. Recent evidence indicates
that aerobic exercise might not reduce arterial stiffness in
patients with hypertension and/or obesity [8,39]. Addi-
tionally, aerobic exercise training may not be associated
with decreased circulating levels of inflammatory factors
in the absence of weight loss in obese subjects [40], sug-
gesting that perhaps changes in body composition asso-
ciated with exercise training may be required to control
low-grade systemic inflammation [41]. Interestingly, low-
intensity aerobic exercise interventions, which do not
have any impact on cardiorespiratory fitness, may have a
positive impact on arterial stiffness in obese populations
[39].

Strengths of the present study include the compre-
hensive measures of whole-body and abdominal fatness as
well as the inclusion of arterial stiffness as assessed by
both cfPWV and baPWV. We used PWV in the present
study, which is considered the reference-standard nonin-
vasive method for measuring arterial stiffness and an in-
dependent predictor for atherosclerosis, cardiovascular
risk and future CVD events. Additionally we included both
reference standard (cfPWV) and automatic (baPWV)
measures of arterial stiffness. Another novelty of the pre-
sent study includes the comprehensive measures of
whole-body, abdominal, and visceral fatness in healthy
middle-aged adults. Moreover, we additionally assessed
cardiovascular fitness (VOsmax), Which is linked with lower
whole-body adiposity but not with abdominal obesity.
Furthermore, we aimed to investigate the extent to which
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the presence of cardiovascular risk factors is associated
with arterial stiffness in midlife with the conclusion that a
better cardiovascular profile is related to both lower arte-
rial stiffness and VAT. To our knowledge, this hypothesis
has not been tested in relation to arterial stiffness and VAT,
in particular using a constellation of risk factors to cate-
gorize individuals with respect to ideal cardiovascular
health. It is also important to note that this study does
have some limitations. The cross-sectional design of the
analysis prevents inferences of causality or temporality. It
should be noted that it is extremely difficult to perform
intervention studies in this area as it will be considered
unethical to experimentally manipulate (or increase)
arterial stiffness and/or body fatness. Reductions in body
fatness, on the other hand, are typically accompanied by
many different changes that could reduce arterial stiffness
independent on obesity. In addition, because participants
with history of CVD, or excessive weight (a limitation
associated with DXA) were excluded, it is possible that we
may have underestimated true relations between
adiposity and arterial stiffness by limiting the range of
adiposity. Our results are, therefore, generalizable only to
relatively healthy middle-aged individuals, where targeted
preventative efforts may be launched. Additionally, the
sample size is relatively small compared with large
epidemiological studies.

The present results indicate that abdominal obesity is
significantly associated with arterial stiffness in middle-
aged adults, suggesting a role for central fat depots in
vascular dysfunction, beyond that of generalized adiposity.
Indeed a recent cross-sectional study of 120 obese subjects
indicated that visceral fat cell volume may explain the
correlation between central fat mass, arterial stiffness and
cardiovascular risk [42]. Although a 1 m/s difference in
PWV might be considered as modest with respect to
arterial stiffness in an individual, every 1 m/s increase in
aortic PWV at a population level represents a 14% increase
in risk for total cardiovascular events, a 15% increased risk
for cardiovascular mortality, and a 15% increased risk for
all-cause mortality [43]. Higher cardiorespiratory fitness
was not associated with visceral fat or arterial stiffness.
However, having more favorable cardiovascular risk pro-
files was related to lower levels of visceral body fat and
arterial stiffness. Since arterial stiffness is a surrogate
marker between the appearance of risk factors and car-
diovascular outcomes, our finding support the importance
of adiposity measures as a risk factor in middle-aged
adults.
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