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LONGITUDINAL CHANGES IN INSULIN SENSITIVITY, INSULIN

SECRETION, AND b-CELL FUNCTION DURING PUBERTY

GEOFF D. C. BALL, PHD, TERRY T.-K. HUANG, PHD, MPH, BARBARA A. GOWER, PHD, MARTHA L. CRUZ, DPHIL,
GABRIEL Q. SHAIBI, BA, MARC J. WEIGENSBERG, MD, AND MICHAEL I. GORAN, PHD

Objective To determine longitudinal changes in insulin sensitivity (SI), insulin secretion, and b-cell function during

puberty in white and black youth.

Study design The tolbutamide-modified frequently sampled intravenous glucose tolerance test andminimal modeling were

used to measure SI, the acute insulin response to glucose (AIRg), and b-cell function (disposition index, DI) in white (n = 46)

and black (n = 46) children (mean [±SD] age at baseline = 10.2 ± 1.7 years). Growth curve models (including 272 observations)

with SI, AIRg, and DI regressed on Tanner stage were run after adjusting for covariates.

Results After adjusting for covariates, growth curve models revealed that SI decreased and subsequently recovered by the

end of puberty in whites and blacks (both p < .05), AIRg decreased linearly across Tanner stages in both races (both p < .001),

and DI decreased across puberty in blacks (p = .001) but not in whites (p = .2).

Conclusions White and black youth exhibited transient insulin resistance and diminished AIRg during puberty. The pro-

gressive decline in DI among blacks versus whites may reflect a unique effect of puberty on b-cell compensation in blacks. Future

studies are needed to identify whether this difference contributes to the increased risk of type II diabetes in young blacks.

(J Pediatr 2006;148:16-22)

Puberty is associated with a number of metabolic, hormonal, and body composition
changes that can influence risk factors for chronic diseases such as type II diabetes.1

Historically, type II diabetes has been a condition of adult onset, but in recent years,
the disease has increased at an alarming rate in youth.2,3 The diagnosis of type II diabetes
most often occurs during late childhood or adolescence suggesting that physiological
changes during puberty may be related to diabetes risk.

Insulin resistance is higher during mid-puberty in relation to its pre- and post-
pubertal counterparts.4 Insulin sensitivity (SI) appears to be highest before the onset of
puberty, reaches its nadir midway through maturation, and approaches near pre-pubertal
levels at the end of maturation.5 Increased insulin secretion compensates for the transient
decrease in SI during adolescence.6 It is possible that the influence of puberty on SI, insulin
secretion, and pancreatic b-cell function may be population specific, but this has yet to be
widely examined in ethnically diverse populations. The implications for this research are
relevant and timely because puberty may represent a critical period in the development
of type II diabetes in higher-risk populations.7

Numerous reports have been published on pubertal insulin resistance; however, many
studies have employed indirect and unsophisticated approaches to assess body composi-
tion5,8-10 and insulin resistance.8,11,12 In addition, small sample sizes in total and at indi-
vidual pubertal stages6,9,10,13 as well as a lack of non-white groups9,10,12,13 limit the ability
to generalize findings, especially with respect to populations at increased risk of type II di-
abetes (ie, blacks and Hispanics). Finally, data regarding pubertal insulin resistance have
primarily been derived from cross-sectional reports. In a longitudinal investigation of SI
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during puberty, we noted that transition from Tanner growth
stage I to III was associated with a 32% reduction in insulin
sensitivity in both white and blacks.14 Therefore, we sought
to extend our earlier findings by applying growth curve models
to examine longitudinal changes in SI, insulin secretion, and
pancreatic b-cell function in boys and girls across the contin-
uum of puberty.

METHODS

Subjects

Study participants were part of an ongoing longitudinal
study of body composition, energy expenditure, and risk fac-
tors for type II diabetes and cardiovascular disease. Findings
from this cohort have been published previously.14-17 Chil-
dren were recruited for this study through local advertisements
and word of mouth. No child was taking medication(s) known
to affect body composition, SI, or insulin secretion, and none
were diagnosed (at any time since birth) with a disease or syn-
drome known to influence body composition, SI, or insulin
secretion. There were no inclusion criteria with respect to stage
of development, but participants were 4 to12 years of age at
study entry. This investigation was approved by the Institu-
tional Review Board of the University of Alabama at Birming-
ham, and parents provided informed consent before testing.

Protocol

On an annual basis, children were admitted to the
General Clinical Research Center (GCRC) in the afternoon
for an overnight visit. Anthropometric measurements and a
physical exam were conducted upon arrival. A pediatrician
determined Tanner stage based on breast stage and pubic
hair development in girls and genitalia development in boys
using the guidelines of Marshall and Tanner.18,19 Boys and
girls were then served dinner (a mixed meal consisting of
55% carbohydrate, 15% protein, and 30% fat) and an evening
snack; all food was consumed before 2000 hours. Only water
or noncaloric, noncaffeinated beverages were consumed be-
tween 2000 hours and testing the following morning. Chil-
dren returned to the GCRC approximately 2 weeks later to
undergo body composition measurements.

Tolbutamide-modified Frequently Sampled
Intravenous Glucose Tolerance Test

At 0600 hours on the morning after the GCRC
admission, a topical anesthetic (EMLA cream, AstraZeneca
Pharmaceuticals, Wilmington, Del) was applied to the ante-
cubital region of both arms; flexible intravenous catheters
were placed at ;0700 hours. Three fasting blood samples
were drawn for determination of basal glucose and insulin.
At time 0, glucose (25% dextrose provided at 11.4 g/m2) was
administered intravenously. Blood samples (2.0 mL) were
then collected at the following times relative to glucose admin-
istration at 0 minutes: 2, 3, 4, 5, 6, 8, 10, 14, 19, 22, 25, 30, 40,
50, 70, 100, 140, and 180 minutes. Tolbutamide (125 mg/m2)
was injected intravenously at 20 minutes. Sera were analyzed
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for glucose (using the Ektachem DT II System; Johnson
and Johnson Clinical Diagnostics, Raritan, NJ) and insulin
(using radioimmunoassay; Diagnostic Products, Los Angeles,
Calif). In our laboratory, the glucose analysis has a mean intra-
assay coefficient of variation (CV) of 0.61% and a mean inter-
assay CV of 1.45%. According to the supplier, cross-reactivity
of the insulin assay with proinsulin is 40% at midcurve;
C-peptide was not detected. In our laboratory, we observed
a mean intra-assay CV of 5% and a mean inter-assay of 6%.
Values were entered into the MINMOD Millenium 2003
computer program (version 5.16) to determine SI, the acute
insulin response to glucose (AIRg), and the disposition index
(SI 3 AIRg).20

Anthropometry and Body Composition

Height was measured to the nearest 0.1 cm using a wall-
mounted stadiometer, and weight was determined to the near-
est 0.1 kg using a medical balance-beam scale; body mass index
(BMI) was subsequently calculated. BMI percentiles were
generated based on the Centers for Disease Control and
Prevention Growth Charts using EpiInfoTM (2003, Centers
for Disease Control and Prevention; Atlanta, Ga). Fat mass
and soft lean tissue mass (total lean tissue mass – bone mineral
content) were assessed by dual-energy X-ray absorptiometry
using a Lunar DPX-L densitometer that included pediatric
software version 1.5e (LUNAR Radiation, Madison, WI).

Statistics

Children with at least 2 years of complete data and who
progressed by at least one Tanner stage over their period of
study participation were included in these analyses. This sam-
ple included 92 children (46 white, 46 black; 57 girls) and a to-
tal of 272 clinical observations. Multiple visits with clinical
measurements corresponding to the same Tanner stage within
each person were averaged to create a mean score for that
Tanner stage. The averaging of data from multiple visits was
done in favor of arbitrarily selecting an exam visit that corre-
sponded to a specific Tanner stage.

At baseline, descriptive differences in anthropometry,
body composition, and insulin/glucose measures in whites
and blacks, and in boys and girls, were examined using indepen-
dent samples t tests. Proportions of whites/blacks and boys/
girls at baseline were compared across Tanner stages using
x2 tests. For longitudinal analyses, mixed models regression
(growth curve models) was performed with the dependent
variables (SI, AIRg, and DI) being regressed on Tanner stage
(ie, time variable), and these data did not deviate substantially
from normality. Our research group has previously published
longitudinal studies of changes in body fat and body fat distri-
bution in youth21,22 where growth curves were used to regress
body composition over time.

In the present study, both the intercept and Tanner
stage were treated as random factors with an unconstrained
covariance structure. The b-coefficient for Tanner stage repre-
sents the unit change of SI, AIRg, and DI per one Tanner
stage change. Stratified mixed models for SI, AIRg, and DI
17



Table 1. Descriptive characteristics of sample at initial clinic visit

White
(n = 46)

Black
(n = 46)

Boys
(n = 35)

Girls
(n = 57)

Gender (boy/girl) 13/33 22/24 - -
Tanner stage (range: 1-5) 1.5 ± 0.7 1.4 ± 0.9 1.1 ± 0.4 1.7 ± 0.9**

Age (y) 10.8 ± 1.5 9.5 ± 1.7* 9.6 ± 1.5 10.5 ± 1.8*

Height (cm) 145.6 ± 9.9 141.7 ± 10.4 141.9 ± 10.2 144.7 ± 10.3
Weight (kg) 44.4 ± 12.2 42.9 ± 13.7 43.1 ± 12.8 43.9 ± 13.1
BMI (kg/m2) 20.7 ± 4.2 21.0 ± 4.7 21.0 ± 4.2 20.7 ± 4.6
BMI percentile 69.5 ± 27.7 79.3 ± 22.1 80.8 ± 22.9 70.4 ± 26.2
Fat mass (kg) 13.5 ± 7.8 12.8 ± 9.1 12.7 ± 8.7 13.4 ± 8.4
Lean tissue mass (kg) 28.1 ± 5.5 28.1 ± 5.4 28.2 ± 4.6 28.1 ± 5.9
SI (31024/min21/mIU/ml) 5.84 ± 4.15 4.16 ± 2.33* 5.15 ± 3.37 4.91 ± 3.52
AIRg (mIU/ml) 730 ± 440 1777 ± 1244** 1474 ± 1500 1119 ± 660
DI (31024/min21) 3342 ± 1754 6453 ± 3921** 5814 ± 4049 4335 ± 2829
Fasting insulin (mIU/ml) 13.2 ± 6.4 13.9 ± 7.0 13.4 ± 7.2 13.6 ± 6.4
Fasting glucose (mg/dl) 93.5 ± 4.7 94.1 ± 4.9 93.7 ± 4.8 93.8 ± 4.8

Values shown are means ± SD.
BMI (body mass index), SI (insulin sensitivity), AIRg (acute insulin response to glucose), DI (disposition index).
*p < 0.05 (Blacks < Whites; boys < girls).
**p < 0.01 (Blacks > Whites; boys < girls).
were run for whites and blacks separately because black chil-
dren are known to have lower SI and higher insulin secretion
compared with white children.16,23,24 Both linear and qua-
dratic models were fitted for SI variables because a curvilinear
U-shape was expected based on earlier cross-sectional reports
in which SI was lowest at Tanner stage III versus Tanner stage
I (pre-puberty) and Tanner stage V (post-puberty).5 Linear
models were fitted for AIRg and DI. To estimate least square
means of SI, AIRg, and DI, both race and Tanner stage were
entered as categorical variables in separate mixed models for
SI, AIRg, and DI.

In all adjusted models, fat mass (time-variant), sex, and
baseline age (to account for the range of ages when children
entered the study) were included as covariates. We did not
simultaneously include both fat mass and soft lean tissue mass
as covariates because theywere highly and positively correlated,
and because fat mass is a stronger correlate of insulin dynamics
than soft lean tissue mass.25,26 All statistical analyses were per-
formed using Statistical Analysis Systems (v8.2, SAS Institute
Inc., Cary, NC). Growth curve models were performed using
the Mixed Procedure, and the type I error was set at p < .05.

RESULTS

Baseline Characteristics

Chi-square tests revealed that the distribution of whites
and blacks across Tanner stages did not differ at baseline (x2

statistic = 6.9, p = .10), but thereweremore girls at later pubertal
stages than boys (x2 statistic = 11.0, p = .01). Independent sam-
ples t tests showed that white children were older (p < .05), and,
as expected from previous studies, had higher SI (p < .05) and
lower AIRg and DI (both p < .01) compared with their black
18 Ball et al
peers at baseline (Table I). No racial differences in anthropom-
etry or body composition were observed. Boys and girls were
not significantly different from one another with respect to
any measures of anthropometry, body composition, or insu-
lin/glucose measures, although boys were younger than girls
at baseline (p < .05).

Number of Repeated Observations Across Sample

In these analyses, 34 children had two repeated observa-
tions, 33 children had three repeated observations, 20 had four
repeated observations, and 5 had five repeated observations for
a total of 92 children. Table II (available at www.jpeds.com)
shows the sample size per number of repeated visits separated
by sex and race. The total number of observations at each
Tanner stage is shown in Table III (available at www.jpeds.
com).

Changes in SI, AIRg and DI During Puberty

For SI, the effect of Tanner stage (quadratic) was sig-
nificant in unadjusted models for both whites (p = .003) (Table
IV, model 1) and blacks (p = .002) (Table IV, model 3). In
both races, the change in SI across Tanner stages (quadratic)
remained significant after adjusting for fat mass, sex, and base-
line age (Table IV, model 2 and Table IV, model 4). As shown
in Figure 1, SI decreased from Tanner stage I to II in both
races, remained relatively stable between stages II and III,
and showed a trend toward recovery by Tanner stage V to levels
slightly above those at Tanner stage I. SI was higher in whites
versus blacks at all points of sexual development (all p < .001).
In addition, fat mass was inversely correlated with SI in both
whites (p = .0002) and blacks (p < .0001).
The Journal of Pediatrics � January 2006
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In unadjusted analyses, AIRg decreased linearly across
Tanner stages in whites (p = .0007; Table V, model 1) and
blacks (p = .01; Table V, model 3). After controlling for fat
mass, sex, and baseline age, the effect of Tanner stage re-
mained significant for both whites (Table V, model 2) and
blacks (Table V, model 4). AIRg was higher in blacks versus
whites at all Tanner stages (all p < .001; Figure 2). Although
models were run separately by race, the b-coefficient for Tan-
ner stage was twice the magnitude in blacks compared with
whites suggesting a steeper drop in AIRg within the black
group. As well, fat mass was positively related to AIRg in
blacks (p = .001), but was borderline significant for whites
(p < .06).

DI declined across increasing Tanner stages in the
unadjusted models for both whites (p = .008; Table VI, model
1) and blacks (p = .0001; Table VI, model 3). After controlling
for fat mass, sex, and baseline age, the only significant predic-
tor of DI in whites was fat mass (p = .007; Table VI, model 2),
whereas the effect of Tanner stage remained significant and

Table IV. Unadjusted and adjusted mixed model
regression of insulin sensitivity (SI) during puberty in
whites and blacks

Dependent
Variable Effect b ± SE p-value

Whites (n = 46)
Model 1: Intercept 6.40 ± 0.66 ,0.0001
SI (unadjusted) Tanner stage

(linear)
21.65 ± 0.52 0.003

Tanner stage
(quadratic)

0.44 ± 0.14 0.003

Model 2: Intercept 7.42 ± 2.63 0.007
SI (adjusted) Tanner stage

(linear)
21.00 ± 0.55 0.08

Tanner stage
(quadratic)

0.35 ± 0.14 0.02

Baseline age (y) 0.07 ± 0.23 0.8
Gender1 20.26 ± 0.75 0.7
Fat mass (kg) 20.14 ± 0.03 0.0002

Blacks (n = 46)
Model 3: Intercept 4.41 ± 0.36 ,0.0001
SI (unadjusted) Tanner stage

(linear)
21.17 ± 0.29 0.0002

Tanner stage
(quadratic)

0.25 ± 0.07 0.002

Model 4: Intercept 6.17 ± 1.24 ,0.0001
SI (adjusted) Tanner stage

(linear)
20.76 ± 0.3 0.01

Tanner stage
(quadratic)

0.2 ± 0.08 0.009

Baseline age (y) 20.07 ± 0.13 0.6
Gender1 20.42 ± 0.39 0.3
Fat mass (kg) 20.08 ± 0.02 ,0.0001

1Coded: Boy = 1, Girl = 0.
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negative in blacks (p = .001; Table VI, model 4) indicating
an independent influence of Tanner stage on DI as shown in
Figure 3. From Tanner stage I to V, DI decreased 21.8% in
whites and 35.6% in blacks. Overall, we did not find that sex
was a significant predictor of SI, AIRg, or DI in any of the ad-
justed models.

DISCUSSION
We report the longitudinal investigation of SI, insulin

response, and DI during pubertal progression. Goran and
Gower previously established that SI decreased as children
matured from Tanner stage I to III.14 Our present analyses re-
vealed a curvilinear pattern of change in SI with levels decreas-
ing at onset and subsequently recovering at the end of puberty.
AIRg decreased linearly across Tanner stages in both racial
groups, and increasing fat mass was also associated with in-
creasing insulin secretion. Changes in DI differed between
the two racial groups. In whites, DI was significantly related
to fat mass but not Tanner stage; in blacks, DI declined line-
arly across increasing Tanner stages before and after adjusting
for covariates. These data demonstrate that puberty may have a
unique effect on b-cell compensation to insulin resistance in
black children.

Insulin Sensitivity

This longitudinal study provides strong evidence
confirming reports that SI decreases with onset of puberty
and subsequently recovers by the end of puberty. Using the
euglycemic-hyperinsulinemic clamp, Moran and coworkers5

showed cross-sectionally in a large sample of black and white
boys and girls (n = 357) that insulin resistance was increased in
the Tanner stage II group versus Tanner stage I, remained rel-
atively stable in the Tanner stage III and IV groups, and was
decreased in the Tanner stage V group to similar levels as those
at Tanner stage I. Although groups were not subdivided by
Tanner stage, Caprio and colleagues6 compared insulin

Figure 1. Plot of least square means (±SE) for insulin sensitivity
across all five Tanner stages after adjusting for fat mass, sex, and
baseline age. Dashed line, black squares represent white, whereas
solid line, black diamonds represent black.
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resistance and secretion among children, adolescents, and
young adults using the hyperglycemic clamp procedure.
Plasma insulin and C-peptide concentrations were elevated
in adolescents compared with the other groups implying that
pubertal insulin resistance (and compensatory insulin secre-
tion) is a transient phenomenon. To date, most studies of in-
sulin resistance during puberty have not specifically examined
children at high risk for developing type II diabetes early in
life. We have evidence suggesting that puberty does not
have an independent effect on SI in overweight Hispanic
youth with a family history of type II diabetes after adjusting
for the effects of age, sex, and body composition.27 These data
suggest that a high degree of body fat and/or family history of
type II diabetes may mask the independent effects of puberty
on insulin action and that pubertal changes in insulin resis-
tance may be population specific.

Insulin Secretion

Several reports of pubertal insulin resistance have been
published,4,5,9,13 but few have assessed insulin secretion con-
currently.6,28 Caprio et al showed that both first and second
(10–120 minutes) phase insulin secretion were higher in ado-
lescents (Tanner stages II to V) versus children or young
adults.6 Others have shown using the homeostasis model
assessment for pancreatic insulin secretion (HOMA b-cell)

Table V. Unadjusted and adjusted mixed model
regression of the acute insulin response to glucose
(AIRg) during puberty in whites and blacks

Dependent
Variable Effect b ± SE p-value

Whites (n = 46)
Model 1: Intercept 767.28 ± 71.56 ,0.0001
AIRg (unadjusted) Tanner stage

(linear)
274.91 ± 20.61 0.0007

Model 2: Intercept 922.58 ± 370.33 0.02
AIRg (adjusted) Tanner stage

(linear)
293.15 ± 25.11 0.0006

Baseline age (y) 223.42 ± 32.62 0.5
Gender1 23.87 ± 106.87 0.9
Fat mass (kg) 7.86 ± 4.05 0.06

Blacks (n = 46)
Model 3: Intercept 1872.09 ± 184.63 ,0.0001
AIRg (unadjusted) Tanner stage

(linear)
2110.29 ± 42.59 0.01

Model 4: Intercept 1494.06 ± 882.23 0.1
AIRg (adjusted) Tanner stage

(linear)
2187.71 ± 49.46 0.0004

Baseline age (y) 18.26 ± 93.55 0.8
Gender1 2367.10 ± 301.93 0.2
Fat mass (kg) 31.46 ± 9.01 0.001

1Coded: Boy = 1, Girl = 0.
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that insulin secretion did not differ across Tanner stage
groups,8 although this measure is less direct given its deriva-
tion from fasting insulin and glucose concentrations only.
When we included SI as an additional covariate to control
for the degree of insulin resistance, SI was the only significant
correlate of AIRg for both races indicating that AIRg varies
primarily as a function of SI (data not shown). However,
our final models excluded SI as a covariate because we were
primarily interested in AIRg variability across Tanner stages
irrespective of the degree of insulin resistance.

AIRg decreased linearly as Tanner stage increased in
both whites and blacks. However, insulin secretion and extrac-
tion are known to differ by race. Gower and colleagues23 have
shown that AIRg is higher in blacks versus whites, and this
may be the result of either increased insulin secretion or de-
creased insulin clearance. The underlying physiology is still
unknown, but group differences may relate to lower hepatic
tissue mass or a conservation of b-cell function in blacks.29

It is possible that other measures would be able to provide a
more detailed assessment of insulin secretory dynamics. Al-
though our research group has previously characterized differ-
ences in insulin secretory measures among whites, blacks, and
Hispanics using C-peptide modeling,23 we were unable to
perform similar analyses in the present study. C-peptide mod-
eling would help to identify both insulin secretion and clear-
ance and whether differences in these variables are evident
during puberty.

b-cell Function
The reduced DI in black children as they progressed

through puberty underscores the potential importance of
this developmental period in affecting diabetes risk.
Inadequate insulin secretion in response to insulin resistance
has been shown to be an important factor in the development
of type II diabetes.30 In our earlier report,14 the reduced SI did
not result in a concomitant increase in AIRg that was able
to fully compensate for the degree of insulin resistance as

Figure 2. Plot of least square means (±SE) for the acute insulin
response to glucose across all five Tanner stages after adjusting for fat
mass, sex, and baseline age. Dashed line, black squares represent
white, whereas solid line, black diamonds represent black.
The Journal of Pediatrics � January 2006



children progressed from Tanner stage I to III, and a fall in DI
was observed. An increased AIRg would be required to main-
tain a constant DI and reflect a healthy response by the b cell.
The present analyses across all five Tanner stages revealed that
in blacks, b-cell compensation decreased across increasing
Tanner stages, suggesting that there may be conservation of
b-cell activity or that b cells may be deteriorating. We did
not perform oral glucose tolerance tests to clinically determine
the degree of glucose tolerance, so it is unknown whether the
declining b-cell function we observed in blacks represented an
intermediate stage in the progressive development of impaired
glucose tolerance (IGT) and type II diabetes. Despite normal
glucose tolerance, b-cell compensation to the increased insulin
secretory demand of obesity is reduced in adults with a positive
family history of type II diabetes31 suggesting that a high de-
gree of adiposity combined with familial factors (environmen-
tal and/or genetic) may precede IGT or type II diabetes. In
overweight Hispanic youth with a family history of type II
diabetes,27 we observed slightly lower b-cell function in later
Tanner stages suggesting diminished insulin secretion for
the degree of insulin resistance. Our observations in blacks
(longitudinal data) and Hispanics (cross-sectional data), but
not whites, offer suggestive evidence that declining DI may
partly explain the increased risk of type II diabetes in these mi-
nority populations.

Table VI. Unadjusted and adjusted mixed model
regression of the disposition index (DI) during
puberty in whites and blacks

Dependent
Variable Effect b ± SE p-value

Whites (n = 46)
Model 1: Intercept 3311.73 ± 272.42 ,0.0001
DI (unadjusted) Tanner stage

(linear)
2259.33 ± 93.54 0.008

Model 2: Intercept 4226.17 ± 1547.86 0.009
DI (adjusted) Tanner stage

(linear)
2137.21 ± 102.72 0.2

Fat mass (kg) 249.95 ± 17.54 0.007
Baseline age (y) 211.02 ± 137.0 0.9
Gender1 2213.02 ± 445.17 0.6

Blacks (n = 46)
Model 3: Intercept 6566.41 ± 609.7 ,0.0001
DI (unadjusted) Tanner stage

(linear)
2818.01 ± 196.51 0.0001

Model 4: Intercept 4182.6 ± 2138.47 0.06
DI (adjusted) Tanner stage

(linear)
2764.6 ± 218.62 0.001

Fat mass (kg) 237.89 ± 24.44 0.1
Baseline age (y) 338.69 ± 225.02 0.1
Gender1 2605.68 ± 693.08 0.4

1Coded: Boy = 1, Girl = 0.
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Study Strengths and Limitations

The longitudinal design, inclusion of both white and
black youth, the wide range of body fatness represented, and
objective measures of body composition and insulin/glucose
dynamics are clear strengths of this study. The growth curve
modeling we employed was a distinct advantage because it
took into account intraclass correlations across repeated mea-
sures and allowed for missing values in the dependent variables
as well as the specification of the intercept and growth slope as
random factors. Despite these advantages, several limitations
must be acknowledged. There was a relatively small number
of clinical observations at Tanner stage V (n = 20), and few in-
dividual children went through the whole continuum of puber-
tal development (n = 5). Future studies should examine changes
in insulin and glucose parameters in children who progress
through all five Tanner stages to confirm these observations.
In addition, AIRg represented a measure of insulin secre-
tion and clearance during the first 2 to 10 minutes of
the frequently-sampled intravenous glucose tolerance test
(FSIVGTT) only. Measuring insulin secretory dynamics over
an extended period, alongwithC-peptidemodeling to examine
both secretion and extraction, would be useful to derive a com-
prehensive assessment of insulin secretion. It is unknown
whether proportions of impaired fasting glucose or IGT dif-
fered across ethnic groups, or if familial factors such as gesta-
tional diabetes or family history of type II diabetes varied
across groups because these latter factors may influence insulin
action or secretion in offspring.32 Additional longitudinal in-
vestigations that include adequate numbers of children at all
Tanner stages and in populations at increased risk of type II di-
abetes (ie, overweight, Hispanic offspring of mothers with ges-
tational diabetes) and with a focus on underlying mechanisms
should provide insight into whether distinctive patterns of
change in insulin action and secretion occur during puberty
and whether population-specific differences in insulin resis-
tance and b-cell function are evident.

The authors would like to thank all the children and families who
participated in this research.

Figure 3. Plot of least square means (±SE) for the disposition
index across all five Tanner stages after adjusting for fat mass, sex,
and baseline age. Dashed line, black squares represent white, whereas
solid line, black diamonds represent black.
21



REFERENCES
1. Siervogel RM, Demerath EW, Schubert C, Remsberg KE, Chumlea

WC, Sun S, et al. Puberty and body composition. Hormone Res 2003;60:

36-45.

2. Pinhas-Hamiel O, Dolan LM, Daniels SR, Standiford D, Khoury PR,

Zeitler P. Increased incidence of non-insulin-dependent diabetes mellitus

among adolescents. J Pediatr 1996;128:608-15.

3. Dabelea D, Hanson RL, Bennett PH, Roumain J, Knowler WC, Pettitt

DJ. Increasing prevalence of Type II diabetes in American Indian children.

Diabetologia 1998;41:904-10.

4. Amiel SA, Sherwin RS, Simonson DC, Lauritano AA, Tamborlane

WV. Impaired insulin action in puberty: a contributing factor to poor glyce-

mic control in adolescents with diabetes. New Engl J Med 1986;315:215-9.

5. Moran A, Jacobs DR Jr, Steinberger J, Hong CP, Prineas R, Luepker R,

et al. Insulin resistance during puberty: results from clamp studies in 357 chil-

dren. Diabetes 1999;48:2039-44.

6. Caprio S, Plewe G, Diamond MP, Simonson DC, Boulware SD, Sher-

win RS, et al. Increased insulin secretion in puberty: a compensatory response

to reductions in insulin sensitivity. J Pediatr 1989;114:963-7.

7. Goran MI, Ball GD, Cruz ML. Obesity and risk of type 2 diabetes and

cardiovascular disease in children and adolescents. J Clin Endocrinol Metabol

2003;88:1417-27.

8. Guzzaloni G, Grugni G,Mazzilli G,Moro D,Morabito F. Comparison

between beta-cell function and insulin resistance indexes in prepubertal and

pubertal obese children. Metabolism 2002;51:1011-6.

9. Cook JS, Hoffman RP, Stene MA, Hansen JR. Effects of maturational

stage on insulin sensitivity during puberty. J Clin Endocrinol Metabol 1993;

77:725-30.

10. Hoffman RP, Vicini P, Sivitz WI, Cobelli C. Pubertal adolescent male-

female differences in insulin sensitivity and glucose effectiveness determined

by the one compartment minimal model. Pediatr Res 2000;48:384-8.

11. Guercio G, Rivarola MA, Chaler E, Maceiras M, Belgorosky A. Rela-

tionship between the GH/IGF-I axis, insulin sensitivity, and adrenal andro-

gens in normal prepubertal and pubertal boys. J Clin Endocrinol Metab

2002;87:1162-9.

12. Roemmich JN, Clark PA, Lusk M, Friel A, Weltman A, Epstein LH,

et al. Pubertal alterations in growth and body composition, VI: pubertal insu-

lin resistance: relation to adiposity, body fat distribution and hormone release.

Int J Obes Relat Metab Disord 2002;26:701-9.

13. Bloch CA, Clemons P, Sperling MA. Puberty decreases insulin sensitiv-

ity. J Pediatr 1987;110:481-7.

14. Goran MI, Gower BA. Longitudinal study on pubertal insulin resis-

tance. Diabetes 2001;50:2444-50.

15. Gower BA, Nagy TR, Goran MI. Visceral fat, insulin sensitivity, and

lipids in prepubertal children. Diabetes 1999;48:1515-21.

16. Ku CY, Gower BA, Hunter GR, Goran MI. Racial differences in insu-

lin secretion and sensitivity in prepubertal children: role of physical fitness and

physical activity. Obes Res 2000;8:506-15.
22 Ball et al
17. Lindquist CH, Gower BA, Goran MI. Role of dietary factors in ethnic

differences in early risk of cardiovascular disease and type 2 diabetes. Am J

Clin Nutr 2000;71:725-32.

18. Marshall WA, Tanner JM. Variations in pattern of pubertal changes in

girls. Arch Dis Child 1969;44:291-303.

19. Marshall WA, Tanner JM. Variations in the pattern of pubertal changes

in boys. Arch Dis Child 1970;45:13-23.

20. Pacini G, Bergman RN. MINMOD: a computer program to calculate

insulin sensitivity and pancreatic responsivity from the frequently sampled

intravenous glucose tolerance test. Comp Meth Prog Biomed 1986;23:

113-22.

21. Huang TT, Johnson MS, Figueroa-Colon R, Dwyer JH, Goran MI.

Growth of visceral fat, subcutaneous abdominal fat, and total body fat in chil-

dren. Obes Res 2001;9:283-9.

22. Johnson MS, Figueroa-Colon R, Huang TT, Dwyer JH, Goran MI.

Longitudinal changes in body fat in black and white children: influence of

fasting insulin and insulin sensitivity. J Clin Endocrinol Metabol 2001;86:

3182-7.

23. Gower BA, Granger WM, Franklin F, Shewchuk RM, Goran MI.

Contribution of insulin secretion and clearance to glucose-induced insulin

concentration in African-American and white children. J Clin Endocrinol

Metabol 2002;87:2218-24.

24. Arslanian S, Suprasongsin C. Differences in the in vivo insulin secretion

and sensitivity of healthy black versus white adolescents. J Pediatr 1996;129:

440-3.

25. Ball GD, Shaibi GQ, CruzML,Watkins MP,WeigensbergMJ, Goran

MI. Insulin sensitivity, cardiorespiratory fitness, and physical activity in over-

weight Hispanic youth. Obes Res 2004;12:77-85.

26. Weigensberg MJ, Cruz ML, Goran MI. Association between insulin

sensitivity and post-glucose challenge plasma insulin values in overweight

Latino youth. Diabetes Care 2003;26:2094-9.

27. Ball GDC,Weigensberg MJ, Cruz ML, Shaibi GQ, Goran MI. Insulin

sensitivity, insulin secretion and beta-cell function during puberty in over-

weight Hispanic children with a family history of type 2 diabetes. Int J

Obes Rel Metabol Dis 2005;29:1471-7.

28. Smith CP, Archibald HR, Thomas JM, Tarn AC, Williams AJ, Gale

EA, et al. Basal and stimulated insulin levels rise with advancing puberty.

Clin Endocrinol 1988;28:7-14.

29. GoranMI, Bergman RN, CruzML,Watanabe R. Insulin resistance and

associated compensatory responses in African-American and Hispanic chil-

dren. Diabetes Care 2002;25:2184-90.

30. Buchanan TA. Pancreatic beta-cell loss and preservation in type 2 dia-

betes. Clin Therap 2003;25(suppl B):B32-46.

31. Elbein SC,Wegner K, Kahn SE. Reduced beta-cell compensation to the

insulin resistance associated with obesity in members of white familial type 2

diabetic kindreds. Diabetes Care 2000;23:221-7.

32. Strauss RS. Effects of the intrauterine environment on childhood

growth. Brit Med Bull 1997;53:81-95.
The Journal of Pediatrics � January 2006


	Longitudinal Changes in Insulin Sensitivity, Insulin Secretion, and &beta;-Cell Function During Puberty
	Methods
	Subjects
	Protocol
	Tolbutamide-modified Frequently Sampled Intravenous Glucose Tolerance Test
	Anthropometry and Body Composition
	Statistics

	Results
	Baseline Characteristics
	Number of Repeated Observations Across Sample
	Changes in SI, AIRg and DI During Puberty

	Discussion
	Insulin Sensitivity
	Insulin Secretion
	beta-cell Function
	Study Strengths and Limitations

	References


