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OBJECTIVE — We sought to examine the distribution of insulin and homeostasis model
assessment of insulin resistance (HOMA-IR) and associations of HOMA-IR with sex, race/
ethnicity, age, and weight status, as measured by BMI, among U.S. adolescents.

RESEARCH DESIGN AND METHODS — Of 4,902 adolescents aged 12—19 years who
participated in the National Health and Nutrition Examination Survey 1999-2002, analysis was
performed for a nationally representative subsample of 1,802 adolescents without diabetes who
had fasting laboratory measurements. The main outcome measure was HOMA-IR, calculated
from fasting insulin and glucose and log transformed for multiple linear regression analyses.

RESULTS — In adjusted regression models that included age and weight status, girls had
higher HOMA-IR than boys and Mexican-American children had higher HOMA-IR levels than
white children. There were no significant differences in adjusted HOMA-IR between black and
white children. Obese children (BMI =95th percentile) had significantly higher levels of
HOMA-IR compared with children of normal weight (BMI <85th percentile) in adjusted com-
parisons (mean HOMA-IR 4.93 [95% CI 4.56-5.35] vs. 2.30 [2.21-2.39], respectively). Weight
status was by far the most important determinant of insulin resistance, accounting for 29.1% of
the variance in HOMA-IR. The prevalence of insulin resistance in obese adolescents was 52.1%
(95% CI 44.5-59.8).

CONCLUSIONS — Obesity in U.S. adolescents represents the most important risk factor for
insulin resistance, independent of sex, age, or race/ethnicity. The prevalence of insulin resistance

in obese children foreshadows a worrisome trend for the burden of type 2 diabetes in the U.S.
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he pathogenesis of type 2 diabetes in
children is hypothesized to be re-
lated to two principal factors: insu-
lin resistance and impaired insulin
secretion (1). Insulin resistance repre-
sents an insensitivity of the peripheral tis-
sues (e.g., muscle, liver, adipose tissue) to
the effects of insulin. To maintain glucose

homeostasis, pancreatic 3-cells compen-
sate for insulin resistance by augmenting
insulin secretion, leading to a state of
chronic hyperinsulinemia. However, the
progressive failure of the B-cells to main-
tain adequate insulin secretion is believed
to result in the development of type 2 di-
abetes (2). Longitudinal studies in adults
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have demonstrated that insulin resistance
is strongly predictive of the development
of type 2 diabetes (3). Furthermore, stud-
ies in obese children have shown that in-
sulin resistance is associated with
abnormalities in glucose metabolism,
such as impaired glucose tolerance or
type 2 diabetes (4). Therefore, there is in-
creasing recognition of the important role
of insulin resistance in the pathogenesis of
type 2 diabetes in children (1,2,5).

Given that insulin resistance repre-
sents an important risk factor for develop-
ment of type 2 diabetes, identification of
children with insulin resistance has been
proposed as a strategy for identifying
high-risk children for targeted diabetes
prevention interventions (6). The gold-
standard test for insulin resistance in-
cludes the hyperinsulinemic-euglycemic
clamp (7), and another accepted method
is the minimal-model analysis frequently
sampled intravenous glucose tolerance
test (FSIVGTT) (8). These tests are inva-
sive, labor intensive, and expensive,
which discourages their use in large pop-
ulation-based epidemiologic studies. A
simpler and more practical method to
measure insulin resistance, the homeosta-
sis model assessment of insulin resistance
(HOMA-IR), was therefore developed for
application in large epidemiologic studies
).

HOMA-IR is an estimate of insulin re-
sistance derived from fasting glucose and
insulin levels, with higher levels repre-
senting greater degrees of insulin resis-
tance. HOMA-IR has been validated as a
surrogate measure of insulin resistance in
nondiabetic children, with studies show-
ing correlations as high as 0.91 with
clamp or FSIVGTT measures (10-13).

Studies (14,15) in children have es-
tablished that increasing BMI is associated
with an increase in insulin resistance.
Given the alarming rise in obesity rates
among youth in the U.S., there is great
concern that diabetes incidence will
shadow this trend. However, studies to
evaluate insulin resistance in population-
based samples of children are limited. We
sought to evaluate the distribution of
HOMA-IR in a diverse group of U.S. ado-
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Insulin resistance among U.S. adolescents

lescents who participated in the National
Health and Nutrition Examination Survey
(NHANES) from 1999 to 2002.

RESEARCH DESIGN AND
METHODS — NHANES is a cross-
sectional, nationally representative exam-
ination survey of the U.S. civilian
noninstitutionalized population (16,17).
NHANES uses a stratified multistage
probability sampling design, oversam-
pling adolescents aged 12—19 years, non-
Hispanic blacks, and Mexican Americans
to provide reliable statistical estimates for
these subpopulations. Of the 4,902 ado-
lescents aged 12-19 years in the study, a
subsample had glucose and insulin levels
measured (n = 2015). Adolescents who
had self-reported diabetes (n = 10), were
pregnant (n = 39), were using medica-
tions that would interfere with glucose
metabolism (antihypoglycemics, steroids,
or androgens) (n = 29), and who did not
fast for at least 8 h (n = 133) were ex-
cluded, which left 1,804 adolescents. Be-
cause two individuals had previously
undiagnosed diabetes (fasting glucose
>126 mg/dl), 1,802 adolescents were
used for the analysis, including 222 with
impaired fasting glucose (100 = glu-
cose < 126 mg/dl) (10.7% of the
weighted population), and 1,580 with
normal fasting glucose (NFG; glucose
<100 mg/dl) (89.3% of the weighted
population).

Because studies have shown that
HOMA-IR may serve as a valuable surro-
gate measure of insulin resistance in non-
diabetic children (12), we chose to
include adolescents with both NFG and
impaired fasting glucose for this analysis,
reporting an estimate of HOMA-IR reflec-
tive of the entire nondiabetic population.
We also performed analyses of only chil-
dren with NFG. Despite slightly lower
mean HOMA-IR levels, the relationship of
HOMA-IR with the demographic and
weight variables remained similar (data
available from the authors upon request).

Mexican-American adolescents with
fasting laboratory measurements had
lower mean BMI compared with those
without (23.8 vs. 24.5, respectively, P =
0.04), and a lower proportion of black
females had fasting laboratory measure-
ments than those without (45.5 vs.
52.8%, respectively, P = 0.004). Other-
wise, there were no significant differences
in age, sex, and BMI between groups for
the overall sample and among racial
groups.

Sociodemographic information was

obtained through household interviews
administered in English or Spanish. A
digital stadiometer was used to measure
height, and a digital weight scale was used
to measure weight; these instruments
were calibrated on a weekly and daily ba-
sis, respectively. For height measure-
ments, adolescents stood with the heels of
both feet together and feet flat on the
floor, and for weight measurements they
were undressed, wearing underwear and
paper gowns (18).

For determination of fasting status, a
detailed fasting questionnaire was admin-
istered (19). Fasting samples for insulin
and plasma glucose were obtained by ve-
nipuncture and analyzed at a central lab-
oratory at the University of Missouri-
Columbia. Samples were allowed to clot
at room temperature for 15-30 min, were
centrifuged, and the serum was frozen at
—20° for insulin (20) and —70° for glu-
cose (21). Analysis of samples was per-
formed up to 1 week after the samples
were drawn. Insulin was measured using
the Pharmacia Insulin RIA kit (Pharmacia
Biotech, Uppsala, Sweden; interassay co-
efficient of variation [CV] <4.9%; intraas-
say CV <5.0%) with a cross-reactivity
with proinsulin of ~40% (20). Plasma
glucose was measured using modified
hexokinase enzymatic methods (21).

Data analysis

HOMA-IR was calculated by dividing the
product of insulin (microunits per milli-
liter) and glucose (millimoles per liter) by
22.5(22). BMI was converted to age- and
sex-standardized percentiles based on the
Centers for Disease Control and Preven-
tion 2000 growth charts, which are not
race specific (23). Adolescents were clas-
sified as normal weight if BMI was <85th
percentile, overweight if BMI was =85th
and <95th percentile, or obese if BMI was
=95th percentile.

Means and SEs for insulin, glucose,
and HOMA-IR were calculated using
Stata 9.0 (Stata, College Station, TX),
which applies appropriate sampling
weights to adjust for the complex multi-
cluster sample design, oversampling, and
nonresponse. Separate sampling weights
were created to reflect the additional stage
of sampling and the additional nonre-
sponse for the subsample of adolescents
with fasting glucose and insulin. These
weights were used for the analysis, and
therefore each subsample is a nationally
representative sample (24). Taylor series
linearization was used for variance esti-
mation. Because of the right-skewed dis-

tribution of HOMA-IR, weighted linear
regression was performed on log-
transformed HOMA-IR, controlling for
age, sex, race, and weight status. Socio-
economic status, coded as a total family
income less than or greater than or equal
to $20,000, was evaluated. Because there
were no significant differences in log
HOMA-IR between groups in the unad-
justed comparisons and within the full
model, the socioeconomic status variable
was omitted in order to maintain the most
parsimonious model. Postregression
adjustment of the log-transformed
HOMA-IR was performed to convert log
estimates back to HOMA-IR values for the
demographic and weight groups (25).
Boot strapping was used to generate 95%
CIs for the adjusted HOMA-IR values.

Insulin resistance was defined based
on a number of different thresholds, in-
cluding HOMA-IR >4.39 (upper 2.5 per-
centile or >2 SD above mean HOMA-IR
for normal-weight adolescents with NFG
in this study), HOMA-IR >3.29 (upper
quartile of insulin resistance for all ado-
lescents) (26), HOMA-IR >3.16 (11),
and HOMA-IR >3.99 (27). We calcu-
lated the upper 2.5 percentile based on
non-log-transformed HOMA-IR for nor-
mal-weight subjects with NFG. Weighted
prevalence estimates of insulin resistance
were calculated for normal-weight, over-
weight, and obese children.

RESULTS — In the study population,
12.9% of adolescents were overweight
and 16.3% were obese. Table 1 shows de-
mographic characteristics of the study
population and the distribution of weight
status among the various racial/ethnic
groups. There were no statistical differ-
ences in weight status by sex or age. How-
ever, a greater proportion of Mexican-
American and black adolescents were
overweight or obese compared with non-
Hispanic white adolescents.

The distribution of fasting glucose
within the population was narrow, with a
mean value of 91.4 mg/dl (95% CI191.0—
91.9). The correlation between HOMA-IR
and insulin levels was high (r = 0.88).

Table 2 shows unadjusted insulin and
HOMA-IR levels and adjusted HOMA-IR
levels stratified by sex, race, weight status,
and age. For unadjusted comparisons,
there were no significant differences in in-
sulin or HOMA-IR by sex, but after ad-
justment for race, age, and weight status,
female subjects had significantly higher
mean HOMA-IR than male subjects (P =
0.02). Unadjusted insulin and HOMA-IR
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Table 1—Characteristics of the study population

P value
Overall ~ BMI <85th BMI =85thand BMI =95th across weight

Characteristic population  percentile =~ <95th percentile  percentile status
Sex 0.33

Male 939 (52.0) 605 (68.0) 143 (14.6) 184 (17.4)

Female 863 (48.0) 564 (73.0) 136 (11.5) 156 (15.5)
Race 0.03

Non-Hispanic 490 (63.1) 357 (73.6) 57 (11.4) 72 (15.0)

white
Black 510 (14.0) 304 (59.2) 95 (19.0) 109 (21.9)
Mexican 672 (10.6) 422 (63.7) 106 (15.9) 138 (20.4)
American

Age (years) 0.32

12 237 (12.9) 152 (72.0) 37 (12.3) 47 (15.6)

13 258 (13.2) 149 (62.1) 51 (18.8) 58 (19.1)

14 219 (11.8) 137 (73.8) 32 (94) 49 (16.7)

15 196 (12.1) 128 (69.0) 34 (16.5) 33 (14.5)

16 228 (12.4) 150 (69.3) 31 (13.D 45 (17.6)

17 244 (14.3) 171 (77.5) 31(9.3) 39 (13.2)

18 208 (10.9) 141 (73.8) 35(13.7) 31(12.5)

19 212 (12.5) 141 (65.5) 28 (11.9) 40 (22.6)

Data are n (weighted %).

values were higher in black and Mexican-
American adolescents compared with
white adolescents. After adjustment for
age, sex, and weight status, Mexican-
American adolescents had higher mean
HOMA-IR levels than white adolescents
(P =0.001), but no significant differences
in HOMA-IR were found between black
and white adolescents (P = 0.19).

Unadjusted and adjusted mean
HOMA-IR values for obese adolescents
were 5.18 (95% CI 4.74-5.63) and 4.93
(4.56-5.35), respectively. After adjust-
ment for sex, age, and race, overweight
(P < 0.001) and obese (P < 0.001) ado-
lescents had higher HOMA-IR levels com-
pared with adolescents of normal weight
(Table 2).

Table 2 shows unadjusted and ad-
justed HOMA-IR levels by age for the
overall study population. Adolescents
aged 14 years had higher HOMA-IR levels
than those aged 12 years for unadjusted
and adjusted values. Table 3 shows mean
HOMA-IR values for each age stratified by
sex and weight status. HOMA-IR values
appear to peak at age 14 years in boys and
age 13 years in girls. Among normal-
weight and overweight adolescents,
HOMA-IR values did not differ substan-
tially between ages; however, there was an
apparent peak at age 14 years among
obese adolescents.

In a linear regression model predict-
ing log HOMA-IR, weight status alone ac-

Lee and Associates

counted for 29.1% of the variance. The
addition of covariates of age, sex, and
race/ethnicity only resulted in a slight in-
crease in the explained variance to 31.2%.

Figure 1 shows the prevalence of in-
sulin resistance stratified by weight status
based on different thresholds for defining
insulin resistance. Regardless of the defi-
nition used, the prevalence of insulin re-
sistance was substantially higher in obese
children compared with normal-weight
children. Using a definition of insulin re-
sistance of HOMA-IR >4.39, the preva-
lence of insulin resistance in obese
children was 52.1% (95% CI 44.5-59.8).

CONCLUSIONS — We present the
first study to report the distribution of
HOMA-IR, a validated measure of insulin
resistance, for a population-based, ra-
cially diverse, nationally representative
sample of U.S. adolescents, finding that
HOMA-IR is markedly higher in obese
compared with normal-weight adoles-
cents. Although previous studies have
demonstrated that insulin resistance in
children/adolescents is influenced by a

Table 2—Mean HOMA-IR values by demographic characteristics

Unadjusted insulin
(95% CD) (wU/ml)

Unadjusted Adjusted
HOMA-IR HOMA-IR
(95% CI) (95% CI)

Overall
Sex
Male
Female
Race
White
Black
Mexican American
Weight status
BMI <85th
percentile
BMI =85th and
<95th percentile
BMI =95th
percentile
Age (years)
12
13
14
15
16
17
18
19

12.57 (12.00-13.15)

12.15(11.37-12.93)
13.03 (12.23-13.84)

11.88 (11.09-12.67)
14.19 (13.37-15.01)8§
14.04 (13.07-15.01)9

10.09 (9.59-10.58)
13.56 (12.69-14.42)1

22.28 (20.44-24.1311

12.30 (11.00-13.60)
12.94 (11.55-14.34)
14.81 (12.75-16.88)1
12.20 (10.72-13.69)
11.90 (10.93-12.87)
11.84 (10.65-13.04)
11.79 (10.53-13.04)
12.89 (11.74-14.05)

2.87 (2.73-3.01) —
*

2.74 (2.61-2.89)
2.97 (2.82-3.1D7
¥
2.76 (2.63-2.91)
2.90 (2.76-3.05)
3.08 (2.94-3.23)8
#
2.30(2.21-2.39)

2.84 (2.64-3.03)
291 (2.71-3.10)

272 (2.53-2.91)
3.17 (2.96-3.37)|
3.27 (3.04-3.50)1

2.28 (2.16-2.39)

3.09 (2.86-3.321 3.16 (2.95-3.40)01

5.18 (4.74-5.63)1 4.93 (4.56-5.35)1

o

2.78 (2.53-3.05)
2.82 (2.57-3.08)
3.27 2.97-3.61)%%
2.87 (2.63-3.15)
2.73 (2.55-2.95)
2.76 (2.57-2.97)
2.77 (2.54-3.01)
2.81 (2.58-3.08)

2.84 (2.52-3.16)
2.94 (2.63-3.25)
3.43 (2.92-3.94)77
2.80 (2.44-3.16)
2.69 (2.45-2.92)
2.66 (2.38-2.94)
2.67 (2.37-2.98)
2.96 (2.67-3.24)

For unadjusted and adjusted comparisons, reference groups are male, white, normal weight, and children
aged 12 years. *Adjusted for race, weight status, and age. $Adjusted for sex, weight status, and age. #Adjusted
for sex, race, and age. **Adjusted for sex, race, and weight status. TP = 0.02; §P = 0.001;||P = 0.005; IP <
0.001; ¥+P = 0.04; ##P = 0.002.
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Table 3—Unadjusted HOMA-IR (95% CI) stratified by sex and weight status

BMI =85th and

Age (years) Male Female BMI <85th percentile <95th percentile BMI =95th percentile
12 2.45(2.12-2.78) 321 (2.73-3.69) 2.31 (2.04-2.58) 2.79 (2.29-3.28) 5.33 (3.86-6.81)
13 2.70 (2.28-3.12) 3.23 (2.77-3.70) 2.31(1.95-2.66) 3.23(2.79-3.67) 4.72 (4.18-5.26)
14 3.76 (2.80-4.73) 3.12 (2.62-3.63) 2.45(2.22-2.68) 2.81 (2.37-3.25) 8.10 (6.25-9.94)
15 2.98 (2.44-3.52) 2.59 (2.13-3.04) 2.22(2.02-2.43) 3.38 (2.66-4.11) 4.93 (3.58-6.29)
16 2.57 (2.26-2.89) 2.80(2.53-3.08) 2.25(2.10-2.39) 2.89 (2.34-3.44) 423 (3.23-5.24)
17 2.66 (2.38-2.94) 2.66 (2.15-3.16) 2.20 (2.02-2.38) 2.85(2.44-3.25) 5.22 (3.77-6.67)
18 2.64(2.13-3.14) 2.72 (2.49-2.96) 2.19 (1.95-2.44) 2.88 (2.44-3.32) 5.26 (4.12-6.39)
19 3.04 (2.59-3.48) 2.86 (2.50-3.22) 2.32(1.92-2.71) 3.66 (3.09-4.24) 4.29 (3.71-4.87)

number of factors, including sex, race, de-
gree of adiposity, and pubertal stage (1),
we found that no other factor considered,
i.e., age, sex, or race/ethnicity, was nearly
as influential on HOMA-IR status as
weight status, specifically obesity. Our re-
sults are consistent with previous studies
that demonstrated that obesity is one of
the most important risk factors for insulin
resistance (28,29).

Girls and children from minority
groups have been shown to have a higher
propensity toward insulin resistance (30—
33). In our study, girls had a higher mean
HOMA-IR than boys after accounting for
weight, age, and race/ethnicity. Similarly,

after adjustment for sex, age, and weight
status, we found higher mean HOMA-IR
values for Mexican-American adoles-
cents, but we did not find significant dif-
ferences in HOMA-IR between black and
white adolescents. This lack of a differ-
ence between black and white children is
in contrast to the results of previous stud-
ies (31,32) using clamps or FSIVGTT.
One study (12) compared measures of in-
sulin resistance by clamp and fasting
methods in a small sample of black and
white prepubertal nonobese children
(n = 44). Although statistical differences
in insulin resistance between black and
white children were detected using clamp

3.16* 3.29% 3.99% 4.39§
90 - - .

. L |
Y 80 e T T T 7
g v\*’_‘\‘,‘_’_.“ : '
s ¢ : ' '
= . . I
£ 70 —t : :
(7)) \ ' \ 1
L , ) 1 |
= P \k’-\‘\‘**‘ |
= 60 ' : i ;
E I.-‘l‘ E E E \N"—N‘\-
= 50 l. : : : 1 "Q—k.\._.
o o ) ) |
b e | s |
=% P : ;
Q\/ E.-‘II-I
s — x : :

oo .y ; :
§ ol L Ty |
= 00005 : Bl TV '
g 06 ! : -
> "0 oio0. : il [ N
= 10 : - 220:0:0.6.0 : : =
R ' : ©0Cp0500,

: : 0000016000000

0 ™ S e e e =TT T T e e e e A

S I R I R I I G
BRSSP R SR R SR NSRS R A

HOMA-IR cutoffs for defining insulin resistance

Figure 1—Prevalence of insulin resistance according to various HOMA-IR cutoffs. *HOMA-IR
threshold based on receiver-operator curve analysis (11). THOMA-IR threshold defined by the
upper quartile of insulin resistance for all adolescents in this study. fHOMA-IR threshold based on
adult studies (27). SHOMA-IR threshold defined by the upper 2.5 percentile based on non-log-
transformed HOMA-IR for normal-weight adolescents with NFG in this study. O, normal weight;

MW, overweight; @, obese.

measures, differences in HOMA-IR only
approached statistical significance (P =
0.095). It was postulated that this was due
to the small sample size using a less sen-
sitive measure of insulin resistance (12).
Despite the large sample size in our study,
we did not find differences in HOMA-IR
levels between black and white children.
We speculate that the lack of racial differ-
ences noted in our study may be due to
the fact that HOMA-IR is measured in the
fasting state, whereas clamp studies eval-
uate the insulin-stimulated state.

We were unable to assess the impact
of puberty on HOMA-IR levels. Puberty is
associated with temporary increases in in-
sulin resistance (30,34,35) with a peak
reduction in insulin sensitivity of 25-30%
by Tanner stage 3 and complete recovery
by pubertal completion (36). We did ex-
amine HOMA-IR levels for each year of
adolescence (12-19 years), a period dur-
ing which most children would experi-
ence puberty. The earlier peak in
HOMA-IR levels that we saw in girls com-
pared with boys may reflect the effect of
puberty on insulin resistance, as girls ex-
perience puberty at an earlier age than
boys. Prevailing wisdom would suggest
that HOMA-IR values performed during
puberty are difficult to interpret because
of the effects of puberty on insulin resis-
tance. We saw substantial variability by
age in HOMA-IR for obese children but
not for normal- or overweight children.
Therefore, we speculate that HOMA-IR val-
ues during puberty may still accurately re-
flect the degree of insulin resistance, at least
for normal- and overweight children.

Currently, there is no strict definition
for insulin resistance in children or ado-
lescents (37). We present prevalence esti-
mates of insulin resistance based on
different definitions (11,27). Regardless
of the defined threshold, a significantly
higher proportion of overweight and
obese children had insulin resistance. A
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HOMA-IR threshold of 2 SD above the
mean for normal-weight adolescents with
NFG (>4.39) may represent a reasonable
definition of insulin resistance, as it was
derived through a standard method for
determining abnormal values within a
population, and as a conservative esti-
mate it results in the lowest proportion of
normal-weight children classified as hav-
ing insulin resistance.

Given that insulin resistance is
thought to represent an initial step in the
pathogenesis of type 2 diabetes (1,12), the
high prevalence estimates of insulin resis-
tance in obese children foreshadows a
concerning trend for the future burden of
type 2 diabetes in U.S. children.

Limitations

Previous studies have demonstrated high
correlations of HOMA-IR with more pre-
cise measures of insulin resistance de-
rived from clamp studies or FSIVGTT
(10,12). We acknowledge, however, that
HOMA-IR is not as sensitive a method for
determining insulin resistance compared
with these other methods. Therefore, we
may have somewhat underestimated the
prevalence of insulin resistance in our
study population. Furthermore,
HOMA-IR is measured in the fasting state,
whereas clamp studies evaluate insulin
resistance in an insulin-stimulated state.

BMI is a surrogate measure of adipos-
ity, which correlates with fat-free mass
and total body fat (38). We did not ac-
count for differences in body fat distribu-
tion, which may differ among races and
impact insulin sensitivity (39). Although
studies have demonstrated that waist cir-
cumference is associated with abdominal
fat and insulin resistance in children (40),
we did not include waist circumference in
this analysis as there are no defined stan-
dard categories of risk for waist circum-
ference in children as with BMI (41).

We created a definition of insulin re-
sistance based on normal-weight children
with NFG; however, glucose tolerance
tests were not performed. Therefore, it is
possible that some children in the nor-
mal-weight group may have had impaired
glucose tolerance, which would limit the
definition of “normal” in these patients.

Finally, NHANES used a single uni-
form assay on the subjects’ specimens, al-
lowing for comparison of HOMA-IR
levels among a diverse representative
population of U.S. children. However,
there is concern regarding uncertain com-
parability of insulin levels among various
laboratories (42).

In this population-based sample of
adolescents, after accounting for race, sex,
and age, weight status was the most im-
portant determinant of insulin resistance
as measured by HOMA-IR. A majority of
obese adolescents in the U.S. have insulin
resistance. Strategies for weight reduction
and prevention of obesity in children are
likely necessary to prevent the future de-
velopment of type 2 diabetes among chil-
dren and young adults in the U.S.

Acknowledgments— J.M.L. was supported
by a T32HD 07534-05 National Institutes of
Health/National Institute of Child Health and
Human Development Pediatric Health Ser-
vices Research Training Grant.

This work was presented as an abstract at
the American Diabetes Association’s Scientific
Sessions in June 2006.

We thank Ram Menon for his thoughtful
contributions to the manuscript.

References

1. Cruz ML, Shaibi GQ, Weigensberg MJ,
Spruijt-Metz D, Ball GD, Goran MI: Pedi-
atric obesity and insulin resistance:
chronic disease risk and implications for
treatment and prevention beyond body
weight modification. Annu Rev Nutr 25:
435-468, 2005

2. Gungor N, Hannon T, Libman I, Bacha F,
Arslanian S: Type 2 diabetes mellitus in
youth: the complete picture to date. Pedi-
atr Clin North Am 52:1579-1609, 2005

3. Lillioja S, Mott DM, Spraul M, Ferraro R,
Foley JE, Ravussin E, Knowler WC, Ben-
nett PH, Bogardus C: Insulin resistance
and insulin secretory dysfunction as pre-
cursors of non-insulin-dependent diabe-
tes mellitus: prospective studies of Pima
Indians. N Engl ] Med 329:1988-1992,
1993

4. Sinha R, Fisch G, Teague B, Tamborlane
WYV, Banyas B, Allen K, Savoye M, Rieger
V, Taksali S, Barbetta G, Sherwin RS,
Caprio S: Prevalence of impaired glucose
tolerance among children and adolescents
with marked obesity. N Engl | Med 346:
802-810, 2002

5. Weiss R: Insulin sensitivity and secretion:
swaying the pendulum (Letter). J Pediatr
148:3-4, 2006

6. Haymond MW: Measuring insulin resis-
tance: a task worth doing: but how? Pedi-
atr Diabetes 4:115-118, 2003

7. DeFronzo RA, Tobin JD, Andres R: Glu-
cose clamp technique: a method for quan-
tifying insulin secretion and resistance.
Am ] Physiol 237:E214-E223, 1979

8. Bergman RN, Prager R, Volund A, Olefsky
JM: Equivalence of the insulin sensitivity
index in man derived by the minimal
model method and the euglycemic glucose
clamp. J Clin Invest 79:790-800, 1987

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

Lee and Associates

. Matthews DR, Hosker JP, Rudenski AS,

Naylor BA, Treacher DF, Turner RC: Ho-
meostasis model assessment: insulin re-
sistance and beta-cell function from
fasting plasma glucose and insulin con-
centrations in man. Diabetologia 28:412—
419, 1985

Conwell LS, Trost SG, Brown W], Batch
JA: Indexes of insulin resistance and se-
cretion in obese children and adolescents:
avalidation study. Diabetes Care 27:314—
319, 2004

Keskin M, Kurtoglu S, Kendirci M, Atabek
ME, Yazici C: Homeostasis model assess-
ment is more reliable than the fasting glu-
cose/insulin ratio and quantitative insulin
sensitivity check index for assessing insu-
lin resistance among obese children and
adolescents. Pediatrics 115:¢500-e503,
2005

Gungor N, Saad R, Janosky J, Arslanian S:
Validation of surrogate estimates of insu-
lin sensitivity and insulin secretion in
children and adolescents. | Pediatr 144:
47-55, 2004

Yeckel CW, Weiss R, Dziura J, Taksali SE,
Dufour S, Burgert TS, Tamborlane WV,
Caprio S: Validation of insulin sensitivity
indices from oral glucose tolerance test
parameters in obese children and adoles-
cents. | Clin Endocrinol Metab 89:1096—
1101, 2004

Cruz ML, Bergman RN, Goran MIL:
Unique effect of visceral fat on insulin
sensitivity in obese Hispanic children
with a family history of type 2 diabetes.
Diabetes Care 25:1631-1636, 2002
Invitti C, Guzzaloni G, Gilardini L, Mora-
bito F, Viberti G: Prevalence and concom-
itants of glucose intolerance in European
obese children and adolescents. Diabetes
Care 26:118-124, 2003

NHANES 1999-2000 public data release
file documentation [article online]. Avail-
able from http://www.cdc.gov/nchs/
about/major/nhanes/nhanes99_00.htm.
Accessed 2 February 2006

NHANES 2001-2002 public data release
file documentation [article online]. Avail-
able from http://www.cdc.gov/nchs/
about/major/nhanes/nhanes01-02.htm.
Accessed 2 February 2006
Anthropometry procedures manual [arti-
cle online], 2000. Available from http://
www.cdc.gov/nchs/data/nhanes/bm.pdf.
Accessed 2 February 2006

Laboratory procedure manual [article on-
line], 2001. Available from http://www.
cdc.gov/nchs/data/nhanes/lab1-6.pdf.
Accessed 2 February 2006

Laboratory procedure manual-insulin
[article online]. Available from http:/
www.cdc.gov/nchs/data/mhanes/nhanes_
01_02/110am_b_met_insulin.pdf.
Accessed 2 February 2006

Laboratory procedure manual-glucose
[article online]. Available from http://Awvww.
cdc.gov/nchs/data/nhanes/nhanes_01_02/

D1aBETES CARE, VOLUME 29, NUMBER 11, NovEMBER 2006

2431

220z Yyose €0 uo 3sanb Aq ypd° 224200901 L 09PZ/091999/.212/ L L/6Z/Pd-aloue/aied/610 sjeuinofsajagelp//:dpy woly papeojumoq



Insulin resistance among U.S. adolescents

22.

23.

24.

25.

26.

217.

28.

29.

110am_b_met_glucose.pdf. Accessed 2
February 2006

Quon MJ: Limitations of the fasting glu-
cose to insulin ratio as an index of insulin
sensitivity. J Clin Endocrinol Metab 86:
4615-4617, 2001

Kuczmarski RJ, Ogden CL, Guo SS,
Grummer-Strawn LM, Flegal KM, Mei Z,
Wei R, Curtin LR, Roche AF, Johnson CL:
2000 CDC growth charts for the United
States: methods and development. Vital
Health Stat 11:1-190, 2002

NHANES subsample notes and data [arti-
cle online]. Available from http://www.
cdc.gov/nchs/data/nhanes/nhanes_
subsample_notes.pdf. Accessed 2
February 2006

Duan N: Smearing estimate: a nonpara-
metric retransformation method. J Am
Stat Assoc 78:605-610, 1983

Hirschler V, Aranda C, Calcagno Mde L,
Maccalini G, Jadzinsky M: Can waist cir-
cumference identify children with the
metabolic syndrome? Arch Pediatr Adolesc
Med 159:740-744, 2005

Wahrenberg H, Hertel K, Leijonhufvud
BM, Persson LG, Toft E, Arner P: Use of
waist circumference to predict insulin re-
sistance: retrospective study. BMJ 330:
1363-1364, 2005

Arslanian S, Suprasongsin C: Insulin sen-
sitivity, lipids, and body composition in
childhood: is “syndrome X” present? ] Clin
Endocrinol Metab 81:1058-1062, 1996
Bacha F, Saad R, Gungor N, Janosky ]J,
Arslanian SA: Obesity, regional fat distri-

30.

31.

32.

33.

34.

35.

36.

bution, and syndrome X in obese black
versus white adolescents: race differential
in diabetogenic and atherogenic risk fac-
tors. J Clin Endocrinol Metab 88:2534—
2540, 2003

Moran A, Jacobs DR Jr, Steinberger J,
Hong CP, Prineas R, Luepker R, Sinaiko
AR: Insulin resistance during puberty: re-
sults from clamp studies in 357 children.
Diabetes 48:2039-2044, 1999

Goran MI, Bergman RN, Gower BA: Influ-
ence of total vs. visceral fat on insulin ac-
tion and secretion in African American
and white children. Obes Res 9:423—-431,
2001

Arslanian S, Suprasongsin C: Differences
in the in vivo insulin secretion and sensi-
tivity of healthy black versus white ado-
lescents. J Pediatr 129:440—-443, 1996
Goran MI, Bergman RN, Cruz ML, Wa-
tanabe R: Insulin resistance and associ-
ated compensatory responses in African-
American and Hispanic children. Diabetes
Care 25:2184-2190, 2002

Caprio S, Cline G, Boulware S, Perma-
nente C, Shulman GI, Sherwin RS, Tam-
borlane WV: Effects of puberty and
diabetes on metabolism of insulin-sensi-
tive fuels. Am J Physiol 266:E885-E891,
1994

Goran MI, Gower BA: Longitudinal study
on pubertal insulin resistance. Diabetes
50:2444-2450, 2001

Ball GD, Huang TT, Gower BA, Cruz ML,
Shaibi GQ, Weigensberg MJ, Goran MI:
Longitudinal changes in insulin sensitiv-

37.

38.

39.

40.

41.

42.

ity, insulin secretion, and beta-cell func-
tion during puberty. J Pediatr 148:16-22,
2006

Arslanian SA: Clamp techniques in paedi-
atrics: what have we learned? Horm Res 64
(Suppl. 3):16-24, 2005

Maynard LM, Wisemandle W, Roche AF,
Chumlea WC, Guo SS, Siervogel RM:
Childhood body composition in relation
to body mass index. Pediatrics 107:344—
350, 2001

Daniels SR, Khoury PR, Morrison JA: The
utility of body mass index as a measure of
body fatness in children and adolescents:
differences by race and gender. Pediatrics
99:804-807, 1997

Lee S, Bacha F, Gungor N, Arslanian SA:
Waist circumference is an independent
predictor of insulin resistance in black
and white youths. J Pediatr 148:188-194,
2006

Golley RK, Magarey AM, Steinbeck KS,
Baur LA, Daniels LA: Comparison of met-
abolic syndrome prevalence using six dif-
ferent definitions in overweight pre-
pubertal children enrolled in a weight
management study. Int J Obes (Lond) 30:
853-860, 2006

Robbins DC, Andersen L, Bowsher R,
Chance R, Dinesen B, Frank B, Gingerich
R, Goldstein D, Widemeyer HM, Haffner
S, Hales CN, Jarett L, Polonsky K, Porte D,
Skyler J, Webb G, Gallagher K: Report of
the American Diabetes Association’s Task
Force on standardization of the insulin as-
say. Diabetes 45:242-256, 1996

2432

D1aBETES CARE, VOLUME 29, NUMBER 11, NovEMBER 2006

220z Yyose €0 uo 3sanb Aq ypd° 224200901 L 09PZ/091999/.212/ L L/6Z/Pd-aloue/aied/610 sjeuinofsajagelp//:dpy woly papeojumoq



