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Abstract
Aims/hypothesis Increased arterial stiffness is a risk factor
for adverse cardiovascular events in adults with obesity-
related insulin resistance (IR) or type 2 diabetes mellitus.
Adolescents with type 2 diabetes have stiffer vessels.
Whether stiffness is increased in obesity/IR in youth is not
known. We sought to determine if IR was a determinant of
arterial stiffness in youth, independent of obesity and car-
diovascular risk factors.
Methods We measured cardiovascular risk factors, IR, adi-
pocytokines and arterial stiffness (brachial artery distensi-
bility [BrachD], pulse wave velocity [PWV]) and wave
reflection (augmentation index [AIx]) in 343 adolescents
and young adults without type 2 diabetes (15–28 years
old, 47% male, 48% non-white). Individuals <85th percen-
tile of BMI were classified as lean (n0232). Obese individ-
uals were grouped by HOMA index as not insulin resistant
(n046) or insulin resistant (n065) by the 90th percentile for
HOMA for lean. Mean differences were evaluated by
ANOVA. Multivariate models evaluated whether HOMA
was an independent determinant of arterial stiffness.
Results Risk factors deteriorated from lean to obese to obese/
insulin resistant (all p≤0.017). Higher AIx, lower BrachD and
higher PWV indicated increased arterial stiffness in obese and
obese/insulin-resistant participants. HOMA was not an
independent determinant. Age, sex, BMI and BP were the
most consistent determinants, with HDL-cholesterol playing

a role for BrachD and leptin for PWV (AIx R200.34; BrachD
R200.37; PWV R200.40; all p≤0.02).
Conclusions/interpretation Although IR is associated with
increased arterial stiffness, traditional cardiovascular risk
factors, especially obesity and BP, are the major determi-
nants of arterial stiffness in healthy young people.
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risk factors . Insulin resistance . Obesity

Abbreviations
AIx Augmentation index
BrachD Brachial artery distensibility
CRP C-reactive protein
CT Computed tomography
CV Cardiovascular
DBP Diastolic BP
DEXA Dual-energy X-ray absorptiometry
IR Insulin resistance
MAP Mean arterial pressure
PP Pulse pressure
PWV Pulse wave velocity
SBP Systolic BP

Cardiovascular (CV) diseases are the leading cause of death
throughout the world [1]. Increased arterial stiffness is an early
marker for CV disease risk as stiffer vessels predict heart
attack and stroke in adults, especially those with type 2 dia-
betes mellitus [2]. Non-diabetic adults with obesity-related
insulin resistance (IR) also have increased stiffness that is
associated with adverse events [3]. There are limited data
suggesting that increased arterial stiffness may be seen in
adolescents with type 2 diabetes mellitus [4]. However,
whether uncomplicated obesity or obesity with IR is
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associated with higher levels of arterial stiffness in adolescents
is not known. Therefore, we sought to examine the relation-
ships between adiposity with and without IR and non-invasive
measures of arterial stiffness in a group of non-diabetic, other-
wise healthy, adolescents and young adults. We hypothesised
that we would see a graded decline in arterial stiffness with
greater levels of metabolic perturbation.

Methods

Study population

The study population consisted of 343 adolescents and young
adults (age 15–28 years, 47% male, 48% non-white). Individ-
uals were eligible if they were participating in a large longi-
tudinal school-based study of the effect of obesity on
development of diabetes [5]. Pregnant females and individuals
with chronic disease or taking medication known to affect
carbohydrate metabolism were excluded. Investigational re-
view board approval was obtained and written informed con-
sent was obtained from individuals aged ≥18 years or the
guardians for individuals aged <18 years. Written assent was
obtained for individuals aged <18 years.

Data collection

Anthropometrics The average of two measures of height
(portable stadiometer, RoadRod, Quick Medical, North Bend,
WA, USA, or Accustat, Genentech, South San Francisco, CA,
USA) and weight (digital scale, SECA 770, SECA, Hanover,
MD, USA) were used in the analyses. Individuals were classi-
fied as obese if their BMI was ≥85th percentile for US Centers
for Disease Control (CDC) growth charts or ≥30 kg/m2 at
any age.

Laboratory techniques Venepuncture was performed after a
minimum 10 h fast. Plasma glucose was measured using a
Hitachi model 704 glucose analyser with intra- and inter-assay
coefficients of variation of 1.2% and 1.6%, respectively. Plas-
ma insulin was measured by radioimmunoassay using an anti-
insulin serum raised in guinea pigs, 125I-labelled insulin
(Linco, St. Louis, MO, USA) and a double antibody method
to separate bound from free tracer with a sensitivity of 2 pmol
and intra- and inter-assay coefficients of variation of 5% and
8%, respectively. All participants with a fasting plasma glu-
cose ≥5.5 mmol/l (100 mg/dl) or 2 h post glucose load plasma
glucose concentration ≥7.8 mmol/l (140 mg/dl) were exclud-
ed. HOMAwas calculated according to the method of Sinha
et al. [6] using insulin in micro-units per millilitre and glucose
in millimoles per litre. Individuals were classified as obese
insulin resistant (n065) if their HOMAwas ≥90th percentile
for lean individuals (lean, n0232). Individuals who were lean

but also insulin resistant were not included, leaving 46 obese
non-insulin-resistant individuals.

Leptin level was determined with the Linco Research
human leptin assay. This uses 125I-labelled human leptin
and a human leptin antiserum to determine the level of leptin
in serum by the double antibody/anti-polyethylene glycol
(PEG) antibody technique.

Other covariates collected included fasting lipid panel (US
National Heart Lung and Blood Institute-Centers for Disease
Control [NHLBI-CDC] standardised method, LDL-cholesterol
calculated with Friedewald equation) and C-reactive protein
(CRP, high-sensitivity enzyme-linked immunosorbent assay).

BP and brachial artery distensibility The average of three
resting measures of systolic BP (SBP), diastolic BP (DBP),
heart rate and brachial artery distensibility (BrachD) obtained
(DynaPulse Pathway, PulseMetric, San Diego, CA, USA) as
previously described were used in analyses [7]. BrachD is
calculated via a validated reproducible method of pulse wave
form analysis [7] that is independent of body size and baseline
brachial artery diameter. Repeat measures in our laboratory
show excellent reproducibility with coefficients of variability
<9% [4].

Augmentation index and pulse wave velocity The average of
three measures of the augmentation index (AIx) and pulse
wave velocity (PWV) obtained with the SphygmoCor SCOR-
PVx System (Atcor Medical, Sydney, NSW, Australia) as
previously described [4] were used in analyses. The device
uses a validated generalised transfer function to calculate
central (aortic) SBP, DBP, mean arterial pressure (MAP),
pulse pressure (PP) and AIx adjusted to a heart rate of
75 bpm. For PWV, the average of two measures of carotid to
sternal notch to femoral artery distance was entered into the
software. Arterial waveforms gated to the R wave on the ECG
tracing were recorded from the carotid and then femoral pulse.
PWV is the difference in the carotid-to-femoral path length
divided by the difference in timing from the R wave on the
ECG to the foot of the pressure waveforms. The transfer
function has not been validated against invasive measures in
children and adolescents. However, our previous data on
healthy paediatric patients (age 3 to 18 years) undergoing
catheterisation for atrial septal defect closure resulted in a
transfer function with the same peak at the fourth harmonic
as demonstrated by Nichols and O’Rourke [8] suggesting the
validity of this technique [9]. Reproducibility studies in our
laboratory demonstrated intra-class correlation coefficients for
AIx between 0.7 and 0.9 and coefficients of variability for
PWV <7% [4].

Statistical analyses All analyses were performed with statis-
tical analyses software (SAS, version 9.12). Average values for
demographic, anthropometric, laboratory and haemodynamic
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variables were obtained overall and by obesity/IR group.
Variables were log transformed as needed for variance
stabilisation. ANOVA was performed to evaluate mean
differences by group. To correct for multiple comparisons
among the three groups, p values ≤0.017 were considered
significant. Multiple regression modelling was performed
to determine if IR (HOMA), treated as a continuous vari-
able, was an independent determinant of the three measures
of arterial stiffness even after adjusting for CV risk factors.
Potential candidates for each regression model were includ-
ed if they were significantly correlated with arterial stiff-
ness in bivariate analyses and there was no evidence for
excess co-linearity with other variables. The most consis-
tent correlates of arterial stiffness were race, BMI, BP,
glucose, insulin, HOMA, CRP, adiponectin and leptin.
For wave reflection, correlates were age, sex, race, BMI,
BP, insulin, HOMA, CRP and leptin. Variable correlations
were found for lipid variables. Therefore, the full model
included group, age, race, sex, BMI, MAP, heart rate, LDL-
cholesterol, HDL-cholesterol, triacylglycerol, HOMA, CRP,
adiponectin and leptin. Each variable was allowed to enter the
model with non-significant variables removed until all
remaining covariates were significant at the p≤0.05 level.

Results

Mean values by obesity and IR group are presented in
Table 1. The obese insulin-resistant group had a more ad-
verse CV risk profile than the lean group for all variables.
The obese insulin-resistant group also differed from the non-
insulin-resistant obese group, with high levels of adverse
lipids and higher HOMA. Obese non-insulin-resistant indi-
viduals had higher BMI, BP, CRP and leptin, and lower
adiponectin, than lean individuals (all p≤0.017). All three
vascular measures showed greater arterial stiffness in the
obese insulin-resistant group compared with the lean indi-
viduals (Table 1 and Fig. 1). BrachD was lower and PWV
was higher (indicating greater stiffness) in obese as com-
pared with lean groups (all p≤0.017). After adjustment for
race and MAP to control for distending pressure, there was
no difference in AIx by group but the relationships remained
for BrachD and PWV. Additional adjustment for BMI abo-
lished any differences in arterial stiffness by group (all
models p≤0.001, data not shown). Obesity (BMI) and IR
(HOMA index) correlated strongly with each other
(r00.56, p≤0.0001) and CV risk factors including BP,
LDL-cholesterol, HDL-cholesterol, triacylglycerol, CRP,
adiponectin and leptin (r00.14–0.67, all p≤0.002, data not
shown).

Although insulin-resistant individuals had a more adverse
CV risk profile and stiffer arteries, stepwise regression

(Table 2) revealed that HOMA index was not an indepen-
dent determinant of arterial stiffness. Age, sex, BMI and BP
were the most consistent determinants, with HDL-
cholesterol playing a role in BrachD and leptin in PWV
values. When leptin was left out of the models, no additional
variables entered the model and the total R2 for PWV was
reduced. The adiponectin/leptin ratio entered the model with
no change in variable estimates, suggesting that the leptin
term was the most important (data not shown). When the
initial full model was examined prior to removal of non-
significant variables, no additional covariates had variable
estimates with p values near the level of significance (p≤
0.10) except for PWV, for which heart rate, LDL-
cholesterol, triacylglycerol and CRP were initially signifi-
cant. The reduced model is presented in Table 2.

Discussion

Our results confirm that a more adverse CV risk profile and
stiffer arteries are found in young obese individuals with IR.
However, IR, as measured by the HOMA-IR index, was not
an independent determinant of any of our measures of
arterial stiffness. Rather, obesity, BP and other CV risk
factors appeared to be mediating the vascular compromise.

Many adult studies demonstrate a link between obesity
and vascular dysfunction. Reduced distensibility in the bra-
chial, femoral and carotid arteries was related to a larger
trunk fat mass as measured by dual-energy X-ray absorpti-
ometry (DEXA) in the Hoorn study, a large population-
based cohort examining the relationships between glucose
tolerance and CV disease [10]. Zebekakis et al. [11] found a
similar relationship in a somewhat younger population. In
fact, the association between adiposity, as measured by
BMI, and brachial distensibility was stronger in younger
individuals (<40 years). In a similar study of middle-aged
adults, researchers found elevated arterial stiffness (higher
PWV) with greater BMI and waist–hip ratio [12]. However,
in the study by Zebekakis et al., the relationship between
PWVand adiposity was independent of BP only for women
[11]. They suggested that a more precise measure of adipos-
ity might have demonstrated a relationship for both sexes, as
seen when abdominal visceral fat was measured with com-
puted tomography (CT) in the Health, Aging, and Body
Composition Study [13]. Data linking AIx to adiposity are
less clear, with some studies demonstrating no relationship
[14], while another found a link only after correction for
other CV risk factors [15]. Again, method of determining
adiposity may play a role, as one investigator found body fat
measured with bioelectrical impedance, but not BMI, to be
associated with AIx [16].

Few paediatric studies of arterial stiffness have been
performed. However, our previous work [4, 17] has
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consistently demonstrated a relationship between BrachD
and adiposity in children. Other studies using different
methods to measure brachial artery function than employed
in our research (wall tracker [18]) also found obesity to be

an important determinant. More studies have employed
PWV to measure arterial stiffness in youth. The CV Risk
in Young Finns Study showed a higher PWV measured in
adulthood with increasing numbers of CV risk factors

Fig. 1 Arterial stiffness by
obesity and IR. a AIx (higher0
stiffer). p≤0.015 for lean and
obese<obese insulin resistant.
b BrachD (lower0stiffer).
p≤0.015 for lean>obese and
obese insulin resistant. c PWV
(higher0stiffer). p≤0.015 for
lean<obese and obese insulin
resistant. Obese IR, obese
insulin resistant

Table 1 Average results by group

Variable Lean (n0232) Obese (n046) Obese insulin resistant (n065) ANOVA p value Race adjusted

Mean SD Mean SD Mean SD

Age (years) 20.8 2.6 21.0 2.5 21.0 2.1 NS NS

Sex, male (%) 44.8 47.8 44.6 NS NS

Race, non-white (%)a 39.7 65.2 63.1 0.0001 N/A

Height (cm) 170.7 9.2 171.9 10.7 170.4 9.7 NS NS

Weight (kg)a 67.8 12.2 105.9 21.1 111.6 25.3 0.0001 0.0001

BMI (kg/m2)b 23.2 3.1 36.0 7.8 38.4 7.9 0.0001 0.0001

SBP (mmHg)a 114.7 10.6 120.4 11.9 122.5 12.2 0.0001 0.0001

DBP (mmHg)a 68.9 6.9 72.0 7.1 72.3 8.9 0.001 0.001

Heart rate (bpm)c 62.1 9.1 64.2 10.3 65.8 10.0 0.02 (T) NS

Total cholesterol (mmol/l) 4.15 0.82 4.15 0.78 4.43 0.94 NS NS

LDL-C (mmol/l)d 2.33 0.70 2.44 0.64 2.73 0.79 0.0004 0.016

HDL-C (mmol/l)e 1.40 0.31 1.28 0.27 1.19 0.27 0.0001 0.0002

Triacylglycerols (mmol/l)d 0.88 0.35 0.95 0.33 1.13 0.60 0.0001 0.0001

Fasting glucose (mmol/l)d 4.81 0.35 4.82 0.40 5.19 0.44 0.0001 0.0001

Fasting insulin (pmol/l)d 82.0 27.1 92.4 22.9 234.0 108.3 0.0001 0.0001

HOMAd 2.53 0.89 2.84 0.73 7.83 4.02 0.0001 0.0001

CRP (nmol/l)a 13.33 15.91 35.43 30.19 32.00 23.62 0.0001 0.0001

Adiponectin (μg/ml)f 9.15 3.87 7.32 3.76 5.80 2.90 0.0001 0.0006

Leptin (ng/ml)a 8.12 7.33 25.70 19.40 34.01 19.23 0.0001 0.0001

AIx (%)d −0.48 11.31 −0.48 9.04 3.45 11.73 0.05 (T) NS

BrachD (% change/mmHg)e 6.53 1.21 5.71 1.10 5.47 1.02 0.0001 0.0001

PWV (m/s)a 5.85 0.85 6.61 0.99 6.51 1.21 0.0001 0.0001

Data are mean and SD unless otherwise indicated

p≤0.017 considered significant; p≤0.05 considered trend (T): a lean<obese and obese insulin resistant; b lean<obese<obese insulin resistant; c lean<
obese insulin resistant; d lean and obese<obese insulin resistant; e lean and obese>obese insulin resistant; f lean>obese and obese insulin resistant

HDL-C, HDL-cholesterol; LDL-C, LDL-cholesterol
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measured in childhood, including obesity [19]. Other inves-
tigators have been able to correlate BMI with PWV measured
in childhood [20] and one large study of 573 healthy children
found the relationship to be independent of other CV risk
factors [21]. The single study that did not find a correlation
[22] was performed in a younger group of children (average
age 10 years) who had a much lower BMI (mean 17 kg/m2)
than our cohort. Our data extend these observations by dem-
onstrating an independent relationship between BMI and ar-
terial stiffness in a larger group of young individuals with
PWV measured in the central arterial distribution (carotid–
femoral), which is more closely related to hard CV events
(coronary death or myocardial infarction) in adults [2]

Adults with diabetes have higher PWV than healthy con-
trols [23], although vascular damage may begin before pro-
gression to type 2 diabetes, as HOMA-IR was independently
associated with peripheral arterial disease even in healthy
individuals in the National Health and Nutrition Examination
Survey (NHANES) [24]. Although adult studies have found
IR to be independently associated with PWV, the methods
used differed substantially from those in our study, and in-
cluded use of a device that measures brachial–ankle PWV
[25], which results in much higher absolute values than the
traditional carotid–femoral PWV. Another investigator found
that fasting glucose was an independent determinant of PWV
but that the variable estimates for BP indicated a much stron-
ger effect [26], mirroring our results and suggesting a stronger
role for BP than metabolic control in determining arterial
stiffness. Fewer data relate diabetes and IR to brachial artery
properties and AIx. Megnien et al. found lower brachial
compliance measured under isobaric conditions in diabetic
individuals as compared with controls [27] and fasting glu-
cose negatively correlated with compliance. Although Henry
et al. found that individuals with impaired glucose tolerance

had lower BrachD than normal controls [28], his later work
found no differences between individuals with or without
metabolic syndrome when stratified by sex [29]. For AIx,
one study found no difference between persons with or with-
out diabetes but they had examined a mixture of individuals
with both type 1 and type 2 diabetes [23]. Another found
increased AIx in females with metabolic syndrome, but not
in males [30]. However, this study was conducted in hyper-
tensive adults and did not adjust for the known sex differences
in AIx, as was done in our models.

In Japanese children, HOMA-IR was found to be an
independent determinant of brachial–ankle PWV [31].
However, there were substantial differences between these
studies and our own data beyond the PWV technique and
race differences. Our participants were older and heavier,
which may substantially influence HOMA-IR results. Using
ultrasound to measure PWV, Gungor et al. found increasing
arterial stiffness in obese youth with further increase in
type 2 diabetes [20]. Although multiple regression found
HOMA-IR to be an independent predictor, lean individuals
were excluded from the analysis and BP and adiposity were
not included in the model [20]. Using an optical method to
measure PWV, Schack-Nielsen et al. did not find PWV to be
associated with HOMA-IR [22]. However, these 10-year-
old children were significantly younger and lighter than our
study population. Again, data on the brachial artery and AIx
in children are also limited. Whincup et al. [18] did see a
relationship between IR and brachial distensibility, but only
among the 13- to 15-year-old group, and not the 9- to 11-
year-olds. The one study that examined AIx found no rela-
tion to glucose tolerance but included only 44 children, and
may have been underpowered to demonstrate differences
[32]. Our study expands the observations on the relationship
between IR and arterial stiffness to a population more rep-
resentative of American youth.

Increased leptin levels have been associated with obesity in
youth [33]. Some investigators suggest that leptin/adiponectin
ratio is a more sensitive indicator of IR than HOMA-IR [34].
We found an inverse relationship between leptin level and
PWV, although the effect size was quite small. Although some
investigators have found a positive relationship between leptin
and PWV [35], others found no relationship with carotid
intima–media thickness [36], and in one large study, there
was no relationship between these adipocytokines and coro-
nary heart disease mortality [37]. Additional studies are need-
ed to further explore these findings.

Limitations

The cross-sectional nature of this study does not allow
determination of the time course for the development of
the vascular associations seen. Therefore, we cannot prove
that there is a decline in vascular function as an individual

Table 2 Independent determinants of arterial stiffness

Variable AIxa BrachDb PWVa

Intercept −15.76 3.05 0.29

Age 0.92 0.017

Sex 6.06 0.074

Height −0.25

BMI −0.32 0.19

MAP 0.43 −0.0045 0.007

HDL-C 0.0025

Leptin −0.019

R2 0.34 0.37 0.40

Values are β coefficients for significant covariates left in the model
after stepwise regression

All models p≤0.001 and variables p≤0.02
a Higher0stiffer; b lower0stiffer

HDL-C, HDL-cholesterol
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gains adiposity. Our obese and obese insulin-resistant groups
also had a greater proportion of non-white individuals, which
may have influenced our results. Another potential source of
selection bias was our exclusion of lean insulin-resistant indi-
viduals. This type of individual constituted only 2.8% of the
school-based population from which our participants were
recruited, making it unlikely that there would have been
sufficient numbers to demonstrate differences in arterial stiff-
ness from the other groups. More precise methods for assess-
ing adiposity and body fat distribution, such as DEXA or CT,
were not feasible in this school-based cohort. Therefore, it is
not possible to determine if body composition was an inde-
pendent determinant of arterial stiffness. Finally, normal val-
ues for arterial stiffness across age, sex and race are not
available for youths, limiting the usefulness of these measures
in risk stratification.

Conclusion

We conclude that although obesity-related IR is associated
with increased arterial stiffness, it is the more adverse CV risk
profile that is actually driving the vascular compromise in
non-diabetic, otherwise healthy, young people. The practice
of ‘primordial prevention’, which relies on prevention of
acquisition of CV risk factors, especially aggressive early
treatment of obesity, is needed to avoid the vascular dysfunc-
tion in youth that may lead to future heart attack and stroke.
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