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Abstract

Background and Aims: Type 2 diabetes (T2D) is a growing problem in children. Children 

with NAFLD are at potentially high-risk for developing T2D; however, the incidence of T2D in 

this population is unknown. This study aimed to determine the incidence of T2D in children with 

NAFLD and identify associated risk factors.

Methods: Children with NAFLD enrolled in the Nonalcoholic Steatohepatitis Clinical Research 

Network were followed longitudinally. Incidence of T2D was determined using clinical history 

and fasting laboratory values. Cumulative incidence curves were developed for time to T2D. 

A Cox regression multivariable model was constructed using best subsets Akaike’s Information 

Criteria selection.

Results: This study included 892 children with NAFLD and with a mean age of 12.8 (2.7) 

years followed for 3.8 (2.3) years with a total 3,234 person-years at risk. The incidence rate of 

T2D was 3,000 new cases per 100,000 person-years at risk. At baseline, 63 children had T2D, 

and during follow-up, an additional 97 children developed incident T2D, resulting in a period 

prevalence of 16.8 %. Incident T2D was significantly higher in females versus males (HR 1.8 

[1.0–2.8]), associated with BMI z-score (HR 1.8 [1.0–3.0]), and more severe liver histology 

including steatosis grade (HR 1.3 [ 1.0–1.7]), and fibrosis stage (HR 1.3 [1.0–1.5]).

Conclusions: Children with NAFLD are at high risk for existing and incident T2D. In addition 

to known risk factors for T2D (females and BMI z-score), severity of liver histology at the time 

of NAFLD diagnosis was independently associated with T2D development. Targeted strategies to 

prevent T2D in children with NAFLD are needed.
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INTRODUCTION

Type 2 diabetes (T2D) accounts for 90% of all diabetes in adults and is a leading cause of 

morbidity and mortality. 1 In children, T2D is encountered with increasing frequency with a 

95% rise in prevalence from 34 per 100,000 youth in 2001 to 67 per 100,000 youth in 2017. 
2 This is alarming as T2D in youth has a more aggressive disease course than in adults; 

beta-cell function declines more rapidly and complications develop more quickly. 3 Given 

the increasing prevalence in youth, T2D will continue to grow as a major public health 
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problem in the United States as children mature into adults. 4 Therefore, characterizing 

factors contributing to development of T2D in the pediatric population is critical.

The liver plays a prominent role in glucose homeostasis by controlling various metabolic 

pathways such as glycogenesis, glycogenolysis, glycolysis and gluconeogenesis. 5 This 

relationship is further evident by the frequent coexistence of T2D and nonalcoholic fatty 

liver disease (NAFLD), which is well-established in adults related to shared risk factors 

of insulin resistance and visceral adiposity. 6 NAFLD is present in 50 to 75% of adults 

with T2D, whereas the prevalence of T2D in adults with NAFLD is approximately 20%. 7,8 

Moreover, adults with NAFLD are at an increased risk for subsequent T2D. 9 Collectively, 

data suggest that the pathologic process in the liver that occurs in NAFLD may be 

a prominent driver of impaired glucose metabolism, and a predisposing risk factor for 

development of T2D.

NAFLD is the most common chronic liver disease in the pediatric population. 10,11 Children 

with NAFLD have features of insulin resistance, 12 and thus, may also be at risk for T2D. 

We have previously shown that approximately one in 15 children with NAFLD have T2D 

at the time of diagnosis. 13 Although a majority of children with NAFLD do not have 

T2D at initial diagnosis, we hypothesized they are at increased risk for developing this 

condition over time, especially considering the increased coexistence of these conditions in 

adult populations. 14 However, the incidence of T2D in children with NAFLD is not known. 

Therefore, this study aimed to determine the incidence of T2D in children with NAFLD. An 

additional aim was to identify demographic, clinical, and histologic risk factors associated 

with incident T2D in children with NAFLD.

METHODS

Cohort

Participants were children with NAFLD enrolled in prospective cohort studies of 

the Nonalcoholic Steatohepatitis Clinical Research Network (NASH CRN) between 

2004–2017 at 15 participating pediatric clinical centers across the United States (see 

acknowledgements). Studies were approved by the institutional review board at each 

participating center. Written consent was obtained from a parent or guardian, and written 

assent was obtained from all children 8 years or older prior to participation. We included 

children < 18 years old with biopsy-confirmed NAFLD enrolled in the NASH CRN within 3 

months of diagnosis. Exclusion criteria were having < 9 months of follow-up and/or having 

type 1 or 2 diabetes at enrollment.

NAFLD Diagnosis

NAFLD diagnosis was based on liver histology with ≥ 5% of hepatocytes containing 

macrovesicular fat, with exclusion of other causes of liver disease by history, laboratories, 

and histology. Liver biopsy specimens were stained with hematoxylin-eosin and Masson’s 

trichrome stain and centrally reviewed by the Pathology Committee of the NASH CRN 

using the NASH CRN scoring system. 15 The Pathology Committee was masked to 

demographic and clinical data. Consensus histologic assessment was determined for each of 
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the following parameters (with corresponding ordinal scales): steatosis grade (0–3), lobular 

inflammation (0–3), portal inflammation (0–2), hepatocellular ballooning (0–2) and fibrosis 

stage (0–4). Steatosis grade was based on the following: grade 0, < 5% steatosis; grade 

1, 5 to 33%; grade 2, 34 to 66%; and grade 3, > 66%. Fibrosis was staged based on the 

following: stage 0 (no fibrosis), stage 1a (mild zone 3 perisinusoidal requiring trichrome 

stain), stage 1b (moderate zone 3 perisinusoidal fibrosis requiring trichrome stain), stage 

1c (portal/periportal fibrosis only), stage 2 (zone 3 perisinusoidal and periportal), stage 3 

(bridging fibrosis), and stage 4 (cirrhosis).

Liver biopsies were classified as NASH, borderline NASH, or NAFLD not NASH based 

on the aggregate presence and degree of individual features of NAFLD. A typical set of 

minimum criteria to diagnose NASH would include > 5% macrovesicular steatosis, lobular 

inflammation and hepatocyte injury manifested by ballooning degeneration.

Covariates

Demographic, anthropometric and laboratory data for participants were collected at baseline 

and annually thereafter. A structured interview was used to obtain demographic data. 

Weight and height were measured to the nearest 0.1 kg and 0.1 cm respectively. Weight, 

height, and waist measurements were performed in duplicate while wearing light clothing 

without shoes. BMI was calculated as weight (kg) divided by height (m) squared. To 

compare BMI among different ages and in both males and females, the BMI z-score was 

calculated. Participants fasted overnight before phlebotomy. Laboratory assays included: 

glucose, insulin, hemoglobin A1C (HbA1C), alanine aminotransferase (ALT), aspartate 

aminotransferase (AST), gamma glutamyltransferase (GGT), total cholesterol, high-density 

lipoprotein (HDL) cholesterol, low-density lipoprotein (LDL) cholesterol, and triglycerides.

Type 2 Diabetes Definition

Participants attended a research visit annually. Per research protocol, all participants had 

annual screening for T2D, with measurement of fasting glucose and HbA1C. In addition, 

at the annual research visit, interval medical history was reviewed, including any new 

diagnoses made by the participants’ physician. Case definitions for T2D were assigned 

based on laboratory parameters as defined by the American Diabetes Association (ADA) as 

described in other large epidemiologic studies. 16 T2D was defined if children met at least 

one of the following criteria: 1) fasting serum glucose ≥ 126 mg/dL; 2) HbA1C ≥ 6.5%.; 

3) new interval diagnosis of T2D reported by the participant and confirmed by review of 

medical records.

Data Analysis

Baseline descriptive analysis of the demographic, clinical, and histopathologic 

characteristics of the patient population was performed. Incidence rates of T2D were 

calculated with the numerator equal to the number of patients who developed T2D (as 

defined above), divided by the denominator, which is the number of person-years at risk, 

with the time at risk beginning with diabetes-free enrollment. Rates were expressed as 

incident cases per 100,000 person years at risk. Incidence rates overall and by select 

subgroups were presented. Multivariable analysis used the Cox proportional hazards model 
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of time to incident T2D, with censoring at the end of follow-up for each patient. Risk 

factors considered were the baseline characteristics shown in Table 1, except for measures 

of glucose metabolism, as these served as outcome measures; 95% confidence intervals and 

p-values were determined from the maximum partial likelihood fit.

We developed a parsimonious model using the best subset based on Akaike’s Information 

Criterion (AIC), a penalized likelihood method that is a trade-off between goodness of 

fit versus model size, with smaller AICs corresponding to models with more information 

about the outcome. An advantage to AIC selection is that it does not depend on p-values. 

The candidate set of risk factors included: age (years, continuous), sex (binary), ethnicity 

(binary, Hispanic/Latino vs. not Hispanic/Latino), BMI z-score (continuous), fibrosis stage 

(binary, stage 2–4 vs. stage 0–1), steatosis grade (binary, steatosis≥33% vs. <33%), lobular 

inflammation grade (binary, >4 vs. 0–4), ballooning grade (binary, many vs. none/few), and 

steatohepatitis diagnosis (binary, definite vs. none/borderline). Models were presented both 

with and without adjustment for metformin use. Proportionality of the model was assessed 

using Schoenfeld’s test and graphical displays. The assumption of proportionality was 

sufficiently met. We also used unadjusted Kaplan-Meier plots compared with log-rank tests 

for risk factors of interest. Missing data were minimal due to the requirement of complete 

baseline data for study entry. Items with missing data were dropped from the analysis; no 

imputation methods were used. Two-sided p-values were considered significant if p <0.05. 

Analyses were performed using SAS statistical software, version 9.4 (SAS Institute Inc., 

Carey, NC) and Stata, release 15.1 (StataCorp, College Station, TX).

RESULTS

Study population

As shown in Figure 1, there were 955 children with NAFLD and sufficient follow-up. Of 

these, we excluded 6.6% (63/955) because they had T2D at the time of initial evaluation. 

Therefore, 892 children were included in the evaluation of incident T2D. Demographic 

and clinical parameters are shown in Table 1. Mean age of participants at baseline was 

12.8 (2.7) years with a majority male (73%). Mean BMI was 31.8 (6.2) kg/m2 and mean 

BMI z-score was 2.2 (0.4). A full range of NAFLD disease severity was represented in 

this cohort, with 32% (281/892) having mild disease with NAFLD but not NASH, 33% 

(297/892) having borderline zone 1 NASH, 15% (134/892) having borderline zone 3 NASH, 

and 20% (180/892) having definite NASH. At baseline, 12% of participants (109/892) had 

stage 3 fibrosis and 1% (9/892) had cirrhosis (Table 1). Of note, 3.7% (33/892) of children 

without T2D were taking metformin at baseline: 7 for polycystic ovarian syndrome, and 26 

for treatment of NAFLD or insulin resistance.

Incidence of Type 2 Diabetes

The mean follow-up time for children with NAFLD in our study cohort was 3.8 (+/− 2.3) 

years with a total of 3,234 person-years at risk. T2D developed in 97 children (11%) during 

follow-up. Combined with 63 children having a diagnosis of T2D at the time of NAFLD 

diagnosis, the period prevalence of T2D was 16.8% of children (63+ 97/955). For those 

with incident T2D, the mean duration from initial evaluation to onset of T2D was 3.1 years 
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(SD 1.9). The incidence rate of T2D in children with NAFLD was 3,000 new cases per 

100,000 person-years at risk (95% CI 2403–3,597) (Table 2). Of note, 9 participants taking 

metformin at baseline developed incident T2D.

Cumulative Incidence

The association of T2D risk with sex and baseline histologic features is depicted through 

cumulative incidence curves in Figure 2. Cumulative incidence was examined at a time-

point of four years to coincide with the mean follow-up time period for the study 

population. Children with histologic features of severe lobular inflammation, ballooning, 

NASH diagnosis and fibrosis stage > 1 at baseline were significantly more likely to develop 

T2D. Notably, after 4 years of follow-up, the cumulative incidence of T2D in participants 

with definite NASH at baseline was more than twice that of those without definite NASH 

(21% versus 10%, HR 2.3 [1.5, 3.5], p< 0.001). Children with fibrosis stages 2–4 were 

also significantly more likely to develop T2D with a cumulative incidence of T2D in 19%, 

compared to 10% in those with fibrosis stages 0–1 at 4 years ([HR 2.0 (1.3, 3.0)], p=0.001).

Cox Regression of Time to Incident Diabetes

Cox regression models were developed for time to T2D (Table 3). Within the multivariable 

model, female sex significantly increased risk of developing T2D by 80% (HR 1.8 [1.0–2.8], 

p=0.007). BMI z-score was significantly positively associated with risk of T2D (HR 1.8 

[1.0–3.0], p= 0.03). Notably, there was a significant increased relative hazard of developing 

T2D based on baseline histologic features of steatosis grade (HR 1.3, [1.0–1.7], p= 0.04), 

ballooning grade (HR 1.3 [1.0–1.8], p=0.03), and fibrosis stage (HR 1.3 [1.0–1.5], p=0.03). 

As shown in Table 3, adjusting for baseline metformin use did not change these results.

DISCUSSION

We evaluated the incidence of T2D in a cohort of 892 children with NAFLD from 15 

centers across the United States followed for an average of four years. T2D was already 

present in 6.6% of children with NAFLD upon initial assessment. For children with NAFLD 

that did not have T2D at baseline, the incidence rate of T2D was 3000 cases per 100,000 

person-years, for an annual incident rate of 3% in children enrolled in the NASH CRN. Risk 

factors associated with increased risk of incident T2D included female sex, older age, higher 

BMI z-score, and more severe histologic liver disease, including steatosis grade, ballooning 

score, and fibrosis stage.

T2D has emerged as a concerning chronic disease impacting today’s youth4 with a rising 

incidence in children worldwide.17,18 Recent analysis from a large U.S. population-based 

registry, SEARCH for Diabetes in Youth Study, demonstrated that the incidence of T2D 

increased from 9.0 per 100,000 person-years in 2002–2003, to 13.8 per 100,000 person-

years in 2014–2015 in children aged 10–19 years old.19 Risk is known to differ by race 

and ethnicity, with the highest incidence rates reported among American Indian children 

(46.5/100,000 person-years), non-Hispanic Black children (32.6/100,000 person-years) and 

Hispanic children (18.2/100,000 person-years) compared to non-Hispanic White children 

(3.9/100,000 person-years). 20 Moreover, obesity influences risk of T2D; the incidence of 
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T2D in a population of 369,362 children with obesity over 20 years was 103.3 per 100,000 

person-years. 21 The incidence of T2D observed in children with NAFLD in this study, 

3,000 per 100,000 person-years, was much higher than previously reported. This variation in 

incidence is not sufficiently explained by confounding factors of race, ethnicity, or obesity, 

as severity of NAFLD was independently associated with increased risk of incident T2D. 

This high incidence suggests that a diagnosis of NAFLD identifies children at a particularly 

increased risk for developing T2D; the pathophysiologic mechanisms that contribute to the 

development of NAFLD may influence this T2D risk.

Insulin resistance is a key driver of both NAFLD and T2D. 12,22 The sequence of events 

determining whether NAFLD or T2D develops first is unclear and may differ between each 

individual child. Of those participants with T2D, approximately 60% developed NAFLD 

prior to the development of diabetes. Severity of hepatic histology at baseline in children 

with NAFLD without T2D was shown to be a significant risk factor for subsequent T2D. 

Both steatosis grade and fibrosis stage independently increased risk for incident T2D. 

Previous studies in children have demonstrated an association between the degree of hepatic 

steatosis and severity of insulin resistance. In 118 adolescents with obesity, greater magnetic 

resonance imaging (MRI) hepatic fat fraction (HFF) was inversely correlated with insulin 

sensitivity and beta-cell function. 23 The specific role of the liver in this insulin-resistant 

state has been illustrated in two separate pediatric case-control studies, in which children 

with high liver fat, measured by MRI (HFF > 5.5%) or magnetic resonance spectroscopy 

(intrahepatic triglyceride content ≥10%), were found to have impaired action of insulin on 

both liver and skeletal muscle compared to those with normal liver fat, independent of BMI 

and visceral fat. 24,25 Multiple adult studies have found that severity of hepatic fibrosis is 

associated with greater insulin resistance, independent of age, gender, BMI, and steatosis. 
26, 27 Moreover, a recent study showed that the severity of liver fibrosis in adults with 

NAFLD but without T2D was associated with decreased glucose tolerance. 28 This suggests 

that hepatic fibrosis may impact glucose homeostasis before overt T2D is present. Our 

study, which followed children longitudinally, provides further support that in the context of 

NAFLD, the liver may directly promote abnormal glucose metabolism.

Based upon our finding of high incidence of T2D in children with NAFLD, targeted 

prevention and screening for T2D in youth with NAFLD is important. Progression from 

normoglycemia to T2D has not been well-studied in children, and limited data exist on 

treatments to ameliorate progression of dysglycemia in this age group. 29 There is evidence 

that T2D progression is more aggressive in children than in adults; 3 however, the impact 

of T2D on the long-term morbidity and mortality in children with NAFLD has yet to 

be assessed. T2D impacts morbidity and mortality in adults with NAFLD, resulting in 

significantly higher overall and liver-related mortality, even after adjustment for potential 

confounders. 30 Therefore, with the risk for T2D in children with NAFLD, research 

is essential to identify both lifestyle and potential medication strategies to prevent the 

development of these dual diagnoses that may have synergistic negative implications on 

long-term health.

This study evaluated a large population of rigorously characterized children with biopsy-

proven NAFLD followed by the NASH CRN, a multicenter collaboration with diverse 
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geographic representation. This was a prospective study with a standardized systematic 

approach to data collection. The cohort had a broad and representative severity of NAFLD, 

with only 20% having definite NASH and only 13% having advanced fibrosis, similar 

to other epidemiologic studies of NAFLD in children with histologic data available.10 

In further support that these children represent children seen for NAFLD more broadly, 

the mean ALT in our cohort of 82 U/L was similar to and not worse than that of a 

study 3608 children diagnosed with NAFLD from a community-based health maintenance 

organization.31 However, this population of children may not represent the general 

population of all children with NAFLD, many of whom may be undiagnosed. A limitation 

of this study is that there was only a single measure of glucose level each year. Utilizing 

fasting glucose and/or HbA1C parameters for T2D classification is endorsed by the ADA 
32 for children; however, studies have shown these markers may underestimate diabetes in 

children.33, 34 An additional limitation of the study was some loss to follow-up of study 

participants over time.

In conclusion, children with NAFLD represent a high-risk group for both existing and 

incident T2D. The incidence rate of T2D in children with NAFLD is 30 times greater 

than previously reported in other pediatric populations at increased risk for T2D related to 

overweight/obesity status and/or race or ethnicity. The severity of liver disease at the time 

of NAFLD diagnosis in children is an independent prognostic factor for T2D risk. Children 

with NAFLD should be provided anticipatory guidance and closely monitored for T2D 

development. Targeted prevention strategies of T2D development in children with NAFLD 

are urgently required.
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of the National Cancer Institute and by a Collaborative Research and Development Agreement (CRADA) between 
NIDDK and Raptor Pharmaceuticals.

Abbreviations:

ADA American Diabetes Association

AIC Akaike’s Information Criterion

ALT alanine aminotransferase

AST aspartate aminotransferase

BMI body mass index

CI confidence interval

GGT gamma glutamyltransferase

HbA1C hemoglobin A1C

HR hazard ratio

HDL high-density lipoprotein cholesterol
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HFF hepatic fat fraction

LDL low-density lipoprotein cholesterol

MRI magnetic resonance imaging

NAFLD nonalcoholic fatty liver disease

NASH nonalcoholic steatohepatitis

NASH CRN Nonalcoholic Steatohepatitis Clinical Research Network

OGTT oral glucose tolerance testing type 2 diabetes, T2D
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What You Need to Know:

Background:

Children with nonalcoholic fatty liver disease (NAFLD) are thought to be at increased 

risk for type 2 diabetes but there are no longitudinal studies, thus the incidence is 

unknown.

Findings:

In children with NAFLD in the NASH CRN, incidence of type 2 diabetes was 3,000 per 

100,000 person-years. Baseline risk factors were female sex, severity of obesity and liver 

histology.

Implications for Patient Care:

Gastroenterologists caring for children with NAFLD should be aware of the risk for type 

2 diabetes and provide anticipatory guidance, lifestyle intervention, and close monitoring.
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Figure 1. Flow diagram showing participants evaluated and included in study

Newton et al. Page 13

Clin Gastroenterol Hepatol. Author manuscript; available in PMC 2023 August 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 2. Cumulative incidence of type 2 diabetes
Cumulative incidence curves of type 2 diabetes over 10 years by (A) sex, (B) steatosis grade 

< 33% versus ≥ 33%, (C) lobular inflammation grade 0–4 versus > 4, (D) ballooning grade 

none/few versus many, (E) Not NASH/borderline versus definite NASH, and (F) fibrosis 

stage < 2 versus fibrosis stage 2–4.
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Table 1.

Baseline characteristics of the study population

Incident T2D (N=97)
No Incident T2D 

(N=795) Total (N=892) P

Demographics

 Age at enrollment (years) 13.5 (2.6) 12.8 (2.7) 12.8 (2.7) 0.02

 Male 63 (65%) 587 (74%) 650 (73%) 0.06

 Hispanic 62 (64%) 587 (74%) 649 (73%) 0.04

Anthropometrics

 Weight (kg) 87.8 (25.3) 80.5 (25.2) 81.3 (25.3) 0.007

 Body-mass index (kg/m2) 33.4 (6.3) 31.6 (6.1) 31.8 (6.2) 0.008

 Body-mass index z-score 2.3 (0.4) 2.2 (0.4) 2.2 (0.4) 0.31

 Waist circumference (cm) 106.9 (14.2) 102.5 (15.3) 103.0 (15.2) 0.007

 Waist to hip ratio 0.994 (0.061) 0.985 (0.064) 0.986 (0.064) 0.22

 Systolic blood pressure (mm Hg) 122.2 (14.5) 119.8 (13.3) 120.0 (13.5) 0.10

 Diastolic blood pressure (mm Hg) 68.8 (9.2) 67.3 (9.7) 67.5 (9.6) 0.17

Pubertal Stage

 Tanner genital/breast stage

  Mean (SD) 2.9 (1.5) 2.5 (1.5) 2.5 (1.5) 0.04

  Stage 1, (N [%]) 18 (23%) 228 (36%) 246 (34%) 0.04

  Stage 2–4, (N [%]) 46 (58%) 312 (49%) 358 (50%)

  Stage 5, (N [%]) 16 (20%) 96 (15%) 112 (16%)

 Tanner pubic hair stage

  Mean (SD) 2.8 (1.5) 2.5 (1.5) 2.5 (1.5) 0.06

  Stage 1, (N [%]) 22 (28%) 250 (39%) 272 (38%) 0.10

  Stage 2–4, (N [%]) 43 (54%) 288 (46%) 331 (46%)

  Stage 5, (N [%]) 15 (19%) 95 (15%) 110 (15%)

Liver enzymes – Geometric means (95% CI)

 Alanine aminotransferase (U/L) 98 (85–113) 80 (76–84) 82 (78–86) 0.005

 Aspartate aminotransferase (U/L) 61 (54–68) 50 (48–52) 51 (49–53) 0.001

 Alkaline phosphatase (U/L) 195 (176–216) 210 (203–217) 208 (201–215) 0.17

 γ-glutamyl transpeptidase (U/L) 41 (37–47) 36 (34–37) 36 (35–38) 0.02

Lipids

 Total cholesterol (mg/dL) 169.6 (39.9) 164.4 (36.5) 165.0 (36.9) 0.20

 HDL cholesterol (mg/dL) 37.2 (8.5) 39.7 (9.5) 39.4 (9.4) 0.01

 LDL cholesterol (mg/dL) 99.3 (29.8) 96.8 (29.7) 97.1 (29.7) 0.43

 Triglycerides (mg/dL) – geometric mean (95% CI) 147 (132–164) 126 (121–130) 128 (123–132) 0.006

 Triglycerides/HDL – geometric mean (95% CI) 4.1 (3.6–4.6) 3.3 (3.1–3.4) 3.3 (3.2–3.5) 0.001

Measures of glucose metabolism

 HbA1c (%) 5.5 (0.4) 5.3 (0.4) 5.3 (0.4) <0.001

 Fasting serum glucose (mg/dL) 89.7 (12.2) 87.0 (9.8) 87.3 (10.1) 0.01

 Insulin (μU/mL)‡ – geometric mean (95% CI) 31 (26–36) 25 (24–26) 25 (24–27) 0.01
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Incident T2D (N=97)
No Incident T2D 

(N=795) Total (N=892) P

 HOMA-IR (glucose [mmol/L] x insulin [μU/mL]/22.5)§ – 
geometric mean (95% CI)

6.8 (5.8–7.9) 5.3 (5.0–5.6) 5.4 (5.2–5.7) 0.006

Liver histology findings

 NAFLD activity score‖ 4.6 (1.6) 4.0 (1.4) 4.1 (1.4) <0.001

 Steatosis amount 0.28

  <33% 20 (21%) 223 (28%) 243 (27%)

  34–66% 32 (33%) 249 (31%) 281 (32%)

  >66% 45 (46%) 323 (41%) 368 (41%)

 Lobular inflammation - number of foci under 20x 
magnification

0.002

  <2 46 (47%) 474 (60%) 520 (58%)

  2–4 39 (40%) 285 (36%) 324 (36%)

  >4 12 (12%) 36 (5%) 48 (5%)

 Hepatocellular ballooning <0.001

  None 49 (51%) 520 (65%) 569 (64%)

  Few 25 (26%) 202 (25%) 227 (25%)

  Many 23 (24%) 73 (9%) 96 (11%)

 Portal inflammation 0.78

  None 8 (8%) 84 (11%) 92 (10%)

  Mild 74 (76%) 590 (74%) 664 (74%)

  More than mild 15 (15%) 121 (15%) 136 (15%)

 Fibrosis stage 0.007

  0 – None 26 (27%) 284 (36%) 310 (35%)

  1a - Mild, zone 3 perisinusoidal 4 (4%) 45 (6%) 49 (6%)

  1b - Moderate, zone 3 perisinusoidal 6 (6%) 25 (3%) 31 (3%)

  1c - Portal/periportal only 21 (22%) 247 (31%) 268 (30%)

  2 - Zone 3 and periportal, any combination 21 (22%) 92 (12%) 113 (13%)

  3 – Bridging 18 (19%) 91 (11%) 109 (12%)

  4 – Cirrhosis 1 (1%) 8 (1%) 9 (1%)

 Steatohepatitis diagnosis <0.001

  No 24 (25%) 257 (32%) 281 (32%)

  Borderline Zone 3 pattern 17 (18%) 117 (15%) 134 (15%)

  Borderline Zone 1 pattern 21 (22%) 276 (35%) 297 (33%)

  Definite 35 (36%) 145 (18%) 180 (20%)

Data are n (%) or mean (SD), unless otherwise noted. P-values determined from t-tests, chi-square tests, or Fisher’s exact tests.

‖
NAFLD activity score was assessed on a scale of 0–8, with higher scores showing more-severe disease (the components of this measure are 

steatosis [assessed on a scale of 0–3], lobular inflammation [assessed on a scale of 0–3], and hepatocellular ballooning [assessed on a scale of 
0–2]).
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Table 2.

Incidence of T2D in children with nonalcoholic fatty liver disease

Subgroup N T2DM Events Total PYs
Incidence Rate (95% CI)

(per 100,000 PY)*

Overall 892 97 3,233 3,000 (2,433 – 3,660)

Males 650 63 2,347 2,684 (2,063 – 3,434)

Females 242 34 887 3,833 (2,655 – 5,356)

Steatosis <33% 243 20 922 2,169 (1,325 – 3,350)

Steatosis ≥33% 649 77 2,311 3,332 (2,629 – 4,164)

None/borderline NASH 712 62 2,599 2,386 (1,829 – 3,058)

Definite NASH 180 35 634 5,521 (3,845 – 7,678)

Fibrosis stage 0–1† 658 57 2,392 2,383 (1,805 – 3,087)

Fibrosis stage 2–4 231 40 834 4,796 (3,426 – 6,531)

*
Incident rate = (number that developed T2D in follow-up/person years of follow-up) x 100,000, where person years of follow-up is the total 

number of years of follow-up for those who did not develop the event, and the time from enrollment to diagnosis, for those that did develop the 
event. Total person years of follow-up in those with incident T2D=308; total person years of follow-up in those without incident T2D=2926.

†
Three biopsies were missing fibrosis staging due to insufficient tissue or no Masson’s trichrome slide available for review.
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Table 3.

Multivariable Cox regression of T2D by baseline risk factors, with and without adjustment for baseline 

metformin use

Multivariable model* Multivariable model, adjusting for baseline metformin use

HR 95% CI P HR 95% CI P

Baseline Characteristic

Female vs. male 1.8 1.2 – 2.8 0.008 1.7 1.1 – 2.7 0.02

Age at enrollment (years) 1.2 1.1 – 1.3 <0.001 1.2 1.1 – 1.3 <0.001

Body-mass index z-score 1.8 1.0 – 3.0 0.04 1.7 1.0 – 2.9 0.05

Steatosis score (≥33% vs. <33%) 1.7 1.0 – 2.8 0.04 1.7 1.0 – 2.8 0.03

Ballooning score (many vs. none/few) 1.7 1.0 – 2.9 0.04 1.7 1.0 – 2.8 0.04

Fibrosis (stage 2–4 vs. 0–1) 1.8 1.1 – 2.8 0.01 1.7 1.1 – 2.7 0.02

*
Multivariable model includes all variables listed in the table, determined from best subsets AIC selection. N=888 due to missing data.
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