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Influence of Adiposity and Physical Activity on Arterial
Stiffness in Healthy Children

The Lifestyle of Our Kids Study

Satoru Sakuragi, Katrina Abhayaratna, Karen J. Gravenmaker, Christine O’Reilly,
Wichat Srikusalanukul, Marc M. Budge, Richard D. Telford, Walter P. Abhayaratna

Abstract—Childhood obesity is increasingly prevalent in the community and is related to adverse cardiovascular outcomes
during adulthood. In this study of healthy children, we evaluated the influence of adiposity and physical activity on
carotid-femoral pulse wave velocity (PWV), an index of arterial stiffness and a marker of cardiovascular risk in adults.
In 573 community-based children (mean age: 10.1�0.3 years; 51% boys), we measured body mass index and waist
circumference. Percentage body fat was quantitated by dual-energy x-ray absorptiometry. Cardiorespiratory fitness
(CRF) and physical activity levels were assessed using a 20-m shuttle run and 7-day pedometer count, respectively.
PWV was estimated by applanation tonometry. In univariate analysis, PWV was positively correlated with body mass
index (r�0.34), waist circumference (r�0.32), and percentage body fat (r�0.32; P�0.001 for all) and negatively
correlated with CRF (r��0.23; P�0.001) and pedometer count (r��0.08; P�0.046). In separate multivariable linear
regression models, body mass index, waist circumference, and percentage of body fat were independently and positively
associated with PWV (P�0.01 for all) after adjusting for age, sex, systolic blood pressure, mean arterial pressure, heart
rate, and CRF (P�0.01 for all). The influence of CRF on PWV was attenuated after adjusting for adiposity. In
conclusion, increased body mass and adiposity and decreased CRF are associated with arterial stiffening in healthy
prepubescent children. (Hypertension. 2009;53:611-616.)
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The rising prevalence of obesity in childhood in the
community1 is associated with the premature develop-

ment of cardiovascular (CV) risk factors such as dyslipid-
emia,2 hypertension,2 and insulin resistance.3 In addition, there
is emerging evidence that such obesity-related metabolic disease
predicts the development of CV disease in adulthood.4 A
better understanding of the natural history of obesity-related
CV disease may identify markers of subclinical arterial
disease and CV risk, which could be used subsequently to
target preventative measures at children at high risk before
the development of overt CV disease.

The role of arterial stiffness in the development of CV
disease is widely accepted.5 Carotid-femoral pulse wave
velocity (PWV), a noninvasive index of arterial stiffness,6 is
an independent predictor of CV mortality in the community.7

Although the influence of obesity8 and physical activity9 on
PWV has been documented in adults, there is limited infor-
mation in healthy children. In particular, previous studies in
children have assessed the relationship between adiposity and
arterial stiffness using measures of peripheral arterial stiff-

ness and have not accounted for the potential confounding
effects of physical activity.10,11

In the present study, we evaluated the relationship among
adiposity, physical activity, and PWV in community-based
children. We hypothesized that the effects of adiposity and
physical activity on arterial stiffness are independent of
systemic blood pressure (BP) and heart rate.

Methods
The Lifestyle of Our Kids Study was approved by the human
research ethics committees of Australian Capital Territory Health
and the Australian National University. Recruitment methods for this
community-based longitudinal study have been described previous-
ly.12 In brief, the Lifestyle of Our Kids Study is a prospective cohort
study designed to investigate the effect of physical activity on health
and development. Participating children were recruited from local
primary (elementary) schools in which average family income was
very close to that of the Australian national average. In 2005,
baseline assessments were performed on 830 grade 2 school children
(7 to 8 years old) with subsequent biennial visits scheduled until age
grade 6 (11 to 12 years old). Parents or guardians of all of the study
subjects provided informed consent for the children to undergo the
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second wave of assessments at age 9 to 10 years (grade 4), which
were conducted during 2007. A total of 615 healthy children
underwent a CV examination. Children with a history of diabetes
mellitus, hypertension, or evidence of CV disease were excluded
from this study. Of the remaining children, 573 (mean age: 10.1
years; 51% boys) underwent a complete set of examinations and
represent the study population.

Body weight and height were measured without shoes and in light
clothing, and body mass index (BMI) was calculated. Waist circum-
ference (WC), an index of total abdominal fat, was measured at the
midpoint between the lower border of the rib cage and the iliac crest,
at the narrowest section of the waist. Body fat was quantitated using
dual-energy x-ray absorptiometry (DXA, Hologic Discovery QDR
Series, Hologic Inc). Total body scans were analyzed using Hologic
QDR System Software 12.4 to estimate percentage of body fat
(%BF).

Cardiorespiratory fitness (CRF) and physical activity levels were
assessed using a 20-m shuttle run and a 7-day AT pedometer count
(New-Lifestyles, Lee’s Summit), respectively, as described previ-
ously.12 Supine brachial BP and heart rate were determined using an
automated oscillometric Omron 7051T. The average of 2 measure-
ments made at 1-minute intervals was recorded. PWV was assessed
noninvasively using the Sphygmocor system (AtCor Medical).
ECG-gated carotid and femoral waveforms were recorded using
applanation tonometry. Carotid-femoral path length was measured as
the difference between the surface distances joining 1) the supraster-
nal notch, the umbilicus, and the femoral pulse and 2) the supraster-
nal notch and the carotid pulse. Carotid-femoral transit time was
estimated in 8 to 10 sequential femoral and carotid waveforms as the

average time difference between the onset of the femoral and carotid
waveforms. PWV was calculated as the carotid-femoral path length
divided by the carotid-femoral transit time.

Blood samples were collected after an overnight fast to measure
glucose, glycosylated hemoglobin, total cholesterol, high-density
lipoprotein cholesterol (HDL), triglycerides, insulin level, and high-
sensitivity C-reactive protein. The insulin resistance index by ho-
meostasis model assessment (HOMA-IR) was calculated from fast-
ing plasma glucose and insulin levels with the following formula:
HOMA-IR�[fasting insulin (�IU/mL)�fasting glucose (mmol/L)/
22.5]13 Pubertal development was determined by Tanner stage, based
on self-assessment of pubic hair development, breast stage in girls,
and genitalia development in boys.14,15

Statistical Analysis
Characteristics of the study population were compared according to
tertiles of %BF using ANOVA. Univariable relationships between
PWV and clinical/metabolic characteristics were assessed using
Pearson’s correlation and univariate linear regression. Independent
associations between each adiposity parameter and PWV were
assessed using a stepwise multivariable linear regression analysis. In
the initial model (model 1), the relationship between adiposity
parameters and PWV was assessed with adjustment for age, sex,
systolic BP, mean arterial pressure, and heart rate. Extended models
were used to assess whether the influence of adiposity on PWV was
attenuated by the potential confounding effects of metabolic factors
(model 2) or physical activity (model 3). Independent relationships
between CRF and PWV and HOMA-IR and PWV were also assessed
using a multivariable linear regression analysis, with initial adjust-

Table 1. Characteristics of Study Population, Stratified by Tertiles of %BF

Characteristic
All %BF,
n�573

Tertile 1
(12.7 to 23.0 %BF),

n�193

Tertile 2
(23.1 to 29.4 %BF),

n�189

Tertile 3
(29.6 to 46.5 %BF),

n�191 P

Girls, n (%) 278 (49) 54 (28) 96 (51) 128 (67) �0.0001

Age, y 10.1�0.3 10.1�0.3 10.1�0.3 10.1�0.4 0.39

Height, cm 141.2�6.3 139�6 141�6 143�6 �0.0001

Weight, kg 36.7�7.8 31�4 35�5 44�8 �0.0001

BMI, kg/m2 18.3�3.0 16.1�1.2 17.6�1.7 21.2�2.9 �0.0001

WC, cm 60.6�6.9 56.4�3.2 59.2�4.8 66.7�7.2 �0.0001

%FB, % 26.6�6.9 19.4�2.4 25.9�1.7 34.7�3.9 �0.0001

Tanner stage (hair) 1.4�0.6 1.4�0.6 1.4�0.5 1.5�0.6 0.50

Tanner stage (genital/breast) 1.7�0.7 1.6�0.6 1.7�0.6 2.0�0.8 0.003

Systolic BP, mm Hg 105.3�8.1 102�7 105�8 109�9 �0.0001

Diastolic BP, mm Hg 62.2�5.9 60�5 62�6 64�6 �0.0001

Pulse pressure, mm Hg 43.1�7.0 42�6 43�7 44�8 0.011

Mean arterial pressure, mm Hg 76.2�6.7 74�5 76�7 79�7 �0.0001

Heart rate, bpm 77.1�10.6 75�10 78�11 78�11 0.004

PWV, m/s 4.4�0.5 4.2�0.4 4.4�0.4 4.6�0.5 �0.0001

Glucose, mmol/L 5.1�0.4 5.1�0.4 5.1�0.4 5.1�0.4 0.37

Glycosylated hemoglobin, % 5.3�0.2 5.3�0.2 5.3�0.2 5.3�0.2 0.001

Total cholesterol, mmol/L 4.5�0.8 4.4�0.8 4.4�0.7 4.7�0.9 0.087

HDL cholesterol, mmol/L 1.4�0.3 1.5�0.3 1.4�0.3 1.3�0.2 �0.0001

Triglyceride, mmol/L 0.8�0.4 0.7�0.3 0.7�0.3 0.9�0.5 �0.0001

Insulin, mU/L 7.7�6.2 5.7�3.3 6.9�3.2 10.4�9.0 �0.0001

HOMA-IR 1.7�1.6 1.3�0.8 1.5�0.8 2.4�2.5 �0.0001

hs-CRP, mg/L 1.8�4.8 0.9�1.8 1.7�6.6 2.5�4.9 �0.0001

CRF, stage 5.0�1.7 6.1�1.8 5.1�1.4 3.8�1.1 �0.0001

Pedometer counts, half steps 98�12 102�11 98�11 94�12 �0.0001

hs-CRP indicates high-sensitivity C-reactive protein. Data are means�SD unless otherwise specified.
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ment for age, sex, systolic BP, mean arterial pressure, and heart rate
(model 1) and subsequent adjustment for BMI, WC, and %BF in
extended models. All of the analyses were performed with SPSS
software (Version 11.0 for Windows, SPSS Inc).

Results
Characteristics of the study population are described in Table
1, stratified for tertiles of %BF. Higher %BF was associated
with female sex, increased height, Tanner stage (genital/
breast), heart rate, BP, PWV, and metabolic-inflammatory
markers, such as triglyceride, insulin, HOMA-IR, and high-
sensitivity C-reactive protein levels, as well as decreased
HDL levels, pedometer counts, and CRF.

The results of univariate analysis of the relationship be-
tween clinical/metabolic variables and PWV are shown in
Table 2. BMI (r�0.34), WC (r�0.32), and %BF (r�0.32)
(Figure 1A) were positively correlated with PWV (all
P�0.001). CRF was negatively associated with PWV
(r��0.23; P�0.001; Figure 1B) and pedometer counts
(r��0.08; P�0.046). Metabolic parameters, such as lower
HDL and higher triglyceride, fasting insulin, and HOMA-IR,
were related to increased PWV (all P�0.01).

Percentage body fat was negatively correlated with CRF
(r��0.58) and pedometer counts (r��0.26; P�0.0001 for
both). In bivariate analysis, PWV increased according to
increasing tertiles of %BF (P�0.0001) and decreasing tertiles
of CRF (P�0.054; Figure 2).

In multivariable analysis, BMI, WC, and %BF were
associated with increased PWV after adjusting for age, sex,
systolic BP, mean arterial pressure, and heart rate (model 1;
Table 3; P�0.01 for all). The independent association be-
tween adiposity parameters and PWV was evident even after
adjusting for metabolic factors (HDL, triglyceride, and
HOMA-IR) or CRF (model 2 and model 3, respectively).
The positive relationship between insulin resistance and
PWV was attenuated by adjusting for body mass (��0.016;
P�0.22), WC (��0.020; P�0.13), or %BF (��0.022;
P�0.09).

In multivariable analysis of the association between CRF
and arterial stiffness; CRF was associated with increased
PWV after adjusting for age, sex, systolic BP, mean arterial
pressure, and heart rate (Table 3). However, the association
between CRF and PWV was attenuated when adjusted for
adiposity.

Because increased abdominal girth has the potential to
systematically bias the association between adiposity and
PWV (ie, path length can be systematically overestimated
in children with increased central adiposity), we evaluated
the effect of BMI and %BF on PWV in bivariate models
that included WC as an independent variable. BMI
(��0.057; P�0.001) and %BF (��0.013; P�0.002) we-
re independently associated with PWV, after adjustment
for WC.

Table 2. Univariate Associations Between PWV and Physical/
Metabolic Characteristics

Characteristic r � � 95% CI P

Sex (girls) . . . 0.130 0.054 to 0.207 0.001

Age, y �0.082 �0.113 �0.227 to �0.004 0.049

Height, cm 0.104 0.008 0.002 to 0.014 0.013

Weight, kg 0.309 0.019 0.014 to 0.024 �0.0001

BMI, kg/m2 0.339 0.054 0.042 to 0.067 �0.0001

WC, cm 0.320 0.023 0.016 to 0.029 �0.0001

%BF, % 0.318 0.022 0.016 to 0.027 �0.0001

Tanner stage (hair) �0.020 �0.016 �0.102 to 0.070 0.713

Tanner stage (genital/breast) 0.091 0.060 �0.014 to 0.129 0.094

Systolic BP, mm Hg 0.316 0.018 0.014 to 0.023 �0.0001

Diastolic BP, mm Hg 0.326 0.026 0.020 to 0.032 �0.0001

Pulse pressure, mm Hg 0.074 0.005 �0.001 to 0.010 0.079

Mean arterial pressure, mm Hg 0.277 0.019 0.014 to 0.025 �0.0001

Heart rate, bpm 0.248 0.011 0.007 to 0.014 �0.0001

Glucose, mmol/L 0.031 0.037 �0.066 to 0.139 0.483

Glycosylated hemoglobin, % 0.045 0.096 �0.089 to 0.281 0.310

Total cholesterol, mmol/L 0.053 0.031 �0.019 to 0.081 0.225

HDL cholesterol, mmol/L �0.130 �0.234 �0.388 to �0.080 0.003

Triglyceride, mmol/L 0.201 0.234 0.135 to 0.332 �0.0001

Insulin, mU/L 0.167 0.013 0.006 to 0.019 0.0001

HOMA-IR 0.158 0.045 0.021 to 0.070 0.0003

hs-CRP, mg/L 0.153 0.014 0.006 to 0.023 0.0013

CRF, stage �0.233 �0.064 �0.088 to �0.041 �0.0001

Pedometer counts, half steps �0.083 �0.003 �0.007 to �0.00006 0.046

hs-CRP indicates high-sensitivity C-reactive protein.
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Discussion
The main findings from the present study of healthy children
are that adiposity and decreased CRF were related to PWV,
an index of arterial stiffness and marker of CV risk. These
relationships were independent of clinical and metabolic
factors, including systemic BP and heart rate. In addition, the
influence of adiposity on PWV was independent of the
potential intermediary effects of physical activity and CRF.
There was evidence to suggest that CRF may be an effect

modifier in the relationship between adiposity and arterial
stiffness.

Although the influence of obesity8 and physical activity9

on PWV has been reported in adults, the effect of body mass,
adiposity, and physical activity on arterial stiffness has not
been determined in healthy children. Our findings provide
first evidence that an effect of adiposity and CRF on arterial
stiffness exists (and is measurable by noninvasive methods)
in prepubescent children who are otherwise healthy and have
no known medical conditions that would promote premature
CV disease, such as diabetes mellitus or hypertension. In a
smaller study of one-hundred 10-year olds, radial-femoral
PWV measured by optical method was related to fat energy
percentage, period of breastfeeding, and physical activity but
not associated with body fat.10 In another study of 970 healthy
children, PWV measured between the brachium and ankle
using a plethysmographic method was associated with in-
creased age, BP, and heart rate but not BMI.11 The discrep-
ancy in results between studies may be attributable to
differences in the methodology for the assessment of PWV.
Although carotid-femoral PWV is a measure of central aortic
stiffness, radial- and brachial-femoral PWV also incorporate
the measurement of peripheral arterial stiffness, which is
strongly influenced by factors that affect smooth muscle tone.

Although the mechanisms whereby increased adiposity
may promote arterial stiffening are unable to be determined
using our cross-sectional data, several possibilities exist.
Increased BMI and adiposity are accompanied by increases in
heart rate,16 BP,17 and intermediary CV metabolic risk factors
such as insulin resistance,18 dyslipidemia,19 and inflamma-
tion.20 Such factors may mediate alterations in arterial func-
tion. Furthermore, proximate risk factors such as physical
inactivity may be associated with both an increase in adipos-
ity and increased arterial stiffness. In the present study, we
have confirmed a positive association between these factors
and PWV; however, only the relationship between increased
adiposity and PWV remained after adjustment for these
potential confounders.

Endothelial dysfunction, which may occur early in the
course of atherosclerosis and during childhood,21 is a poten-
tial mechanism underlying the interrelationships among adi-
posity, physical activity, and increased arterial stiffness.
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Figure 1. Scatterplot showing the positive association between (A)
%BF and PWV and (B) CRF and PWV in boys (E) and girls (F).
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Several studies have documented a relationship between
obesity or physical activity and endothelial dysfunction in
adults22,23 and children.24 Obesity-related decrease in adi-
ponectin25 and increases in inflammatory cytokines derived
from adipose tissue, such as interleukin 6 and tumor necrosis
factor �, may be involved in the development of endothelial
dysfunction.26 In children, insulin resistance has been shown
to be related to endothelial dysfunction,24 although the
relationship between insulin resistance and PWV in child-
hood is yet to be determined. In the present study, the positive
relationship between insulin resistance and PWV was atten-
uated by body mass and adiposity. These findings may simply
reflect the intermediary role of insulin resistance in the
relationship between adiposity and arterial stiffness. It is also
possible that the period of exposure to insulin resistance may
not be sufficient in prepubescent children to affect an increase
in central arterial stiffness, because it has been shown that the
incidence of insulin resistance increases greatly after
puberty.27

Although our findings show an attenuation of the effects of
physical activity and CRF on PWV when statistically adjust-
ing for body mass or adiposity, these results should be
considered within the context of our methodology. In partic-
ular, we do not wish to imply that body mass and adiposity
are more important than physical activity or CRF as deter-
minants of arterial stiffness. CRF, as determined by a shuttle
run, and physical activity, as assessed by pedometer counts,
are not simple constructs, are prone to considerable variabil-
ity over short periods, and are more likely to be influenced by

external factors, such as compliance and motivation of the
children to complete the assessment. Accordingly, it is
possible that the attenuation of the effects of physical activity
and CRF on PWV in the present study is attributable to lower
face validity and higher measurement error of these parame-
ters when compared with the indexes of adiposity that were
used in the study.

In this cross-sectional study, we were unable to deter-
mine the causal mechanisms underlying the relationship
among physical activity, adiposity, and increased PWV.
We have observed that adiposity, physical activity, and
clinical/metabolic factors only account for a small propor-
tion of the variability in PWV in healthy children. We
hypothesize that, at such an early stage of life, the effects
of genetic factors are likely to predominate, although this
requires confirmation in other studies. Because the major-
ity of our study population was white, and all of the
subjects were of the same birth cohort, our results may not
be generalizable to children of other ethnic/racial groups or
ages. In addition, although the limited range in age of the
children facilitated effective analyses within this age
group, we were unable to assess the influence of age on the
relationship between adiposity and PWV. We acknowl-
edge the potential for increased abdominal girth to over-
estimate true carotid-femoral path length and, conse-
quently, to systematically overestimate PWV and,
therefore, bias the relationship between adiposity and
PWV. However, we have confirmed that the BMI-PWV
and %BF-PWV relationships are independent of WC.

Table 3. Association Between PWV and Adiposity/CRF in Multivariable Models

Model Covariates �(Adiposity) 95% CI P Adjusted R 2

BMI

Model 1 Age, sex, systolic BP, mean arterial
pressure, heart rate

0.041 0.028 to 0.055 �0.0001 0.201

Model 2 Model 1�HDL cholesterol,
triglyceride, HOMA-IR

0.033 0.017 to 0.049 �0.0001 0.176

Model 3 Model 1�CRF 0.036 0.020 to 0.052 �0.0001 0.206

WC

Model 1 Age, sex, systolic BP, mean arterial
pressure, heart rate

0.017 0.011 to 0.024 �0.0001 0.182

Model 2 Model 1�HDL cholesterol,
triglyceride, HOMA-IR

0.014 0.006 to 0.022 0.0003 0.166

Model 3 Model 1�CRF 0.016 0.008 to 0.023 �0.0001 0.190

%BF

Model 1 Age, sex, systolic BP, mean arterial
pressure, heart rate

0.015 0.009 to 0.021 �0.0001 0.189

Model 2 Model 1�HDL cholesterol,
triglyceride, HOMA-IR

0.012 0.005 to 0.018 0.0004 0.169

Model 3 Model 1�CRF 0.012 0.0004 to 0.019 0.002 0.190

CRF

Model 1 Age, sex, systolic BP, mean arterial
pressure, heart rate

�0.047 �0.07 to �0.024 �0.0001 0.176

Model 2a Model 1�BMI �0.024 �0.049 to �0.0004 0.054 0.206

Model 2b Model 1�WC �0.022 �0.050 to 0.006 0.127 0.190

Model 2c Model 1�%BF �0.023 �0.051 to 0.004 0.094 0.190
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Perspectives
Our observation that increased body mass and adiposity and
decreased CRF are associated with arterial stiffening at an
early age has important public health and clinical implica-
tions. First, it supports the adoption of population-level
strategies directed at the prevention of childhood overweight
and obesity through the promotion of lifestyle measures,
including increased physical activity, CRF, and dietary mod-
ification. Second, PWV may represent a marker of subclinical
arterial disease and CV risk, which is easily measured and
could be subsequently used to target preventative measures at
children at high risk. Although weight loss has been shown to
improve obesity-related vascular dysfunction, such as arterial
compliance,28 carotid arterial distensibility,29 and endothelial
function,30 further studies are required to evaluate whether
public health efforts to promote physical activity and weight
loss in children will reduce arterial stiffness, attenuate the
progression of subclinical CV disease, and prevent the
development of subsequent CV events in the community.
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