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Insulin Resistance Is Associated with 
Arterial Stiffness Independent of Obesity in 

Male Adolescents

Ji-Won LEE1), Duk-Chul LEE1), Jee-Aee IM2), Jae-Yong SHIM1), 

Sang-Man KIM3), and Hye-Ree LEE1)

To determine the relationship between insulin resistance (IR) and arterial stiffness independent of obesity

in male adolescents, we evaluated body fat, lipid parameters, indices of IR (fasting insulin, and the homeo-

stasis model assessment of insulin resistance [HOMA-IR]), indices of insulin sensitivity (IS) (fasting glucose/

fasting insulin [GF/IF], and the quantitative insulin sensitivity check index [QUICKI]), and lifestyle parame-

ters in 256 male adolescents. We divided the study group into the following four subgroups based on the

median value of HOMA-IR and obesity: non-obese with IS, non-obese with IR, obese with IS, and obese with

IR. In order to estimate arterial stiffness, we measured brachial ankle pulse wave velocity (baPWV). Despite

having a high body mass index (BMI), obese-IS adolescents showed a significantly lower fasting insulin and

baPWV, but had higher IS indices than non-obese-IR adolescents. After an adjustment for age, BMI, waist-

to-hip ratio, mean blood pressure, heart rate, total cholesterol level, triglyceride, alanine aminotransferase

(ALT) level, physical activity, and television and computer usage, multiple regression models showed that

baPWV was independently correlated with IR and IS indices. In conclusion, our results demonstrate an asso-

ciation between IR and baPWV independent of weight, suggesting that IR is a risk factor for the development

of early atherosclerosis. Interventions that decrease IR in addition to weight reduction may be necessary to

alter the early development of cardiovascular risk. (Hypertens Res 2007; 30: 5–11)
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Introduction

It is now well recognized that atherosclerosis begins early in
life as an asymptomatic disease (1, 2) with uncertain preclin-
ical determinants. A recent question in the field is whether
insulin resistance (IR) or obesity is the greater cardiovascular
risk factor in obese patients (3, 4). The results of studies
attempting to answer this question have been inconclusive (5,
6). Because IR depends on body fat mass (7), the effects of IR
and obesity on cardiovascular risk factors are difficult to dis-
tinguish. Despite the association between IR and obesity, obe-

sity alone does not fully explain the development of IR
because IR is not present in all obese individuals (8).

Non-obese, non-diabetic, healthy individuals can be insulin
resistant (9), and type 2 diabetes occurs in non-obese individ-
uals (10). Yet the question of why some obese children
develop cardiovascular disease and others do not, still
remains. Furthermore, although it is well established that obe-
sity is correlated with metabolic and cardiovascular disease, a
recent study has suggested that IR is more strongly correlated
with metabolic and cardiovascular disease (6).

Arterial stiffness, a reflection of early arteriosclerosis, can
be assessed by measurement of the pulse wave velocity
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(PWV). Decreased arterial elasticity is an independent risk
factor for cardiovascular disease (11). Traditionally, carotid
femoral PWV is measured by applanation tonometry to detect
arterial stiffness, but it requires accurate placement of the
transducers over the arteries (12). Brachial-ankle PWV
(baPWV) has recently been utilized as a simple and reliable
marker to screen the general population for prevention of car-
diovascular disease (13–15). Yamashina et al. (13) found that
baPWV correlated well with aortic PWV and a recent study
demonstrated that an increased baPWV is linked to parame-
ters reflecting both early atherosclerosis and cardiac diastolic
function (16).

Studies have suggested that there is an association between
IR and arterial stiffness (17, 18). However, these studies con-
tain no obvious evidence for the involvement of hyperin-
sulinemia and IR in the development of arterial stiffness
during adolescence. Therefore, we tested the hypothesis that
IR is associated with arterial stiffness independent of obesity
in adolescents. We compared metabolic indices and baPWV
among four subgroups defined by weight and the homeostasis
model assessment of insulin resistance (HOMA-IR) median
value: non-obese with insulin sensitivity (non-obese-IS), non-
obese with insulin resistance (non-obese-IR), obese with
insulin sensitivity (obese-IS), and obese with insulin resis-
tance (obese-IR).

Methods

Subjects

School-based volunteers were recruited by a public advertise-
ment written by the educational institution. A total of 256
healthy male adolescents ranging in age from 12 to 18 years
were included. Upon examination, all participants were
apparently healthy and had no history or evidence of 1) car-
diovascular disease, 2) syndromal obesity, 3) diabetes, 4)
moderate to severe hypertension (resting blood pressure, 170/
100 mmHg), 5) dyslipidemia, 6) a body weight fluctuation of
more than 5 kg in the previous 6 months, 7) endocrine disor-
ders, 8) any known infectious disease, 9) medication that
could affect cardiovascular function or metabolism, or 10)
smoking. All adolescents and their parents gave informed
consent. This study was approved by the institutional review
board of the Yongdong Severance Hospital.

Methods

We took anthropometric measurements of each subject wear-
ing light clothing and no shoes. Height and weight were mea-
sured to the nearest 0.1 cm and 0.1 kg, respectively, using an
automatic height-weight scale. Body mass index (BMI
[kg/m2]) was calculated as weight divided by height squared.
Obese adolescents were classified according to the interna-
tional BMI cut-off points for obesity. These international
parameters are based on six nationally representative cross-

sectional samples, classified by sex between the ages of 2 and
18 years, and calculated up to a BMI of 30 kg/m2 for an age of
18 years (19). Waist circumference was measured at the mid-
point between the lower border of the rib cage and the iliac
crest. Hip circumference was measured at the widest part of
the hip region. Thigh circumference was measured 10 cm
proximal to the superior patella border. To reduce measure-
ment variation throughout the study, one person conducted all
the anthropometric parameter measurements. Fat-free mass
(FFM) and the percent body fat were determined using bio-
electrical impedance analysis (Inbody 3.0; Biospace, Seoul,
Korea) (20).

baPWV was measured using a volume-plethysmographic
apparatus (PWV/ABI; Colin Co., Komaki, Japan). This
device records the phonocardiogram, electrocardiogram, vol-
ume pulse form, and arterial blood pressure at both the left
and right brachia and ankles. We applied brachial blood pres-
sure as the follow-up blood pressure in this study. The mean
blood pressure was calculated as follows: diastolic blood
pressure + [(systolic blood pressure − diastolic blood pres-
sure)/3]. baPWV was calculated by time-phase analysis
between the right brachial and volume waveforms at both
ankles. The distance between the right brachium and the ankle
was estimated based on body height. In addition, because a
significant correlation existed between the right and left
baPWV, we used the mean baPWV for analysis (21). The
coefficient of variation for inter-observer reproducibility was
8.4% while the intra-observer reproducibility was 10.0%
(22).

After an 8-h overnight fast, blood samples were obtained
from the antecubital vein of each subject into vacutainer
tubes. Fasting serum glucose, total cholesterol, triglyceride,
high density lipoprotein (HDL)–cholesterol, aspartate ami-
notransferase (AST), and alanine aminotransferase (ALT)
were measured by enzymatic procedures using an autoana-
lyzer (Bayer, Terrytown, USA). Low density lipoprotein
(LDL)–cholesterol was calculated from the Friedewald equa-
tion if the serum triglyceride level was below 400 mg/dl (23).
High sensitivity C-reactive protein (hs-CRP) was measured
by a latex-enhanced immunoturbidimetric assay using an
ADVIA 1650 Chemistry system (Bayer). The inter-assay and
intra-assay reproducibilities were 2.70±1.13% and
2.55±1.0%, respectively. Fasting insulin was measured by a
chemiluminescence immunoassay (Roche, Indianapolis,
USA).

IR was estimated by HOMA-IR (24), while insulin sensi-
tivity was estimated by the ratio of fasting glucose to fasting
insulin (GF/IF) and by the quantitative insulin sensitivity
check index (QUICKI) (25). The calculations used for these
estimations were as follows: HOMA-IR = (fasting insulin
(μIU/ml) × fasting glucose (mmol/l)/22.5); GF/IF in mg/dl for
glucose and μIU/ml for insulin; QUICKI = 1/[log (fasting
insulin (μIU/ml)) + log (fasting glucose (mg/dl))].

Adolescents were divided into four groups according to the
median HOMA-IR value and BMI: the non-obese-IS
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(HOMA-IR value <3), non-obese-IR (HOMA-IR value ≥3),
obese-IS, and obese-IR groups.

Subjects were asked to fill out questionnaires regarding
lifestyle (sleep pattern, physical activity, and television and
computer usage). We surveyed the average amount of sleep in
recent months and also recorded the TV and computer usage
for 1 week outside of school hours. The amount of physical
activity was determined by the average weekday walking

time (min) and any recent, continuous “above-average-inten-
sity” physical activity that lasted for more than 30 min. We
defined “above-average-intensity” physical activity as any
activity causing shortness of breath and visible perspiration
(badminton, ping pong, swimming, skating, house cleaning,
jogging, basketball, soccer, skipping, mountain climbing,
etc.).

Table 1. Characteristics of the Study Population

Characteristic
Non-obese-IS 

(N=101)
Non-obese-IR 

(N=29)
Obese-IS 
(N=31)

Obese-IR 
(N=95)

Age (years) 14.2±1.3 15.0±1.5b 14.4±1.5 15.3±1.6b,e

Anthropometry
Body mass index (kg/m2) 22.9±3.9 26.4±2.0b 29.4±2.0b,d 31.2±2.7b,d,e

Waist circumference (cm) 77.1±11.9 90.3±7.0b 89.9±5.7b 98.3±7.6b,d,e

Hip circumference (cm) 94.2±10.2 102.8±5.4b 105.1±5.6b 110.3±5.8b,e

Thigh circumference (cm) 47.4±8.1 52.5±4.6b 59.5±13.3b,d 58.5±6.1b,d

Waist-to-hip ratio 0.81±0.07 0.88±0.05b 0.86±0.05b 0.89±0.04b,e

Waist-to-thigh ratio 1.64±0.16 1.73±0.17 1.56±0.26 1.69±0.19
Body impedance

Total body fat (%) 22.7±8.6 32.1±6.6b 34.7±6.3b 37.0±5.9b

Total fat mass (kg) 15.1±7.9 23.3±6.2b 28.2±5.2b 35.0±8.1b,d,e

Total lean mass (kg) 32.9±10.8 27.5±5.9 35.0±11.6 36.0±7.1c

Metabolic variables
Mean BP (mmHg) 78.8±8.3 83.3±9.8 84.6±8.3b 89.9±8.6b,d,e

Heart rate (beats/min) 76.4±10.4 78.1±13.2 78.2±13.3 81.4±11.4a

Fasting glucose (mg/dl) 82.4±6.8 89.6±10.5b 80.8±8.9d 85.7±9.5b,e

Total cholesterol (mg/dl) 161.1±29.1 180.6±33.6b 179.7±34.9b 177.4±29.6b

Triglyceride (mg/dl) 77.7±35.5 118.4±65.9b 107.4±45.0 138.8±84.0b

HDL-cholesterol (mg/dl) 46.1±8.4 44.0±6.5 44.7±6.8 42.8±8.1a

LDL-cholesterol (mg/dl) 99.5±25.2 112.9±30.0 113.5±29.6 106.9±28.2
Fasting insulin (μIU/ml) 8.7±3.7 21.8±7.9b 9.9±4.2d 27.6±14.3b,d,e

GF/IF 13.2±16.6 4.4±0.9b 14.4±19.6d 3.6±1.2b,e

HOMA-IR 1.76±0.74 4.95±  2.43b 1.96±0.83d 5.93±3.39b,e

QUICKI 0.16±0.02 0.13±0.01b 0.16±0.02d 0.13±0.01b,e

ALT (IU/l) 19.1±9.4 38.6±27.0b 31.9±18.5 62.0±49.3b,d,e

AST (IU/l) 21.8±4.9 24.9±9.8 26.2±9.2 34.0±19.3b,d,e

hs-CRP (mg/dl) 0.10±0.22 0.24±0.56 0.17±  0.34 0.13±0.14
Sleep (h/day) 7.0±0.9 6.7±1.2 6.9±1.3 6.9±1.5
Walking (min/day) 58.4±43.9 57.4±28.5 67.8±61.8 65.6±54.0
TV and computer (h/week) 5.5±4.7 6.7±8.0 7.7±7.5 6.8±5.3
Physical activity (day/week) 3.5±1.8 4.0±1.6 3.4±1.8 3.4±1.7

Data are shown as the mean±SD. p-values are calculated by an ANOVA test. ap<0.01; bp<0.001 vs. non-obese-IS; cp<0.01; dp<0.001
vs. non-obese-IR; ep<0.001 vs. obese-IS. Mean BP, mean blood pressure=(systolic blood pressure + 2 diastolic blood pressure)/3;
HDL-cholesterol, high density lipoprotein cholesterol; LDL-cholesterol, low density lipoprotein cholesterol; GF/IF, the ratio of fasting
glucose (mg/dl) to fasting insulin (μIU/ml); HOMA-IR, homeostasis model assessment insulin resistance; QUICKI, 1/[log (fasting insu-
lin (μIU/ ml)) + log (fasting glucose (mg/dl))]; ALT, alanine aminotransferase; AST, aspartate aminotransferase; hs-CRP, high-sensitiv-
ity C-reactive protein; Sleep, the average number of hours spent sleeping in the most recent month; Walking, the average walking time
(min) on weekdays; TV and computer, the hours of watching TV or using the computer for the week except during school hours; Physi-
cal activity, the number of days in the most recent week with continuous physical activity for more than 30 min and at an “above-
medium-degree” intensity.
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Statistical Analyses

Data are expressed as the mean±SD. All data were analyzed
using the statistical program SAS 9.1 (SAS Institute, Cary,
USA). Clinical characteristics were compared among the four
groups using a one-way ANOVA. When significant differ-
ences were found, a Tukey’s post-hoc test was performed to
assess the magnitude of these differences. Pearson’s correla-
tion coefficients were calculated to evaluate the relationship
of baPWV with cardiovascular risk factors and lifestyles in
this study. A multiple linear regression analysis was per-
formed to determine the correlations of baPWV with IR (fast-
ing insulin, HOMA-IR) and insulin sensitivity indices (GF/
IF, QUICKI), after adjusting for potential confounders (age,
BMI, waist-to-hip ratio [WHR], mean blood pressure, heart
rate, cholesterol, triglyceride levels, ALT, physical activity,
and television and computer usage). Significance was defined
at the 0.05 confidence level.

Results

Table 1 and Fig. 1 show the characteristics of the four subject
subgroups. Average age, anthropometric measurements, body
composition measured by body impedance, mean blood pres-
sure, heart rate, fasting glucose level, cholesterol level, HDL-
cholesterol level, triglyceride level, fasting insulin level, GF/
IF, QUICKI, ALT and mean baPWV were all significantly
different among the four groups. The results show that the
non-obese-IR group had significantly higher WHR, body fat,
fasting glucose level, cholesterol level, triglyceride level,
fasting insulin level, ALT, and baPWV than the non-obese-IS

group. However, the non-obese-IR group had a significantly
lower GF/IF and QUICKI level than the non-obese-IS group.
Despite the high GF/IF and QUICKI level, the obese-IS group
had significantly lower WHR, body fat, mean blood pressure,

Fig. 1. Brachial-ankle pulse wave velocity (baPWV) values
of the four groups. Adolescents were divided into four groups
according to median HOMA-IR values and obesity: the non-
obese-IS (HOMA-IR value <3), non-obese-IR (HOMA-IR
value ≥3), obese-IS, and obese-IR groups. Values of
p<0.001 were considered to indicate statistically significant
differences among the four groups. *p<0.001 between
groups by one-way ANOVA.

Table 2. Correlations of baPWV with Body Composition,
Cardiovascular Risk Factors, and Lifestyle

Pulse wave velocity

r p-values

Anthropometry

Body mass index (kg/m2) 0.416 <0.001
Waist circumference (cm) 0.403 <0.001
Waist-to-hip ratio 0.313 <0.001
Waist-to-thigh ratio 0.164 0.009

Body impedance
Total body fat (%) 0.388 <0.001
Total fat mass (kg) 0.456 <0.001
Total lean mass (kg) −0.006 0.937

Cardiovascular risk factors
Age (years) 0.479 <0.001
Mean blood pressure (mmHg) 0.624 <0.001
Heart rate (beats/min) 0.197 0.001
Fasting glucose (mg/dl) 0.064 0.309
Fasting insulin (μIU/ml) 0.380 <0.001
GF/IF −0.258 <0.001
HOMA-IR 0.347 <0.001
QUICKI −0.447 <0.001
Total cholesterol (mg/dl) 0.203 0.001
LDL-cholesterol (mg/dl) 0.101 0.106
HDL-cholesterol (mg/dl) −0.112 0.073
Triglyceride (mg/dl) 0.333 <0.001
ALT (IU/l) 0.318 <0.001
AST (IU/l) 0.189 0.002
hs-CRP (mg/dl) 0.108 0.084

Life style
Sleep (h/day) −0.069 0.287
Walk (min/day) 0.035 0.587
TV and computer (h/week) 0.188 0.004
Physical activity (day/week) −0.097 0.129

Coefficients (r) and p-values are calculated by the Pearson corre-
lation model. GF/IF, the ratio of fasting glucose (mg/dl) to fast-
ing insulin (μIU/ml); HOMA-IR, homeostasis model assessment
insulin resistance; QUICKI, 1/[log (fasting insulin (μIU/ ml)) +
log (fasting glucose (mg/dl))]; HDL-cholesterol, high density
lipoprotein cholesterol; LDL-cholesterol, low density lipoprotein
cholesterol; ALT, alanine aminotransferase; AST, aspartate ami-
notransferase; hs-CRP, high-sensitivity C-reactive protein;
Sleep, the average sleeping hours for the nearest month; Walk-
ing, the average walking time (min) on weekdays; TV and com-
puter, the number of hours watching TV or using computer for
the week, except during school hours; Physical activity, the num-
ber of days in the most recent week with continuous physical
activity for more than 30 min and an “above-medium-degree” of
intensity; baPWV, brachial-ankle pulse wave velocity.
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fasting glucose level, fasting insulin level, ALT and mean
baPWV than the obese-IR group. Furthermore, the obese-IS
group had significantly lower fasting glucose level, fasting
insulin level, and mean baPWV level than the non-obese-IR
group, but had significantly higher GF/IF and QUICKI level.

baPWV was positively correlated with the following: BMI,
waist circumference, WHR, waist-to-thigh ratio (WTR), total
body fat mass, age, mean blood pressure, heart rate, fasting
insulin, HOMA-IR, total cholesterol, triglyceride, ALT, and
television and computer usage. In contrast, baPWV was
inversely correlated with GF/IF and QUICKI. In addition,
although the association was not statistically significant,
baPWV was negatively correlated with HDL-cholesterol
(Table 2).

After adjustment for age, BMI, WHR, mean blood pres-
sure, heart rate, total cholesterol, triglyceride, ALT, physical
activity, and television and computer usage, multiple regres-
sion models showed that baPWV was independently corre-
lated with the IR (fasting insulin, HOMA-IR) and insulin
sensitivity (GF/IF, QUICKI) indices (Table 3).

Discussion

Many studies in adults and children have demonstrated that
IR and obesity are associated with dyslipidemia, hyperten-

sion, and cardiovascular risks (26, 27). Although a high prev-
alence of impaired glucose tolerance is found among obese
adolescents (28), factors other than obesity must also be
responsible, because a recent study reported that the correla-
tion between obesity and IR was as low as 0.26 in early ado-
lescents (7).

The key finding of our study was that arterial stiffness in
male adolescents consistently increased with higher IR. The
presence of obesity did not have a significant impact on the
relationship between baPWV and IR. Further, our study
shows that not all obese adolescents are necessarily insulin
resistant. Despite their obesity, some obese adolescents dis-
play normal peripheral insulin sensitivity and have baPWV
and cardiovascular characteristics similar to non-obese ado-
lescents. In addition, obese-IS adolescents have favorable
metabolic factors and a lower mean baPWV than non-obese-
IR adolescents.

The mechanism underlying the relationship between IR and
arterial stiffness is unknown, and this cross-sectional study
cannot identify the causative factor. However, there are a
number of possible mechanisms by which IR may contribute
to arterial stiffness. First, IR exerts vascular effects through
hyperinsulinemia and increased glycemia with which it is
often associated. The effects of hyperinsulinemia on the vas-
cular system may include the promotion of sodium reabsorp-

Table 3. Independent Associations of baPWV with Indices of Insulin Resistance and Indices of Insulin Sensitivity

baPWV

Regression coefficient SD p-values

Model 1: age adjusted
Insulin 3.771 0.551 <0.001
GF/IF −1.859 0.565 0.001
HOMA-IR 15.738 2.350 <0.001
QUICKI −2,582.663 383.517 <0.001

Model 2: Model 1 + BMI adjusted
Insulin 3.350 0.626 <0.001
GF/IF −1.437 0.563 0.011
HOMA-IR 13.798 2.638 <0.001
QUICKI −2,267.339 429.460 <0.001

Model 3: Model 2 + waist-to-hip ratio, mean BP, HR, TG, cholesterol, ALT adjusted
Insulin 2.603 0.584 <0.001
GF/IF −1.081 0.495 0.030
HOMA-IR 10.676 2.451 <0.001
QUICKI −1,685.461 392.832 <0.001

Model 4: Model 3 + physical activity, watching TV and computer usage adjusted
Insulin 2.736 0.611 <0.001
GF/IF −1.071 0.508 0.036
HOMA-IR 11.298 2.585 <0.001
QUICKI −1,733.973 409.357 <0.001

Values were calculated by a multiple regression model using the mean baPWV as the dependent variable. GF/IF, the ratio of fasting glu-
cose (mg/dl) to fasting insulin (μIU/ml); HOMA-IR, homeostasis model assessment insulin resistance; QUICKI, 1/[log (fasting insulin
(μIU/ml)) + log (fasting glucose (mg/dl))]; BMI, body mass index; Mean BP, mean blood pressure=(systolic blood pressure + 2 dias-
tolic blood pressure)/3; HR, heart rate; TG, triglyceride; ALT, alanine aminotransferase; baPWV, brachial-ankle pulse wave velocity.
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tion (29), stimulation of the sympathetic nervous system (30),
and promotion of vascular smooth muscle cell growth (31),
all of which might contribute to increased arterial stiffness.
High plasma glucose levels might cause the glycosylation of
arterial wall proteins, and these proteins have been associated
with organ damage and atherosclerosis (32). Second, in the
insulin-resistant state, the potent vasodilator effects caused by
an insulin-induced and endothelium-derived nitric oxide
release (33) are reduced, thus increasing the possibility for
injury to the vessel wall and vessel wall stiffening. This vas-
cular dysfunction in adolescents may be an early step in the
development of atherosclerosis (1, 2).

Our study is limited by its cross-sectional design, which did
not enable us to draw causal relationships between IR and
arterial stiffness. In addition, the subjects were not sampled
randomly. For these reasons, some as-yet-undetermined fac-
tors could have been responsible for our main observation
that arterial stiffness was consistently increased with increas-
ing IR in male adolescents. Further prospective studies are
necessary to clarify these pathophysiological aspects of the
relationships between IR and baPWV. In addition, we used
the median value of the HOMA-IR to divide the metaboli-
cally distinct subgroups into insulin resistant and insulin sen-
sitive groups, but this value is not a precise determinant of IR.
The gold standard method for measuring insulin sensitivity is
the hyperinsulinemic-euglycemic clamp (34). However, since
this procedure is invasive and labor-intensive, we used simple
surrogate measures that have been correlated to the clamp
procedure (35). Furthermore, our median HOMA-IR (3.0)
value was similar to a previous finding in an unselected con-
trol population (36). We also used BMI values to assess the
degree of obesity. In order to reflect body composition better,
we adjusted for the percent body fat or fat mass instead of
using BMI, and used the WHR (an indicator of upper vs.
lower adiposity). Even with these body composition adjust-
ments, baPWV demonstrated a constant correlation with IR
and insulin sensitivity indices in multiple regression models
(data not shown). In addition, although baPWV is a simple
measurement and has high validity and reproducibility (12–
14), it only represents the stiffness of the central and periph-
eral arteries. Further studies are needed to facilitate accurate
interpretation of the baPWV measurements. Despite these
limitations, our study is the first comprehensive examination
of the relationship between IR and baPWV in adolescent
males.

In conclusion, improving IR by a combination of changes
in diet and physical activity (37, 38) seems to be important in
the prevention of early atherosclerosis independent of weight
reduction in adolescents. Further research is necessary to clar-
ify the roles of hyperinsulinemia and/or IR in the progression
of arterial stiffness and to assess the effect of improved insu-
lin sensitivity on decreasing arterial stiffness.

References
1. McGill HC Jr, McMahan CA, Herderick EE, et al: Obesity

accelerates the progression of coronary atherosclerosis in
young men. Circulation 2002; 105: 2712–2718.

2. Tounian P, Aggoun Y, Dubern B, et al: Presence of
increased stiffness of the common carotid artery and endo-
thelial dysfunction in severely obese children: a prospective
study. Lancet 2001; 358: 1400–1404.

3. Anderson PJ, Critchley JAJH, Chan JCN, et al: Factor anal-
ysis of the metabolic syndrome: obesity vs insulin resistance
as the central abnormality. Int J Obes Relat Metab Disord
2001; 25: 1782–1788.

4. Donahue RP, Bean JA, Donahue RD, et al: Does insulin
resistance unite the separate components of the insulin
resistance syndrome? Evidence from the Miami Commu-
nity Health Study. Arterioscler Thromb Vasc Biol 1997; 17:
2413–2417.

5. Srinivasan SR, Myers L, Berenson GS: Predictability of
childhood adiposity and insulin for developing insulin resis-
tance syndrome (syndrome X) in young adulthood: the
Bogalusa Heart Study. Diabetes 2002; 51: 204–209.

6. Reinehr T, de Sousa G, Andler W: Longitudinal analyses
among overweight, insulin resistance, and cardiovascular
risk factors in children. Obes Res 2005; 13: 1824–1833.

7. Sinaiko AR, Jacobs DR Jr, Steinberger J, et al: Insulin resis-
tance syndrome in childhood: associations of the euglyce-
mic insulin clamp and fasting insulin with fatness and other
risk factors. J Pediatr 2001; 139: 700–707.

8. Ferrannini E, Natali A, Bell P, et al: Insulin resistance and
hypersecretion in obesity. J Clin Invest 1997; 100: 1166–
1173.

9. Hollenbeck C, Reaven GM: Variations in insulin-stimulated
glucose uptake in healthy individuals with normal glucose
tolerance. J Clin Endocrinol Metab 1987; 64: 1169–1173.

10. DeFronzo RA: Lilly Lecture 1987 the triumvirate: β-cell,
muscle, liver: a collusion responsible for NIDDM. Diabetes
1998; 37: 667–687.

11. Arnett DK, Evans GW, Riley WA: Arterial stiffness: a new
cardiovascular risk factor? Am J Epidemiol 1994; 140: 669–
682.

12. Sun K, Diamon M, Watanabe S, Komuro I, Masuda Y: The
relation of pulse wave velocities measured by oscillometric
and tonometric methods and clinical application studies.
Jpn Appl Physiol 2002; 32: 81–86.

13. Yamashina A, Tomiyama H, Takeda K, et al: Validity,
reproducibility, and clinical significance of noninvasive
brachial-ankle pulse wave velocity measurement. Hypertens
Res 2002; 25: 359–364.

14. Matsui Y, Kario K, Ishikawa J, Eguchi K, Hoshide S, Shi-
mada K: Reproducibility of arterial stiffness indices (pulse
wave velocity and augmentation index) simultaneously
assessed by automated pulse wave analysis and their associ-
ated risk factors in essential hypertensive patients. Hyper-
tens Res 2004; 27: 851–857.

15. Nakamura U, Iwase M, Nohara S, Kanai H, Ichikawa K,
Iida M: Usefulness of brachial-ankle pulse wave velocity
measurement: correlation with abdominal aortic calcifica-
tion. Hypertens Res 2003; 26: 163–167.



Lee et al: Insulin Resistance and Arterial Stiffness 11

16. Yambe M, Tomiyama H, Hirayama Y, et al: Arterial stiff-
ening as a possible risk factor for both atherosclerosis and
diastolic heart failure. Hypertens Res 2004; 27: 625–631.

17. Nakanishi N, Shiraishi T, Wada M: Brachial-ankle pulse
wave velocity and metabolic syndrome in a Japanese popu-
lation: the Minoh study. Hypertens Res 2005; 28: 125–131.

18. Tsubakimoto A, Saito I, Mannami T, Naito Y, Nakamura S,
Dohi Y, Yonemasu K: Impact of metabolic syndrome on
brachial-ankle pulse wave velocity in Japanese. Hypertens
Res 2006; 29: 29–37.

19. Cole TJ, Bellizzi MC, Flegal KM, Dietz WH: Establishing a
standard definition for child overweight and obesity world-
wide: international survey. BMJ 2000; 320: 1240–1243.

20. Cha K, Chertow GM, Gonzalez J, Lazarus JM, Wilmore
DW: Multifrequency bioelectrical impedance estimates the
distribution of bodywater. J Appl Physiol 1995; 79: 1316–
1319.

21. Ohnishi H, Saitoh S, Takagi S, et al: Pulse wave velocity as
an indictor of atherosclerosis in impaired fasting glucose.
Diabetes Care 2003; 26: 437–440.

22. Petrie JR, Ueda S, Morris AD, Murray LS, Elliott HL, Con-
nell JM: How reproducible is bilateral forearm plethysmog-
raphy? Br J Clin Pharmacol 1998; 45: 131–139.

23. Friedewald WT, Levy RI, Fridrikson DS: Estimation of
concentrations of low density lipoprotein cholesterol in
plasma without use of preparative ultracentrifuge. Clin
Chem 1972; 18: 499–502.

24. Matthews DR, Hosker JP, Rudenski AS, Naylor BA,
Treacher DF, Turner RC: Homeostasis model assessment:
insulin resistance and β-cell function from fasting plasma
glucose and insulin concentrations in man. Diabetologia
1985; 28: 412–419.

25. Katz A, Nambi SS, Mather K, et al: Quantitative Insulin
Sensitivity Check Index: a simple, accurate method for
assessing insulin sensitivity in humans. J Clin Endocrinol
Metab 2000; 85: 2402–2410.

26. Jiang X, Srinivasan SR, Webber LS, et al: Association of
fasting insulin level with serum lipid and lipoprotein levels
in children, adolescents, and young adults: the Bogalusa
Heart Study. Arch Intern Med 1995; 23: 190–196.

27. Chen W, Srinivasan SR, Elkasabany A, et al: Cardiovascu-
lar risk factors clustering features of insulin resistance syn-
drome (Syndrome X) in a biracial (Black-White) population

of children, adolescents, and young adults: the Bogalusa
Heart Study. Am J Epidemiol 1999; 150: 667–674.

28. Sinha R, Fisch G, Teague B, et al: Prevalence of impaired
glucose tolerance among children and adolescents with
marked obesity. N Engl J Med 2002; 346: 802–810.

29. ter Maaten JC, Bakker SJ, Serne EH, ter Wee PM, Donker
AJ, Gans RO: Insulin’s acute effects on glomerular filtra-
tion rate correlate with insulin sensitivity whereas insulin’s
acute effects on proximal tubular sodium reabsorption cor-
relate with salt sensitivity in normal subjects. Nephrol Dial
Transplant 1999; 14: 2357–2363.

30. Young JB: Effect of experimental hyperinsulinemia on
sympathetic nervous system activity in the rat. Life Sci
1988; 43: 193–200.

31. Begum N, Song Y, Rienzie J, Ragolia L: Vascular smooth
muscle cell growth and insulin regulation of mitogen-acti-
vated protein kinase in hypertension. Am J Physiol 1988;
275: C42–C49.

32. Ulrich P, Cerami A: Protein glycation, diabetes, and aging.
Recent Prog Horm Res 2001; 56: 1–21.

33. Montagnani M, Quon MJ: Insulin action in vascular endo-
thelium: potential mechanisms linking insulin resistance
with hypertension. Diabetes Obes Metab 2000; 2: 285–292.

34. De Fronzo RA, Tobin JD, Andres R: Glucose clamp tech-
nique: a method for quantifying insulin secretion and resis-
tance. Am J Physiol 1979; 237: E214–E223.

35. Bonora E, Targher G, Alberiche M, et al: Homeostasis
model assessment closely mirrors the glucose clamp tech-
nique in the assessment of insulin sensitivity. Diabetes Care
2000; 23: 57–63.

36. Bugianesi E, Pagotto U, Manini R, et al: Plasma adiponec-
tin in nonalcoholic fatty liver is related to hepatic insulin
resistance and hepatic fat content, not to liver disease sever-
ity. J Clin Endocrinol Metab 2005; 90: 3498–3504.

37. Markovic TP, Jenkins AB, Campbell LV, Furler SM, Krae-
gen EW, Chisholm DJ: The determinants of glycemic
responses to diet restriction and weight loss in obesity and
NIDDM. Diabetes Care 1998; 21: 687–694.

38. Short KR, Vittone JL, Bigelow ML, et al: Impact of aerobic
exercise training on age-related changes in insulin sensitiv-
ity and muscle oxidative capacity. Diabetes 2003; 52:
1888–1896.


	Original Article
	Insulin Resistance Is Associated with Arterial Stiffness Independent of Obesity in Male Adolescents
	Introduction
	Methods
	Subjects
	Methods
	Statistical Analyses

	Results
	Discussion
	References



