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1 | INTRODUCTION

Y

Objectives: The risk of early-onset type 2 diabetes associated with the severity of obesity in
youth is not well understood. This study aims to determine metabolic alterations and type 2 dia-
betes risk among American Indian children who are obese or severely obese.

Methods: Incidence rates of diabetes before 20 years (youth-onset) and 45 years were com-
puted in 2728 children who were from 5 to <10 years and 4317 adolescents who were from
10 to <18 years without diabetes examined between 1965 and 2007. Obesity was defined as
age-sex-adjusted body mass index (BMI) >95th percentile, and its severity was quantified as
the percentage of the 95th percentile (%BMl,o5).

Results: In the younger cohort, 0.9% of those non-obese and 2.9% of those with 100% to
<120%BMl,95 had impaired glucose tolerance (IGT) compared to 8.6% of those with >140%
BMl,9s. In the older cohort, 2.9% of those non-obese and 9.8% of those with 100% to <120%
BMlp95 had IGT compared to 13.3% of those with 2160%BMl,¢5. The incidence of youth-onset
diabetes was 3.8 and 4.9/1000 person-years in the child and adolescent cohorts, respectively,
and before the age of 45 was 12.3 and 16.8/1000 person-years, respectively. Incidence rates
of youth-onset diabetes in those with the most severe obesity (>140%BMl,¢5) were 2.3 to 5.1
times as high as in those with the least severe obesity (100 to <120%BMl,ss), and for onset of
diabetes before the age of 45 were 1.6 to 2.2 times as high.

Conclusions: Severe obesity in an American Indian population is a major driver of type 2 diabe-

tes developing in adolescents and young adults.
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index (BMI) distribution, toward higher values, compared to children

who were born earlier.® In the same population, we also found

Although the overall prevalence of overweight and obesity among
children and adolescents in several countries has stabilized in recent
years,>? the prevalence of severe obesity continues to rise, particu-
larly in the United States.®> We previously compared obesity trends
across birth cohorts in an American Indian population and found that

children in later birth cohorts had a right shift in their body mass

greater risks for diabetes with a metabolic phenotype of obesity and
impaired glucose tolerance (IGT).> Less is known about the impact of
different degrees of obesity in these children and adolescents, and
the associated long-term metabolic risk.

Adiposity is most commonly assessed by BMI. In the American

Indian population described in this study, BMI was strongly correlated
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with adiposity measures from dual energy X-ray absorptiometry in
children and adolescents® and, in adults, BMI performs at least as well
as other adiposity measures such as waist circumference and percent
body fat in predicting risk of diabetes development.” In the United
States, pediatric healthcare providers use the Centers for Disease
Control and Prevention (CDC) growth charts for children and adoles-
cents 2 to 20 years of age,® where overweight is defined by the 85th
to <95th BMI percentile and obesity by >295th percentile. One limita-
tion of these growth charts is their inability to track children and ado-
lescents with very high BML? To account for this limitation, Flegal
et al suggested that high BMI values should instead be presented as
percent of the 95th percentile (%BMngs),9 While cross-sectional ana-
lyses have examined cardiometabolic risk factors in children with
severe obesity,'© prior studies have rarely examined the longitudinal
risk of type 2 diabetes mellitus development in children and adoles-
cents with severe obesity. Between 1991 and 2003 in this American
Indian population, the prevalence of diabetes was 3.3% in children
aged 5 to 14 and 6.4% in youth aged 15 to 24, a 2- to 11-fold
increase from just 0.3% and 3.3% in 1965 to 1977, respectively.!!
This increase in prevalence was largely attributed to a rising diabetes
incidence over the same time period, given that all-cause mortality
remained stable in those aged <25 years. As obesity is an important
predictor of diabetes, the aim of this study was to determine meta-
bolic abnormalities and early-onset type 2 diabetes risk among Ameri-

can Indian children and adolescents who are obese or severely obese.

2 | METHODS

A longitudinal study of diabetes among American Indians in the
southwestern US began in 1965. Subjects aged =5 years were exam-
ined approximately every 2 years until 2007. The examination
included a medical history, physical examination, biochemical mea-
surements, and review of medical records. Blood was drawn for mea-
surement of total cholesterol and plasma glucose.? Venous plasma
glucose concentration was measured using hexokinase or glucose oxi-
dase methods. Fasting plasma glucose was not routinely measured
prior to 1975; therefore the diagnosis of impaired fasting glucose
was not determined in this analysis. A modified oral glucose tolerance
test was performed following a 75-g oral glucose load in all partici-
pants whether fasting or not.”> Diabetes was defined by WHO cri-
teria®® as plasma glucose concentration = 11.1 mmol/L (200 mg/dL)
2 hours after the glucose load or if diabetes was documented
between research examinations in the course of routine medical care.
IGT was defined as 2-hour post-load glucose of 7.8 to 11.0 mmol/L
(140-199 mg/dL).*® Diabetes was considered youth onset if it devel-
oped before age of 20 years.

This study includes children and adolescents aged 5 to <18 years
and who did not have diabetes at baseline, divided into 2 age
cohorts: 5 to <10 years and 10 to <18 years. The cohorts were not
independent; participants were included in both age cohorts if they
had at least 1 examination each between ages 5 to <10 and 10 to
<18. The examination closest to the midpoint of the respective age
cohort was chosen as the baseline examination. For analysis of

youth-onset diabetes, participants were followed from baseline until

they developed diabetes, their last examination, or age 20, whichever
came first. Accordingly, those followed to the age of 20 years were
required to have a non-diabetic examination after the age of 20 or a
diabetes diagnosis after age 20 to confirm they did not have diabetes
at age 20 years. Similar analyses were performed for onset of diabe-
tes before the age of 45, where participants were followed from
baseline until they developed diabetes, their last examination, or age
of 45, whichever came first, and those followed to the age of 45 were
required to have a non-diabetic examination or a diabetes diagnosis
after age of 45. Age of 45 was selected as diabetes incidence

declines in older age,14

and there was little follow-up past age of
45 in our population who initiated follow-up in youth. Written
informed consent was obtained from adults and from the parents of
minors, and assent was obtained from minors. The Institutional
Review Board of the National Institute of Diabetes and Digestive and
Kidney Diseases approved the study.

At each examination, height and weight were measured with the
subject wearing light clothing and no shoes. Blood pressure (BP) was
measured to the nearest 2 mm Hg with the subject resting in the
supine position. Mean arterial pressure (MAP) was calculated as: (2 x
diastolic BP + systolic BP)/3. Age- and sex-specific BMI percentiles
were determined using the CDC BMI growth charts and computer
program.'® Obesity was further classified using %BMl,95 for age and
sex: 100 to <120%BMlyes5, 120% to <140%BMl,95, or 2140%BMl,95
(younger cohort) or 140 to <160% and 2160%BMl,es (older cohort).

2.1 | Statistical analysis

Spearman’s rank correlation was used to determine the association
between BMI percentile and baseline age, 2-hour glucose, total cho-
lesterol, and MAP. BMI percentile was defined using centiles up to
the 95th percentile and %BMl,¢5 thereafter. Differences in sex and
prevalence of IGT at baseline by BMI percentile were assessed using
the Cochran-Armitage test for trend. Sex and age cohort-specific dia-
betes incidence rates were computed as incident cases/1000 person-
years of follow-up. Five-year cumulative incidence of diabetes was
calculated from incidence rates of youth-onset diabetes, and 10-year
cumulative incidence of diabetes was calculated from incidence rates
of diabetes diagnosed before age of 45 as: 1-el-Incidence Rate x Time)
Incidence rate ratios (RRs) were computed using the 65th to <85th
BMI percentile category as reference because this was the modal cat-
egory of the frequency distribution of children aged 5 to <10 years.
To further illustrate differences in diabetes incidence by severity of
obesity, RRs were also computed using 100 to <120%BMl,¢5 as the
reference. Ninety-five percentage confidence intervals for RR were

calculated as

)

1
1 1)\2
Cl=exp {In(RR) +1.96 (H + E)

where Al is the number of incident diabetes cases in the group of
interest, and AO is the number of incident diabetes cases in the refer-
ence group.t®

Parental diabetes was defined as either or both parents having a
diabetes diagnosis by age of 45 years, based on examinations in this

study. If neither parent had a diabetes diagnosis by age of 45 years,
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they were classified as either no parental diabetes, defined as neither
parents having a diabetes diagnosis at age of 45, confirmed by at
least one non-diabetic examination after age of 45, or as unknown if
both parents did not participate in our study or if one or both parents
did not have diabetes at their last examination but were not seen
after age of 45. Exposure to diabetes in utero was classified for chil-
dren and adolescents whose mothers participated in the study. Indi-
viduals were considered exposed to intrauterine diabetes if the
mother was diagnosed with diabetes before the child’'s birth and
unexposed if the mother was never diagnosed with diabetes, or if she
was diagnosed after the child’s birth and if she was found to not have
diabetes at a research examination following the child’s birth. Other-

wise, this variable was considered missing.

2.2 | Sensitivity analysis

All analyses were repeated using BMI z-scores (BMIy), where age-
and sex-specific z-scores were determined using the CDC BMI
growth charts and computer program. We used the modified BMI; as
described previously,* where BMI is expressed as an z-score relative
to the median BMI.2 We did not use the alternate z-score method
that uses a strong normalizing transformation that severely com-
presses the distribution of z-scores such that very few have values

>3, and is thus unsuitable for quantifying extreme BMI values.*

3 | RESULTS

The age 5 to <10-year cohort included 2728 children, and the age
10 to <18-year cohort included 4317 adolescents; 1805 youth were
included in both cohorts. Seven children from the younger and
118 adolescents from the older cohort had diabetes at baseline and
were excluded from this study (Figure S1, Supporting information).
The mean age of the study population was 8.0 (standard deviation,
SD 1.1) years in the younger cohort and 14.1 (SD 1.5) years in the
older cohort. The frequency distribution of children and adolescents
in each BMI percentile category by age cohort is presented in
Figure 1. Eighteen percentage of the younger age cohort were obese
(100- < 120%BMly95) and 12% were severely obese (2120%BMil,s5),
while 21% of the older cohort were obese and 17% were severely
obese (Table 1). BMI percentiles correlated positively with 2-hour
glucose, total cholesterol, and MAP. The prevalence of IGT was also
greater at higher BMI percentiles. In the younger cohort, 0.9% of
those not obese and 2.9% of those with 100% to <120%BMl,95 had
IGT compared to 8.6% of those with 2140%BMl,9s. In the older
cohort, 2.9% of those not obese and 9.8% of those with 100% to
<120%BMly95 had IGT compared to 13.3% of those with 2160%
BMl,9s5.

31 |

Over a median follow-up of 10.8 years (interquartile range [IQR]: 6.9-
12.2), 98 children in the 5 to <10-year-old cohort developed youth-
onset diabetes (3.8/1000 person-years), while over a median follow-
up of 5.5 years (IQR: 4.1-6.5), 111 children and adolescents in the

Diabetes incidence
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FIGURE 1 Relative frequency distribution of body mass index
percentile categories by sex and age group: (A) aged 5 to < 10 years
and (B) 10 to < 18 years

10 to <18-year-old cohort developed youth-onset diabetes (4.9/
1000 person-years). For onset of diabetes before age of 45 years, the
median follow-up was 13.7 (IQR: 6.9-24.8) years in the 5 to <10-
year-old cohort and 12.1 (IQR: 5.8-21.5) years in the 10 to <18-year-
old cohort, with 543 incident cases (12.3/1000 person-years) and
1014 incident cases (16.8/1000 person-years) of diabetes, respec-
tively. In both age cohorts and sexes, diabetes incidence rates and
cumulative incidence of diabetes increased with increasing BMI per-
centile categories (Figures 52,53). Compared to participants without
obesity in the 65th to <85th percentile, the RR for developing youth-
onset diabetes in those with 100% to <120%BMlIues was 5.7 (95%
Cl: 1.9, 17.2) in boys and 2.3 (95% ClI: 0.9, 5.8) in girls in the younger
cohort, and 3.3 (95% Cl: 0.9, 12.1) in boys and 7.4 (95% Cl: 2.2, 24.5)
in girls in the older cohort (Figure S4). These RRs increased with
greater severity of obesity, where children and adolescents with BMI
2140%BMl, 95 had diabetes incidence rates that were 10- to 18-fold
greater than those in the 65th to <85th percentile. For onset of dia-
betes before the age of 45, compared to participants in the 65th to
<85th percentile, the RR for diabetes in those with 100% to <120%
BMl o5 was 1.8 (95% Cl: 1.2, 2.7) in boys and 1.6 (95% Cl: 1.2, 2.3) in
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TABLE1 Baseline characteristics of the study population by BMI percentile category

Non-obese Obese Corre‘la.tion
coefficient
<95th percentile ~ 100- < 120% BMl,o5  120- < 140% BMl,95s  140- < 160% BMl,o5°  2160% BMl95 (P-value)®
Age 5 to < 10 years
N 1925 482 216 105 =
Age 80+ 12 82+ 11 82+ 1.0 82+ 1.0 - .10 (<.001)
Female (%) 50.6 54.6 49.1 314 - 25
2-hour PG (mmol/L) 51+10 55+11 59+12 61+11 - .28 (<.001)
IGT (%) 0.9 29 7.9 8.6 - <.001
Cholesterol (mmol/L) 3.7 (3.4-4.1) 3.9 (3.5-4.4) 4.0 (3.5-4.4) 3.9 (3.4-4.4) - .12 (<.001)
MAP (mm Hg) 68.6 + 10 72 + 10 75 + 10 77 + 11 - .29 (<.001)
Age 10 to < 18 years
N 2692 897 500 153 75
Age 141+ 15 141+ 15 140 £ 1.3 141 +£ 1.3 141+ 14 .01 (.52)
Female (%) 53.5 59.0 536 56-9 50-7 <.001
2-hour PG (mmol/L) 53+12 59+13 64+ 14 63+ 14 6.5+ 1.3 .32 (<.001)
IGT (%) 2.9 9.8 15.0 15.0 133 <.001
Cholesterol (mmol/L) 3.6 (3.3-4.1) 3.9 (34-4.3) 3.9 (3.5-4.4) 4.0 (3.4-4.4) 3.9 (3.2-4.3) .19 (<.001)
MAP (mm Hg) 779 £ 9 81 + 10 82 + 10 82 + 10 85 + 10 .22 (<.001)

Abbreviations: BMI, body mass index; IGT, impaired glucose tolerance; MAP, mean arterial pressure; 2-hour PG, 2-hour plasma glucose. Data are mean +

standard deviation, median (interquartile range) or n (%). 1 mmol/L = 18.02 mg/dL for 2-hour glucose and 38.67 mg/dL for total cholesterol.

# 2140%BM 95 in those aged 5 to <10 years.

b Spearman correlation coefficient and P-value for relationship between BMI percentiles and baseline characteristic; Cochran-Armitage test for trend for

relationship between BMI percentiles and sex and IGT.

girls in the younger cohort, and 1.5 (95% ClI: 1.1, 2.1) in boys and 2.1
(95% ClI: 1.7, 2.7) in girls in the older cohort. This ratio increased to
2.9- to 3.7-fold in those with BMI 2140%BMl,95 (younger cohort) or
2160%BMl,95 (older cohort), compared to the 65th to <85th

percentile.

32 |

When compared to those with 100% to <120%BMl,s, risk of youth-
onset diabetes in children and adolescents with 2140%BMl,95 was at
least twice as high: RR was 2.3 (95% Cl: 1.0, 5.1) in boys and 5.1
(95% Cl: 2.0, 12.5) in girls in the younger cohort, and 3.1 (95% CI:
1.2, 7.8) in boys and 2.4 (95% CI: 1.2, 4.8) in girls in the older cohort.

Similar results were found when comparing risk of diabetes onset

Diabetes incidence within obese categories

before the age of 45 in the most and least severe obesity categories,
though with lower RRs: RR 1.6 (95% Cl: 1.0, 2.7) in boys and 2.1
(95% Cl: 1.1, 3.9) in girls in the younger cohort, and 2.2 (95% Cl: 1.3,
3.9) in boys and 1.7 (95% Cl: 1.0, 3.0) in girls in the older cohort.

The corresponding analysis using BMI; found similar patterns of
diabetes incidence to those computed with BMI percentiles, where
incidence of diabetes was greater with increasing severity of obesity

(data not shown).

33 |

Parental diabetes was determined in 1630 children in the younger

Diabetes incidence by parental diabetes

cohort of which 1536 had at least one parent who developed diabe-
tes by age of 45. In the older cohort, parental diabetes was deter-
mined in 2458 children and adolescents of which 2229 had at least

1 parent who developed diabetes by age of 45. The prevalence of

severe obesity (2120%BMl,t95) was greater in those who had at
least 1 parent with diabetes compared to those with no known
parental diabetes (15% vs 5% in the younger cohort, 21% vs 9% in
the older cohort) (Figure S5). No incident cases of youth-onset diabe-
tes were found in the 94 children from the younger cohort who had
no parental diabetes, and only 3 cases were found in the 229 adoles-
cents in the older cohort (Figure 2). Comparatively, incidence of
youth-onset diabetes in children and adolescents who had at least
1 parent with diabetes ranged from 0.9 to 21.5/1000 person-years
depending on age and BMI percentile group. Twenty-five children in
the younger age group and 75 children and adolescents in the older
age group who had no parental diabetes developed diabetes by age
of 45 years. Within the same BMI percentile category, incidence rates
for diabetes onset before age of 45 were 1.1 to 2.1 times as high in
children who had at least 1 parent with diabetes compared to those
with no known parental diabetes, except in the <65th BMI percentile
category in the 5 to <10 year age group and the 85th to <95th BMI
percentile category in the 10 to <18 year age group. Diabetes inci-
dence rates increased with increasing severity of obesity regardless
of parental diabetes.

3.4 | Intrauterine exposure to diabetes

Information on maternal diabetes before and during pregnancy was
available for 2453 children in the younger and for 3627 children in
the older cohort. Of these, the mothers of 147 children in the youn-
ger and 140 children in the older age cohort were diagnosed with
diabetes before the child's birth. Children whose mothers had diabe-

tes during pregnancy were more likely to be severely obese (2120%
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BMlpct95) than those whose mothers did not have diabetes during
pregnancy (31% vs 10% in the younger cohort, 45% vs 16% in the
older cohort) (Figure S6). Within the same BMI percentile category,
incidence rates for youth-onset diabetes in children who were
exposed to diabetes in utero were 2.7 to 11.2 times as high as in
those who were not exposed to diabetes in utero, while incidence
rates for diabetes onset before the age of 45 were 1.7 to 4.6 times
as high (Figure 3). Diabetes incidence rates increased with increasing
severity of obesity in children and adolescents who were not exposed
to diabetes in utero. This pattern was also generally observed among
those who were exposed to diabetes in utero, except for diabetes
onset before age of 45 in children and adolescents in the older cohort
(Figure S3D).

4 | DISCUSSION

The risk of early-onset diabetes in children and adolescents was
greatly magnified with increasing severity of obesity. Children with
the most severe obesity in this population had 2- to 5-fold increased

risk of developing diabetes by age 20 compared to their peers with

the least severe obesity, and an almost 2-fold increased risk of devel-
oping diabetes before age of 45 years. In prior studies in this popula-
tion, obesity during childhood was an important predictor of type
2 diabetes'”*® and, along with glucose intolerance and hypertension,
was associated with increased rate of premature deaths from endog-
enous causes.’ In this study, we further studied metabolic risk differ-
entiation between obesity severities by dividing the obese category
into 3 or 4 different levels of severity based on BMI percentiles. Clear
positive gradients were observed for cardiometabolic risk factors,
such as BP and 2-hour glucose.

In this population of American Indian children, parental diabetes
and exposure to maternal diabetes in pregnancy are profound risk
factors for obesity and type 2 diabetes in the child.}”?°=22 The 10-
year cumulative incidence of diabetes was zero in American Indian
youths with no parental diabetes compared to 8.2% to 16.0% in their
peers who have 2 parents with diabetes, depending on age group.t’
In this study, no child in the 5 to <10 year age cohort and only 3 in
the 10 to <18 year age cohort with no parental diabetes developed
diabetes before age 20, suggesting a much stronger influence of
parental diabetes on youth-onset diabetes than on diabetes that

develops later in life.
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Among children and young adults aged 3 to 19 years who partici-
pated in the National Health and Nutrition Examination Survey
between 1999 to 2012, greater severity of obesity was associated
with higher prevalence of dyslipidemia, hypertension, and hyperglyce-
mia.*® This study extends these findings in American Indians by dem-
onstrating that more severe obesity in youth was associated not only
with greater metabolic abnormalities but also with greater 5 and 10-
year cumulative diabetes incidence, and with risk of type 2 diabetes
developing before age 20 years and in adulthood before age of
45 years. The incidence of type 2 diabetes in US youth aged 10 to
19 years rose dramatically between 2002 and 2012, particularly in
American Indians and Non-Hispanic Blacks.2®> With earlier onset of
diabetes, individuals are also at greater risk of developing complica-
tions related to diabetes earlier in life. Among teenagers and young
adults who were diagnosed with type 2 diabetes before age of
20, 72% had at least one complication by the age of 21 years and after
a mean diabetes duration of 7.9 years.2* In this study, the incidence
of diabetes before age 20 was much more magnified with greater
severity of obesity than incidence of diabetes before age of 45. Thus,
childhood obesity may be a particularly important determinant of

youth-onset diabetes than diabetes that develops later in life when

those most susceptible to effects of obesity on diabetes have already
developed it. The rising incidence of diabetes in youth and young
adults that is related to the epidemic of childhood obesity is likely
largely driven by the increase in diabetes developed by age of 20.

Abnormal glucose tolerance, insulin resistance, dyslipidemia, and
high BP are common in children who are obese, and they are more
common or more severe with greater severity of obesity.2> The propor-
tion of children with IGT also increases directly with more severe obe-
sity as evident in this study. Obesity in children is commonly associated
with IGT and increased insulin resistance. Transient insulin resistance
can occur during puberty even under normal physiological conditions.2¢
In adolescents who are obese, this may accentuate the metabolic dys-
function already present due to obesity and could result in a myriad of
clinical manifestations such as hypertension, hepatic steatosis, polycys-
tic ovarian syndrome, early atherosclerosis, as well as a predisposition
for diabetes.?”® Thus, it is important to explore how these changes
manifest with greater severity of obesity, and whether these risks
undergo a gradual or an acute increase at a specific threshold.

The strengths of this study include a large sample size that
enabled classification of participants into multiple obesity categories,

and a long follow-up period. Additionally, all anthropometric
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measurements and laboratory testing were done using uniform and
standardized methods during the entire study period in the same
research clinic and laboratory. Our study population resides in the
southwestern US, is of American Indian heritage, and is known to
have a higher prevalence of obesity and diabetes than the general US
population. The relationships we observed likely reflect the impact of
severe obesity generally, although the magnitude of risks may differ
among populations, and are therefore highly relevant to the many
world-wide populations in which obesity is an important risk factor
for diabetes. Further exploration of these associations in other popu-
lations with different diabetes incidence rates would be worthwhile.
We could not distinguish type 1, type 2, or other types of diabetes in
each individual. However, very few individuals in this American
Indian population present with islet cell or glutamic acid decarboxyl-
ase antibodies at the time of diabetes diagnosis, and virtually none
display insulin dependence, suggesting that almost all diabetes in this
population is type 2.2:%°

The prevalence of more severe obesity in children and adoles-
cents continues to increase worldwide. This study suggests that
severe obesity in youth is driving the epidemic of youth-onset diabe-
tes and this will undoubtedly lead to development of late-stage com-
plications of diabetes in mid-life as well as premature mortality.
Children and adolescents who are severely obese rarely transition to
a lower weight category,* therefore isolating the effect of childhood
obesity independent of BMI trajectory was not feasible in this cohort.
Nevertheless, early identification of those with severe obesity and
prompt institution of effective interventions or therapeutic measures
may help mitigate future health risks.
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