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Highlights
� The prevalence of abnormal glucose tolerance is uncertain in

children with biopsy-proven NAFLD.

� Children with NAFLD have a higher prevalence of abnormal
glucose tolerance than those without NAFLD.

� Children with NAFLD and abnormal glucose tolerance have a
higher prevalence of NASH than those with normal glucose
tolerance.

� Central adiposity is the factor that is most strongly associ-
ated with NASH.
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Lay summary
Children with biopsy-proven non-
alcoholic fatty liver disease (NAFLD) have
a higher prevalence of abnormal glucose
tolerance (prediabetes or type 2 diabetes)
than children without NAFLD. Children
with biopsy-proven NAFLD and abnormal
glucose tolerance also have a higher
prevalence of the progressive form of
disease, non-alcoholic steatohepatitis,
than those with normal glucose tolerance,
though central adiposity is the factor that
is most strongly associated with non-
alcoholic steatohepatitis.
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Background & Aims:We undertook a cross-sectional study of
children/adolescents with and without non-alcoholic fatty liver
disease (NAFLD) to compare the prevalence of prediabetes and
diabetes, and to examine the role of abnormal glucose tolerance
as a predictor of liver disease severity.
Methods:We recruited a cohort of 599 Caucasian children/ado-
lescents with biopsy-proven NAFLD, and 118 children/adoles-
cents without NAFLD, who were selected to be similar for age,
sex, body mass index and waist circumference to those with
NAFLD. The diagnosis of prediabetes and diabetes was based
on either hemoglobin A1c, fasting plasma glucose or 2 h post-

load glucose concentrations.
Results: Children/adolescents with NAFLD had a significantly

higher prevalence of abnormal glucose tolerance (prediabetes
or diabetes) than those without NAFLD (20.6% vs. 11%,
p = 0.02). In particular, 124 (20.6%) children/adolescents with
NAFLD had abnormal glucose tolerance, with 19.8% (n = 119)
satisfying the diagnostic criteria for prediabetes and 0.8%
(n = 5) satisfying the criteria for diabetes. The combined pres-
ence of prediabetes and diabetes was associated with a nearly
2.2-fold increased risk of non-alcoholic steatohepatitis (NASH;
unadjusted odds ratio 2.19; 95% CI 1.47–3.29; p <0.001). How-
ever, this association was attenuated (but remained significant)
after adjustment for age, sex, waist circumference (adjuste-
d odds ratio 1.69, 95% CI 1.06–2.69, p = 0.032), and the PNPLA3
rs738409 polymorphism. Both this PNPLA3 polymorphism and
waist circumference were strongly associated with NASH.
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Conclusions: Abnormal glucose tolerance (especially predia-
betes) is highly prevalent among children/adolescents with
biopsy-proven NAFLD. These children also have a higher risk
of NASH, though central adiposity is the factor that is most
strongly associated with NASH.
Lay summary: Children with biopsy-proven non-alcoholic fatty
liver disease (NAFLD) have a higher prevalence of abnormal glu-
cose tolerance (prediabetes or type 2 diabetes) than children
without NAFLD. Children with biopsy-proven NAFLD and abnor-
mal glucose tolerance also have a higher prevalence of the pro-
gressive form of disease, non-alcoholic steatohepatitis, than
those with normal glucose tolerance, though central adiposity
is the factor that is most strongly associated with non-
alcoholic steatohepatitis.
� 2019 European Association for the Study of the Liver. Published by
Elsevier B.V. All rights reserved.

Introduction
With the growing prevalence of childhood obesity, pediatric
non-alcoholic fatty liver disease (NAFLD) has emerged as the
most common chronic liver disease in children and adolescents
in Western countries.1–3 NAFLD is a spectrum of progressive
liver disease that encompasses simple steatosis, non-alcoholic
steatohepatitis (NASH), advanced fibrosis and, ultimately, cir-
rhosis.3,4 Compelling evidence indicates that NAFLD also has
serious health consequences outside of the liver and is strongly
associated with an increased risk of cardiovascular disease and
abnormal glucose tolerance (prediabetes and type 2 diabetes).5–
7

Prediabetes and type 2 diabetes are 2 common conditions in
adults with NAFLD.3,6–8 Furthermore, the presence of estab-
lished diabetes among adults with NAFLD is an important risk
factor for the development of advanced fibrosis and cirrhosis,
and is also a significant predictor of liver-related mortality.3,6,8

To date, the impact of prediabetes and diabetes in children
and adolescents with NAFLD has been less well defined.
019 vol. 71 j 802–810
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Although insulin resistance occurs almost universally in chil-
dren/adolescents with NAFLD,1,2 the prevalence of both predia-
betes and diabetes in children/adolescents with biopsy-proven
NAFLD is uncertain and, previously, the sample sizes of pub-
lished studies have usually been too small to support a stable
estimate of the prevalence of these 2 conditions in the pediatric
NAFLD population.9–11 It is also uncertain whether abnormal
glucose tolerance is a risk factor for NASH in children and ado-
lescents. Recently, in a multi-ethnic cohort study from the US, of
675 obese children/adolescents with biopsy-confirmed NAFLD
enrolled in the NASH Clinical Research Network, the authors
reported that the prevalence of prediabetes and type 2 diabetes
was 23.4% and 6.5%, respectively.12 Moreover, children/adoles-
cents with prediabetes or diabetes also had a greater prevalence
of NASH compared to their counterparts with normal glucose
tolerance.12

Given the unexpectedly high prevalence of abnormal glucose
tolerance (especially type 2 diabetes) in this multi-ethnic cohort
of US children/adolescents with NAFLD,12 we believe that it is
important to have data from other countries. Therefore, we
undertook a large, cross-sectional cohort study of Caucasian
children/adolescents with biopsy-proven NAFLD and children/
adolescents without NAFLD, who were selected to be compara-
ble for age, sex, waist circumference and body mass index (BMI).
The major aims of our study were: i) to compare the prevalence
of prediabetes and diabetes between children/adolescents with
and without NAFLD; ii) to examine the differences in main clin-
ical and biochemical parameters between children/adolescents
with biopsy-confirmed NAFLD and abnormal glucose tolerance
(diabetes and/or prediabetes) and their counterparts with nor-
mal glucose tolerance; and iii) to investigate the association
between the presence of prediabetes/diabetes and liver histol-
ogy characteristics.

Materials and methods
Participants
We enrolled 599 unrelated Caucasian children and adolescents
(298 boys and 301 girls; age 5–17 years) with an ultrasono-
graphic diagnosis of severe hepatic steatosis or persistently
(≥6 months) elevated serum aminotransferase concentrations,
who were referred to the Liver Unit of the ‘‘Bambino Gesù” Chil-
dren’s Hospital of Rome (Italy) between January 2003 and
September 2018, and who accepted to undergo liver biopsy
for the diagnosis and staging of NAFLD. This clinical practice is
in agreement with the diagnostic flow chart proposed by the
European Society for Pediatric Gastroenterology, Hepatology,
and Nutrition (ESPGHAN) Hepatology Committee.13 All children
were tested to exclude secondary causes of hepatic steatosis,
such as alcohol consumption, total parenteral nutrition, and
chronic use of drugs known to induce hepatic steatosis (e.g., val-
proate, amiodarone and prednisone). Hepatitis B and C, cytome-
galovirus, Epstein-Barr virus infections and coeliac disease were
excluded according to appropriate serological tests. Autoim-
mune liver disease, metabolic liver disease, Wilson’s disease
and alpha-1-antitrypsin-associated liver disease were ruled
out using standard clinical, laboratory and histological criteria.
Children with previously diagnosed type 1 diabetes were
excluded from the study. The study protocol was approved by
the ethics committee of the ‘‘Bambino Gesù” Children’s Hospi-
tal. Written informed consent was obtained from the parents

of each child.
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We also enrolled a sample of 118 obese children and adoles-
cents (69 boys and 49 girls; age 5–17 years) without NAFLD,
who were randomly selected to be similar for age, sex, BMI
and waist circumference to children/adolescents with biopsy-
proven NAFLD. These individuals were recruited from a subset
of 347 children/adolescents without NAFLD on ultrasonography,
who were included in a whole cohort of 514 (54.3% male; mean
age: 11.5 ± 2.8 years) Italian obese children and adolescents,
who were referred to the obesity outpatient clinic of the Pedi-
atric Diabetes and Metabolic Disorders Unit of the University
Hospital of Verona (Italy), and who consecutively underwent
liver ultrasonography for detecting NAFLD, after excluding those
with specific genetic causes of obesity (e.g., Prader-Willi syn-
drome, Cohen syndrome), known chronic liver diseases (e.g.,
hepatitis by virus, drugs, autoimmunity, hemochromatosis and
Wilson’s disease), alcohol consumption and chronic use of any
drugs.14 As part of the routine investigation of children in our
obesity outpatient clinic, 2 experienced radiologists (who were
blinded to the clinical details of participants) performed liver
ultrasonography in all these children.14 Hepatic steatosis was
diagnosed according to ultrasonographic characteristics, includ-
ing diffuse hyper-echogenicity of the liver relative to the kid-
neys, ultrasonography beam attenuation, or poor visualization
of the intrahepatic vessel borders and diaphragm.4,14 The proto-
col of this study was approved by the local Ethics Committee of
the University Hospital of Verona. Written informed consent
was obtained from the parents of each child.

Clinical and laboratory data
BMI was measured as kilograms divided by the square of height
in meters and then a standardized BMI z-score was also calcu-
lated. Waist circumference was measured, with the patient in
a standing position, on the horizontal plan between the lowest
portion of the rib cage and the iliac crest. Blood pressure was
measured in the right arm using a standard sphygmomanome-
ter. Elevated blood pressure was defined by systolic or diastolic
blood pressure >95th percentile for age and sex.

Venous blood samples were collected in the morning after an
overnight fast. Measurements of serum glucose, aspartate
aminotransferase (AST), alanine aminotransferase (ALT),
gamma-glutamyltransferase (GGT) and other biochemical blood
parameters were obtained using standard laboratory proce-
dures at the central Laboratory of the hospital. Low-density
lipoprotein (LDL)-cholesterol was calculated using the Friede-
wald’s equation. Fasting insulin levels were measured by a
chemiluminescent immunoassay. Hemoglobin A1c (HbA1c)
was measured using a high-performance liquid chromatogra-
phy analyzer. Homeostasis model assessment for insulin resis-
tance (HOMA-IR) score was used to estimate insulin
resistance.15 A standard 2 h oral glucose tolerance test (OGTT)
was also performed.

Definition of glucose tolerance status
In accordance with the 2019 American Diabetes Association
(ADA) recommendations for screening and diagnosis of both
prediabetes and diabetes,16 children were considered to have
prediabetes if they met at least 1 of the following 3 criteria: fast-
ing glucose level between 100 mg/dl (5.6 mmol/L) and 125 mg/
dl (6.9 mmol/L), or HbA1c level between 39 and 47 mmol/mol
(5.7–6.4%), or 2 h post-load glucose level between 140 mg/dl
and 199 mg/dl (7.8–11.0 mmol/L). Children were considered

to have diabetes if they met at least 1 of the 3 criteria: fasting
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glucose level ≥126 mg/dl (≥7.0 mmol/L) or HbA1c level
≥48 mmol/mol (≥6.5%) or 2 h post-load glucose level >200 mg/
dl (≥11.1 mmol/L). Children were considered to have normal
glucose tolerance if neither the criteria for prediabetes nor dia-
betes were met.16

Liver histology
Liver biopsies were performed using an automatic core biopsy
18-gauge needle (Biopince, Amedic, Sweden) under general
anesthesia and ultrasound guidance, and then processed as
described elsewhere.17 Themain histological features commonly
described for NAFLD, including hepatic steatosis, inflammation,
hepatocyte ballooning and fibrosis, were scored according to
the NASH Clinical Research Network scoring system, which has
been validated in the pediatric population.18 Briefly, hepatic
steatosis was graded on a 4-point scale: (0) steatosis involving
fewer than 5% of hepatocytes, (1) steatosis involving up to 33%
of hepatocytes, (2) steatosis involving 33% to 66% of hepatocytes,
and (3) steatosis involving more than 66% of hepatocytes. Lobu-
lar inflammation was graded on a 4-point scale: (0) no foci, (1)
fewer than 2 foci per 200� field, (2) 2 to 4 foci per 200� field,
and (3) more than 4 foci per 200� field. Hepatocyte ballooning
was graded from 0 to 2: (0) no balloon cells, (1) few balloon cells,
and (2) many/prominent balloon cells. Portal tract inflammation
was graded from 0 to 3 (0 is none, 1 = mild, 2 = moderate and
3 = severe). The stage of hepatic fibrosis was quantified using a
5-point scale: (0) no fibrosis, (1) perisinusoidal or periportal
fibrosis [(1a) mild, zone 3, perisinusoidal; (1b) moderate, zone
3, perisinusoidal; and (1c) portal/periportal], (2) perisinusoidal
and portal/periportal fibrosis, (3) bridging fibrosis, and (4) cir-
rhosis. Liver biopsies were diagnosed as definite NASH, border-
line NASH, or NAFLD without NASH (i.e., no-NASH) based on
the aggregate presence and degree of the individual features of
NAFLD. In accord with the NASH Clinical Research Network,17

we calculated the NAFLD Activity Score (NAS), which is defined
as the unweighted sum of the scores for steatosis, lobular inflam-
mation, and ballooning; thus, ranging from 0 to 8. Liver fibrosis is
not included as a component of this score. Cases with NAS of 0 to
2 were largely considered not diagnostic of NASH; on the other
hand, most cases with scores of ≥5 were diagnosed as definite
NASH. Cases with activity scores of 3 and 4 were diagnosed as
indeterminate or borderline NASH.18 A typical set of minimum
criteria to diagnose NASH would include at least 5% macro-
vesicular steatosis, lobular inflammation and hepatocyte injury

according to the manufacturer’s instructions. The rate of success
in extracting DNA was 100% for each study group. The patatin-
like phospholipase domain-containing protein 3 (PNPLA3)
rs738409 C>G single nucleotide polymorphism, encoding
I148M, was genotyped with a 50-nuclease TaqMan assay (Assay
on Demand for rs738409, Applied Biosystems, Foster City, CA)
by personnel unaware of the clinical status of the patients.
Post-PCR allelic discrimination was carried out through the
measurement of allele-specific fluorescence on the Opticon 2
detection system (MJ Research, Waltham, MA). Random sam-
ples were confirmed by direct genotyping (Applied Biosystems
3500 Genetic Analyzer), which provided concordant results in
all cases; controls were included in all analyzed batches, and
quality controls were used to verify the reproducibility of the
results.20 Distribution of the genotype was in Hardy-Weinberg
equilibrium and the call rate exceeded 99%. PNPLA3 genotyping
was available for all children/adolescents without NAFLD
(n = 118) and for 328 (54.8%) children/adolescents with
biopsy-proven NAFLD, respectively.

Statistical analysis
Data are expressed as mean ± SD or absolute and relative fre-
quencies. Standard descriptive statistics (i.e., the Fisher’s exact
test or the chi-squared test for categorical variables, the one-
way ANOVA for normally distributed continuous variables and
the Kruskal-Wallis test for non-normally distributed variables)
were used to compare the differences in main clinical and bio-
chemical characteristics (Table 1), as well as in liver histology
characteristics (Table 2) among children/adolescents with
NAFLD, stratified by glucose tolerance status; in these analyses
children/adolescents with abnormal glucose tolerance (i.e., pre-
diabetes or diabetes) were combined into a single category,
because the number of children with diabetes was small
(n = 5). We believe that combining diabetes with prediabetes
is legitimate, because diabetes/prediabetes are diagnosed by
glucose levels (which only differ by a very small amount) and
because our study is in children, (unlike a similar analysis in
adults) those children with a diagnosis of diabetes will have
had diabetes for a very short period of time – meaning that as
a group they are more likely to be similar, than different, from
the group with prediabetes. Using glucose tolerance status as
the exposure variable, the odds of having NASH among chil-
dren/adolescents with NAFLD was determined using logistic
regression analysis with the presence of histologic NASH (i.e.,
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as manifested by ballooning degeneration.12,18 Cases deter-
mined to be NAFLD without NASH showed at least 5% steatosis

with no or minimal inflammation. The assignment of NASH, bor-
derline NASH, or NAFLD without NASHwas always confirmed by

an expert liver pathologist. In this study, a different grading his-
tologic score for pediatric NAFLD was also used to test the
reproducibility of our original results, i.e., the Pediatric
NAFLD Histological Score (PNHS),19 which is calculated by using
the weighted sum of hepatic steatosis, ballooning, lobular
inflammation and portal inflammation, according to the
following formula: PNHS = 100 � exp (zPNHS)/[exp(zPNHS)],
where zPNHS = �8.4 + 2.5 � steatosis + 3.5 � ballooning + 3.4 �
lobular inflammation + 0.87 � portal inflammation.

PNPLA3 genotyping
Blood samples were collected and the genomic DNA was
extracted by QIAamp Blood MiniKit (Qiagen, Hilden, Germany),
804 Journal of Hepatology 2
definite NASH vs. no-NASH/borderline NASH) as the binary out-
come (Table 3). We performed 3 forced-entry logistic regression
models: the first model was unadjusted (Table 3, unadjusted
model); the second model was adjusted for age, sex and waist
circumference (adjusted model 1); and the third model was fur-
ther adjusted for the PNPLA3 rs738409 variant (adjusted model
2). The same logistic regression analyses were also repeated
either using a 3-level model (stratifying the dependent variable
as no-NASH, borderline NASH and definite NASH) or using the
individual histologic features of NAFLD (i.e., severe steatosis,
severe lobular inflammation, ballooning degeneration or signif-
icant fibrosis) as dependent variables in the aforementioned
logistic regression models (Table 4). Covariates included in
these multivariable regression models were selected as poten-
tial confounders based on their significance in univariable
regression analyses or based on their biological plausibility. A
p value <0.05 was considered statistically significant. Statistical
019 vol. 71 j 802–810



analyses were performed using STATA software, version 14.2
(STATA, College Station, Texas, USA).

Results

dren/adolescents with biopsy-proven NAFLD had a significantly
greater prevalence of abnormal glucose tolerance (20.7% vs. 11%,
respectively). In particular, the prevalence of normal and abnor-
mal glucose tolerance (prediabetes/diabetes) among children
with biopsy-proven NAFLD was as follows: normal glucose tol-

Table 1. Main clinical and biochemical characteristics of children/adolescents with biopsy-proven NAFLD and control children/adolescents without
NAFLD, as well as between children/adolescents with biopsy-proven NAFLD, stratified by glucose tolerance status.

Children with
biopsy-proven

NAFLD
(n = 599)

Children
without
NAFLD

(n = 118)

p value* Children with
biopsy-proven

NAFLD and normal
glucose tolerance

(n = 475)

Children with
biopsy-proven

NAFLD and
prediabetes/diabetes

(n = 124)

p value**

Age (years) 11.7 ± 3.1 11.3 ± 2.5 0.16 11.5 ± 3.0 12.6 ± 3.2 <0.001
Sex (male), % (n) 49.7 (298) 58.5 (69) 0.12 48.8 (232) 53.2 (66) 0.29
Weight (kg) 63.2 ± 22 62.7 ± 15.7 0.82 61.2 ± 20 70.9 ± 26 <0.001
BMI (kg/m2) 27.2 ± 5.4 27.7 ± 3.3 0.35 26.8 ± 5.1 28.9 ± 6.3 <0.001
Waist circumference (cm) 85.5 ± 14 84.6 ± 9.2 0.59 84.5 ± 13 89.2 ± 15 <0.005
Systolic blood pressure (mmHg) 112 ± 13 114 ± 13 0.18 110 ± 12 117 ± 13 <0.001
Diastolic blood pressure (mmHg) 65 ± 10 66 ± 9 0.25 64 ± 10 67 ± 10 <0.005
HbA1c (mmoL/mol) 33 ± 5 35 ± 4 0.12 31 ± 3 38 ± 5 <0.001
Fasting glucose (mg/dl) 83 ± 11 81 ± 8 0.51 81 ± 9 88 ± 15 <0.001
Fasting insulin (mIU/L) 16.9 ± 10.8 18.4 ± 13.8 0.21 14.7 ± 7.5 25.6 ± 16.1 <0.001
HOMA-insulin resistance score 3.6 ± 2.3 3.5 ± 2.8 0.44 2.9 ± 1.5 5.5 ± 3.5 <0.001
2 h OGTT glucose (mg/dl) 110 ± 24 107 ± 17 0.63 104 ± 17 131 ± 31 <0.001
2 h OGTT insulin (mIU/L) 106 ± 89 86 ± 66 0.07 90.8 ± 70 158 ± 121 <0.001
Total cholesterol (mg/dl) 159 ± 32 162 ± 29 0.34 159 ± 33 160 ± 30 0.76
LDL cholesterol (mg/dl) 99 ± 29 95 ± 26 0.12 99 ± 29 101 ± 29 0.44
HDL cholesterol (mg/dl) 46 ± 12 49 ± 11 <0.05 47 ± 12 44 ± 13 0.06
Triglycerides (mg/dl) 109 ± 64 89 ± 44 <0.01 106 ± 64 123 ± 66 <0.01
AST (IU/L) 38 ± 23 22 ± 6.8 <0.001 37 ± 23 40 ± 23 0.28
ALT (IU/L) 53 ± 49 24 ± 13 <0.001 51 ± 49 58 ± 49 0.18
GGT (IU/L) 23 ± 16 n.a. n.a. 22 ± 15 27 ± 18 <0.01
Normal glucose tolerance, % (n) 79.3 (475) 88.9 (105) 0.02
Prediabetes/diabetes, % (n) 20.7 (124) 11.0 (13)
PNPLA3 rs738409 variant, n 328 118 <0.001 256 71 0.29
CC genotype, % (n) 30.8 (101) 60.2 (71) 31.3 (80) 29.2 (21)
GC genotype, % (n) 43.0 (141) 35.6 (42) 44.5 (114) 37.5 (27)
GG genotype, % (n) 26.2 (86) 4.2 (5) 24.2 (62) 33.3 (24)

Data are expressed as means ± SD or relative percentages (absolute percentages are reported in parenthesis). Data on 2 h post-OGTT glucose levels and HbA1c were available
in 499 and 345 children/adolescents with biopsy-proven NAFLD, respectively. Children/adolescents with prediabetes or diabetes were combined into a single category,
because the number of individuals with diabetes was small (n = 5). *Differences between children/adolescents with and without NAFLD were tested by the Fisher’s exact test
for categorical variables, the Student’s t test for normally distributed continuous variables, and the Mann-Whitney U test for non-normally distributed continuous variables
(i.e., fasting insulin, 2 h post-OGTT insulin, HOMA-IR score, triglycerides and liver enzymes). **Differences between the 2 groups of children/adolescents with NAFLD,
stratified by glucose metabolism status were tested by the Fisher’s exact test for categorical variables, the Student’s t test for normally distributed continuous variables, and
the Mann-Whitney U test for non-normally distributed continuous variables (i.e., fasting insulin, 2 h post-OGTT insulin, HOMA-IR score, triglycerides and liver enzymes),
respectively.
NB: Normal glucose tolerance was defined as either fasting glucose level <100 mg/dl (<5.6 mmol/L) or hemoglobin A1c level <39 mmol/mol (<5.7–6.4%) or 2 h OGTT glucose
level <140 mg/dl (<7.8 mmol/L). Prediabetes was defined as either fasting glucose level between 100 mg/dl (5.6 mmol/L) and 125 mg/dl (6.9 mmol/L) or hemoglobin A1c
level between 39 and 47 mmol/mol (5.7–6.4%) or 2 h OGTT glucose level between 140 mg/dl (7.8 mmol/L) and 199 mg/dl (11.0 mmol/L). Type 2 diabetes was defined as
either fasting glucose level at least 126 mg/dl (7.0 mmol/L) or hemoglobin A1c level at least 48 mmol/mol (6.5%) or 2 h OGTT glucose level at least 200 mg/dl (>11.0 mmol/
L).
ALT, alanine aminotransferase, AST, aspartate aminotransferase; BMI, body mass index; GGT, gamma-glutamyltransferase; HbA1c, hemoglobin A1c; HOMA-IR, homeostasis
model assessment-insulin resistance; n.a., not available; OGTT, oral glucose tolerance test; NAFLD, non-alcoholic fatty liver disease; PNPLA3, patatin-like phospholipase
domain-containing protein 3.
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The clinical and biochemical parameters of the 599 Caucasian
overweight or obese children/adolescents with biopsy-proven
NAFLD and the 118 children/adolescents without ultrasound-
defined NAFLD are summarized in Table 1. The 2 groups of chil-
dren/adolescents were similar for the proportions of males and
females in each group, age (mean 11.7 vs. 11.3 years), BMI
(mean 27.2 vs. 27.7 kg/m2) and waist circumference (mean
85.5 vs. 84.6 cm). Children/adolescents with biopsy-proven
NAFLD had significantly lower high-density lipoprotein (HDL)-
cholesterol and higher serum triglyceride and liver enzyme
levels compared to those without NAFLD. Children/adolescents
with and without NAFLD also differed in terms of distribution
of the PNPLA3 genotype. In addition, and more importantly, chil-
Journal of Hepatology 2
erance was present in 79.3% (475 of 599), prediabetes in 19.8%
(119 of 599), and diabetes in 0.8% (5 of 599; all these 5 children
had newly diagnosed diabetes), respectively. Conversely, the
prevalence of normal and abnormal glucose tolerance in chil-
dren/adolescents without NAFLD was as follows: normal glu-
cose tolerance was present in 88.9% (105 of 118) and
prediabetes in 11% (13 of 110); none of these children had dia-
betes. In multivariable logistic regression analysis, after pooling
children/adolescents with and without NAFLD (n = 717), we
found that the presence of NAFLD (adjusted odds ratio [OR]
1.98; 95% CI 1.07–3.64; p = 0.031) was independently associated
with the risk of abnormal glucose tolerance (prediabetes/dia-

betes) after adjusting for age, sex and waist circumference.

019 vol. 71 j 802–810 805



the mean age for those with prediabetes/diabetes was slightly
but significantly higher than in those with normal glucose toler-
ance. Adiposity measures (BMI and waist circumference), blood
pressure, fasting glucose and insulin levels, HbA1c, 2 h post-
load insulin and glucose levels sharply increased across glucose
tolerance categories. Conversely, there were no significant dif-
ferences in sex, serum aminotransferases, total cholesterol,
HDL-cholesterol or LDL-cholesterol levels by glucose tolerance
status. Similarly, no significant difference was found in the dis-
tribution of the PNPLA3 genotype between the 2 groups.

Table 2 shows the histologic features of NAFLD by glucose
tolerance status. Among children/adolescents with NAFLD,

Table 2. Liver histology characteristics of children/adolescents with biopsy-proven NAFLD, stratified by glucose tolerance status.

Whole sample (n = 599) Normal glucose tolerance (n = 475) Prediabetes/diabetes status (n = 124) p value

Steatosis grade, % (n) <0.005
<5% 10.8 (65) 12 (57) 6.4 (8)
5%–33% 31.4 (188) 33.5 (159) 23.4 (29)
33%–66% 35.9 (215) 35.4 (168) 37.9 (47)
>66% 21.9 (131) 19.1 (91) 32.3 (40)

Lobular inflammation, % (n) <0.005
<2 foci per 200x field 33.9 (203) 35.6 (169) 27.4 (34)
2–4 foci per 200x field 50.8 (304) 51.6 (245) 47.6 (59)
>4 foci per 200x field 15.3 (92) 12.8 (61) 25.0 (31)

Ballooning, % (n) 0.20
None 40.6 (243) 41.5 (197) 37.1 (46)
Few 40.7 (244) 41.2 (196) 38.7 (48)
Many 18.7 (112) 17.3 (82) 24.2 (30)

Fibrosis stage, % (n) 0.26
No fibrosis 48.3 (284) 50.1 (234) 40.3 (50)
Perisinusoidal fibrosis 53.3 (260) 42.8 (200) 50.8 (63)
Periportal fibrosis 6.6 (39) 6.5 (30) 7.3 (9)
Bridging fibrosis 0.8 (5) 0.6 (3) 1.6 (2)

Definite NASH, % (n) 33.7 (202) 29.9 (142) 48.4 (60) <0.001
Borderline NASH, % (n) 25.4 (152) 26.9 (128) 19.3 (24)
No-NASH, % (n) 40.9 (245) 43.2 (205) 32.3 (40)

Simple size, n = 599. Data are expressed as relative percentages (absolute percentages are reported in parenthesis). Children/adolescents with prediabetes or diabetes were
combined into a single category, because the number of children with diabetes was small (n = 5). Differences between 2 groups were tested by the Fisher’s exact test. NAFLD,
non-alcoholic fatty liver disease; NASH, non-alcoholic steatohepatitis.

Table 3. Association between prediabetes/diabetes status and risk of histologic NASH in children/adolescents with biopsy-proven NAFLD.

Odds ratio(s) 95% CIs p value

Unadjusted model
Normal glucose tolerance Ref. Ref.
Prediabetes/diabetes status (yes vs. no) 2.19 1.47–3.29 <0.001

Adjusted model 1
Normal glucose tolerance Ref. Ref.
Prediabetes/diabetes status (yes vs. no) 1.69 1.06–2.69 0.032
Age (years) 1.09 1.01–1.18 0.024
Sex (male vs. female) 0.76 0.51–1.12 0.17
Waist circumference (cm) 1.08 1.06–1.12 <0.001

Adjusted model 2 (supplementary analysis, n = 328)
Normal glucose tolerance Ref. Ref.
Prediabetes/diabetes status (yes vs. no) 2.23 1.13–4.39 0.021
Age (years) 1.03 0.93–1.14 0.57
Sex (male vs. female) 0.88 0.51–1.51 0.65
Waist circumference (cm) 1.10 1.07–1.13 <0.001
PNPLA3 rs738409 variant

Ref. Ref.
2.94 1.54–5.63 0.001
11.9 5.38–26.5 <0.001

% confidence intervals as tested by logistic regression analysis. The dependent variable
(i.e., definite NASH vs. no-NASH/borderline NASH considered together). Presence of
r of children with diabetes was small (n = 5).
A3, patatin-like phospholipase domain-containing protein 3; Ref., reference category.

Research Article Genetic and Metabolic Diseases
Increased waist circumference was another variable that was
independently associated with the risk of abnormal glucose tol-
erance (adjusted OR 1.02; 95% CI 1.01–1.03).

As shown in Fig. 1, the prevalence of prediabetes and dia-
betes among children/adolescents with biopsy-proven NAFLD
was almost identical in boys and girls (p = 0.85 for the inter-
group difference). Similarly, age, BMI, waist circumference,
HOMA-IR score, serum liver enzymes, PNPLA3 genotypes and
histologic features of NAFLD did not significantly differ between
boys and girls (Tables S1 and S2).

As also shown in Table 1, when children/adolescents with
biopsy-proven NAFLD were grouped by glucose tolerance status,

CC genotype (%)
GC genotype (%)
GG genotype (%)

Sample size, n = 599, unless where indicated. Data are expressed as odds ratio and 95
for all logistic regression models was the presence of definite NASH on histology
prediabetes and diabetes were combined into a single category, because the numbe
NAFLD, non-alcoholic fatty liver disease; NASH, non-alcoholic steatohepatitis; PNPL
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definite NASH on histology was present in 29.9% of those with
normal glucose tolerance (142 of 475) and 48.4% of those with
prediabetes or diabetes (60 of 124) (p <0.001). Children/adoles-
cents with prediabetes/diabetes also had higher degrees of hep-
atic steatosis and lobular inflammation compared to those with
normal glucose tolerance. No significant differences were

Table 4. Associations between prediabetes/diabetes status and risk of dif
proven NAFLD.

Odds r

Severe hepatic steatosis
Unadjusted model
Normal glucose tolerance
Prediabetes/diabetes status (yes vs. no)

Adjusted model 1
Normal glucose tolerance
Prediabetes/diabetes status (yes vs. no)
Age (years)
Sex (male vs. female)
Waist circumference (cm)

Severe lobular inflammation
Unadjusted model
Normal glucose tolerance
Prediabetes/diabetes status (yes vs. no)

Adjusted model 1
Normal glucose tolerance
Prediabetes/diabetes status (yes vs. no)
Age (years)
Sex (male vs. female)
Waist circumference (cm)

Hepatic ballooning
Unadjusted model
Normal glucose tolerance
Prediabetes/diabetes status (yes vs. no)

Adjusted model 1
Normal glucose tolerance
Prediabetes/diabetes status (yes vs. no)
Age (years)
Sex (male vs. female)
Waist circumference (cm)

Significant fibrosis (i.e., periportal or bridging fibrosis)
Unadjusted model
Normal glucose tolerance
Prediabetes/diabetes status (yes vs. no)

Adjusted model 1
Normal glucose tolerance
Prediabetes/diabetes status (yes vs. no)
Age (years)
Sex (male vs. female)
Waist circumference (cm)

Sample size, n = 599. Data are expressed as odds ratio and 95% CIs as tested by logi
NAFLD, non-alcoholic fatty liver disease; PNPLA3, patatin-like phospholipase domai
observed in ballooning degeneration and fibrosis stage between

(p = 0.85 by the Fisher’s exact test).
the 2 groups of children.
Table S3 summarizes the clinical and biochemical parame-

ters of participants, stratified by NASH status. Prediabetes or
diabetes was present in nearly 30% of children/adolescents with
NASH (60 of 202) and in nearly 16% (64 of 397) of those without
NASH. In addition, children/adolescents with NASH were older
and more likely to be centrally obese, hypertensive and insulin
resistant (as reflected by greater HOMA-IR score and higher
fasting and 2 h post-load insulin concentrations) compared to
those without NASH. They also had higher triglycerides, lower
HDL-cholesterol and higher serum liver enzyme levels. Notably,
children/adolescents with NASH also had a greater prevalence
of PNPLA3 C/G and G/G genotypes than those without NASH.
Journal of Hepatology 2
rent histological features of NAFLD in children/adolescents with biopsy-

io(s) 95% CIs p value

Ref. Ref.
2.00 1.29–3.12 <0.005

Ref. Ref.
1.63 1.02–2.62 0.042
0.97 0.89–1.06 0.55
0.84 0.56–1.27 0.42
1.06 1.04–1.08 <0.001

Ref. Ref.
2.26 1.39–3.68 <0.005

Ref. Ref.
1.66 0.99–2.81 0.053
1.13 1.03–1.24 0.012
0.78 0.48–1.26 0.30
1.06 1.03–1.08 <0.001

Ref. Ref.
1.54 0.97–2.46 0.069

Ref. Ref.
1.16 0.69–1.94 0.57
1.03 0.94 –1.12 0.54
0.69 0.45–1.08 0.11
1.06 1.04–1.08 <0.001

Ref. Ref.
1.30 0.64–2.66 0.45

Ref. Ref.
1.05 0.49–2.24 0.89
0.89 0.78–1.02 0.10
0.90 0.48–1.68 0.73
1.06 1.03–1.09 <0.001

c regression analysis.
containing protein 3; Ref., reference category.
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Fig. 1. Prevalence of normal glucose tolerance, prediabetes and diabetes
in a cohort of 599 children and adolescents with biopsy-proven NAFLD,
stratified by sex. NAFLD, non-alcoholic fatty liver disease. No significant
difference was found in glucose tolerance status between boys and girls
019 vol. 71 j 802–810 807



In univariable regression analysis, the presence of prediabetes/
diabetes was associated with a �2.2-fold increased risk of

cantly associated with NASH after adjusting for potential con-
founding factors. Interestingly, in our multivariable logistic

In our cohort of children/adolescents with NAFLD, we found
a prevalence of abnormal glucose tolerance (especially diabetes)

increases the sensitivity of case detection,16 it is reasonable to

and the US cohort (that were of comparable sample size) may
reflect differences in: a) age (mean age 12.6 vs. 11.7 years in

Research Article Genetic and Metabolic Diseases
Table 3 shows the association between the presence of
abnormal glucose tolerance (prediabetes and diabetes com-
bined into a single category) and risk of NASH, and the effect
of adjustment for established risk factors. In univariable
regression analysis (unadjusted model), the presence of
prediabetes/diabetes was associated with a �2.2-fold increased
risk of NASH (unadjusted OR 2.19; 95% CI 1.47–3.29; p <0.001).
However, this association was attenuated after adjustment for
age, sex and waist circumference (adjusted OR 1.69; 95% CI
1.06–2.69; p = 0.032) (adjusted model 1); increased waist
circumference was found to be the strongest predictor of NASH
(p <0.001). As a supplementary analysis (adjusted model 2),
these results remained unchanged even after further adjust-
ment for the PNPLA3 rs738409 variant; however, this latter
regression model should be interpreted cautiously, because
PNPLA3 genotyping was available only in 328 (54.8%) children
and adolescents. The results did not substantially change even
when the same logistic regression analyses were repeated using
a 3-level regression model, stratifying the dependent variable as
no-NASH, borderline NASH and definite NASH, respectively
(Table S4). Notably, in all the aforementioned multivariable
regression models, increased waist circumference was the
strongest predictor of NASH (along with the presence of the risk
allele (G) of rs738409 in the PNPLA3 gene). Almost identical
results were found even when we excluded children/adoles-
cents with diabetes (n = 5) from the analysis (Table S5), or when
we adjusted the results for BMI, instead of waist circumference,
or when we used the PNHS, instead of the NAS, for diagnosing
NASH (data not shown). Finally, when we tested whether
plasma glucose levels (included as a continuous measure) were
a predictor for the severity of liver disease, we found that nei-
ther fasting plasma glucose (Table S6) nor 2 h post-load glucose
concentrations (Table S7) were significantly associated with
NASH after adjusting for potential confounding factors.

Table 4 shows the association between prediabetes/diabetes
status and risk of different histological features of NAFLD. In
univariable regression analyses (unadjusted model), the pres-
ence of prediabetes/diabetes was significantly associated with
an almost 2-fold increased risk of having both severe hepatic
steatosis (p <0.005) and severe lobular inflammation
(p <0.005), and marginally associated with ballooning degener-
ation (p = 0.069), but not with significant hepatic fibrosis. These
associations were attenuated after adjustment for age, sex and
waist circumference (waist circumference being the variable
that was most strongly associated with histological features of
NAFLD). Similar results were found even when we excluded
children/adolescents with diabetes (n = 5) from the analysis
(Table S8).

Discussion
The main findings of our large mono-ethnic cohort study were
that Caucasian children/adolescents with biopsy-proven NAFLD
had a higher prevalence of abnormal glucose tolerance (i.e., pre-
diabetes or diabetes) compared to children/adolescents without
NAFLD (20.6% vs. 11%), who were of similar age and sex, and had
similar measures of adiposity. In particular, 20.6% (124 of 599)
of children/adolescents with biopsy-confirmed NAFLD had
abnormal glucose tolerance, with the large majority of them
(19.8%; 119 children) satisfying the diagnostic criteria for predi-
abetes (i.e., impaired fasting glycemia or impaired glucose toler-
ance) and only 0.8% (5 children) satisfying the diagnostic
808 Journal of Hepatology 2
criteria for diabetes. The prevalence of abnormal glucose toler-
ance was equivalent for boys and girls, possibly because both
sexes were similar in terms of age, BMI, waist circumference,
HOMA-IR, and prevalence of NASH. Furthermore, we found that
children/adolescents with biopsy-proven NAFLD and abnormal
glucose tolerance also had a higher prevalence of NASH com-
pared with their counterparts with normal glucose tolerance.
NASH. However, this association was attenuated (but remained
significant) after adjustment for age, sex and waist circumfer-
ence. Furthermore, neither fasting plasma glucose nor 2 h
post-load glucose concentrations (included as a continuous
measure in multivariable regression analyses) were signifi-
regression analyses, both increased waist circumference and
the presence of PNPLA3 rs738409 polymorphism (i.e., the major
genetic variant associated with greater predisposition to NASH
and progressive liver fibrosis)21,22 were strongly and indepen-
dently associated with NASH.
that was much lower than that reported in the multi-ethnic
cohort of US children/adolescents with NAFLD enrolled in the
NASH Clinical Research Network.12 In fact, in the US cohort,
the authors reported that nearly 30% of children/adolescents
with NAFLD had prediabetes or diabetes (based on clinical his-
tory and/or fasting laboratory parameters, i.e., fasting glucose
and HbA1c levels). In particular, 23.4% of these children had pre-
diabetes and 6.5% had type 2 diabetes.12 It is also important to
note that these children did not undergo OGTT testing for diag-
nosing prediabetes and diabetes.12 Since the use of OGTT
assume that the lack of OGTT data has partly underestimated
the rate of prediabetes and diabetes in the US cohort. That said,
we believe that the marked differences in the prevalence of pre-
diabetes and, especially, diabetes observed between our cohort
the US cohort and in our cohort, respectively); b) adiposity mea-
sures (mean BMI 32.5 vs. 27.2 kg/m2, and mean waist circumfer-
ence 104.5 vs. 85.5 cm in the US cohort and in our cohort,
respectively) and c) race/ethnicity (65.9% Hispanic/28.3% non-
Hispanic White/5.8% Non-Hispanic in the US cohort vs. 100%
Caucasian in our cohort). In addition, the much higher preva-
lence of diabetes in the US cohort might also account in part
for the more pronounced association seen between predia-
betes/diabetes and the histological severity of NAFLD, compared
to our cohort. In fact, the prevalence of advanced liver fibrosis
was markedly higher in the US cohort compared with our cohort
(fibrosis stage ≥3: 15% vs. 0.8%). As also highlighted by the same
authors,12 the prevalence of diabetes in the US cohort appeared
to be much higher than would be expected based on the contri-
bution from obesity alone. Indeed, the SEARCH for Diabetes in
Youth Study (i.e., a large observational study conducting
population-based ascertainment of physician-diagnosed dia-
betes in US youth) showed that the overall prevalence estimate
for diabetes in children and adolescents in the United States was
approximately 0.20%.23 Interestingly, in our study we also found
that the prevalence of prediabetes/diabetes was nearly twice as
high in children/adolescents with biopsy-proven NAFLD than in
019 vol. 71 j 802–810
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children/adolescents without NAFLD (20.6% vs. 11%). The preva-
lence of abnormal glucose tolerance in our children without
NAFLD was essentially superimposable on that observed in
other Italian pediatric cohorts that also used OGTT testing for
diagnosing prediabetes and diabetes. In fact, in these cohorts
of obese children and adolescents, the prevalence rates of predi-
abetes and type 2 diabetes were nearly 8–10% and <0.2%,
respectively.24–26

A major finding in our study was that children/adolescents
with NAFLD and abnormal glucose tolerance had an �2.2-fold
increased risk of NASH compared to their counterparts with nor-
mal glucose tolerance. They also hadmore severe hepatic steato-
sis and lobular inflammation. Furthermore, in the subset of 328
children with biopsy-proven NAFLD and PNPLA3 genotyping
data, the strong association we observed between waist circum-
ference and the risk of NASH persisted even after further adjust-
ment for the PNPLA3 rs738409 polymorphism, which is the
major genetic variant associated with greater predisposition to
NASH and progressive liver fibrosis both in adults and chil-
dren.21,22,27 However, it should also be noted that in our multi-
variable regression analyses we combined the presence of
prediabetes and diabetes (abnormal glucose tolerance) into a
single category, because only 5 children had diabetes. Therefore,
our database does not permit us to examine the differential
impact of prediabetes compared to diabetes on risk of NASH. It
is well known that NAFLD is highly prevalent in adults with type
2 diabetes (occurring in up to 70% of these individuals), and that

patients with type 2 diabetes and NAFLD are also more likely
(than patients with just NAFLD) to develop the more severe his-
tologic forms of NAFLD (i.e., NASH, advanced fibrosis and cirrho-
sis), which can ultimately lead to hepatocellular carcinoma.3,6–8

Our study has both strengths and limitations that deserve
further mention. First, the single-center, cross-sectional design
of our study does not allow us to establish the temporality and
causality of the observed associations. Second, similarly to other
large cohort studies, we assigned our case definitions for predi-
abetes and diabetes on a single-time fasting laboratory measure-
ment based on parameters (i.e., fasting glucose and HbA1c
levels), recommended by the ADA guidelines. However, most
of our children and adolescents also underwent OGTT testing,
which is a sensitive and accurate test for diagnosing prediabetes
(impaired glucose tolerance) and diabetes.16 Therefore, we con-
sider that the prevalence estimates of both prediabetes and dia-
betes are a reliable estimate of the true prevalence in our cohort
of children with biopsy-confirmed NAFLD. Third, since we
excluded patients with established type 1 diabetes, it is reason-
able to assume that the majority of our children/adolescents had
type 2 diabetes. However, we did not perform genetic testing for
diagnosing other less common subtypes of diabetes (e.g., mono-
genic diabetes due to MODY mutations).16,28 Finally, since we
studied a cohort of Caucasian (European) children and adoles-
cents with biopsy-proven NAFLD, our findings might not neces-
sarily be generalizable to other ethnic pediatric populations.

In conclusion, our large cohort study shows that abnormal
glucose tolerance (especially prediabetes) was highly prevalent
in Caucasian children/adolescents with well-characterized,
biopsy-proven NAFLD, and this metabolic abnormality was
much more frequent than in children/adolescents without
NAFLD. Children with biopsy-proven NAFLD and abnormal glu-
cose tolerance also had a higher risk of NASH compared with
their counterparts with normal glucose tolerance. Furthermore,
these results further highlight the role of central adiposity as the

Journal of Hepatology 2
strongest predictor of NASH. Therefore, our findings further
emphasize the importance of lifestyle modifications to improve
diet and increase physical activity, as the first-line treatment for
all children/adolescents with NAFLD not only for improving
liver disease severity, but also for reducing obesity-related
metabolic complications (such as abnormal glucose tolerance)
in childhood and adolescence.
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