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Youth-onset type 2 diabetes (T2D) is becoming increas-
ingly prevalent, especially among Latino youth, and there
is limited information on its pathophysiology and causa-
tive factors. Here, we describe findings from a longitudi-
nal cohort study in 262 Latino children with overweight/
obesity at risk of developing T2D with annual measures
of oral and intravenous glucose tolerance (IVGTT), body
composition, and fat distribution. Logistic binomial re-
gression was used to identify significant predictors in
those who developed T2D compared with matched con-
trol participants, and mixed-effects growth models were
used to compare rates of change in metabolic versus adi-
posity measures between groups. Overall conversion rate
to T2D at year 5 was 2% (n = 6). Rate of decline in disposi-
tion index (DI), measured with an IVGTT, over 5 years was
three times higher in case patients (2341.7 units per year)
comparedwith the extended cohort (2106.7 units per year)
and 20 times higher compared with control participants
(215.2 units per year). Case patients had significantly
higher annual increases in fasting glucose, hemoglobin
A1c (HbA1c), waist circumference, and trunk fat, and there
was an inverse correlation between rate of decline in DI
and rates of increase in adiposity measures. T2D develop-
ment in at-risk Latino youth is associated with a substan-
tial and rapid decrease in DI that is directly correlated with
increases in fasting glucose, HbA1c, and adiposity.

Youth-onset type 2 diabetes (T2D) is a growing epidemic (1).
In 2021, the SEARCH for Diabetes in Youth study reported
an annual percent change in prevalence of youth-onset T2D

of 4.8% between 2009 and 2017 (1). T2D is dispropor-
tionately prevalent among certain racial/ethnic groups, with
�80% of youth with T2D from ethnic minority backgrounds
(31.5% Black/African American, 41.1% Latino, 6.1% Ameri-
can Indian, and 1.7% Asian) (1,2). Additionally, the annual
percent change (from 2009 to 2017) is greatest among Asian
or Pacific Islander (7.3%), Black/African American (7.1%),
American Indian (4.8%), and Latino youth (3.2%) compared
withnon-LatinoWhite youth (1.4%) (1). The lifetime risk of de-
veloping T2D is highest among Latino populations, with a life-
time risk of almost 50% for youth born in the year 2000 (3).
Compared with adults, adolescents with T2D have greater
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insulin resistance andmore rapid progression to b-cell destruc-
tion, contributing to early treatment failure (4–6). Despite
these alarming observations and substantial health risks, there
is a paucity of information on the physiological and metabolic
predictors of the development of T2D in youth at highest risk
(7,8).

The development of T2D arises from progression of in-
sulin resistance and subsequent inability of b-cells to ade-
quately compensate through an increase in insulin secretion
(9–11). In youth, progression to impaired fasting glucose
and conversion to T2D are marked by concurrent declines
in insulin sensitivity and insulin secretion and hepatic insu-
lin extraction (12,13). Multiple longitudinal studies have
proposed that a decline in insulin sensitivity contributes to
the transition from normal glucose tolerance to impaired
fasting glucose and that changes in insulin secretion, with
an initial increase followed by rapid decline in secretion,
drive conversion to T2D (10,14,15). Additionally, greater in-
sulin resistance has been shown to accelerate the decline in
disposition index (DI) (insulin sensitivity index [SI] multi-
plied by the incremental area under the curve of peripheral
insulin concentration [AIR]). Previous data in youth have
indicated that the combination of insulin sensitivity and in-
ability of b-cells to compensate through increasing insulin
secretion predicts conversion to T2D (16–18). Interestingly,
an age-related difference in the pace and progression of
b-cell failure (BCF) has been observed, with a relative domi-
nance of insulin resistance in adolescents compared with
adults, requiring a high level of compensatory insulin secre-
tion to maintain normal glucose tolerance (4,5). However,
other studies have shown that increased body fat, in the ab-
sence of insulin resistance, contributes to a reduction in
glucose-stimulated insulin secretion and eventual progres-
sion to T2D (9,19,20).

Given the increasing prevalence of youth-onset T2D and
the aggressive pathophysiology in adolescents compared
with adults, there is a great need to identify youth with in-
creased metabolic risk early so that targeted treatment and
prevention can be initiated (21). To date, most studies ex-
amining the pathophysiology of T2D in youth have been
cross-sectional in nature. To study these issues in more de-
tail, a cohort of Latino children with overweight and obe-
sity and a positive family history of T2D was established
and named SOLAR (Study of Latino Adolescents at Risk)
(22,23). The overall objectives of this longitudinal study
were to evaluate factors contributing to decline in DI in
Latino youth during pubertal development and examine
mechanisms underlying changes in DI in the progression of
T2D (22,23). Previous data collected from this study group
and others have suggested rapidly declining DI is the pri-
mary pathophysiological factor contributing to youth-onset
conversion to T2D (24–28). However, limited longitudinal
studies have examined the relationship between rate of
change in DI and rates of change in adiposity measures
over time in youth who convert to T2D compared with
those with normoglycemia (25,28–30). Therefore, the purpose

of this analysis was to examine demographic, body compo-
sition, and metabolic differences in youth who converted to
T2D over the 5-year study period compared with matched
control participants and an extended cohort to investigate
if any of the measured outcomes were predictive of conver-
sion. We hypothesized that youth who convert to T2D would
have more severe obesity, greater visceral fat, and be more
insulin resistant at baseline than nonconverters and that
rates of change in DI and adiposity measures would predict
conversion.

RESEARCH DESIGN AND METHODS

Participants
The SOLAR cohort was a prospective study of Latino youth
with overweight and obesity who were recruited in two
waves between 2000 and 2015 (31). Participants were re-
cruited through clinics, health fairs, newspaper announce-
ments, and word of mouth. Inclusion criteria included 1)
age between 8 and 13 years, 2) BMI $85th percentile
based on age and sex, 3) no T1D or T2D; 4) Hispanic/
Latino ethnicity (all four parents and grandparents Hispanic/
Latino by self-report), 5) direct familial history of T2D; and
6) no medications known to influence insulin/glucose metab-
olism (e.g., antipsychotics, sedatives, hypnotics, off-label obe-
sity medications, or insulin). Ethics approval was provided by
the University of Southern California (USC) Institutional Re-
view Board (Los Angeles, CA). Before participation, written
informed assent/consent was obtained from participants
and their guardians. All participants returned on an annual
basis for measurement of anthropometrics and body compo-
sition, metabolic testing, physical examination, and health
questionnaires. Development of T2D (n = 6) was defined,
according to the American Diabetes Association, as fasting
glucose $126 mg/dL (7.0 mmol/L) and/or 2-h glucose
$200 mg/dL (11.1 mmol/L) and/or hemoglobin A1c (HbA1c)
$6.5% ($46 mmol/mol). Youth who converted to T2D
with at least two annual measures were compared with con-
trol participants matched on sex, BMI, and pubertal status,
with a ratio of five control participants per case patient (n =
30), who had completed at least six annual measures and
then with the extended cohort of youth who had completed
at least six annual measures (n = 256). Youth included in
the extended cohort all had baseline insulin response meas-
ures available.

Annual Anthropometrics and Body Composition
Measures
Height (by a wall-mounted stadiometer) and weight (by a
balance beam medical scale) were recorded at each visit to
the nearest 0.1 cm and 0.1 kg, respectively, and the average
of the two measurements was used for analysis. BMI and
BMI percentile for age and sex were determined based on
established Centers for Disease Control and Prevention nor-
mative curves using EpiInfo 2000 (version 1.1; Centers for
Disease Control and Prevention, Atlanta, GA). Waist cir-
cumference (WC) and skinfolds (axilla, chest, subscapular,
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superiliac, abdomen, triceps, calf, and thigh) were mea-
sured using the procedures of Lohman et al. (32). A
whole-body DEXA scan was performed to determine whole-
body composition using a Hologic QDR 4500 W (Bedford,
MA). Intra-abdominal and subcutaneous abdominal adipose
tissue were measured by MRI at the Los Angeles County/
USC Imaging Science Center using a 1.5 Signa LX-Ecospeed
1.5 Tesla magnet (General Electric Company) and a single
slice at the level of the umbilicus.

Annual Metabolic Testing
An oral glucose tolerance test (OGTT) was conducted us-
ing a dose of 1.75 g glucose per kilogram body weight (to
a maximum of 75 g). Blood was sampled and assayed for
glucose and insulin every 30 min for 2 h (0, 30, 60, 90,
and 120 min relative to glucose ingestion), and indices of
insulin response were measured, including area under the
curve (AUC). In addition, a frequently sampled intrave-
nous GTT (FSIVGTT) was performed within 1–2 weeks of
the OGTT and after an overnight stay at the clinical re-
search center. The FSIVGTT was conducted with a glucose
dose at time zero (25% dextrose; 0.3 g/kg body weight),
blood sampling at 2, 4, 8, 19, 22, 30, 40, 50, 70, 100, and
180 min, and insulin injection (0.02 units/kg body weight;
Humulin R [regular insulin for human injection], Eli Lilly
and Company, Indianapolis, IN) at 20 min. Values captured
on the FSIVGTT for glucose (glucose oxidase method: 2700
Analyzer; YSI, Inc., Yellow Springs, OH) and insulin (ELISA;
Linco, St Charles, MO) were entered into the MINMOD
Millennium 2002 computer program (version 5.16) for de-
termination of SI, AIR, and DI (SI × AIR) (33). DI was used
as an index of the compensatory adaptation to insulin re-
sistance. Blood samples during the OGTT were centrifuged,
and plasma was placed on ice and analyzed within 1 h at
the Los Angeles County/USC Medical Center Core Labora-
tory with a Dimension Clinical Chemistry system using the
Hexokinase method (Dade Behring, Deerfield, IL). Blood
samples from the IVGTT were centrifuged, and plasma was
stored on ice before storage at 80�C. Aliquots were assayed
in duplicate for glucose using the glucose oxidase method
and a 2700 Analyzer (YSI, Inc.). Insulin was assayed in du-
plicate using an ELISA kit from Linco. Height (in meters)
and weight (in kilograms) were measured at each visit and
were used to calculate BMI as kilograms per meter squared.

Health Questionnaires
Participants and their guardians completed several ques-
tionnaires detailing health history, familial health history,
and sociodemographic characteristics. A pediatrician per-
formed a physical examination for determination of Tan-
ner stage (34). Tanner staging is an objective measure of
the stage of development of secondary sex characteristics
during puberty. Tanner stages were classified as prepuberty
(Tanner 1), early puberty (Tanner 2), puberty (Tanner 3),
late puberty (Tanner 4), and postpuberty (Tanner 5).

Socioeconomic status was assessed using a modified
version of the Hollingshead Four-Factor Index (35).

Statistical Analysis
Participants who converted to T2D (case patients; n = 6)
were compared with the extended cohort (n = 256) using
ANOVA or general linear models when covariates were in-
cluded. In addition, as a sensitivity analysis, case patients
were compared with matched control participants (n = 30).
Baseline characteristics (sex, Tanner stage, BMI, and base-
line metabolic parameters) were compared between case
patients and matched control participants and between
case patients and the extended cohort sample using t tests.
Logistic binomial regression was used to calculate propen-
sity scores with age, sex, baseline disposition index, Tanner
stage, and weight in excess of the 95th percentile (percent-
age BMIp95) to assess association of these factors with con-
version to T2D. Case patients were matched to five (five-to-
one matching) youth who did not convert to T2D during
the analysis period with propensity scores similar to that
of the case patient [caliper 0.007 (SD of the logit of the
propensity score)]. Mixed-effects growth models were
used to compare rates of change in DI in case patients
versus matched control participants and the total cohort.
The differences in rates of change in DI, metabolic, and
anthropometric measures between case patients, control
participants, and the extended cohort were examined by
testing the interaction between diabetes status and time
in the mixed-effects model. Analysis was performed on
unadjusted data, as well as with adjustment for baseline
DI. Pearson correlation coefficient was used to evaluate
the association between rate of change in DI and meta-
bolic and anthropometric measures between groups. All
analyses were performed using STATA (version 17.1;
STATA Corp., College Station, TX), with a two-sided type I
error set at P < 0.05.

Data and Resource Availability
The data sets generated and/or analyzed during the cur-
rent study are available from the corresponding author
upon reasonable request. The data are not publicly avail-
able because they contain information that could compro-
mise research participant privacy and consent.

RESULTS

Participant Characteristics
A total of 262 Latino youth (mean age 11.5 ± 2 years; 41%
female; 78% with a BMI >95th percentile; 68% with
household education level lower than high school) were re-
cruited between 2000 and 2015 and completed a total of
799 study visits, with a mean visit number of 3.3 (SD 1.8)
for the total cohort. Most participants (73%; n = 222) com-
pleted at least five annual measurements. The overall con-
version rate to T2D at year 5 was 2% (n = 6). Descriptive
characteristics of the cohort at baseline were compared be-
tween case patients (n = 6), control participants (n = 30),
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and the extended cohort (n = 256) (Table 1). No differences
in age, BMI status, household education, or Tanner stage
were noted (all P > 0.05). Four boys and two girls converted
to T2D. Additionally, anthropometrics, lipids, glucose ho-
meostasis, and insulin dynamics from the baseline OGTT
and FSIVGTT and body composition and body fat distribu-
tion measures were not different between groups at baseline
(Tables 1 and 2).

Insulin Response Measures
All six case patients had a >85% reduction from baseline
in DI (with a 2× greater decrease in AIR), measured from
FSIVGTT data, with a significantly greater increase in
fasting glucose and HbA1c over time compared with the
extended cohort (Table 3 and Figs. 1–3). Table 4 summa-
rizes the mean slope for DI across the three groups, ad-
justed for baseline values. The mean slope for DI was
�341.7 units per year in case patients compared with
�15.2 units per year in control participants and�106.7 units
per year in the extended cohort. The effect size for this differ-
ence is 0.76. Case patients had a 13.3% annual decline in DI
compared with a 4.2% decline in matched control partici-
pants. Figure 1 summarizes the linear relationship between
rate of change in DI, fasting glucose, fasting insulin, and
HbA1c and time as a predictor of conversion between case
patients and the extended cohort. The annual rate of

increase in fasting glucose level was significantly higher in
case patients (13.8 mg/dL/year) compared with the ex-
tended cohort (�0.01 mg/dL/year; P < 0.0001) (Fig. 1).
Figures 2 and 3 summarize the linear relationship between
rate of change in DI and time. There was an inverse corre-
lation between rate of change in DI and rate of change in
baseline fasting glucose, insulin, 2-h insulin, glucose AUC,
and insulin AUC for both case patients and the extended
cohort (Supplementary Fig. 1).

Association Between Rate of Change in DI and
Adiposity Measures
There were no significant differences in any anthropometric
measures, WC, body composition data by DEXA, or abdomi-
nal fat distribution by MRI at baseline across groups (Table
2). When compared with the extended cohort, case patients
had significantly greater rates of increase in trunk fat and
WC over time, which were associated with a slower accrual
of bone mineral content and density (Table 3). A Pearson
correlation coefficient was computed to assess the linear re-
lationship between rate of change in DI and anthropometric
and body composition measures across the total cohort.
There was a significant negative correlation between rate of
change in DI and rates of change over time in WC (r =
�0.25; P = 0.003) (Fig. 4B), total fat mass (g/year; r = �0.2;
P = 0.02) (Fig. 4C), and visceral fat (cm2/year; r = �0.2;

Table 1—Baseline characteristics for youth who converted to T2D over study period (case patients) compared with control
participants and total study cohort

Case patients
(n = 6)

Control participants
(n = 30)

Total cohort
(n = 262) P*

Sex
Male 4 (67) 16 (53) 162 (59) 0.7†
Female 2 (33) 14 (47) 113 (41) 0.3†

Age, years 11.3 ± 2 11.2 ± 2 11.5 ± 2 0.9†

Weight, kg 68.5 ± 26 65.8 ± 20 66.1 ± 20 0.7†

Height, cm 152.5 ± 17 150.3 ± 13 151.1 ± 12 0.6†

BMI, kg/m2 28.3 ± 6 28.5 ± 5 28.3 ± 6 0.7†

BMI percentile 96.9 ± 4 97.5 ± 3 96.5 ± 5 0.6†
<85th (normal) 0 (0) 0 (0) 9 (3)
$85th and #95th percentile (overweight) 1 (17) 4 (13) 97 (35)
$95th and 120% of 95th percentile (class I obesity) 3 (50) 15 (50) 133 (48)
>120% of 95th percentile (class II or III) 2 (33) 11 (37) 80 (30)

Tanner stage 0.1‡
1 3 (50) 7 (23) 89 (32)
2 0 (0) 8 (27) 90 (33)
3 0 (0) 4 (13) 36 (13)
4 6 (20) 40 (15)
5 3 (50) 5 (17) 20 (7)

Birth weight, kg 4.0 ± 1.1 3.7 ± 0.8 3.7 ± 1.1 0.7†

Household education level 0.2‡
Lower than high school 3 (50) 17 (57) 187 (68)
Completed high school 0 (0) 12 (40) 74 (27)
Higher than high school 3 (50) 1 (3) 14 (5)

Data are presented as n (%) or mean ± SD. Control participants were selected with propensity score–matching sex, BMI, and pubertal
status at ratio of five control participants per case patient. *Statistical comparison between group differences for case patients versus
control participants. †Two-sample t test. ‡Fisher exact test.
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P = 0.03) (Fig. 4D). There was an inverse correlation between
rate of change in DI and rates of change in BMI (as assessed by
BMI z score, raw BMI, and percentage BMIp95), WC, total fat
mass, subcutaneous abdominal adipose tissue, intra-abdominal
adipose tissue for both case patients and the extended cohort
(Table 4). Sex-specific analyses for DI and adiposity showed that
rates of change in DI and adiposity measures did not differ be-
tweenmale and female participants.

DISCUSSION

The SOLAR Diabetes Project, conducted between 2000
and 2015, set out to evaluate factors contributing to the
development of T2D in Latino children with overweight
and obesity during pubertal growth and development.
The primary aim was to examine mechanisms underlying
changes in DI that might contribute to the development
of T2D during this critical period of growth. In this re-
port, we present a detailed comparison of metabolic and
physiological differences in youth who converted to T2D
versus control participants and the extended cohort.
These results highlight four major findings: 1) a lower-

than-expected conversion rate was seen, with only 2% of
Latino youth with overweight and obesity and a positive
family history of T2D developing T2D over 5 years; 2) a
rapid decline in DI, most likely driven by a decline in AIR,
was associated with conversion to T2D, suggesting limited
ability for b-cell compensation; 3) youth who converted
to T2D had a significantly higher annual increase in fast-
ing glucose, HbA1c, waist circumference, and trunk fat over
time than the extended cohort; and 4) there was an inverse
correlation between rate of decline in DI over time and
rates of increase in several adiposity measures over time. In
contrast to our hypothesis, we did not find evidence that
conversion to T2D was associated with baseline obesity or
glycemic indices; rather, rates of increase in adiposity out-
comes were negatively correlated with a rapid decline in DI
and increase in fasting glucose over time.

Low Conversion Rate to T2D
Previous work from this study group reported impaired
glucose tolerance in 20–30% of Latino children with over-
weight and obesity, as well as severe insulin resistance

Table 2—Anthropometrics, body composition, fat distribution, and outcomes from OGTT and FSIVGTT at baseline in youth
who converted to T2D over study period (case patients) compared with control participants and total study cohort

Case patients
(n = 6)

Control participants
(n = 30)

Total cohort
(n = 262) P*

Waist and skinfold measures
Waist, cm 89.5 (13.3) 84.9 (13.1) 89.5 (13.9) 0.4
Abdominal, mm 31.8 (7.5) 24.5 (10.8) 29.0 (9.6) 0.1
Chest, mm 13.9 (7.2) 10.5 (6.9) 12.6 (6.3) 0.2
Calf skinfold, mm 18.4 (8.1) 15.2 (8.8) 18.0 (8.6) 0.2
Tricep skinfold, mm 22.2 (11.6) 15.3 (7.6) 18.1 (8.5) 0.1

Adiposity measures via DEXA
Total fat, kg 26.0 (11.0) 23.0 (8.9) 25.3 (10.3) 0.5
Trunk fat, kg 13.1 (5.8) 11.0 (4.9) 12.3 (5.4) 0.5
Total lean, kg 39.4 (15.2) 38.9 (12.0) 38.0 (10.5) 0.9
Total bone, kg 0.9 (0.1) 0.9 (0.1) 0.93 (0.1) 0.9
Percentage total fat 38.8 (5.9) 35.6 (6.8) 38.2 (6.5) 0.3

Central adiposity via MRI
IAAT, cm2 59.0 (13.0) 40.3 (19.7) 47.9 (21.9) 0.1
SAAT, cm2 371.6 (113.9) 312.4 (145.7) 337.0 (148.5) 0.5
IAAT to SAAT 0.2 (0.1) 0.1 (0.1) 0.2 (0.1) 0.4

2-h OGTT
Fasting glucose, mg/dL 88.4 (4.2) 93.5 (6.3) 93.0 (5.9) 0.1
2-h glucose, mg/dL 136.2 (17.2) 130.5 (19.4) 123.2 (17.9) 0.5
Fasting insulin, mU/mL 25.5 (10.2) 20.0 (10.7) 19.2 (11.5) 0.2
2-h insulin, mU/mL 184.3 (153.9) 195.3 (150.8) 145.6 (122.7) 0.9
Glucose AUC, mg*h/dL 288.7 (46.4) 281.5 (33.8) 266.7 (32.8) 0.7
Insulin AUC, mU*h/mL 349.1 (216.2) 364.4 (271.1) 307.4 (193.4) 0.9

FSIVGTT
SI, ×10�4 min�1/(mU/mL) 1.6 (1.0) 1.8 (1.3) 2.1 (1.4) 0.4
AIR, mU/mL 1,262.0 (494.3) 1,549.6 (1,119.9) 1,688.6 (1,226.1) 0.6
DI, ×10�4 m�1 1,950.5 (1,246.9) 1,867.9 (870.7) 2,499.3 (1,163.2) 0.9
SG, %/min 0.01 (0.01) 0.02 (0.01) 0.02 (0.02) 0.4

Data are presented as mean (SD). Control participants were selected with propensity score–matching sex, BMI, and pubertal sta-
tus at ratio of five control participants per case patient. IAAT, intra-abdominal adipose tissue; SAAT, subcutaneous abdominal adi-
pose tissue; SG, glucose effectiveness index. *Statistical comparison between group differences for case patients versus control
participants based on two-sample t test.
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(14,19,23). Despite the growing prevalence of youth-onset
T2D, there is a paucity of literature describing the annual
rate of decline in DI in at-risk youth before conversion.
Our findings show that youth who converted to T2D over
the study period experienced an annual decline in DI of
13.3% compared with a decline of 4.2% in control partici-
pants. For further context, the TODAY (Treatment Options
for Type 2 Diabetes in Adolescents and Youth) study re-
ported that youth with T2D have a 20–35% annual decline
in DI, whereas the SEARCH study showed rates that varied
between 6 and 30% annually (36,37). Both the TODAY
and SEARCH studies showed that there is great heteroge-
neity in the speed of DI decline; some youth have delayed
progression, whereas in others progression is quite expe-
dited (38). Conversely, adults with T2D seem to have a
more consistent annual decline in DI of �7–8% annually
(36,37). These findings have clinical implications regarding
risk stratification and targeted treatment strategies for
high-risk cohorts, suggesting that treatments that can slow
the rate of decline in DI (e.g., target pharmacotherapies
used in pediatric obesity management that increase insulin

secretion and synthesis) may be beneficial in delaying or
preventing the development of T2D (4,5).

Rapid Declines in DI and Glycemic Status in Those
Developing T2D
Both adult and pediatric data have demonstrated that
change in DI over time is a key pathophysiological compo-
nent of conversion to T2D (10,27,39). In alignment with
this concept, the current analysis showed that youth who
developed T2D had a three times greater rate of decrease
in DI compared with control participants. Of note, al-
though not statically significant, youth who developed T2D
had a less healthy metabolic profile at baseline than the
other groups, as indicated by a higher fasting insulin level
with associated higher 2-h glucose level and lower SI, AIR,
and DI at baseline. Furthermore, consistent with previous
literature, in this cohort, there was an inverse correlation
between rate of decline in DI over time and fasting glucose,
insulin, 2-h glucose and insulin, and glucose and insulin
AUC concentrations (26,28,30). Youth who developed T2D
had greater increases in fasting glucose and HbA1c over
time compared with the extended cohort. The current

Table 3—Logistic binomial regression was used to evaluate rates of change in insulin and adiposity measures over time
between case patients (n = 6) and extended cohort (n = 256)

Outcome variable

Extended cohort Case patients

PRate of change SD Rate of change SD

Metabolic
Fasting glucose, mg/dL �0.01 0.1 3.8 0.6 0
HbA1c, % �0.009 0.005 0.07 0.03 0.01
DI �106.7 18.2 �340.7 115.4 0.045
Glucose AUC, mg × h/dL �3.0 0.6 1.9 3.7 0.1
Fasting insulin, mIU/mL 0.3 0.2 1.8 1.2 0.2
AIR, mU/mL �58.368 14.4 �161.2 88.4 0.2
2-h insulin, mIU/mL �5.3 2.1 0.3 13.2 0.6
Insulin AUC, mIU × h/mL �7.2 3.1 �0.2 19.1 0.7
2-h glucose, mg × h/dL �1.3 0.4 �0.8 2.3 0.8
SG, %/min 0 0 �0.001 0.002 0.8
SI, ×10�4 min�1/(mU/mL) �0.087 0.02 �0.08 0.1 0.9

Body composition
Total bone mineral density, g/cm2 0.05 0.001 0.04 0.01 0.01
WC, cm 1.4 0.1 2.9 0.6 0.02
Total bone mineral content, g 193.0 3.8 151.9 19.6 0.04
Trunk fat, kg 0.7 0.05 1.5 0.3 0.02
Waist-to-hip ratio �0.01 0.001 �0.002 0.01 0.06
Total fat mass, % �0.8 0.08 �0.02 0.4 0.07
Total fat mass, kg 1.355 0.1 2.2 0.4 0.1
Total fat mass, g 1,355.3 95.1 2,184.7 498.3 0.1
SAAT, cm2 17.2 1.7 34.5 10.5 0.1
BMI percentile �0.5 0.09 0.05 0.5 0.2
BMI, kg/m2 0.8 0.1 1.2 0.3 0.2
Calf subcutaneous fat, g 0.5 0.2 1.839 0.9 0.2
BMI z score, SD �0.03 0.005 0.004 0.03 0.3
Excess percent of 95th percentile, % �0.8 0.2 0.2 1.1 0.3
IAAT-to-SAAT ratio �0.01 0.001 �0.02 0.01 0.6
IAAT, cm2 �1.9 0.3 �1.4 2.2 0.7
Abdominal subcutaneous fat, g 3.4 0.2 3.8 1.1 0.7
Chest subcutaneous fat, g 0.9 0.2 0.8 0.7 0.8

Analysis was performed on unadjusted data, as well as with adjustment for age, sex, BMI, and Tanner stage. Bold font indicates signifi-
cance. IAAT, intra-abdominal adipose tissue; SAAT, subcutaneous abdominal adipose tissue; SG, glucose effectiveness index.
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findings further reinforce previous cross-sectional data
from this cohort, which show that both impaired fasting
glucose and impaired glucose tolerance were associated with
declining DI (13,14). Consistent with the present data, past
analyses from this cohort and others have shown that youth
with obesity and normal glucose tolerance who have a glu-
cose level at the upper limit of normal, both fasting and
stimulated (fasting glucose between 90 and 100 mg/dL,
1-h glucose >155 mg/dL, and 2-h glucose between 120 and
140 mg/dL), have a greater likelihood of developing impaired
fasting glucose and T2D over time compared with youth
with obesity with fasting glucose between 70 and 80 mg/dL
and 2-h glucose between 100 and 119 mg/dL (15–17,40–42).
A recent pediatric study investigating the association be-
tween clamp DI and glucose AUC showed that there was a
significant inverse relationship between clamp DI and glucose
AUC and that a 30–75% improvement in DI was associated
with restoration of glycemia in youth with obesity (15,43).
These findings are consistent with the theory that rate of
change in DI seems to be the differentiating factor between
normoglycemia and T2D and that baseline glycemic status is
an early predictor of future rapid decline and thus develop-
ment of T2D. It is important to highlight the clinical

indications of these findings for youth at risk of T2D. The DI
measured in this study was obtained from an IVGTT, which
is impractical to collect in the clinical setting, and we failed
to see any relationships with OGTT measures. However, we
were limited to the use of a traditional OGTT sampling pro-
tocol, whereas there is growing evidence to suggest that fre-
quently sampled OGTT protocols that include early measures
of the insulin and C-peptide response may allow for more
accurate modeling of glucose-stimulated insulin secretion
(44,45) and be more sensitive than oral disposition index in
detecting dysglycemia. We therefore recommend that future
studies include OGTTs with rapid initial sampling, because
this may be a more cost-effective and practical option to
identify a screening tool that is accurate and able to be dis-
seminated in clinical practice.

Correlation Between Rapid Decline in DI and
Increased Adiposity Over Time
Obesity is associated with increased insulin concentrations
during both fasting and stimulated states. Previous studies
have proposed that increased insulin secretion contributes
to insulin resistance and ultimately conversion to T2D in
individuals with obesity (46,47). However, this hypothesis
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Figure 1—Annual changes in DI (A), fasting glucose (B), fasting insulin (C), and HbA1c fasting glucose (D) over 5 years in youth who converted to
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has been challenged by recent work that has shown that
increased insulin secretion in individuals with obesity is
associated with increased adiposity and is not only a com-
pensatory response to insulin resistance but also an inde-
pendent risk factor for conversion to T2D (45). There is
evidence in adult cohorts that the association between ex-
cess adiposity and insulin resistance results from an inabil-
ity of peripheral adipose tissue to store excess energy

intake, which leads to ectopic fat deposition that alters
metabolic pathways and thus disturbs and ultimately de-
stroys b-cells (48,49). Previous work from this study group
has shown that total fat mass was independently and posi-
tively related to fasting insulin and negatively related to
insulin sensitivity but was not related to AIR in this at-
risk youth cohort (19,23,50). Although not statistically sig-
nificant, given the small conversion rate in this study,
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Figure 2—Change in DI over 5 years in youth who converted to T2D (case patients; n = 6) (A) compared with control participants (n = 30)
(B) with mixed-effects growth models.
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youth who converted to T2D tended to have higher adipos-
ity across all metrics at baseline compared with control
participants, and there was an inverse linear relationship be-
tween rate of change in DI and adiposity measures across
the total cohort. Given the close correlation between general
adiposity and ectopic fat stores, it can be postulated that in-
creasing overall adiposity is a surrogate for increased ectopic
fat deposition, supporting the hypothesis that accumulation
of ectopic fat could be an important factor contributing to
BCF; however, those metrics were not measured in the cur-
rent study. When comparing the inverse correlation between
rate of change in DI and adiposity measures between case
patients and control participants, those youth who con-
verted to T2D had much stronger correlations across all adi-
posity measures over time. Case patients had significantly

greater rates of increase in trunk fat and WC over time, con-
sistent with previous literature on youth in obesity; they
were also found to have slower accrual of bone mineral con-
tent and density over the study period. This strong correla-
tion matches what the RISE (Restoring Insulin Secretion)
study previously demonstrated: that youth with T2D have
more severe obesity than older adults with T2D (37,51).
Our findings further reinforce the relationship between rates
of increase in adiposity measures and decline in DI over
time in high-risk cohorts.

Limitations
To our knowledge, this is the first prospective longitudinal
study in Latino youth at risk of T2D to examine change in
insulin sensitivity indexes and adiposity over time in
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Table 4—Mixed-effects growth models used to compare rate of change in DI in youth who converted to T2D over study
period (case patients) compared with control participants and extended cohort

Case patients (n = 6)

Comparison

Control participants (n = 30) Extended cohort (n = 256)

Rate 95% CI Rate 95% CI Rate 95% CI

Model 1* �330.2 �530.0, �130.3 �32.2 �123.0, 58.6 �110.1 �149.5, �70.7

Model 2† �341.7 �529.3, �154.1 �15.2 �99.1, 68.7 �106.7 �142.3, �71.1

Total N = 262. *Unadjusted for baseline DI. †Adjusted for baseline DI.
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relation to development of T2D. We focused on a high-risk
cohort, assessed diabetes risk using robust measures of insu-
lin sensitivity and secretion from the FSIVGTT to estimate
DI, controlled for the potential confounding effects of matu-
ration and body composition, and used powerful statistical
modeling techniques to account for the variance of change
across time. These findings are essential to inform future tri-
als investigating the pathophysiology of youth-onset T2D
and design interventions that aim to restore BCF in the
hope of preventing or delaying conversion in this high-risk
cohort. Despite these strengths, we acknowledge potential
limitations that should be considered. First, given the lon-
gitudinal nature of the study, not all participants were
available for every year of testing, so controlling for missing
data by linear mixed modeling was necessary. In addition,
because only annual measures were obtained, we could not
determine exactly when pubertal progression was occurring
or how that might relate to change in metabolic risk. This
is an important component of the multifactorial pathophys-
iology that heralds youth-onset conversion to T2D and
requires further investigation. However, considering the rel-
ative lack of longitudinal data in this high-risk cohort and
the increased efforts in developing targeted interventions
to preserve BCF, we believe our data still provide much-
needed information and potential guidance concerning power
calculations in designing such trials. Another limitation of
the study is the small sample size of those converting to
T2D. Because of the low conversion rate, we opted to
evaluate baseline differences and rates of change in insu-
lin indexes and adiposity. Future studies will need to re-
cruit much larger cohorts observed over longer periods to
definitively determine how to predict the development of
overt diabetes in youth. Lastly, a major limitation of our
current study is that the cohort was limited to Latino
youth with obesity and a positive family history of T2D,
making it difficult to generalize our findings to other seg-
ments of the population at risk of developing pediatric
T2D. Additional longitudinal reference data in other cohorts
would be useful for comparative purposes. The present in-
formation might prove beneficial in designing large-scale in-
terventional trials in youth with diverse ethnic backgrounds.

Conclusions
These findings suggest that development of T2D in Latino
youth with obesity is preceded by a substantial and rapid
decrease in DI, increases in fasting glucose and HbA1c,
and increased adiposity measures. These results suggest
that it is the rapid decline in DI and the rate of adiposity
increase that seem to be the differentiating factors in the
development of T2D in this age group.
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