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Background: Few studies using criterion measures of insulin sensitivity (SI) and insulin secretory capacity (ISC) have been con-
ducted across puberty to adulthood. We examined how SI and ISC change from pre-puberty through adulthood.
Methods: Hyperglycemic clamp studies were performed in a convenience sample of non-Hispanic Black (NHB) and White children 
evaluated at age 6 to 12 years and at approximately 5-year intervals into adulthood (maximum age 27 years). SI and ISC (first-phase 
and steady-state insulin secretion) were determined cross-sectionally in 133 unique participants across puberty and in adulthood. Ad-
ditionally, longitudinal changes in SI and ISC were compared at two timepoints among three groups defined by changes in pubertal 
development: pre-pubertal at baseline and late-pubertal at follow-up (n=27), early-pubertal at baseline and late-pubertal at follow-up 
(n=27), and late-pubertal at baseline and adult at follow-up (n=24).
Results: Cross-sectionally, SI was highest in pre-puberty and early puberty and lowest in mid-puberty (analysis of covariance [AN-
COVA] P=0.001). Longitudinally, SI decreased from pre-puberty to late puberty (P<0.001), then increased somewhat from late pu-
berty to adulthood. Cross-sectionally, first-phase and steady-state ISC increased during puberty and decreased in adulthood (ANCO-
VA P<0.02). Longitudinally, steady-state and first-phase ISC increased from pre-puberty to late puberty (P<0.007), and steady-state 
ISC decreased from late puberty to adulthood. The NHB group had lower SI (P=0.003) and greater first-phase and steady-state ISC 
(P≤0.001), independent of pubertal development.
Conclusion: This study confirms that SI decreases and ISC increases transiently during puberty and shows that these changes large-
ly resolve in adulthood.
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INTRODUCTION

Adolescence is considered a high-risk period for the develop-
ment of type 2 diabetes, particularly among individuals belong-
ing to racial and ethnic minority populations in the United 
States, including those who are non-Hispanic Black [1]. Lower 
insulin sensitivity during sexual maturation has long been con-
sidered one of the factors that increase insulin demand and un-
mask disorders of glucose homeostasis. Decreased insulin sen-
sitivity during puberty was first reported in 1986 [2]. Since then, 
a reduction of insulin sensitivity and a compensatory increase in 
insulin secretory capacity during puberty have been frequently 
described, with insulin sensitivity decreasing from pre-puberty, 
reaching a nadir mid-puberty, and returning to near pre-pubertal 
levels by the end of puberty [3-7]. However, most of the studies 
examining puberty-associated changes in insulin sensitivity and 
insulin secretory capacity have been cross-sectional in nature 
[2,3,5,6,8-10]. Few studies have followed children longitudinal-
ly to assess changes in insulin sensitivity and insulin secretory 
capacity [11,12]. Many such investigations have not used crite-
rion measures of insulin sensitivity or insulin secretory capacity 
[4,7,13-16], or have had a small sample size [12,17]. Hannon et 
al. [17] used sophisticated glucose clamp techniques and longi-
tudinally followed nine children from pre-puberty to mid-/late-/
post-puberty, finding lower insulin sensitivity and greater insu-
lin secretion during puberty. Therefore, there is a need for longi-
tudinal studies of larger cohorts using criterion measures of in-
sulin sensitivity and secretion. Another open question is if there 
are race-dependent differences in how insulin sensitivity and se-
cretion change throughout puberty. Although an earlier appear-
ance of puberty’s clinical signs is found among non-Hispanic 
Black than among non-Hispanic White children [18,19], it is 
unclear if there are important differences in insulin sensitivity or 
insulin secretory capacity attributable to how puberty manifests 
in non-Hispanic Black and non-Hispanic White adolescents that 
might contribute to the greater risk of type 2 diabetes in non-
Hispanic Black adolescents during puberty. The aim of the pres-
ent analysis was therefore to examine how insulin sensitivity 
and insulin secretory capacity, as estimated using hyperglyce-
mic clamps, change across pubertal stages and into adulthood in 
non-Hispanic Black and non-Hispanic White children. We hy-
pothesized that longitudinal assessments of insulin sensitivity 
and insulin secretory capacity would demonstrate that pre-pu-
bertal and early-pubertal children exhibit decreased insulin sen-
sitivity and increased insulin secretory capacity during late pu-
berty and that there would be improved insulin sensitivity and 

insulin secretory capacity among those who were studied again 
as adults, but that pubertal developmental stage would not have 
different effects on insulin sensitivity or insulin secretory capac-
ity in non-Hispanic Black versus non-Hispanic White children.

METHODS

Participants
This study was approved by the National Institute of Child Health 
and Human Development (NICHD) Institutional Review Board 
and registered at https://clinicaltrials.gov as NCT00001522. 
Signed informed consent and assent were obtained from parents 
and children, respectively. 

The investigation is a secondary analysis of participants in a 
15-year longitudinal study, which was designed to examine dif-
ferences in body weight and glucose homeostasis among non-
Hispanic Black and non-Hispanic White children. Non-Hispan-
ic Black and non-Hispanic White children 6 to 12 years of age 
were recruited using advertisements, mailings, and referrals 
from local physicians as previously described [20]. Children 
were either overweight (body mass index ≥85th percentile 
based on US National Health and Nutrition Examination Survey 
standards [21] or non-overweight but with two overweight 
(BMI ≥25 kg/m2) parents. Participants were enrolled only if 
they reported that all four of their grandparents were either non-
Hispanic Black or non-Hispanic White. All of the children were 
otherwise healthy at baseline with normal history and physical 
examinations and blood chemistry (other than mild elevations 
of lipids, insulin, or liver enzymes commonly observed in chil-
dren with obesity), and not taking medications known to affect 
weight or eating behavior. Subjects were seen at the National 
Institutes of Health Clinical Research Center at baseline and ap-
proximately every 5 years thereafter for a physical examination 
that included assessment of pubertal stage, body composition, 
and performance of a hyperglycemic clamp study. Participants 
were compensated for their time and inconvenience. Partici-
pants continued to be followed in the study even if they elected 
not to undergo a clamp study at one or more follow-up visits.

Two data analyses were performed: a cross-sectional analysis 
comparing unique individuals across puberty, and a longitudinal 
analysis comparing changes across time in participants with 
data from two clamps. The cohort for the cross-sectional analy-
sis was constructed from among all participants who completed 
at least one hyperglycemic clamp. Participants who had com-
pleted at least two clamps were considered for inclusion in the 
longitudinal analysis (see results). Because more participants 



Puberty, Insulin Secretion, & Insulin Sensitivity

Copyright © 2020 Korean Endocrine Society www.e-enm.org 849

underwent a clamp when they were pre-pubertal or in early pu-
berty, the following selection strategy was used to place partici-
pants into the different groups: (1) participants who had clamps 
at later stages of pubertal development were placed in later pu-
bertal stage groups; (2) without regard to their clamp insulin 
sensitivity or secretion results, participants with more than one 
possible group were allocated to attempt to minimize differenc-
es in sex, race, and body fat percentage and achieve sample siz-
es >15 per group.

Body composition
Body fat percentage was assessed using dual-energy X-ray ab-
sorptiometry (DXA), using the Hologic QDR2000 in pencil 
beam mode pediatric with software version 5.64 from 1997 to 
3/30/2001 and using the QDR4500A instrument in fan beam 
mode analyzed with pediatric software version 11.2 (Hologic 
Inc., Bedford, MA, USA) since 2001. Based on the greater 
known underestimation relative to deuterium dilution for this 
version of the QDR4500A software, the fat mass measurements 
of both boys and girls studied with the QDR4500A instrument 
were adjusted using the following equation: adjusted fat mass=  
1.124×(measured fat mass)–0.819 [22]. In four cases (one girl, 
three boys), air displacement plethysmography (Bod Pod, Life 
Measurement Inc., Concord, CA, USA) was used to measure fat 
mass because DXA was not obtained contemporaneously with 
clamps. The Bod Pod value for percentage fat mass of the girl 
was adjusted for the known underestimation in girls [23] to be 
103% of the measured value. Height was measured in triplicate 
by a calibrated stadiometer and weight was measured to the 
nearest 0.1 kg using a calibrated scale.

Pubertal status
Physical examination was performed by a trained endocrinolo-
gist or nurse practitioner [24]. For girls, pubertal status was as-
signed based on both inspection and palpation of the breast to 
one of the five stages of Tanner [25]. For boys, testicular vol-
ume was estimated according to the method of Prader [26]. The 
overall genital stage in boys was not recorded for this study. 
Girls with Tanner breast stage 1 and boys with testes ≤3 mL 
were considered pre-pubertal and classified as pubertal group I. 
Girls with Tanner breast stage 2 and boys with testes >3 to <10 
mL were considered to be in early puberty and classified as pu-
bertal group II. Girls with Tanner breast stage 3 and boys with 
testes ≥10 to <15 mL were considered to be in mid-puberty 
and classified as pubertal group III. Girls with Tanner breast 
stage 4 and boys with testes ≥15 to <25 mL were considered to 

be in late puberty and classified as pubertal group IV. Girls with 
Tanner breast stage 5 and boys with testes ≥25 mL were con-
sidered end-pubertal and classified as pubertal group V. Adult 
participants (age >18 years) had all achieved pubertal group IV 
or V when last examined. If there was discordance between 
right and left breast stages or testis volumes, the higher pubertal 
stage was assigned. Tanner staging for pubic hair was also per-
formed, however due to the high concordance with thelarche/
gonadarche measures (Pearson’s correlation coefficient=0.887), 
pubic hair Tanner stage was not included in the analyses. Serum 
estradiol was measured by electrochemiluminescence immuno-
assay on a Roche Cobas analyzer (Roche, Basel, Switzerland; 
sensitivity 5 pg/mL, interassay CV 1.6% to 2.5%, intraassay CV 
3.5% to 5.7%). A chemiluminescent immunoassay on a Sie-
mens Immulite 2,500 analyzer was used to measure total testos-
terone (Siemens, Munich, Germany; sensitivity 20 ng/dL, inter-
assay CV 10.1% to 10.9%, intraassay CV 5.1% to 10.1%).

Hyperglycemic clamps
The hyperglycemic clamp study procedure has been previously 
described [27]. Participants were admitted overnight to ensure 
fasting. Dextrose (0.19 g/kg) was infused over 2 minutes to 
raise plasma glucose acutely to approximately 225 mg/dL. A 
variable infusion of 20% dextrose was then used to achieve a 
target glucose concentration of 200 mg/dL (±10%) for 120 
minutes. As previously detailed [27], insulin was measured at 5, 
7.5, 10, 12.5, and 15 minutes and then every 15 minutes from 
15 to 120 minutes (Immulite 2000 by Diagnostic Production 
Corporation [DPC], Los Angeles CA, USA); the mean inter- 
and intra-assay coefficients of variation were both <7.5%. Plas-
ma glucose was measured at the bedside using a glucose ana-
lyzer (Yellow Springs Instrument, Yellow Springs, OH, USA), 
calibrated to within 5% of multiple glucose standards (50, 100, 
125, 150, 250, and 500 mg/dL) before each study.

Insulin secretion and sensitivity
First phase insulin secretory capacity was calculated as the aver-
age of insulin concentrations obtained during the first 15 min-
utes of the clamp. Steady-state insulin secretory capacity (I) was 
calculated as the average of insulin concentrations obtained dur-
ing second hour of the clamp (60 to 120 minutes). The infusion 
rate of exogenous glucose, corrected for urinary glucose losses 
and over- or under-filling of the glucose space, provided a mea-
sure of whole body glucose uptake (M). M/I served as the mea-
sure of insulin sensitivity.
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Statistical analysis
Statistical analyses were performed using IBM SPSS version 
23.0 Statistics (IBM Co., Armonk, NY, USA). Insulin sensitivi-
ty, first-phase insulin secretion, and steady-state insulin secre-
tion were non-normal and transformed by the common log to 
achieve normality. The arcsine square root transformation was 
performed on body fat percentage to achieve normality.

For both cross-sectional and longitudinal cohorts, analysis of 
variance (ANOVA) was performed to compare age, sex hor-
mone concentrations, and baseline percentage body fat; the chi-
square test was performed to compare race and sex composition 
among groups. The post hoc Fisher least significant difference 
test was performed to examine differences among pubertal stage 
groups when pubertal stage was a significant contributor (P< 
0.05) to the analysis. For cross-sectional participants, analysis 
of covariance (ANCOVA) was used to compare insulin sensitiv-
ity, first phase insulin secretion, and steady state insulin secre-
tion among groups (pubertal groups I through V and adults). 
Covariates included sex, race, fat percentage, and a factor for 
the method/machine used to measure body composition (re-
moving this factor from the analyses did not affect results). 
Longitudinal analyses compared the results of three groups that 
were assembled based on having a sufficient (>15) sample size 
and to be of interest based on transitions in pubertal staging: one 
group was pubertal group I at baseline and pubertal group IV or 
V at follow-up, the second group was pubertal group II or III at 
baseline and IV or V at follow-up, and the third group was pu-
bertal group IV or V at baseline and restudied 4 to 10 years later 
when the participants were adult. ANCOVA was used to com-
pare insulin sensitivity, first phase insulin secretion, and steady 
state insulin secretion among the three groups at each time point 
(baseline and follow-up). Covariates included sex, race, method 
of body composition analysis, and fat percentage at visit. AN-
COVA was also used to examine if change in insulin sensitivity, 
first-phase insulin secretion, or steady-state insulin secretion 
differed among the three studied groups, accounting for sex, 
race, method of body composition determination, fat percentage 
at baseline, and change in fat percentage.

RESULTS

Participants
Subject characteristics for the cross-sectional and longitudinal 
cohorts are provided in Tables 1, 2, respectively. The protocol 
enrolled 246 children from 1996 to 2009 and studied partici-
pants until 2017. A total of 152 individuals completed at least 

one hyperglycemic clamp study and were evaluated for inclu-
sion in cross-sectional analyses. Of these, 19 were excluded due 
to missing data (body composition or pubertal staging separated 
by more than 3 months from their clamp, or because of hemoly-
sis of insulin samples that rendered the clamp uninterpretable). 
In total, 110 study participants underwent at least two clamp 
studies. There were 90 participants with at least two interpreta-
ble clamps performed who were considered for inclusion in the 
longitudinal analysis. Of these, 78 had a baseline and a follow-
up clamp obtained at the paired pubertal stages that were statis-
tically analyzed. The 12 individuals not included in this analysis 
because they had clamps obtained, for example only at pubertal 
stage II and adulthood, did not differ significantly in sociode-
mographic factors from those whose data were included.

Cross-sectional findings
The characteristics of the cross-sectional cohort are presented in 
Table 1. As expected, age was significantly greater for each 
higher pubertal group. Sex hormone concentrations also in-
creased across puberty for both sexes (Table 1). There were no 
significant differences in race, sex, or percentage body fat be-
tween the groups. The unadjusted values for first-phase insulin 
secretory capacity, steady-state insulin secretory capacity, and 
insulin sensitivity are also presented in Table 1. Glucose con-
centrations were successfully maintained at the target concen-
tration (200 mg/dL; 11.1 mmol/L) during the last hour of sam-
pling (Supplemental Fig. S1). 

Cross-sectionally, after adjusting for covariates (including fat 
mass, which was a significant covariate, P<0.001, for all mod-
els), pubertal development was a significant predictor of first-
phase insulin secretory capacity (P=0.02) (Fig. 1A), steady-
state insulin secretory capacity (P<0.001) (Fig. 1B) and insulin 
sensitivity (P<0.004) (Fig. 1C). Insulin sensitivity was highest 
in pubertal groups I and II, lowest in groups IV and V (P<0.05 
vs. groups I and II), and somewhat higher in adulthood, such 
that insulin sensitivity was not significantly different in adult-
hood compared to groups I and II. Fat percentage and race were 
significant covariates in all three models. Those with higher fat 
percentage and who were non-Hispanic Black had significantly 
greater insulin secretory capacity and lower insulin sensitivity. 
Sex was a significant covariate only in the model for first-phase 
insulin secretory capacity, with lower secretion in females.

Longitudinal findings
The characteristics of the longitudinal cohort are presented in 
Table 2. The pre-pubertal at-baseline group (group 1) had sig-
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nificantly less body fat at baseline than those who were early/
mid-pubertal at baseline (group 2) or in pubertal group V at 
baseline group (group 3), and had a greater increase in percent-
age body fat at follow-up than group 2. There were no signifi-
cant between-group differences in race or sex. Without adjust-
ment for covariates (Table 2), at baseline, first phase and steady 
state insulin secretory capacity were significantly lower and in-
sulin sensitivity was higher in group 1 than either group 2 or 3 
(P<0.002). At follow-up (Table 2), first-phase and steady-state 
insulin secretion were significantly higher in group 2 (P<0.004) 
but insulin sensitivity did not differ significantly among groups 
(P=0.542).

After adjusting for age, sex, and fat mass (Table 3), those who 
were pre-pubertal at baseline (group 1) had significantly lower 
baseline first phase and steady state insulin secretion (P<0.05) 
than those in mid-puberty at baseline (group 2) or those who 
were in pubertal group V at baseline (group 3), although insulin 
sensitivity did not differ significantly among groups. At follow-
up, there were no significant differences among the groups.

When individual changes between baseline and follow-up of 
clamp-derived indices of insulin secretion were examined, after 

adjusting for race, sex, lean mass, methods of body composition 
determination, baseline fat mass, and change in fat mass, first-
phase insulin secretion (Fig. 2A) significantly increased for 
group 1 from pre-puberty to late puberty (puberty group I→IV/
V, P=0.002), but did not increase significantly for group 2 from 
early puberty to late puberty (puberty group I/IIII→IV/V 
P=0.70), or for group 3 from late puberty to adulthood (puberty 
group V→adult P=0.40). Steady-state insulin secretion (Fig. 
2B) also significantly increased from pre-puberty to late puberty 
(P=0.007), but did not significantly change from early puberty 
to late puberty (P=0.78), or from late puberty to adulthood 
(P=0.37). Comparing changes in insulin secretion between 
groups, the models had a significant coefficient for pubertal 
group only for steady-state insulin secretory capacity (P=0.047), 
but not for first-phase insulin secretory capacity (P=0.69). For 
steady-state insulin secretion, groups 1 and 2 had significantly 
greater increases in insulin secretion, versus a decrease in secre-
tion for group 3. Race and sex were not significant factors in 
analyses of changes in insulin secretion.

When individual changes between baseline and follow-up of 
clamp-derived indices of insulin sensitivity were examined, af-

Table 1. Characteristics of the Cross-Sectional Cohort, Not Adjusted for Any Covariates

Characteristic
Pre-pubertal, 

Group I 
(n=25)

Early-
pubertal, 
Group II 
(n=24)

Mid-pubertal, 
Group III 
(n=18)

Late-pubertal, 
Group IV 
(n=21)

Fully-pubertal, 
adolescents 

Group V 
(n=22)

Fully-
pubertal, 

adults (IV or 
V) (n=23)

ANOVA 
P value

Age, yr 8.6±1.5a 10.6±1.6b 12.2±1.7c 14.0±1.4d 17.3±4.6e 22.3±1.7f <0.001

Race

Non-Hispanic White, % 48.0 50.0 61.1 71.4 68.2 56.5 0.701

Non-Hispanic Black, % 52.0 50.0 38.9 28.6 31.8 43.5

Male sex, % 56.0 45.8 33.3 57.1 50.0 52.2 0.540

Baseline body fat, % 35.9±13.1 36.1±14.7 37.5±12.0 29.8±11.3 34.1±11.2 34.9±12.2 0.468

BMI SD score 1.7±1.0 1.3±1.2 1.7±0.9 1.4±1.0 1.5±1.0 1.3±0.9 0.529

Testosterone (in male), ng/dL 16.8±11.0a 32.9±40.7a 183.2±136.4b 292.3±113.1b,c 404.4±262.2c,d 408.3±116.8d <0.001

Estradiol (in female), pg/mL 9.0±4.0a 22.1±44.0a 34.3±21.9a,b 60.2±28.6b,c 60.1±28.1c 86.2±50.7c <0.001

First-phase insulin secretion, µU/mL/15 min 111.4±120.3 109.4±95.6 96.7±71.8 99.3±106.1 101.9±65.2 109±120.7 0.995

Steady-state insulin secretion, µU/mL/60 min 139.9±144 141.4±98.8 140.8±74.7 155.6±142.7 155.9±60.5 139.9±135.6 0.993

Insulin-sensitivity, mg/kg/min/µU/mL 15.7±19.9a 11.2±8.6a,b 6.3±5.6b 10.8±8.3a,b 5.7±5.1b 9.2±6.6b 0.027

Values are expressed as mean±standard deviation. Girls with Tanner breast stage 1 and boys with testes ≤3 mL were considered pre-pubertal and classi-
fied as pubertal group I. Girls with Tanner breast stage 2 and boys with testes >3 to <10 mL were considered to be in early puberty and classified as pu-
bertal group II. Girls with Tanner breast stage 3 and boys with testes ≥10 to <15 mL were considered to be in mid-puberty and classified as pubertal 
group III. Girls with Tanner breast stage 4 and boys with testes ≥15 to <25 mL were considered to be in late puberty and classified as pubertal group IV. 
Girls with Tanner breast stage 5 and boys with testes ≥25 mL were considered end-pubertal and classified as pubertal group V. Adult participants (age 
>18 years) had all achieved pubertal group IV or V when last examined.       
ANOVA, analysis of variance; BMI, body mass index; SD, standard deviation.      
a,b,c,d,e,fValues followed by different superscripted letters on the same line are considered significantly different (P≤0.05).
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ter adjusting for race, sex, lean mass, baseline fat mass, and 
change in fat mass, insulin sensitivity (Fig. 2C) decreased sig-
nificantly for group 1 between pre-puberty and late puberty 
(P<0.001). The decrement in insulin sensitivity for group 2 be-
tween early puberty and late puberty (P=0.42) and the increase 
in insulin sensitivity for group 3 between late puberty and adult-
hood were not significant (P=0.55). The model for change in 
insulin sensitivity comparing the groups also had a significant 

coefficient for pubertal stage (P<0.001), with significant differ-
ences for change in insulin sensitivity among all groups (Fig. 
2C). The greatest decrease in insulin sensitivity was observed 
from pre-puberty to late puberty; there was a smaller decrease 
from early puberty to late puberty, and a small increase in insu-
lin sensitivity from late puberty to adulthood. Change in body 
fat percentage was a significant covariate in the model for change 
in insulin sensitivity. Race and sex were not significant factors 

Table 2. Characteristics of the Longitudinal Cohort

Characteristic Group 1 (I→IV/V 
adolescents) (n=27)

Group 2 (II/III→IV/V 
adolescents) (n=27)

Group 3 (V→adults) 
(n=24)

ANOVA P value for 
group comparison

Baseline age, yr 8.6±1.4a 10.3±1.8b 16.5±1.8c <0.001

Age at follow-up, yr 17.1±3.2a 16.2±2.2a 21.8±2.0b <0.001

Baseline BMI SD score 1.07±1.01a 1.72±1.04b 1.74±0.98b 0.028

Race

   Non-Hispanic White, % 77.8 51.9 66.7 0.133

   Non-Hispanic Black, % 22.2 48.1 33.3

Male sex, % 63.0 37.0 54.2 0.154

Baseline body fat, % 26.4±10.7a 39.4±12.0b 34.3±11.6b <0.001

Follow-up body fat, % 32.1±14.4 37.7±12.1 35.4±12.9 0.301

Change in body fat, % 5.7±9.2a –1.7±8.1b,c 1.2±7.2a,c 0.006

Baseline testosterone (in male), ng/dL 12.1±4.0a 40.2±47.1a 352±151.5b <0.001

Follow-up testosterone (in male), ng/dL 425.4±242.1 375.7±118.5 471.4±161.4 0.499

Baseline estradiol (in female), pg/mL 9.2±6.2a 23.3±38.9a 60.9±24.8b 0.001

Follow-up estradiol (in female), pg/mL 104.6±48.5 94.8±96.9 111.5±110.4 0.888

Baseline first-phase insulin secretion, µU/mL/15 min 42.7±36.5a 129.5±129.7b 94.8±68.2b 0.002

Follow-up first-phase insulin secretion, µU/mL/15 min 55.7±36.3a 128.2±106.1b 92.0±64.3a,b 0.001

Baseline steady-state insulin secretion, µU/mL/60 min 72.4±41.9a 162.5±131.9b 140.1±72.9b 0.001

Follow-up steady-state insulin secretion, µU/mL/60 min 96.7±44.0a 183.0±131.8b 127.8±65.3a 0.003

Baseline insulin sensitivity, mg/kg/min/µU/mL 12.5±13.1a 8.3±7.0b 5.7±3.3b <0.001

Follow-up insulin sensitivity, mg/kg/min/µU/mL 8.9±7.5 6.6±9.0 7.6±6.1 0.542

Change in first-phase insulin secretion, µU/mL/15 min 13±33.5 –0.8±115.3 –2.7±70.9 0.740

Change in steady-state insulin secretion, µU/mL/60 min 24.3±41.2 24.5±134 –12.3±76 0.274

Change in insulin sensitivity, mg/kg/min/µU/mL –13.6±13.3a –1.8±8.7b 1.8±6.1b <0.0001

Values are expressed as mean±standard deviation. P values for comparisons between groups are not adjusted for any covariates. Roman numerals in 
group description refer to pubertal development groups at baseline and follow-up. Girls with Tanner breast stage 1 and boys with testes ≤3 mL were con-
sidered pre-pubertal and classified as pubertal group I. Girls with Tanner breast stage 2 and boys with testes >3 to <10 mL were considered to be in early 
puberty and classified as pubertal group II. Girls with Tanner breast stage 3 and boys with testes ≥10 to <15 mL were considered to be in mid-puberty 
and classified as pubertal group III. Girls with Tanner breast stage 4 and boys with testes ≥15 to <25 mL were considered to be in late puberty and clas-
sified as pubertal group IV. Girls with Tanner breast stage 5 and boys with testes ≥25 mL were considered end-pubertal and classified as pubertal group 
V. Adult participants (age >18 years) had all achieved pubertal groups IV or V when last examined. Group 1 was pre-pubertal (pubertal group I) at base-
line and late-pubertal (pubertal groups IV or V) at follow-up, group 2 was early-pubertal (pubertal groups II or III) at baseline and late-pubertal (pubertal 
groups IV or V) at follow-up, and group 3 was late-pubertal (pubertal groups IV or V) at baseline and studied again at follow-up as adults 4 to 10 years 
later.   
ANOVA, analysis of variance; BMI, body mass index; SD, standard deviation.    
a,b,cValues followed by different superscripted letters on the same line were significantly different (P≤0.05). 
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for change in insulin sensitivity. 

DISCUSSION

The current study presents novel data, cross-sectionally and lon-
gitudinally assessing insulin sensitivity and insulin secretory ca-
pacity from pre-puberty into adulthood. The hyperglycemic 

clamp technique is considered the gold standard for measuring 
insulin secretion. It also allows calculation of estimates of insu-
lin sensitivity that are highly correlated with the criterion mea-
sures of insulin sensitivity obtained through the hyperinsulin-
emic-euglycemic clamp procedure [28]. To our knowledge, 
only one other study has reported children followed longitudi-
nally to assess insulin sensitivity and insulin secretory capacity 

Table 3. Adjusted Analyses of the Longitudinal Cohort

Characteristic Group 1 (I→IV/V 
adolescents) (n=27)

Group 2 (II/III→IV/V 
adolescents) (n=27)

Group 3 (V→adults) 
(n=24)

ANOVA P value for 
group comparison

Baseline first-phase insulin secretion, µU/mL/15 min 43.4±6.6a 76.2±6.5b 115.6±6.7b 0.009

Follow-up first-phase insulin secretion, µU/mL/15 min 66.5±6.6 93.3±6.7 105.7±6.3a 0.087

Baseline steady-state insulin secretion, µU/mL/60 min 71.3±6.4a 108.4±6.2b 176.2±6.4b 0.013

Follow-up steady-state insulin secretion, µU/mL,60 min 107.4±6.2 139±6.3 148.9±5.9 0.107

Baseline insulin sensitivity, mg/kg/min/µU/mL 9.8±7.3 5.9±7.0 5.1±7.5 0.160

Follow-up insulin sensitivity, mg/kg/min/µU/mL 3.9±7.7 2.6±7.8 5.2±7.3 0.234

Values are expressed as mean±standard deviation. P values are from analyses of log-transformed data accounting for age, sex, race, and body fat mass. 
Adjusted means and SDs from back-transformed analyses are shown. Roman numerals in group description refer to pubertal development groups at 
baseline and follow-up. Girls with Tanner breast stage 1 and boys with testes ≤3 mL were considered pre-pubertal and classified as pubertal group I. 
Girls with Tanner breast stage 2 and boys with testes >3 to <10 mL were considered to be in early puberty and classified as pubertal group II. Girls with 
Tanner breast stage 3 and boys with testes ≥10 to <15 mL were considered to be in mid-puberty and classified as pubertal group III. Girls with Tanner 
breast stage 4 and boys with testes ≥15 to <25 mL were considered to be in late puberty and classified as pubertal group IV. Girls with Tanner breast 
stage 5 and boys with testes ≥25 mL were considered end-pubertal and classified as pubertal group V. Adult participants (age >18 years) had all 
achieved pubertal groups IV or V when last examined. Group 1 was pre-pubertal (pubertal group I) at baseline and late-pubertal (pubertal groups IV or V) 
at follow-up, group 2 was early-pubertal (pubertal groups II or III) at baseline and late-pubertal (pubertal groups IV or V) at follow-up, and group 3 was 
late-pubertal (pubertal groups IV or V) at baseline and studied again at follow-up as adults 4 to 10 years later.    
ANOVA, analysis of variance.
a,bValues followed by different superscripted letters on the same line were significantly different (P≤0.05).    

Fig. 1. Cross-sectional results of hyperglycemic clamp studies: (A) first phase insulin secretion (analysis of covariance [ANCOVA] 
P=0.02); (B) steady state insulin secretion (ANCOVA P<0.001); (C) insulin sensitivity (ANCOVA P<0.004) by pubertal development. All 
means were adjusted for fat percentage, method of body composition assessment, sex, and race. Roman numerals in group description refer 
to pubertal development. Girls with Tanner breast stage 1 and boys with testes ≤3 mL were considered pre-pubertal and classified as puber-
tal group I. Girls with Tanner breast stage 2 and boys with testes >3 to <10 mL were considered to be in early puberty and classified as pu-
bertal group II. Girls with Tanner breast stage 3 and boys with testes ≥10 to <15 mL were considered to be in mid-puberty and classified as 
pubertal group III. Girls with Tanner breast stage 4 and boys with testes ≥15 to <25 mL were considered to be in late puberty and classified 
as pubertal group IV. Girls with Tanner breast stage 5 and boys with testes ≥25 mL were considered end-pubertal and classified as pubertal 
group V. Adult participants (age >18 years) had all achieved pubertal group IV or V when last examined. a,b,cGroups with different super-
scripted letters are significantly different in post hoc tests (P<0.05).
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using clamps, and it had a smaller sample size, with children 
followed from pre-puberty to mid-/late-/post-puberty [17]. In 
addition to following a pre-pubertal group to late-/post-puberty, 
we studied separately a group that was early-pubertal at baseline 
to late puberty at follow-up and a group that was late-pubertal at 
baseline and restudied 4 to 10 years later.

In our longitudinal studies, we observed a modest increase in 
steady-state, but not first-phase, insulin secretory capacity from 
pre-puberty to late puberty, a somewhat greater increase in first-
phase and steady-state insulin secretory capacity from early pu-
berty to late puberty, and a decrease in first-phase and steady-
state insulin secretory capacity from late puberty to adulthood. 
In terms of insulin sensitivity, the group that was pre-pubertal at 
baseline experienced the greatest decline in insulin sensitivity, 
the group that was early/mid-pubertal at baseline had a smaller 
decline in insulin sensitivity, and the group that was post-puber-
tal at baseline experienced an increase in insulin sensitivity. 
These findings were not identical in terms of statistical signifi-
cance to the results of cross-sectional analyses, although the 
patterns were largely consistent between the two analyses.

These findings are consistent with two other longitudinal 
studies that employed frequently sampled intravenous glucose 
tolerance tests (FSIGTs) as the measure of insulin secretory ca-

pacity and insulin sensitivity [13,29]. Hoffman et al. [15] found 
no effect of pubertal stage on insulin sensitivity among 24 boys 
and girls studied with repeated FSIGTs over an 18-month inter-
val; however, this was likely due to the small number of sub-
jects examined and the limited follow-up interval.

Our longitudinal observations are also in line with other in-
vestigators’ cross-sectional findings [2,5], showing a decrease 
in insulin sensitivity from pre-puberty to mid-puberty, followed 
by an increase in subsequent pubertal stages and returning to 
near pre-pubertal levels by the end of puberty. This decrease in 
insulin sensitivity has been found to be accompanied by a com-
pensatory increase in insulin secretory capacity [3].

There is mixed evidence for racial differences in insulin sen-
sitivity and insulin secretory capacity. In several studies, Black 
adolescents were more insulin-resistant and had higher first-
phase insulin secretory capacity than White adolescents [13,30-
32]. Moran et al. [5] found no racial differences in insulin sensi-
tivity for the entire cohort, but when sexes were examined sepa-
rately, white boys were significantly more insulin-sensitive than 
black boys. They also observed that blacks exhibited higher 
steady-state insulin secretory capacity [5]. It is possible that the 
large sample size of Moran et al. [5] allowed for a clearer pic-
ture of the nuances between race, sex, and insulin sensitivity to 

Fig. 2. Comparisons of longitudinal changes in hyperglycemic clamp results. (A) Change in first phase insulin secretion, (B) change in 
steady state insulin secretion, (C) change in insulin sensitivity. There were significant differences between groups identified by progression 
of pubertal development for change in steady state insulin secretion (analysis of covariance [ANCOVA] P=0.047) and insulin sensitivity 
(ANCOVA P<0.001), but not for change in first phase insulin secretion (ANCOVA P=0.689). All means were adjusted for baseline fat per-
centage, method of body composition assessment, change in fat percentage, sex, and race. Values for P∆ are tests comparing changes from 
baseline to follow-up within each pubertal group. Roman numerals in group description refer to pubertal development groups at baseline 
and follow-up. Girls with Tanner breast stage 1 and boys with testes ≤3 mL were considered pre-pubertal and classified as pubertal group I. 
Girls with Tanner breast stage 2 and boys with testes >3 to <10 mL were considered to be in early puberty and classified as pubertal group 
II. Girls with Tanner breast stage 3 and boys with testes ≥10 to <15 mL were considered to be in mid-puberty and classified as pubertal 
group III. Girls with Tanner breast stage 4 and boys with testes ≥15 to <25 mL were considered to be in late puberty and classified as pu-
bertal group IV. Girls with Tanner breast stage 5 and boys with testes ≥25 mL were considered end-pubertal and classified as pubertal group 
V. Adult participants (age >18 years) had all achieved pubertal groups IV or V when last examined. Group 1 was pre-pubertal (pubertal 
group I) at baseline and late-pubertal (pubertal groups IV or V) at follow-up, group 2 was early-pubertal (pubertal groups II or III) at base-
line and late-pubertal (pubertal groups IV or V) at follow-up, and group 3 was late-pubertal (pubertal groups IV or V) at baseline and studied 
again at follow-up as adults 4 to 10 years later.
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emerge. In the present study, non-Hispanic Black youth exhibit-
ed significantly higher first-phase and steady-state insulin secre-
tory capacity, and lower insulin sensitivity than their non-His-
panic White counterparts. Race was not, however, significant in 
the models for changes in insulin sensitivity and insulin secreto-
ry capacity. Although non-Hispanic Black adolescents are 
known to have significantly greater risks for development of 
type 2 diabetes during adolescence [1], the explanation for this 
disparity in risk does not appear to be related to differences in 
how puberty alters insulin secretory capacity or insulin sensitiv-
ity. Reduced insulin sensitivity as compared to non-Hispanic 
White adolescents has been reported during puberty for those of 
Hispanic ethnicity [11,33] and among Native American [34] 
and some groups of Southeast Asian [35] adolescents, though 
Korean adolescents do not appear to have less insulin sensitivity 
[36], likely because of a lower prevalence of obesity. More re-
search with a larger sample size is necessary in order to identify 
clinical predictors for the development of type 2 diabetes during 
puberty, as it is still a relatively rare disorder. However, findings 
from the current study and others [37-39] suggest that failure to 
see improvements in insulin sensitivity in late puberty portends 
a higher risk of persistent insulin resistance.

Similar to race, sex differences have been reported in some, 
but not all, prior studies. Sex was significant only in our model 
of first-phase insulin secretory capacity, with lower secretion in 
girls. This is consistent with work done in Hispanic adolescents 
with obesity [33]. Moran et al. [5] noted decreased insulin sen-
sitivity in girls at all pubertal stages compared to their male 
counterparts; however, the difference was only significant in 
late puberty. Hoffman et al. [15] demonstrated significantly 
higher insulin sensitivity in males during pre-puberty and late 
puberty than in their female counterparts. Others have reported 
no differences by sex [13,29].

As has been previously reported [9,15,29,40], adiposity was 
an important contributor to insulin sensitivity and insulin secre-
tory capacity in the current study. Fat percentage was significant 
in all of the cross-sectional models and change in fat percentage 
was significant in the model for change in insulin sensitivity. 
While Hannon et al. [17] observed no effect of change in per-
centage body fat, this was likely due to their smaller sample 
size. Recent work by Kelsey et al. [11] using FSIGTs to esti-
mate insulin sensitivity found that insulin sensitivity was, on 
average, three times lower in children with obesity than in their 
normal-weight counterparts, and acute insulin response to glu-
cose was three times higher, at all time points across puberty. 
Notably, there were no differences in the trajectories of either 

measure between children of normal-weight and those with 
obesity, although the participants were not followed into adult-
hood. It has been hypothesized that the changes in insulin sensi-
tivity and insulin secretory capacity observed during puberty are 
due at least in part to the changes in adiposity that accompany 
development [9,15]. Elevations in sex steroids are also likely 
contributors [14] at least indirectly, by producing puberty-asso-
ciated increases in growth hormone concentrations that decrease 
glucose uptake and therefore insulin sensitivity [14,17]. 

This study is limited by its use of available data, which meant 
that some analyses may have had insufficient power to detect 
differences, particularly given the multiple covariates in the 
analyses. The use of different DXA machines and air displace-
ment plethysmography to estimate percentage body fat is also a 
limitation that we attempted to address in the statistical analysis. 
We used only physical examinations, rather than biochemical 
means, to define pubertal status, and this may also be a limita-
tion. Since pubertal staging systems were never meant to pro-
vide a quantitative physiologic comparison of sexual maturation 
between boys and girls, it is possible that our analysis plan lim-
ited the likelihood of observing sex-based differences in insulin 
sensitivity. The present study was also limited in its groupings 
by pubertal stage progression, as not all relationships between 
stages had sufficient observations to be examined. Lastly, since 
none of the analyses presented in this paper were primary aims 
of the parent study, the results do not represent tests of prospec-
tive hypotheses. The study does have several strengths. The lon-
gitudinal design allowed for the assessment of within-subject 
changes. The cohort included boys and girls, and recruited non-
Hispanic Black and non-Hispanic White participants with a 
wide range of adiposity. The hyperglycemic clamp is considered 
a gold-standard measure of insulin secretion; however, assess-
ing insulin sensitivity by hyperglycemic clamp may be consid-
ered a limitation. Although its measures of insulin sensitivity 
are well correlated with euglycemic hyperinsulinemic clamp 
measures [28], the hyperglycemic approach does not yield iden-
tical measures of insulin sensitivity, as glucose effectiveness is 
increased by hyperglycemia. Future longitudinal studies should 
enroll larger numbers of participants to be able to examine dif-
ferences in insulin sensitivity between individual pubertal stages 
more closely using the euglycemic hyperinsulinemic clamp 
technique.

In sum, estimates from hyperglycemic clamp studies of insu-
lin sensitivity appear to reach a nadir in mid-puberty and im-
prove in young adulthood, while measures of insulin secretory 
capacity increase during mid-puberty and then decrease in 
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young adulthood. These changes are seen in both non-Hispanic 
White and non-Hispanic Black adolescents.
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