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Abstract
Background & Aims—Physiologic changes that occur during puberty may affect pathologic
features of nonalcoholic fatty liver disease (NAFLD). We investigated associations between
pubertal development and clinical and histopathologic features of NAFLD.

Methods—We studied 186 children (age<18 years, 143 boys) with biopsy-proven NAFLD. The
population was divided into 3 groups, based on Tanner stage (pre-puberty, puberty, and post-
puberty). Clinical characteristics and histologic features were compared among groups.
Multivariable regression models were used to adjust for potential confounders.
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Results—After adjusting for other factors, hyperuricemia and low levels of high-density
lipoprotein cholesterol were more prevalent among children who entered puberty with lower
levels of quantitative insulin-sensitivity check index (P<.05). The degree of steatosis, numbers of
Mallory-Denk bodies, and diagnostic categories of NAFLD differed among groups (P<.05). There
were potential sex differences in associations between stages of puberty and lobular inflammation,
hepatocyte ballooning, and borderline steatohepatitis of zone 3; these were therefore not included
in multivariable analyses of the overall population. Following adjustment for different sets of
confounders, patients at or beyond puberty were less likely to have high-grade steatosis, severe
portal inflammation, borderline steatohepatitis (zone 1), or a high stage of fibrosis than patients
who had not entered puberty (P<.05). On the contrary, the prevalence of Mallory-Denk body was
greater among post-puberty subjects (P=.06).

Conclusion—Steatosis, portal inflammation, and fibrosis are less severe during or after puberty
than before puberty among subjects with NAFLD. Post-pubescent individuals have a lower
prevalence of borderline steatohepatitis of zone 1 but are more likely to have Mallory-Denk
bodies. These findings indicate that puberty affects the pathologic features of NAFLD.
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INTRODUCTION
Nonalcoholic fatty liver disease (NAFLD) is a significant public health problem in
industrialized nations even among children.1, 2 The prevalence of NAFLD among children is
9.6% as estimated in a previous autopsy study.2 Advanced forms of NAFLD (e.g., cirrhosis)
have been also reported among children.3 Histologic features observed among children are
often different from those observed in adults.4, 5 Potential mechanisms explaining the
distinct histologic features observed in pediatric NAFLD have not been fully investigated
and no plausible explanation is currently available. Whether physiological alterations
associated with gender or the reproductive lifecycle (e.g., puberty, pregnancy, or
menopause) impact disease development or progression remains unclear.

The development of NAFLD in adult populations appears to be influenced by gender as well
as reproductive state.6 Several population-based studies consistently show that the
prevalence of fatty liver is higher in men compared to women during their reproductive
age.6 Among adolescents, there is an increased prevalence of fatty liver in boys compared to
girls.2, 6 On the other hand, after menopause (or after 50 years), the prevalence of fatty liver
among women exceeds that of men.6 In a cohort study done in Japan, male gender was
associated with increased hazard ratio of incident hypertransaminasemia before 40 year old,
while after 40 years old the gender difference was eliminated.7 The prevalence of
hypertransaminasemia is also influenced by hormone-replacement therapy among post-
menopausal women.8 Thus, the gender difference is likely due to difference(s) in sex
hormones. Currently, limited data are available to assess impact of gender and reproductive
state on the disease progression of NAFLD. The question of whether gender impacts the
disease progression of NAFLD, and if so how, remains unanswered. Our recent analysis
using adult NAFLD patients showed that the prevalence of advanced fibrosis is higher in
post-menopausal women than in pre-menopausal women and men.9 Further, in chronic viral
hepatitis, estrogen exposure appears to be protective against fibrosis progression while
menopause is detrimental.10 Thus, it is plausible that gender, reproductive state, pregnancy,
oral contraceptives, and hormone replacement therapy influence the development and,
probably, severity of NAFLD in adults.
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How gender and puberty influence the development and the severity of NAFLD has not
been fully investigated. Previous studies showed that NAFLD is more prevalent among
boys11 and boys are more likely to have type 2 (pediatric/peri-portal/zone 1 pattern)
nonalcoholic steatohepatitis (NASH).5 Another study showed that mean Tanner stage was
univariately associated with different fibrosis stages as well as different types of NASH.12

However, the influence of pubertal development has not been fully assessed. Thus, whether
pubertal development influences the severity of liver histology findings in NAFLD and, if
so, whether the influence is gender-specific remains unknown. Sex hormones impact various
physiological and biological functions, including adipocyte development and function.13

Further, insulin sensitivity is decreased during puberty for unknown reasons.14 Thus,
physiological changes associated with puberty (e.g., rise in sex hormone levels, decreased
insulin sensitivity) may significantly impact disease manifestations of NAFLD.

To better understand potential influences of gender and reproductive lifecycle on histologic
features, we analyzed a pediatric cohort with NAFLD in collaboration with the Nonalcoholic
Steatohepatitis Clinical Research Network (NASH CRN). We also analyzed regional
anthropometric measures and clinical features of insulin resistance along with pubertal
development, because these may be altered during puberty and thus may impact histologic
severity. Our specific aims were to assess the association of pubertal stages (pre-puberty,
puberty, and post-puberty) with regional anthropometric measures, clinical features of
insulin resistance and severity of histologic features of NAFLD with consideration of
potential gender differences.

METHODS
Study design and population

We performed a cross-sectional analysis using data from the NASH CRN Database study
and the TONIC (Treatment of NAFLD in Children) clinical trial. The study design and data
collected from the NAFLD Database study and TONIC trial have been reported
recently.15, 16 Our study population required the following criteria: 1) age at enrollment was
< 18 years, 2) the presence of liver histologic data, 3) no chronic liver diseases other than
NAFLD as assessed by serologies and/or histology, and 4) the presence of study variables
obtained at baseline and within 3 months of liver biopsy. The NASH CRN studies were
approved by the Institutional Review Boards at each center.

Liver histology
The primary outcome in this study was the severity of each histologic feature: steatosis,
lobular inflammation, portal inflammation, Mallory-Denk bodies, hepatocyte ballooning,
and fibrosis. To characterize associations between pubertal stages and patterns of
inflammation, the diagnostic categorization [simple steatosis/no steatohepatitis; borderline
steatohepatitis zone 3 (adult pattern); borderline steatohepatitis zone 1 (pediatric or peri-
portal pattern); definite steatohepatitis]12, 17 was also analyzed. NASH CRN scoring criteria
does not distinguish adult vs. pediatric patterns within the diagnostic category of definite
steatohepatitis; therefore, definite steatohepatitis was classified as one category regardless of
injury patterns.12, 17 All liver biopsies from the enrolled patients were stained with
hematoxylin-eosin and Masson’s trichrome stains, and reviewed and scored centrally by the
NASH CRN Pathology Committee periodically convened since 2005 in a consensus
manner, according to the published scoring system.17, 18 For the analyses, some grades/
stages of the histologic features were combined as follows: steatosis (3 levels: grade 0–1, 2
and 3), lobular inflammation (2 levels: grade 0–1 vs. 2–3), portal inflammation (2 levels:
grade 0–1 vs. 2), Mallory-Denk bodies (2 levels: yes vs. no), hepatocyte ballooning (2
levels: grade 0–1 vs. 2), and fibrosis (4 levels: stage 0, 1, 2, and 3–4).
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Study Variables
Pubertal development—The variable of pubertal development was the primary predictor
in this study. Based on Tanner stages (Table 1),19, 20 pubertal development was classified
into three stages, pre-puberty, puberty, and post-puberty. For girls, Tanner stages for pubic
hair and breasts were used.19 Pre-puberty was defined as both breast and genital Tanner
stages being stage 1, while post-puberty was defined as both Tanner stages being stage 5.
The remainder of the cases were classified into puberty. In cases where only one component
of Tanner stages (pubic hair or breasts) was available, then the case was classified based on
the available Tanner stage component. For boys, Tanner stages for pubic hair and genitals
were used to classify the stages of pubertal development using the same manner.20

Other study variables—Demographic information, anthropometric measures [height
(cm), weight (kg), body mass index (BMI, kg/m2), the circumferences of waist (WAIST,
cm), hip (HIP, cm) and mid-upper arm (ARM, cm), and triceps skinfold (cm)], physical
activity, the presence or absence of clinical features of insulin resistance, and quantitative
insulin sensitivity check index (QUICKI) were collected at the time of the study enrollment
(within 3 months from liver biopsy) via case report forms developed by the NASH CRN
Steering Committee. Individual clinical features of insulin resistance were defined as
follows: diabetes or impaired fasting glucose (IFG) (patient report and/or use of anti-
diabetics and/or fasting glucose >100g/dl), hypertension (patient report and/or use of anti-
hypertensives), hyperuricemia (serum uric acid >5.5 mg/dl), hypertriglyceridemia (serum
triglycerides >150mg/dl), elevated LDL-cholesterol (serum LDL-cholesterol≥130 mg/dl),
low HDL-cholesterol (serum HDL-cholesterol < 40 mg/dl in boys and <50 mg/dl in girls).
For race and ethnicity, we used a combination variable [White (non-Hispanic), Hispanic,
and others]. Total caloric intake (Kcal/day) was calculated based on self-reported usual
eating habits over the prior year provided via the Block Brief Questionnaire.21 Four
variables for physical activity levels were created using available self-reported information
as follows (modifiable activity questionnaire): 1) recreational physical activities (MET-
hours/week) calculated based on all the reported recreational activities (at least 10 times)
during the past year (i.e., recreational activity), 2) any exercise (more than 20 min, either
light or hard exercise) more than 2 days a week during the recent 2 weeks (yes or no) (i.e.,
recent regular exercise), 3) participation in competitive sports during the recent 2 weeks (yes
or no), and 4) TV or computer time during the recent 2 weeks (more than 4 hours per day,
yes or no) (i.e., sedentary activity).

Statistical analyses
Data are reported as mean ± SD for continuous variables or proportion of patients with a
condition. We first compared clinical characteristics (including anthropometric measures
and clinical features of insulin resistance) among the three groups: pre-puberty, puberty, and
post-puberty by using ANOVA, Chi-square tests or exact tests. For the comparison of
anthropometric measures across age groups and sexes, z-scores were also used.22 Multiple
linear (or logistic) regression models were used to assess the associations between pubertal
stages and clinical features of insulin resistance after adjusting for other confounding
factors.

We then assessed associations between the pubertal stages and severity of each histologic
feature in the total study population using Chi-Square tests or exact tests. To assess potential
gender interaction, ordinal logistic (or logistic) regression analysis was performed for each
histologic feature including interaction term (gender * pubertal stages). For the diagnostic
categories, multinomial logistic regression was used for this purpose. For histologic features
that did not show apparent gender difference, we performed multiple ordinal logistic (or
logistic) regression analyses in the total study population to assess the associations between
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pubertal stages and the severity of histologic features after adjusting for different sets of
confounding factors: 1) Model 1: gender, ethnicity, race, calorie intake, physical activity
levels, height (z-score), and weight (z-score) and 2) Model 2: Model 1 + hypertension,
diabetes/impaired glucose tolerance, and hypertriglyceridemia, and QUICKI. For binary
count outcome data and categorical factors of interest, in situations when a categorical factor
has a category with 0 outcome counts, maximum likelihood estimate of the factor effect in
the logistic regression model does not exist (“separation” problem). In such cases we either
used an altered factor classification in that particular model or did not report the estimates
with explanation provided.

Adjusted cumulative odds ratios (ACOR) or odds ratio (AOR) of individual pubertal stages
were estimated from each model using ‘pre-puberty’ or a combination of pre-puberty and
puberty as a reference group. In a separate analysis, we performed the models using age,
instead of the pubertal stages, and assessed the associations with histologic severity. P
values were determined from a likelihood ratio test.

For analyses, we used JMP statistical software version 8.0 (SAS institute Inc., Cary, NC)
and considered differences statistically significant when the p-values were less than 0.05.
All P values presented are two-sided. Due to a descriptive nature of this analysis, p-values
have not been adjusted for multiple comparisons.

RESULTS
Clinical Characteristics

A total of 186 children (age < 18 years) with NAFLD were analyzed. Median and
interquartile range (in months) of difference between the time of liver biopsy and the time of
the clinical data collection was 2 (1, 2). Clinical characteristics of the patients were
significantly different among the three pubertal stages (Table 2). As anticipated, pubertal
development increased along with growth, age and all the anthropometric measures; the
associations were statistically significant, except for triceps skin fold. After standardizing
the anthropometric measures, BMI, waist circumference and hip circumferences were
significantly different among the pubertal stages (ANOVA, p<0.05); pre-puberty was
associated with the highest z-scores of BMI, waist circumference and hip circumference
(data are not shown). Gender (p=0.02), race-ethnicity (p=0.04), and competitive sport
activities (p=0.02) were also significantly different among the three stages.

With respect to clinical features of insulin resistance, hypertriglyceridemia (p=0.03), low
HDL-cholesterol (p=0.06), and hyperuricemia (p<0.0001) became more prevalent after the
onset of puberty (Table 2). In logistic regression models adjusting for gender, race-ethnicity,
standardized BMI (z-scores), and competitive sport activities, the pubertal stages were
significantly associated with low HDL-cholesterol and hyperuricemia (likelihood ratio test:
p=0.02 and p<0.0001, respectively). Further, in a multiple linear regression model including
the same set of variables, QUICKI was significantly associated with the pubertal stages
(effect test, p=0.003) and lower in puberty (β= −0.017±0.006, p=0.004) and post-puberty
(β= −0.024±0.008, p=0.002) vs. pre-puberty.

The associations between the stages of pubertal development and histologic severity of
NAFLD

We compared the severity of histologic features among the pubertal stages in the total
population and assessed gender interaction (Table 3). The severity of steatosis and Mallory-
Denk bodies was significantly different among the pubertal stages (exact tests, p-
values<0.05) while severe portal inflammation tended to be associated with the pubertal
stages (exact test, p=0.07). In more advanced pubertal stages, lower grades of steatosis, less
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prevalent severe portal inflammation, and more prevalent Mallory-Denk bodies were noted
(Figure 1). The diagnostic categories were also significantly different among the pubertal
stages (exact test, p=0.005) (Figure 1). Especially, borderline steatohepatitis zone 1
(pediatric pattern) was significantly more prevalent in earlier stages (pre-puberty vs. puberty
vs. post-puberty = 35.4% vs. 20.0% vs. 3.2% test) (Table 3).

Based on the data distributions in boys and girls, a potential gender difference was suggested
in the relationship of pubertal stages with lobular inflammation, severe hepatocyte
ballooning, and borderline steatohepatitis zone 3 (Table 3). Among all the histologic
features, statistically significant gender interaction was detected only for lobular
inflammation (p=0.01) while valid models could not be developed for portal inflammation,
hepatocyte ballooning and Mallory-Denk body due to the ‘separation’ problem. The features
that showed potential gender interaction in their distribution were excluded from the
following multivariable analyses using overall population.

For histologic features that did not show apparent gender interaction, we assessed the
associations with pubertal stages after adjusting for different sets of confounding factors.
Unadjusted and adjusted ACORs/AORs of the pubertal stages for the each histologic feature
are summarized in Table 4. After adjusting for gender, race-ethnicity, caloric intake,
physical activity variables, body size (standardized height and weight), and insulin
resistance-related variables, the severity of steatosis (p=0.005), portal inflammation
(p=0.016), and fibrosis (p=0.040) and the diagnosis of borderline steatohepatitis zone 1
(p=0.006) were significantly associated with the pubertal stages. Overall, the stages of
puberty and/or post-puberty were associated with a lower likelihood of these histologic
features when compared to pre-puberty (Table 4, Model 2).

In contrast, the histologic finding of greater numbers of Mallory-Denk bodies was associated
with post-pubertal stage (p=0.044). Even after adjusting for gender, race-ethnicity, caloric
intake, physical activity variables, body size (standardized height and weight), and insulin
resistance-related variables, post-puberty tended to be associated with a greater likelihood of
having Mallory-Denk bodies (p=0.06) (Table 4).

Next, the models were developed replacing the pubertal stages with age. After adjusting for
the confounders (using Model 2), older age was significantly associated with less severe
steatosis (p=0.008), less severe portal inflammation (p=0.04), less severe fibrosis
(p=0.0007), and a less prevalent diagnosis of borderline steatohepatitis zone 1 (p=0.0007),
but was not associated with greater severity of Mallory-Denk bodies (p=0.204); calculated
ACOR or AOR for one year difference was 0.8[0.7, 0.9] for steatosis, 0.7[0.5, 1.0] for portal
inflammation, 0.8[0.7, 0.9] for fibrosis, and 0.7[0.5, 0.8] for the diagnosis of borderline
steatohepatitis zone 1.

DISCUSSION
We conducted a cross-sectional analysis using the largest prospective pediatric NAFLD
database and found that pubertal stages were associated with regional anthropometric
measures, clinical features of insulin resistance, and the severity of several histologic
features of NAFLD. Pubertal stages were univariately associated with the severity of
steatosis, portal inflammation (borderline), Mallory-Denk bodies, and the diagnostic
categories of steatohepatitis in the overall population. Children who were in their puberty
and/or post-puberty at the time of study enrollment (within 3 months of liver biopsy) were
less likely to have severe steatosis, severe portal inflammation, and the diagnosis of
borderline steatohepatitis zone 1 (pediatric pattern), and were more likely to have increased
numbers of Mallory-Denk bodies. After adjusting for different sets of confounders, the
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observed relationships were consistent (unadjusted vs. adjusted ORs). Furthermore, after the
adjustment, post-puberty was associated with a decreased likelihood of having more severe
fibrosis. Secondly, the associations of pubertal stages with hepatocyte ballooning, the
diagnosis of borderline steatohepatitis zone 3 (adult pattern), and lobular inflammation
appeared to be sexually dimorphic. Although we did not have enough statistical power to
assess gender interaction in all the histologic features, lobular inflammation showed
significant gender-interaction, suggesting that pubertal development may differentially
impact, at least, certain histologic features in boys and girls.

Pubertal development causes physiological insulin resistance via as yet an unknown
mechanism. After the onset of puberty, insulin sensitivity decreases, regardless of gender,
ethnicity, and obesity, and returns to near pre-pubertal levels by the end of puberty.14 In our
multivariable analyses, we observed a lower QUICKI and a greater prevalence of low HDL-
cholesterol and hyperuricemia in children who had experienced onset of puberty. This
suggests that the observed differences in the parameters of insulin resistance cannot be
explained by the differences in the other factors (i.e., gender, standardized BMI, race/
ethnicity, and physical activity) and may probably reflect physiological insulin resistance
related to puberty. The adjustment for the parameters of insulin resistance, however, did not
significantly alter the observed associations between pubertal stages and severity of
histologic features (Table 4).

Potential mechanisms explaining the observed associations between the pubertal stages and
the histologic features are unknown. Without assessing bio-physiological parameters that
change over pubertal development, it is impossible to address underlying mechanisms. In
our analyses, the associations were consistent regardless of adjusting for different sets of
variables (i.e., demography, body size, calorie intake, physical activities, and parameters of
insulin resistance), suggesting that the observed associations are independent of these
factors. Sex hormone production dramatically increases throughout pubertal development.
Thus, it is plausible to theorize that sex hormones may directly or indirectly impact
pathologic features of NAFLD. A recent animal study showed that estrogen diminishes
detrimental effects on mitochondrial function, ER stress markers, and free iron levels in the
liver following shock injury.23 Another study reported that gender and estrogen influence
Mallory-Denk body formation and oxidative stress in a mouse model of liver injury.24

Further, a previous animal study suggests that estrogens inhibit hepatic stellate cell
activation and fibrogenesis.25 These findings in animal experiments suggest that gender and/
or sex hormones could impact cellular injury responses and modulate liver disease
progression. Since serum estrogen levels rise both in boys and girls along with pubertal
development26, it is possible that some of the observed associations may be explained by the
alternation of estrogen levels during pubertal development. In this study, some histologic
features suggested potential gender-specific relationship to pubertal stages, which indirectly
supports the idea that some of the observed associations may be explained by differences in
sex hormones. It is still inconclusive whether pubertal changes in sex hormones or other
age-related factors influence the disease severity of NAFLD. Further investigation is
warranted to better characterize influences of gender and reproductive lifecycle on NAFLD
severity in a longitudinal study and to delineate how sex and sex hormones modulate
mechanisms involved in injury and repair responses.

We recognize certain limitations in this study. First, we did not directly measure serum sex
hormones or other bio-physiological alterations occurring across puberty (e.g., regional fat
mass/distribution, lean body mass, metabolic rate, and other endocrinological changes).
Since the pubertal staging based on physical examination does not necessarily reflect sex
hormone levels,27 the pubertal classification used in this study may not be optimal to
address impact of sex hormones on the disease severity of NAFLD. Second, we did not
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assess onset of puberty or patterns of pubertal development (thelarche vs. adrenarche
pathway) among girls. The patterns of development have been associated with
anthropometric changes among girls.28 Thus, it is likely that the patterns may also impact
disease severity of NAFLD. Further, oral contraceptive use likely alters sex hormone levels
and thus could impact histologic features. As only 2 girls had received oral contraceptives in
this population, this potential impact could not be assessed in the current study. Third, the
cross-sectional nature of this study precludes us from addressing any questions pertaining to
causality. Further duration of the disease or obesity was not taken into account in this study,
which could have confounded some of the findings. Forth, the sample size and the data
‘separation’ precluded us from further characterization of gender interaction. Fifth, our
findings may have been influenced by selection/referral bias as the study population was
based on a cohort recruited from subspecialty centers around the country. Especially, about
60% was Hispanic in our population. Although we took into consideration race/ethnicity in
our analysis, generalization of our findings requires extra caution prior to an independent
validation.

In summary, this study revealed that pubertal stages were significantly associated with
clinical features of insulin resistance and the severity of some histologic features in children
with NAFLD. Potential gender differences were also noted in the relationship of some
histologic features with the pubertal stages. Our findings suggest that puberty- (or age-)
related bio-physiological alterations in conjunction with gender (e.g., sex hormones) might
influence disease severity of NAFLD. The exact mechanisms underlying the observed
associations and potential gender interactions remain unclear. A better understanding of how
gender and reproductive lifecycle (or sex hormones) impact NAFLD disease severity is
critical for developing a tailored approach to prevention and treatment of this emerging
condition.
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MET metabolic equivalent tasks, NAFLD, nonalcoholic fatty liver disease
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Figure 1. Associations of Pubertal Development with Steatosis, Steatohepatitis, Mallory-Denk
bodies, and Portal Inflammation in Total Population
Figures show the associations of pubertal stages (horizontal axis) with the prevalence of up
to mild (grade 0–1), moderate (grade 2) and severe (grade 3) steatosis (left upper), the
prevalence of none (simple steatosis), borderline steatohepatitis zone 3 (or adult pattern),
borderline steatohepatitis zone 1(pediatric pattern), and definite steatohepatitis (right upper),
the prevalence of severe (grade 2) portal inflammation (left lower), and the prevalence of
Mallory-Denk bodies (right lower). P-values are from exact tests. SH: steatohepatitis
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Table 1

Tanner Stages for Boys and Girls 19, 20

Tanner stage Pubic hair (boys and girls) Genitals (boys) Breasts (Girls)

1 no pubic hair testicular volume < 1.5 ml; small penis of
3 cm or less

no glandular tissue; areola follows the skin
contours of the chest

2 small amount of long, downy
hair with slight pigmentation at
the base of the penis and
scrotum (males) or on the labia
majora (females)

testicular volume (1.6 – 6 ml); skin on
scrotum thins, reddens and enlarges; penis
length unchanged

breast bud forms, with small area of
surrounding glandular tissue; areola begins to
widen

3 more coarse and curly hair,
extending laterally

testicular volume (6 – 12 ml); scrotum
enlarges further; penis begins to lengthen
to about 6 cm

breast begins to become more elevated, and
extends beyond the borders of the areola,
which continues to widen but remains in
contour with surrounding breast

4 adult-like hair quality,
extending across pubis but
sparing medial thighs

testicular volume (12 – 20 ml); scrotum
enlarges further and darkens; penis
increases in length to 10 cm and
circumference

increased breast size and elevation; areola
and papilla form a secondary mound
projecting from the contour of the
surrounding breast

5 hair extending to medial
surface of the thighs

testicular volume > 20 ml; adult scrotum
and penis of 15 cm in length

breast reaches final adult size; areola returns
to contour of the surrounding breast, with a
projecting central papilla
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