Histopathology of Pediatric Nonalcoholic Fatty
Liver Disease
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Nonalcoholic fatty liver disease (NAFLD) and nonalcoholic steatohepatitis (NASH) are
common in children and adolescents. However, standard histological criteria for pediatric
NAFLD and NASH are undeveloped. We reviewed consecutive patients ages 2 to 18 years
with biopsy-proven NAFLD diagnosed between 1997 and 2003. Biopsies were evaluated by
two pathologists for individual features of steatohepatitis. Agglomerative hierarchical cluster
analysis demonstrated two different forms of steatohepatitis. Type 1 was characterized by
steatosis, ballooning degeneration, and perisinusoidal fibrosis; type 2 was characterized by
steatosis, portal inflammation, and portal fibrosis. The study included 100 children with
NAFLD. Simple steatosis was present in 16% of subjects, and advanced fibrosis was present
in 8%. Type 1 NASH was present in 17% of subjects, and type 2 NASH was present in 51%.
Boys were significantly (P < .01) more likely to have type 2 NASH and less likely to have type
1 NASH than girls. The NASH type differed significantly (P < .001) by race and ethnicity.
Type 1 NASH was more common in white children, whereas type 2 NASH was more
common in children of Asian, Native American, and Hispanic ethnicity. In cases of advanced
fibrosis, the pattern was generally that of type 2 NASH. In conclusion, type 1 and type 2
NASH are distinct subtypes of pediatric NAFLD, and type 2 is the most common pattern in
children. NASH subtypes should be considered when interpreting liver biopsies and plan-
ning studies of the pathophysiology, genetics, natural history, or response to treatment in
pediatric NAFLD. (HEPATOLOGY 2005;42:641-649.)

has increased rapidly in children throughout the world.?
See Editorial on Page 536

NAFLD is rapidly becoming an important problem. Un-

onalcoholic fatty liver disease (NAFLD) is a diagnosed, this condition may progress silently and result

clinicopathological diagnosis characterized his-
tologically by accumulation of macrovesicular

in cirrhosis, portal hypertension, and liver-related death
in early adulthood.*

fat in hepatocytes in a patient in whom other causes of
liver disease (including chronic alcohol use) are excluded.
NAFLD is likely the most common cause of chronic liver
disease in children.! The major risk factors are obesity and
insulin resistance,? and the prevalence of these risk factors

The characteristic histological features of NAFLD
range from steatosis alone to steatohepatitis (NASH) with
or without fibrosis to cirrhosis. In adults, the histological
features of NAFLD have been well-described and include
macrovesicular steatosis, perisinusoidal or pericellular fi-
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brosis, foci of lobular inflammation, lipid granulomas,
Mallory hyaline, and megamitochondria.> The combina-
tion of macrovesicular steatosis with ballooning change of
hepatocytes and/or perisinusoidal fibrosis constitutes a
pattern of histology considered diagnostic of NASH in an
appropriate clinical context.®

In contrast, standard criteria for the diagnosis of
NAFLD or NASH in children are undeveloped. Further-
more, pediatric studies of NAFLD have described pat-
terns of inflammation and fibrosis that differ from those
reported in adults with NAFLD.” A major pitfall of these
studies is the small sample size and/or nonuniform report-
ing of histopathology features.®'! Given the considerable
difference in age at presentation, one can postulate that
NAFLD in children is distinct from NAFLD in adults.
Such distinctions may extend to pathophysiology, clinical
course, or treatment response.

We have previously suggested that there are important
differences between children and adults in the histological
features associated with NASH.!2 The goal of this study
was to define the liver biopsy findings in a large series of
children with clinical features consistent with NAFLD.
We sought to define distinct patterns of nonalcoholic ste-
atohepatitis (NASH) in children, determine their preva-
lence, and test potential associations.

Materials and Methods

Subjects and Clinical Data Collection. We identi-
fied subjects who were 18 years of age or less with biopsy-
proven NAFLD at Children’s Hospital, San Diego, from
January 1997 through April 2003. From 1997 to 2002,
subjects were identified via retrospective chart review ob-
tained with a waiver of consent. Detailed clinical data on
a subset of these subjects was previously reported.> Dur-
ing 2002-2003, subjects were identified prospectively
through the Fatty Liver Clinic at Children’s Hospital. For
those subjects, written subject assent and parental consent
were obtained. The protocol was approved by the institu-
tional review boards of the University of California—San
Diego and Children’s Hospital, San Diego.

In all subjects the diagnosis of NAFLD was made fol-
lowing the exclusion of causes of chronic hepatitis includ-
ing hepatitis B, hepatitis C, alpha-1 antitrypsin
deficiency, autoimmune hepatitis, Wilson’s disease, drug
toxicity, total parenteral nutrition, and chronic alcohol
intake. Charts for all subjects were reviewed for age, sex,
race, ethnicity, weight, and height. Body mass index
(BMI) was calculated as the weight (kg) divided by the
height (m) squared. Weight status was determined using
the Centers for Disease Control and Prevention 2000
growth curves and defined as underweight (BMI = 5th
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percentile), healthy weight (BMI > 5th and < 85th per-
centile), overweight (BMI = 85th percentile), and obese
(BMI = 95th percentile). Results of liver chemistry ob-
tained at the time of biopsy were recorded (serum aspar-
tate aminotransferase, alanine aminotransferase, alkaline
phosphatase, y-glutamyltransferase).

Fasting insulin and glucose also were recorded. Im-
paired insulin sensitivity (termed insulin resistance) has
been defined as being the insulin sensitivity of the lowest
10% of a nonobese, nondiabetic population.'> We used a
mathematical model for insulin sensitivity, the quantita-
tive insulin sensitivity check index (QUICKI),' that was
the reciprocal of the log(fasting insulin (uU/mL)) + log-
(fasting glucose (mg/dL)). We also calculated insulin re-
sistance using the homeostasis model assessment of
insulin resistance (HOMA-IR), which was defined as fast-
ing insulin (uU/mL) X fasting glucose (mmol/L) /
22.5.15 Although other models exist, we chose these two
models because we have previously demonstrated their
relationship to steatosis and fibrosis in children with
NAFLD.? For children, impaired insulin sensitivity is de-
fined as QUICKI < 0.339'¢ and is reliable in both the
euglycemic and hyperglycemic range. Insulin resistance is
defined as HOMA-IR > 2.0. Although QUICKI and
HOMA-IR are algebraically related, the information pro-
vided by each may be unique.?

Histopathology. Liver biopsies were performed by
percutaneous sampling of the right lobe with a 15-gauge
needle. All biopsies were 1.5 cm or more in length. Sec-
tions were stained with hematoxylin-eosin, periodic acid
Schiff, periodic acid Schiff—digested, iron stain, and Mas-
son trichrome reagents and evaluated by a hepatopatholo-
gist and a pediatric pathologist (C. B. and R. N.). The
pathology evaluation was performed masked from any
clinical information. The biopsies were reviewed by both
pathologists at a double-headed microscope, and the as-
signment of histological value for each feature was agreed
upon and recorded. The presence and severity of histolog-
ical features of steatohepatitis were determined. Steatosis
was reported as the percentage of hepatocytes containing
macrovesicular fat (fat droplet equal to or larger than the
size of the nucleus, often displacing the nucleus) or mi-
crovesicular fat (numerous small fat droplets surrounding
a centrally located nucleus). Quantitative steatosis was
graded as mild (5%-33%), moderate (34%-66%), or se-
vere (67%-100%).

Additional histological features noted included the
presence or absence of balloon degeneration of hepato-
cytes, Mallory hyaline, glycogen nuclei, megamitochon-
dria, lipogranulomas, and iron. Perisinusoidal fibrosis was
noted as present or absent. Portal inflammation was
graded as 0 (none), 1 (mild, sprinkling of lymphocytes in
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Table 1. Definition for NASH Types

Type 1 Type 2
Ballooning degeneration | + | + | — _
Perisinusoidal fibrosis -+ ]+ -
Steatosis + ¥
Portal inflammation - ++ |-
Portal fibrosis - -+ |+

+, feature is present; —, feature is absent.

some or all portal tracts), 2 (moderate, denser lympho-
cytic infiltrate in most portal tracts), or 3 (severe, dense
lymphocytic infiltrate in most or all portal tracts). Portal
fibrosis was evaluated on the trichrome stained slides ac-
cording to the METAVIR criteria® as 0 (none), 1 (mild =
portal expansion), 2 (moderate = portal fibrosis with
septa), 3 (severe = portal—portal or portal—central bridg-
ing septae without regenerative nodules), and 4 (cirrho-
sis = bridging fibrosis with regenerative nodule
formation).

Definition of Type 1 and Type 2 NASH. A specific
study goal was to create a histological definition for pedi-
atric NASH. Based on our previous preliminary data, we
defined two distinct injury patterns compatible with ste-
atohepatitis. The first pattern is consistent with NASH as
described in adults. We termed this pattern “type 17
NASH and defined it as the presence of steatosis with
ballooning degeneration and/or perisinusoidal fibrosis in
the absence of portal features. The second pattern was
termed “type 2” NASH and was defined as the presence of
steatosis along with portal inflammation and/or fibrosis in
the absence of ballooning degeneration and perisinusoidal
fibrosis (Table 1).

Data Analysis. Means, standard deviations, medians,
ranges, and percentages were reported for various demo-
graphic and clinical features. In characterizing the rela-
tionships between steatosis and histopathology features,
Spearman rank correlation was used for portal fibrosis,
portal inflammation, and perisinusoidal fibrosis. Student
¢ tests were used for all other features. Student # tests,
linear regression, and the Welch test for unequal variances
were used to identify relationships between the severity of
portal fibrosis and features.

Cluster analysis was pursued using agglomerative hier-
archical clustering.!” The histopathological features used
to define NASH types (ballooning degeneration, perisi-
nusoidal fibrosis, portal inflammation, portal fibrosis)
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were used to derive a dissimilarity matrix for all the sub-
jects using squared Euclidean distance as a measure of
dissimilarity. The dissimilarity matrix then was analyzed
for hierarchical clustering among the study subjects using
the average linkage measure for agglomerating the clus-
ters.!” Coherence of the clusters and the likely number of
meaningful clusters were assessed by comparing individ-
uals assigned to clusters across the available ancillary in-
formation (e.g., age, race, obesity level, additional
histopathological phenotypes, and so forth). This strategy
therefore does not rely on purely statistical criteria among
the items used in the cluster analysis to gauge cluster co-
herence and cluster number—a strategy fraught with sev-
eral statistical and interpretive problems—but rather
gauges the biological meaningfulness of the clusters from
ancillary, but appropriate, clinical and biological perspec-
tives. This strategy was introduced in the literature by
Schork and colleagues in the context of assessing genetic
background heterogeneity effects in age-related disease
and longevity.'8

Results

Demographic and Clinical Features. There were
106 children with a clinical phenotype and histopathol-
ogy compatible with a diagnosis of NAFLD. In 6 subjects,
the potential diagnosis of NAFLD was noted in conjunc-
tion with a concurrent or preceding condition that could
sufficiently influence liver histology, which excluded
them from further analysis: history of hepatitis C virus
infection (1), autoimmune hepatitis (1), and history of
malignancy (leukemia 2, hepatoblastoma 2). The remain-
ing 100 subjects (65 boys, 35 girls) were included in the
analysis; their clinical characteristics are detailed in Table
2. The median age for children with NAFLD was 12 years
(range: 2-18). The majority (92%) of children were obese,
with the remainder being underweight (1%), healthy
weight (1%), and overweight (6%). The median BMI for
the entire cohort was 30.7 kg/m? (range: 15.4-60.4).
Type 2 diabetes mellitus was present in 8% of subjects.
Most subjects had mildly abnormal serum aminotransfer-
ase activity, although values ranged from normal to mark-
edly elevated; median and ranges were alanine
aminotransferase (ALT) 79 (16-664), aspartate amino-
transferase 53 (22-273), and y-glutamyltransferase 47 (9-
194). All subjects had normal total and direct bilirubin
values. Hypertriglyceridemia and insulin resistance were
common.

Descriptive Histopathology. The amount of steatosis
ranged from 5% to 100% with a mean of 64 * 28%
steatotic hepatocytes. The distribution of steatosis across
the cohort was mild in 19%, moderate in 28%, and severe
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Table 2. Clinical Characteristics of Children With NAFLD
All Subjects Simple Steatosis Overlap Type 1 NASH Type 2 NASH
Characteristic (n = 100) (n = 16) (n = 16) (n = 17) (n = 51)
Age, mean (SD), y 12.0 (3.0) 12.3 (4.3) 11.5(3.2) 13.5(2) 11.5(2)
Sex, n (%)
Boys 65 (65) 10 (62.5) 11 (69) 6 (35) 38 (75)
Girls 35 (35) 6 (37.5) 5(31) 11 (65) 13 (25)
Race/Ethnicity, n (%)
Asian 10 (10) 3(19) 1(6) 0(0) 6(12)
Black, non-Hispanic 3(3) 2 (12.5) 0(0) 0(0) 1(2)
Hispanic 67 (67) 9 (56) 14 (88) 7(41) 37(73)
Native American 5 (5) 0(0) 0(0) 1(6) 4(8)
White, non-Hispanic 14 (14) 2 (12.5) 1(6) 9 (53) 2(4)
Other 1(1) 0(0) 0(0) 0(0) 1(2)
BMI (kg/m2)
Mean (SD) 31.6 (6.9) 29.1(7.7) 32.7(7) 30.7 (5) 31.8(7)
Z-score, mean (SD) 2.3(0.7) 2.1(1.4) 2.5(0.7) 2.1(0.4) 2.3(0.3)
Laboratories, mean (SD)
AST (U/L) 65 (43) 52 (30) 79 (52) 79 (34) 65 (47)
ALT (U/L) 104 (91) 69 (35) 131 (115) 119 (58) 106 (104)
GGT (U/L) 58 (38) 37(17) 61 (36) 59 (33) 66 (44)
Triglyceride (mg/dL) 181 (88) 161 (104) 192 (63) 195 (98) 174 (89)
QUICKI 0.289 (0.03) 0.299 (0.04) 0.290 (0.02) 0.285 (0.02) 0.287 (0.03)
HOMA-IR 11.0 (10.9) 9.2 (8.3) 7.8 (4.0) 10.8 (10.3) 10.7 (8.7)

Abbreviations: AST, aspartate aminotransferase; ALT, alanine aminotransferase; GGT, y-glutamyltransferase.

in 53% of subjects. Lipogranuloma (83%) and glycyoge-
nated nuclei (55%) were present in most biopsy speci-
mens. Portal inflammation, although typically mild, was
present in the majority (70%) of children. Portal fibrosis
was present in 60% of subjects, with moderate to severe
fibrosis in half of these individuals. Features commonly
described in adults with NASH such as ballooning degen-
eration (24%), Mallory’s hyaline (19%), lobular inflam-
mation (36%), and perisinusoidal fibrosis (30%) were less
commonly noted and typically found within the same
biopsy. Cirrhosis was present in 3%.

The severity of portal fibrosis was correlated to both
clinical and histopathology features. Subjects with stage 3
or 4 portal fibrosis (n = 8) were significantly (» < .01)
younger, had higher serum GGT, and a greater degree of
insulin resistance than those subjects with lesser stages of
fibrosis. Those subjects with portal fibrosis classified as
none or mild (n = 72) had significantly (P < .02) less fat
on biopsy (59 = 30%) compared with those subjects with
moderate to severe portal fibrosis (n = 28; 73 = 17%).
The severity of portal fibrosis was significantly related to
the presence of both lipogranulomas (P = .03) and portal
inflammation (P < .0001).

Type 1 and Type 2 NASH. The results of the ag-
glomerative hierarchical cluster analysis are depicted in
Fig. 1. The majority of biopsies (84%) demonstrated a
distinct pattern, separating cleanly into the categories of
simple steatosis, type 1 NASH, or type 2 NASH. Type 2
NASH was more common (51/100) than type 1 NASH
(17/100). In seven of the eight cases of advanced fibrosis,

the histology was that of type 2 NASH. In the remaining
case, the biopsy showed overlap with both type 1 and type
2 NASH. The typical perisinusoidal fibrosis and balloon-
ing degeneration of hepatocytes seen in type 1 NASH are
illustrated in photographs of two cases in Fig. 2. The
typical histological pattern of type 2 NASH is demon-
strated in photographs of six different cases in Fig. 3.

Typo 2 MASH

Crvmriap

M Bavam |

Fig. 1. Dendrogram of pediatric NAFLD. The subtypes of NAFLD were
determined using agglomerative hierarchical clustering based on the
features of ballooning degeneration, perisinusoidal fibrosis, portal inflam-
mation, and portal fibrosis. Each end line represents a single case and
is color-coded to represent the histopathology category. Overlap repre-
sents those biopsies that demonstrated steatosis along with at least one
feature from type 1 and type 2 NASH. Type 2 NASH was labeled as mild,
moderate, or severe based on the degree of portal fibrosis. NASH,
nonalcoholic steatohepatitis.
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Fig. 2. Typical histologic appearance of type 1 NASH in children.
These photomicrographs illustrate the typical features of classic or type
1 NASH in biopsies from two different obese children. Ballooned hepa-
tocytes are conspicuous (arrows) with Mallory hyaline identifiable in the
cytoplasm of the ballooned hepatocyte (panel A, m). Perisinusoidal
fibrosis is notable (arrowheads). m, Mallory; cv, central vein.
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Other features noted in type 2 NASH are illustrated in
Fig. 4. Specifically, the type 2 NASH pattern consistently
spared the central vein and showed no zone 3 hepatocyte
injury, and the portal inflammation was predominantly
lymphocytic. Some cases demonstrated marked zonal dis-
tribution of the steatosis, with zone 1 fat sparing (Fig.
4D-F).

In 16% of subjects, the histopathology did not meet
the criteria for simple steatosis, type 1 NASH, or type 2
NASH and thus were deemed as overlap or indeterminate
(Table 2). As shown in Fig. 1, in 8 of the 16 cases the
histopathology clustered on the same main branch as type
1 NASH. In 7 of the 16 cases, the histopathology clus-
tered with mild to moderate type 2 NASH. In 1 case, the
histopathology clustered with severe type 2 NASH. Over-

Fig. 3. Typical histologic appearance of type 2 NASH in children. These panels represent histological findings from six different obese children with
nonalcoholic fatty liver disease. The identifiable pattern consists of moderate to marked steatosis, with portal inflammation or fibrosis and the absence
of ballooning degeneration and perisinusoidal/perivenular fibrosis. (A-C) Portal fibrous expansion (arrows) with fibrous septa present in panel C.
Central veins are free of fibrosis. Original magnification, X 100. cv, central vein.
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Fig. 4. Specific histological findings in children with type 2 NASH. These
photomicrographs further illustrate findings in liver biopsies from children
with the type 2 pattern. (A) Central veins consistently show no evidence of
injury or fibrosis. (B-E) Predominately lymphocytic portal inflammation is
present (B-C) with early portal fibrous expansion (D-E). Some cases exhibit
a conspicuous periportal (zone 1 acinar) sparing of steatosis (D-F). Dashed
lines indicate approximate demarcation between hepatocytes with and
without fat droplets. cv, central vein; PT, portal tract.

lap biopsies demonstrated a higher prevalence of megami-
tochondria and slightly less macrovesicular steatosis
(Table 3). For other histopathological features, the find-
ings were intermediate between type 1 and type 2 NASH.
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Asshown in Table 2, children with type 1 and 2 NASH
were different from one another in many important clin-
ical and demographic aspects. Children with type 2
NASH were significantly younger (P < .01) and had a
greater severity of obesity (P < .05) than children with
type 1 NASH. Girls with type 2 NASH were even
younger still, with a mean age of 10.5 years, versus 13.3
for girls with type 1 NASH. Boys were significantly (P <
.01) more likely than girls to have type 2 NASH (58% vs.
36%). Furthermore, boys were less likely than girls to
have type 1 NASH (9% vs. 31%). The distribution of
histological patterns also differed significantly (2 < .001)
by race and ethnicity. Biopsies from children of black race
mostly had simple steatosis. In contrast, the majority
(64%) of biopsies from children of white race had type 1
NASH. Type 2 NASH was predominant among children
of Asian or Native American race and those of Hispanic
ethnicity. Laboratory values did not differ between sub-
jects with type 1 and type 2 NASH.

Discussion

This study represents the largest biopsy series of pedi-
atric NAFLD and demonstrates a histological spectrum
ranging from simple steatosis to NASH and cirrhosis. The
histological profile most commonly observed was a com-
bination of severe steatosis with mild portal inflammation
and fibrosis. By applying the methodology of cluster anal-
ysis, we demonstrated distinct histological patterns, in-
cluding two different forms of steatohepatitis. We further
determined that age, sex, race, ethnicity, and severity of
obesity all associate with the steatohepatitis pattern types.

The traditional histopathology definitions of steato-
hepatitis include a combination of steatosis with balloon-

Table 3. Distribution of Histopathological Features in Pediatric NAFLD

All Subjects Simple Steatosis Overlap Type 1 NASH Type 2 NASH
Feature (n = 100) (n = 16) (n = 16) (n = 17) (n = 51)

Ballooning 24 0 56 7
Glycogen nuclei 55 44 44 41 51
Iron 3 0 0 0 6
Lipofuschin 6 0 0 12 8
Lipogranuloma 83 69 75 53 82
Lobular inflammation 36 0 31 71 22
Mallory 19 6 31 41 10
Megamitochondria 6 0 25 0 6
Perisinusoidal fibrosis 30 0 56 71 0
Portal inflammation 70 0 88 0 94
Portal fibrosis 60 0 63 0 84
Steatosis, mean (SD), %

Macrovesicular 44 (28) 28 (27) 37 (25) 44 (26) 49 (27)

Microvesicular 17 (19) 29 (26) 14 (16) 20 (15) 15 (17)

NOTE. Values shown represent the percentage of subjects within a category who have the indicated feature. One exception is steatosis—the values shown reflect the

mean percentage of hepatocytes with macrovesicular or microvesicular steatosis.
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ing degeneration, Mallory hyaline, lobular inflammation,
or pericellular fibrosis. The latter features localize to zone
3 and suggest evidence of liver cell injury. This pattern is
associated with progression of fibrosis in adults.’® Based
on these criteria, only 20% of the biopsies in this study
would be considered diagnostic of NASH, yet a majority
show portal fibrous expansion, which is suggestive of early
progression of liver disease. Furthermore, the presence of
advanced fibrosis and cirrhosis in 8% of these patients
supports the contention that pediatric fatty liver disease
can be serious. Our data show an association of moderate
to severe steatosis with portal inflammation and portal
fibrosis. These findings raise questions with regard to the
definition of steatohepatitis in children. This linked
group of histological findings may represent a distinct
pathological pattern of NASH. We have proposed a
schema of type 1 and type 2 NASH wherein type 1 rep-
resents classically described steatohepatitis similar to def-
initions in adult populations, and type 2 NASH is
characterized by moderate to severe steatosis, portal in-
flammation, and portal fibrosis. This second pattern was
most common in our cohort.

We speculate that adults also exhibit a pattern consis-
tent with type 2 NASH that has been underappreciated.
Several reports discussing liver histology from adult sub-
jects with NAFLD mention portal inflammation or fibro-
sis,?® and recently these have been proposed to be an
additional pattern of NAFLD.?! A careful review of mul-
tiple studies of NAFLD in adults suggests that a portal-
based pattern or type 2 NASH is not unique to children.
In a study of morbidly obese adults undergoing bariatric
surgery, portal inflammation was reported in 24%.22 In a
series of adults with NAFLD that was notable for having
a majority of male patients, portal inflammation was re-
ported in 63% and portal fibrosis in 6%.2% In a series of
morbidly obese adults, 27 of 105 subjects had portal fi-
brosis.?? In the majority (19/27) of those with portal fi-
brosis, it was present without zone 3 fibrosis but usually
(16/19) with portal inflammation. In a series of 73 adults
with a BMI greater than 25 kg/m? and fatty liver isolated,
portal fibrosis was noted in 42%.24 The severity of portal
fibrosis correlated positively with a degree of steatotic
hepatocyes greater than 40%. Abrams et al.?! performed a
case control study of 195 adults undergoing Roux-en-Y
gastric bypass surgery. The majority were women
(88.2%) and were of non-Hispanic ethnicity and white
race (89.7%). They had a mean age of 40.8 years and a
mean BMI of 47.9 kg/m?. Isolated portal fibrosis was seen
in 33% of subjects, and they were of slightly younger age
(mean: 38.6 yr). In 5 of 23 (22%) with advanced fibrosis,
there were no zone 3 features. The investigators hypoth-
esized that a subset of morbidly obese progress to cirrhosis
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without zone 3 injuries. They further speculated that vis-
ceral adipose tissue provides mediators of injury directly
via the portal vein.

While 92% of the children with NAFLD in the current
study were obese, those children with type 2 NASH had a
greater severity of obesity than those with type 1 NASH.
This is consistent with the observation that many of the
reports of histology that included patients with portal
inflammation and/or fibrosis as prominent features of
NAFLD or NASH were in adults at the extreme end of
the weight spectrum undergoing surgical treatment of
obesity. Excessive body fat may interact with or supersede
other mechanisms of disease development and progres-
sion. Increased amounts of adipose tissue are associated
with decreased production of adiponectin. Data from
studies in mice and humans increasingly implicate insuf-
ficient adiponectin as a major factor in the development
of fatty liver and steatohepatitis.>>?” Another source of
hepatoxic mediators may be bacterial proinflammatory
products such as lipopolysaccharide from intestinal
flora.?8 Recent evidence demonstrating the role of intes-
tinal microflora in regulating total body fat stores raises
the possibility that intestinal microbial ecology may vary
with the degree of obesity.?? The underlying relationship
between the severity of obesity and liver histology may be
clarified by determining the relationships between pat-
terns of injury and the regionalization of adipose storage.

Several biopsies demonstrated marked metabolic zona-
tion with prominent zone 3 and minimal zone 1 steatosis
(Fig. 4D-E). The fibrosis in these biopsies was confined to
the portal (zone 1) area. This indicates that the factors
involved in formation of hepatocellular steatosis may not
be the same as factors evoking fibrosis, and that steatosis
in the portal area may not be requisite for fibrous deposi-
tion. Compartmentalization of steatosis may occur more
readily in zone 3 hepatocytes as a result of relatively di-
minished oxygen tension or nutrient availability, or po-
tentially as a result of their increased age or differentiation
due to sinusoidal streaming,.

Clinical series and population-based studies have sug-
gested that NAFLD is more common in boys than
girls.2:8-11.30 Sex differences have been shown in an animal
model of NASH, with male sex associated with more
severe and diffuse injury.3! Although speculative, sex hor-
mones are attractive candidates for playing a role in the
development of and/or protection from steatohepatitis.
In women with polycystic ovary syndrome, hyperandro-
genism as determined by hirsutism was shown to have a
strong relationship to fatty liver independent of insulin
sensitivity and BMI.32 Furthermore, the antiestrogen
drug tamoxifen is associated with the development of
NASH in a subset of women with breast cancer. One
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potential mechanistic explanation is that estrogen signal-
ing pathways are involved in the genetic regulation of
fatty acid flux and oxidation within the liver.?> Mice with
congenital estrogen deficiency develop fatty liver sponta-
neously and experience resolution of fatty liver with estro-
gen replacement.# In a recent case report of a novel defect
in the aromatase gene, a 25-year-old man was described
with steatohepatitis consistent with the type 2 pattern and
was noted to have substantial improvement in liver his-
tology with the initiation of estrogen replacement therapy.>
In the current study, girls with type 2 NASH were several
years younger than girls with type 1 NASH. Although Tan-
ner staging was not recorded, girls with type 2 NASH were
more likely to be prepubertal and thus have a hormone pro-
file more similar to young boys with type 2 NASH. In con-
trast, girls with type 1 NASH were more likely to be
postmenarchal and thus have higher estrogen levels. Future
studies would benefit from detailed analyses of sexual matu-
ration and hormone levels with NASH subtypes.

In the present study, type 2 NASH was the major form
seen in children of Asian and Native American race. In a
clinical population of young adult Iranians with NAFLD,
the majority were men with biopsies characterized by
moderate to severe steatosis and portal inflammation.3
Similarly, in a group of adult Japanese patients with
NAFLD, portal fibrosis was uniformly more common
and more severe than pericellular fibrosis.?” Furthermore,
this pattern has also been reported to be more common in
Japanese adults with alcoholic liver disease. Thus the in-
teraction between common hepatotoxic insults such as
obesity or alcohol is modified by race. It is not clear to
what extent race serves as a marker of genetic factors ver-
sus a correlate of influential environmental factors.

The limitations of this study are related to the acquisi-
tion of a clinical population at a single center. Our sub-
jects were predominantly of Hispanic ethnicity, and most
of them were Mexican American boys. This is consistent
with school-based epidemiology showing that among
obese adolescents, male sex and Hispanic ethnicity are
strong risk factors for abnormal ALT and suspected
NAFLD.3° Second, the majority of our subjects were se-
lected for biopsy because of elevated ALT levels. This
reflects widespread clinical practice patterns, because bi-
opsies in children with NAFLD are usually performed in
response to persistently elevated serum aminotransferase
values. Therefore, little is known about NAFLD in chil-
dren with normal ALT levels. However, we note that both
type 1 and 2 NASH were seen in the few children in our
study with normal serum aminotransferase levels. Finally,
this was a cross-sectional study. To describe features in
untreated patients, we only included index biopsies. To
determine the histopathology of pediatric NAFLD in its
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natural history and in response to treatment, additional
studies are required as will be performed by the National
Institutes of Health NASH Clinical Research Net-
work.38:39

The issue of when to perform a liver biopsy in children
with suspected NAFLD remains controversial. The data
from the current study demonstrate that the majority of chil-
dren with biopsy-proven NAFLD have features of steato-
hepatitis. In adults with suspected NAFLD, the presence of
diabetes and an age older than 40 years have been proposed
as clinical indications for liver biopsy.4® 4! The current find-
ings suggest that neither age nor the presence of diabetes are
likely to be useful determinants in children as those with
advanced disease are slightly younger than those with milder
disease and did not have type 2 diabetes. One laboratory
value that may be useful is GGT as this was considerably
higher in those children with stage 3 and 4 fibrosis. GGT
may be serving as a marker of the metabolic syndrome. In
addition to its role as a hepatobiliary enzyme, GGT is also a
marker of oxidative stress.*> In adults GGT has been shown
to predict incident metabolic syndrome.? This deserves fur-
ther attention in future studies. The relationship between the
metabolic syndrome and NAFLD in children has not been
characterized.

In conclusion, hypotheses regarding the pathophysiol-
ogy of NAFLD and NASH propose many different fac-
tors in the development of steatosis, inflammation, and
fibrosis.“* One factor complicating the translation from
animal models to humans is that NAFLD is likely to
represent many different phenotypes that have overlap-
ping and nonoverlapping elements. Identification of the
subphenotypes of NAFLD will augment efforts to deter-
mine causation and cure. We conclude that type 1 and
type 2 NASH are distinct subtypes of pediatric NAFLD
and that type 2 NASH is the more common pattern in
children. Key differences between these subtypes include
age, sex, race/ethnicity, and severity of obesity. The bio-
logical underpinnings of these subtypes remain to be elu-
cidated. Importantly, the majority of children with
advanced fibrosis demonstrate the type 2 NASH pattern.
These findings have important implications for studies of
the pathophysiology, genetics, natural history, and re-
sponse to treatment in pediatric NAFLD. Investigators
should recognize these subtypes when planning and ana-
lyzing such studies. Similarly, hepatologists and patholo-
gists should note these differences when interpreting liver
biopsies in children with NAFLD.
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