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Non-alcoholic fatty liver disease (NAFLD) is a spectrum of diseases characterized by fatty accumulation in hepatocytes,
ranging from steatosis, non-alcoholic steatohepatitis, to cirrhosis. While histopathological evaluation of liver biopsies
plays a central role in the diagnosis of NAFLD, limitations such as the problem of interobserver variability still exist
and active research is underway to improve the diagnostic utility of liver biopsies. In this article, we provide a
comprehensive overview of the histopathological features of NAFLD, the current grading and staging systems, and
discuss the present and future roles of liver biopsies in the diagnosis and prognostication of NAFLD. (Clin Mol Hepatol

2023;29(Suppl):5302-5318)
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INTRODUCTION

Non-alcoholic fatty liver disease (NAFLD) is a condition in
which there is fatty infiltration in the liver in the absence of
secondary causes, including significant alcohol consumption.
The morphological spectrum of NAFLD encompasses “sim-
ple” steatosis, non-alcoholic steatohepatitis (NASH), and cir-
rhosis. Histological evaluation by liver biopsy plays an impor-
tant role in the diagnosis of NAFLD and NASH, and in

excluding the possibility of other diseases. Another role of
the liver biopsy is prognostication, as the histological param-
eters may potentially provide important information for
identifying groups of NAFLD patients at risk for developing
cirrhosis, liver failure and hepatocellular carcinoma (HCC).
Grading and staging systems, such as the NAFLD activity
score (NAS) and Steatosis-Activity-Fibrosis (SAF) scores, are
currently widely used to assess disease severity and progno-
sis, and also to evaluate response to treatment in both the
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practical setting and clinical trial setting. In this review, we
summarize the histopathological features of NAFLD, the
grading and staging systems, and the recent advances in an-
cillary tool development for the accurate diagnosis and prog-
nostic prediction of NAFLD.

DEFINITION AND DIAGNOSTIC CRITERIA

Steatosis, or fatty change, is the accumulation of fat drop-
lets in the hepatocyte cytoplasm, and can be classified as
macrovesicular or microvesicular based on the size of the lip-
id droplets (described in more detail in the subsequent sec-
tion). NAFLD is defined as the presence of steatosis in >5% of
hepatocytes, in the absence of significant alcohol use or oth-
er causes of steatosis, including viral hepatitis or drug/toxin-
induced liver injury.”” NASH is characterized by the presence
of active injury, in the form of hepatocellular ballooning de-
generation and lobular inflammation (mostly lymphocytic
with some neutrophils), in addition to varying degrees of ste-
atosis. Although there are slight differences in the definitions
in various practice guidelines, the presence of hepatocellular
ballooning is regarded as an important factor for the diagno-
sis of NASH; in fact, it is considered the sine qua non of steato-
hepatitis for practical purposes, and its presence differenti-
ates NASH from simple steatosis." Fibrosis is typically located
in zone 3 with a perivenular and perisinusoidal pattern, and
this feature is helpful in corroborating the diagnosis of NASH.
Mallory-Denk body (MDB) formation, apoptotic hepatocytes
(acidophilic bodies), and lipogranulomas are other histologi-
cal features of NASH. NASH-cirrhosis is defined as cirrhosis
associated with current or previous histological evidence of
NAFL or NASH.>*

Steatosis

The typical steatosis in NAFLD is of the macrovesicular pat-
tern*. Macrovesicular steatosis is classically characterized by a
large lipid droplet occupying the cytoplasm of a hepatocyte,
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pushing its nucleus to the periphery (Fig. 1).” It is also increas-
ingly being recognized that the lipid droplets may vary in
size as the triglycerides accumulate in the hepatocytes over
time, and thus a range of lipid droplet sizes may occur. As
such, the terms large, medium and small droplet steatosis
have been used to describe this variance in lipid droplet sizes,
and it is understood that these findings fall under the mac-
rovesicular pattern of hepatic steatosis.

Of relatively more importance is the distinction of small
droplet steatosis from microvesicular pattern of hepatic ste-
atosis. Microvesicular steatosis is characterized by the cyto-
plasm of hepatocytes being filled with numerous tiny lipid
droplets and the presence of a central nucleus.® While small
droplet steatosis may morphologically mimic microvesicular
steatosis, typical NAFLD will only show patches of small drop-
let steatosis accompanied by other areas of large and medi-
um droplet steatosis (Fig. 1). For most pathologists, the ter-
minology of microvesicular steatosis is more often preferred

Figure 1. Steatosis. A combination of large and small droplet mac-
rovesicular steatosis is seen in this example of non-alcoholic steato-
hepatitis. In large droplet macrovesicular steatosis, the fat droplet
occupies more than half of the hepatocyte cytoplasm and pushes
the nucleus to the edge of the cell (black arrows). Smaller droplets
are also seen. A small patch of microvesicular steatosis is noted on
the right (black star), characterized by innumerable tiny fat droplets
in the hepatocyte cytoplasm. A few ballooned hepatocytes are also
noted (white arrows) (H&E, original magnification x200).

Abbreviations:

NAFLD, non-alcoholic fatty liver disease; NASH, non-alcoholic steatohepatitis; HCC, hepatocellular carcinoma; NAS, NAFLD activity score; SAF, Steatosis-Activity-
Fibrosis; Shh, sonic hedgehog; MDB, Mallory-Denk body; AlH, autoimmune hepatitis; NASH-CRN, non-alcoholic steatohepatitis clinical research network; FLIP, fatty
liver inhibition of progression; ALD, alcoholic liver disease; SHG, Second-Harmonic Generation; TPEF, Two-Photon Excited Fluorescence; NLO, Non-Linear Optimal; CPA,
collagen proportionate area; MRI-PDFF, magnetic resonance imaging-proton density fat fraction
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for instances whereby this pattern diffusely involves the liver.
This is also important clinically as the differential diagnoses
for microvesicular steatosis are distinctly different from mac-
rovesicular steatosis (Table 1).

The steatosis of NAFLD typically begins in the perivenular
region (zone 3), and is graded semiquantitatively as “mild”,
“moderate”, or “severe”, when 5-33%, 33-66%, or more than
66% of the hepatocytes are affected, respectively. A zone
1-predominant distribution of steatosis is rare in adults (~1%),
while more commonly found in children and teenagers
(~12%). An azonal distribution is more likely to be associated
with ballooning degeneration, MDBs and advanced fibro-

sis.”®

Hepatocellular ballooning

Hepatocyte ballooning is characterized as an enlarged he-
patocyte with rarefied pale cytoplasm, usually with the pres-
ence of a large, hyperchromatic nucleus and a prominent nu-
cleolus, indicating the presence of hepatocellular injury (Fig.
2).* The cytoplasmic changes reflect injury to the cytoskele-
ton of these hepatocytes, with loss of intact keratin 8 and 18
and increased detection of keratin fragments.’ As the cyto-
skeleton injury progresses, the increased clumping of these
keratin fragments contributes to MDB formation."

It is worthwhile noting that in chronic cholestatic condi-
tions, hepatocytes may also suffer from similar cytoskeleton
injury resulting in morphological changes similar to balloon-
ing. This is classically described as “feathery degeneration”."
One may easily make the distinction by observing the adja-
cent steatotic or cholestatic changes, in order to decide
which term to use. Mimics of ballooned hepatocytes include
hydropic change of hepatocytes and microvesicular steatosis.

Ballooned hepatocytes exist in an “undead” state where
they are unable to undergo apoptosis while releasing factors
such as sonic hedgehog (Shh) to aid with tissue repair and
healing. These ballooned hepatocytes were found to lack
caspase 9—a protease critical for apoptosis.”

Ballooned hepatocytes are also associated with activation
of the stress kinase c-Jun N-terminal kinase, which upregu-
lates the hedgehog signaling pathway in the absence of
apoptosis.”™ Prolonged hepatocyte lipotoxicity leads to per-
sistent activation of the pathway. This is further exacerbated
by the downregulation of protective enzymes such as HSP27,
a protein with antioxidant properties that responds to cellu-
lar stress.”

In NAFLD, the activity of the hedgehog signaling pathway
correlates with the severity of liver damage and fibrosis."
Analysis of a representative subset of subjects enrolled in the
PIVENS clinical trial also found that response to treatment

Table 1. Differential diagnoses for macrovesicular and microvesicular steatosis™

Differentials for macrovesicular steatosis

Alcoholic liver disease

Non-alcoholic fatty liver disease

Other metabolic conditions, such as diabetes mellitus, growth hormone deficiency and hyperthyroidism

Genetic diseases, such as cystic fibrosis, PFIC1 mutations and Wilson disease

Malnutrition and related causes, including inflammatory diseases affecting the small bowel and gastrointestinal surgery

Differentials for microvesicular steatosis

Acute fatty liver of pregnancy
Alcoholic foamy degeneration

Genetic mitochondrial disease

Other genetic diseases, such as ornithine transcarbamylase deficiency, fatty acid oxidation disorders, and Wolman disease/cholesterol

ester storage disease

Infections, including human herpes virus 8 and toxin of bacillus cereus

Toxins, including arsenic toxicity and industrial solvents

Medication effect, including linezolid, Reye syndrome, amiodarone, nucleoside analog reverse-transcriptase inhibitors used in human
immunodeficiency virus treatment, valproate, high-dose tetracycline

PFIC1, progressive familial intrahepatic cholestasis type 1.
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corresponds to a greater decrease in Shh-producing hepato-
cytes.” Increased Shh is also associated with an increased risk
of primary liver cancers, via the upregulation of cyclin B1 and
cyclin-dependent kinase 1 mitotic proteins, as well as the in-
duction of the epithelial-mesenchymal transition in malig-
nant cells.®

Mallory-Denk bodies

MDBs, also known as Mallory hyaline in the past, are cyto-
plasmic aggregates that could be identified in some cases of
steatohepatitis. MDBs appear as aggregates of hepatocytic
keratins, K8 and K18, as well as ubiquitin and p62 in the cyto-
plasm.”®*' The aggregates could be highlighted by immuno-
histochemical staining. Of note, MDB is not a specific histo-
logical feature for NAFLD, and is also observed in various
inflammatory diseases, including alcoholic hepatitis and pri-

mary biliary cholangitis, and HCC.”?

Lobular necroinflammation

Inflammatory cell infiltrations in the hepatic lobules are
commonly seen in steatohepatitis.”’ The number of inflam-
matory cells may vary but are usually more accentuated in
zone 3, in contrast to the portal/periportal distribution as
seen in viral hepatitis. Mononuclear cells are the major con-
stituent cells; some polymorphonuclear leukocytes and his-
tiocytes are also present (Fig. 3). Microgranulomas, which
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represent macrophages engulfing lipid droplets, may be ob-
served. Apoptosis of hepatocytes (acidophilic bodies) may be
present, in accordance to the severity of inflammation.* Lob-
ular inflammation may become less conspicuous in the cir-
rhotic stage of the disease.”

Other histological findings

Enlarged mitochondria, or megamitochondria, are detect-
able under light microscopy as eosinophilic inclusions in the

Figure 3. Lobular necroinflammation. Foci of lobular spotty necro-
sis are seen in this example of non-alcoholic steatohepatitis (yellow
circles). The inflammatory cell infiltrations are mainly composed of
mononuclear cells (H&E, original magnification x200).

Figure 2. The many faces of ballooned hepatocytes (A-C: H&E, original magnification x400). (A) A cluster of classical ballooned cells. (B) Occa-
sionally the cytoplasmic keratins aggregate to form tighter and more eosinophilic clumps, also known as Mallory-Denk bodies (black arrow-
head). (C) A lonely non-classical ballooned cell (black arrow) which is similar in size to the adjacent non-ballooned hepatocytes.
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cytoplasm. It has been proposed that megamitochondria
signify the presence of cell injury or an adaptation process
secondary to lipid peroxidation®. Glycogenated nuclei—clear
intranuclear inclusions of hepatocytes—are associated with
diabetes mellitus, and are more readily observed in NAFLD
compared with alcoholic liver disease (ALD).”

Although the typical NASH histology is characterized by a
lobular distribution of inflammation, there is often also a mild
degree of portal mononuclear infiltration. In fact, portal in-
flammation that is moderate (but patchy) can be seen in the
setting of severe NASH, NASH in the pediatric population or
young adults, and also in the setting of disease resolution
post-treatment.”*’ However, when there is a significant
amount of portal inflammation (diffuse, moderate/severe)
that is disproportionate to the degree of lobular inflamma-
tion, one should consider the possibility of a concurrent dis-
ease, including chronic viral hepatitis and autoimmune hepa-
titis (AIH).”® The differential diagnosis of NAFLD/NASH is
discussed in more detail in a subsequent section.

Fibrosis

Hepatic fibrosis is caused by the excessive production, de-
position, and net accumulation of extracellular matrix by ac-
tivated hepatic stellate cells and other myofibroblasts.*”" In
line with the preferential and initial deposition of steatosis in

zone 3 of the hepatic lobule, the subsequent hepatocellular
injury via the presence and accumulation of these lipotoxic
lipids culminate in fibrosis commencing in the perivenular
and zone 3 regions.****

The characteristic histologic pattern of fibrosis in NASH is
the zone 3 pericellular and/or perisinusoidal pattern (often
described as a “chicken-wire pattern”), resulting from the de-
position of collagen and other extracellular matrix fibers
around the hepatocytes (Fig. 4)." In advanced disease, the fi-
brosis extends to involve the portal and periportal (zone 1)
regions, with subsequent central-portal bridging fibrosis and
eventually cirrhosis.

In contrast, pediatric cases of NASH are more commonly
associated with periportal fibrosis and the absence of perisi-
nusoidal fibrosis.*** This is due to the preferential and initial
deposition of fat in the zone 1 region. As a result, the subse-
quent downstream hepatocellular injury and fibrosis are cen-
tered on zone 1 rather than zone 3.

ANCILLARY TESTS
Connective tissue stains

A good quality connective tissue stain is essential to identi-
fy hepatic fibrosis and especially crucial in detecting ear-

Figure 4. Stages of fibrosis and the utility of histochemical stains in accentuating the histological appearance. (A1, A2) The classical ‘chicken-
wire” appearance of pericellular fibrosis is accentuated with a Sirius Red histochemical stain, which reveals the collagen fibers in red. (B1, B2)
Stage 2 fibrosis is the co-presence of pericellular fibrosis and also portal fibrosis. Masson Trichrome stain shows the blue pericellular collagen
fibers on the left and the portal fibrosis on the right. (C1, C2) The fibrosis extends across the hepatic lobules and forms bridging fibrosis. (D1,
D2) The presence of hepatocytic nodules heralds cirrhosis, with Masson Trichrome stain confirming the broad fibrous bands. Original magnifi-
cation x200 (A1, A2), x40 (B1-D2); H&E (A1, B1, C1, D1), Sirius Red (A2), Masson Trichrome (B2, C2, D2).
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ly-stage fibrosis of NAFLD. Connective tissue stains widely
used in liver pathology include trichrome, Sirius red and Gor-
don-Sweets reticulin stains.

Trichrome stain is the connective tissue stain of choice for
the assessment of fibrosis in most laboratories because of its
wide availability. However, a good trichrome stain requires
proper optimization to avoid overstaining or understaining,
which may lead to misinterpretation of the degree of fibro-
sis.”” Although both trichrome and Sirius red stains are em-
ployed in computer-assisted morphometric quantitation of
liver fibrosis,”*° Sirius red stain is shown to be superior to tri-
chrome stain because of its highly detailed and contrasted
staining of collagen fibers and high sensitivity in identifying
early perivenular and pericellular fibrosis.”**' Nevertheless,
both trichrome and Sirius red stains are equivalently good for
routine daily practice. The choice between these two stains
largely depends on personal preference and reagent availa-
bility. Gordon-Sweets reticulin stain primarily highlights type
Il collagen, and therefore it is used to assess hepatocyte cord
thickness, reticulin framework integrity, and nodular archi-
tecture.” Although it can also evaluate fibrosis by highlight-
ing type | collagen (the predominant collagen in hepatic fi-
brosis), it is less sensitive for the detection of early perivenular
fibrosis.”' Of note, reticulin loss may be focally present in are-
as of steatosis, which may lead to the erroneous interpreta-
tion of a well-differentiated hepatocellular neoplasm, espe-
cially when the tissue is sampled with the clinical impression
of a “hepatic nodule”.

Immunohistochemical stains

Cytokeratin 8/18 (CK8/18) is normally distributed in the cy-
toplasm with a strong intensity. In hepatocytes with balloon-
ing, expression is loss or diminished in majority of the cyto-
plasm, and immunoreactivity is only retained in the MDBs."*”'
Immunohistochemical staining for p62 and ubiquitin also
highlights MDBs."**' p62 is an autophagy substrate and a bio-
marker for the activity of autophagy, while ubiquitin is in-
volved degradation of proteins.” Expression of Shh is identi-
fied in the hepatocytes of NAFLD. It was reported that
hepatic Shh expression was associated with the degree of liv-
er injury by histological evaluation and by circulatory bio-
chemical profile.”
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GRADING AND STAGING SYSTEMS

Grading and staging are histological markers of activity
(severity of active necroinflammation) and chronicity (degree
of fibrosis) of chronic liver disease, respectively. Scoring sys-
tems of grading and staging are utilized in chronic viral hep-
atitis to semiquantitatively evaluate disease severity and
monitor disease progression.** They are useful in clinical
management guideline development, pathology report
standardization and histology assessment for clinical trials.
Nevertheless, scoring systems for chronic viral hepatitis can-
not be simply applied in NAFLD because they do not account
for steatosis and ballooning degeneration, which are crucial
in assessing disease activity in NAFLD. Additionally, they also
do not consider perivenular and perisinusoidal fibrosis, which
is the distinctive fibrosis pattern in NAFLD. Hence, the devel-
opment of scoring systems designed for NAFLD is necessary
to fill the gap. In 1999, the first scoring system for NAFLD was
developed by Brunt et al.” It was derived from a cohort of 51
patients with NAFLD undergoing liver biopsy. The disease ac-
tivity grade (0-3) was assigned according to a constellation
of histological features composed of steatosis, lobular and
portal inflammation, and ballooning degeneration. The fi-
brosis stage (0—-4) was based on the fibrosis pattern of adult
NAFLD from perivenular and pericellular fibrosis (stage 1),
periportal fibrosis (stage 2), bridging fibrosis (stage 3) and
cirrhosis (stage 4).

In 2005, the non-alcoholic steatohepatitis clinical research
network (NASH-CRN) proposed the NASH-CRN scoring sys-
tem, also known as the Kleiner scoring system,” based on a
cohort of 50 NAFLD patients (32 adults and 18 children). In
this system, the disease activity grade (NAS) is the unweight-
ed sum of semiquantitative scores (0-8) for steatosis (0-3),
ballooning degeneration (0-2), and lobular inflammation (0-
3) (Table 2). The fibrosis stage (0—4) is similar to the Brunt fi-
brosis stage; however, the early fibrosis stage (stage 1) was
refined and stratified into 1a (delicate pericellular fibrosis vis-
ualized by connective tissue stain only), 1b (dense pericellular
fibrosis visualized by hematoxylin-eosin section) and 1c (por-
tal/periportal fibrosis only). Stage 1c was added to represent
the characteristic early fibrosis pattern among pediatric
NAFLD patients. The NAS was demonstrated to be associated
with the histological diagnosis of steatohepatitis: over 85% of
patients with NAS >5 were diagnosed as steatohepatitis,
whereas 99% of patients with NAS 0-2 were categorized as
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Table 2. NAFLD Activity Score (NAS) and fibrosis stage by NASH-CRN’

NAS

Score Steatosis Lobular inflammation Ballooning degeneration
0 <5% None None
1 5-33% <2 foci/20x field Few
2 >33-66% 2-4 foci/20x field Many
3 >60% >4 foci/20x field

Fibrosis score

Score Histological findings
1a Mild pericellular fibrosis (only seen on connective tissue stain)
1b Moderate pericellular fibrosis (readily seen on H&E)
1c Portal/periportal fibrosis without pericellular fibrosis
2 Pericellular and portal/periportal fibrosis
3 Bridging fibrosis
4 Cirrhosis

NAFLD, non-alcoholic fatty liver disease; NASH-CRN, non-alcoholic steatohepatitis clinical research network.

not diagnostic of steatohepatitis.”* The NAS of 4 or more is
used as one of the inclusion criteria in various clinical trials of
NASH patients.**”” One should note that the primary objec-
tive of the NAS is to evaluate the overall histological changes.
It has been repeatedly emphasized that the NAS should not
be regarded as a numerical diagnostic criterion that substi-
tutes the histological diagnosis of steatohepatitis.”**

In 2012, Bedossa et al.*” established a diagnostic algorithm
and a scoring system from a cohort of 679 obese patients un-
dergoing bariatric surgery. The fatty liver inhibition of pro-
gression (FLIP) algorithm classified a biopsy into either stea-
tosis (without NASH) or NASH by semiquantification of
steatosis, ballooning degeneration, and lobular inflamma-
tion. This algorithm improved the interobserver agreement
in differentiating between steatosis and NASH (from moder-
ate [kappa 0.54] to substantial [kappa 0.66]) among expert
liver pathologists. Such an improvement was significantly
more substantial among general pathologists (from fair [kap-
pa 0.35] to substantial [kappa 0.61]).*° The SAF score was the
combination of semiquantitative scores of steatosis (S0-S3),
activity (A0O—A4; ballooning degeneration [0-2] and lobular
inflammation [0-2]) and fibrosis (FO-F4) (Table 3). Although
the NAFLD-CRN and SAF scoring systems are apparently sim-
ilar, direct inter-translation between these two systems is not
feasible.”' It is noteworthy that there are several considerable
differences. First, steatosis is not integrated into the activity
score of the SAF compared to the NAS because the prognos-
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tication of steatosis in long-term outcomes and fibrosis pro-
gression remains controversial.””** Second, the grading
scheme for hepatocellular ballooning differs in the two sys-
tems—the NAFLD-CRN system assesses the quantity, while
the SAF system evaluates the morphology of the ballooned
cells (Tables 2, 3). Third, the NAFLD-CRN system grades lobu-
lar inflammation from 0 to 3 (0, none; 1: <2 foci/200x field; 2:
2-4 foci/200x field; 3: >4 foci/200x field), while the SAF sys-
tem only grades lobular inflammation from 0 to 2 (0, none; 1:
1-2 foci/200x field; 3: >2 foci/200x field). Last but not least,
both NAFLD-CRN and SAF systems have been externally vali-
dated by other groups but only the NAFLD-CRN system is
currently widely used for clinical trials.”"***°

Histological features in NAFLD apart from ballooning de-
generation and lobular inflammation are also shown to have
prognostic significance. Portal inflammation and MDBs are
two histological parameters that have been consistently
demonstrated to be associated with adverse clinical out-
comes and fibrosis.”>***” A more comprehensive but more
complicated scoring system, the expanded NAS, has been
proposed recently to provide a more accurate evaluation of
the histological activity of NAFLD by incorporating portal in-
flammation and MDBs.*® The clinical significance and appli-
cability of the expanded NAS require further studies.

Any scoring system is inevitably subject to have intraob-
server and interobserver variabilities. While the agreement in
the evaluation of steatosis and fibrosis has been demonstrat-
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Table 3. Steatosis-Activity-Fibrosis (SAF) score and fatty liver inhibition of progression (FLIP) algorithm™

SAF score
Steatosis Steatosis
S0 <5%
S1 5-33%
S2 >33-66%
S3 >66%
Activity Score  Lobularinflammation (LI)  Ballooning degeneration (BD)
A0-A4 (LI+BD) 0 .None .None
1 - <2 foci/20x field - Hepatocytes with a round shape and pale cytoplasm usually
reticulated. Size is quite similar to that of normal hepatocytes
2 - >2 foci/20x field -Hepatocytes with a round shape and pale cytoplasm usually
reticulated. Some cells are twice of the size of normal hepatocytes
Fibrosis Histological findings
Fla Mild pericellular fibrosis (only seen on connective tissue stain)
F1b Moderate pericellular fibrosis (readily seen on H&E)
Flc Portal/periportal fibrosis without pericellular fibrosis
F2 Pericellular and portal/periportal fibrosis
F3 Bridging fibrosis
F4 Cirrhosis
FLIP algorithm
Steatosis Ballooning degeneration Lobular inflammation Diagnosis
1,2,0r3 0 0,1,0r2 NAFLD
1,2,0r3 lor2 0 NAFLD
1,2,0r3 1lor2 1or2 NASH

ed to be substantial to almost perfect among different pa-
thologists (kappa 0.79-0.80 and 0.54-0.84, respectively) and
for the same pathologist (kappa 0.82-0.85 and 0.73-0.85, re-
spectively), the agreement in the grading of ballooning de-
generation and lobular inflammation is only fair to substan-
tial among different pathologists (kappa 0.20-0.69 and
0.35-0.60, respectively) and for the same pathologist (kappa
0.66-0.72 and 0.60-0.70, respectively)."****"** Computer-as-
sisted image analysis may provide a more reliable way to
minimize intraobserver and interobserver variabilities in the
future.”

PEDIATRIC NAFLD

In the pediatric population, about half of NASH cases dem-
onstrate the features of “type 2” NASH, characterized by

http://www.e-cmh.org
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moderate-to-severe steatosis with a panacinar distribution,
portal inflammation, and portal fibrosis.*® Hepatocyte bal-
looning and MDBs are less frequently seen compared to
adults. This pattern is not restricted to children; “type 2"
NASH has also been described in a subset of young adults.”

LOOKING AT NAFLD UNDER THE MICRO-
SCOPE: APPLICATIONS IN UNIQUE SETTINGS
AND DIFFERENTIAL DIAGNOSES

Identifying ballooned hepatocytes
As the presence of hepatocyte ballooning is the key to the
histopathological diagnosis of NASH, it is of paramount im-

portance that this is identified with confidence by patholo-
gists. Although ballooned hepatocytes demonstrate the
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characteristic appearance as described earlier, pathologists
not infrequently encounter situations in which the hepato-
cyte in question demonstrates equivocal changes that fall
short of a “classic” balloon cell (Fig. 2). Some of these “equivo-
cal” balloon cells would belong to the “grade 1” ballooning of
the SAF score, proposed by Bedossa et al.*’, while others
could represent other changes with similar morphology, such
as hydropic change of hepatocytes and microvesicular ste-
atosis. In order to increase the accuracy of balloon cell identi-
fication, ancillary immunohistochemical stains such as
CK8/18, ubiquitin, or Shh could be used. In addition, artificial
intelligence (Al)-based technologies may have a role in the
future.

Steatosis and steatohepatitis of other etiologies

Steatosis or steatohepatitis occurs in a variety of other set-
tings, such as ALD, metabolic disorders (e.g., Wilson disease),
chronic viral hepatitides, and drug/toxin-induced liver injury.
Steatosis or steatohepatitis associated with ALD often dem-
onstrate histological features that overlap with those of NAFL
or NASH, respectively. Although ALD also commonly pres-
ents with macrovesicular steatosis in the perivenular zone,
the general histological picture of steatohepatitis is more
pronounced in ALD compared to NASH, with more abundant
ballooned hepatocytes, MDBs, acidophil bodies, lipogranulo-
mas, and neutrophilic infiltration®. Neutrophils may pre-
dominate in alcohol-related steatohepatitis, sometimes
forming aggregates around ballooned hepatocytes (“neutro-
philic satellitosis”). Alcoholic foamy degeneration and scle-
rosing hyaline necrosis are not features of NAFLD. The pres-
ence of cholestasis may help in the differential diagnosis
between alcoholic steatohepatitis and NASH, as it is not a
typical histological feature of the latter. The pattern of fibro-
sis is similar to that of NASH, with the zone 3-predominant
perisinusoidal fibrosis that eventually progresses to bridging
fibrosis and cirrhosis. Most importantly, the key distinguish-
ing feature is the patient’s history of alcohol consumption,
and therefore clinicopathological correlation is necessary.”"

Among the different viral hepatitis, steatosis has been de-
scribed to be a common histological feature of chronic hepa-
titis C. However, the degree of steatosis in chronic hepatitis C
alone should be at most mild, and in the presence of moder-
ate or severe steatosis in patients with chronic hepatitis C, a
co-existing cause of fatty liver should be investigated. Drug/
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toxin-induced liver injury may present as steatosis or even
steatohepatitis (“drug-induced steatohepatitis, DISH"); exam-
ples of offending drugs include glucocorticoids, tamoxifen,
irinotecan and amiodarone. As the histological features are
most often similar to that of NAFL or NASH, the clinical infor-
mation is the most important key to the diagnosis.

NAFLD with serum autoantibody positivity

Coexistence of AIH with NASH is not a rare occurrence; in
such cases, there is a significant amount of portal lympho-
plasmacytic infiltration and interface hepatitis in addition to
the histological features of NASH. Correlation with the clinical
findings, including elevated serum immunoglobulin G levels
and positive autoantibodies, is important when contemplat-
ing the possibility of a combined AlH, as portal mononuclear
cell infiltration with focal mild interface hepatitis may be en-
countered in NASH.** Moreover, serum autoantibody positiv-
ity has been identified in up to 34% of NAFLD patients in the
absence of AlH, and no significant differences in the histolo-
gy of NAFLD have been found according to serum autoanti-
body status.”

NAFLD in the post-liver transplantation setting

NAFLD may occur as a recurrent disease or de novo disease
in the post-liver transplantation setting. In a study over a
10-year-period that analyzed 11 cases of recurrent disease
and 80 de novo NAFLD in post-liver transplant patients, a
higher prevalence of diabetes mellitus was observed in re-
current NAFLD.” Severe fibrosis and steatohepatitis were
more readily observed in recurrent NAFLD versus de novo
NAFLD. Interestingly, serial biopsies have demonstrated reso-
lution of steatosis in 22.5% patients with de novo NAFLD but
in none of the patients with recurrent NAFLD.*®

Association of NAFLD with steatohepatitic HCC

Steatohepatitic HCC is associated with metabolic syn-
drome, a key driver of NAFLD. This HCC variant shows fea-
tures resembling steatohepatitis within the tumor itself, in-
cluding macrovesicular steatosis, balloon cells, intratumoral
inflammation and intratumoral pericellular fibrosis.”**
Salomao et al. demonstrated that their cohort with steato-

hepatitic HCCs had significantly higher numbers of metabolic
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syndrome risk factors (2.44 vs. 1.48, P=0.01) and higher per-
centage of patients with at least 3 metabolic syndrome com-
ponents (50% vs. 22.5%, P=0.02).* However, this intuitive as-
sociation has been challenged in another study by Yeh et al.”
that evaluated 12 steatohepatitic HCCs arising in patients
without metabolic syndrome. In this cohort, a subset of tu-
mor showed loss of 9q12-q31-1 via genomic microarray anal-
ysis.

STATE-OF-ART AND FUTURE TRENDS
Role of digital pathology and Al

Due to the limitations of current methods to assess NAFLD
and liver fibrosis, there is considerable interest in the use of
Al to improve these systems for risk stratification, diagnosis,
monitoring, and prognostication of NAFLD in patients.”" Al
can be integrated in Al-based digital pathology systems to
assess NAFLD. Digital pathology is defined as the process of
utilizing whole slide scanners for digitizing of histopathology
slides, producing images that allow for quantitative analy-
ses.”” When combined with Al, these systems have the po-
tential to diagnose and prognosticate NAFLD via automated
processes.”

Taylor-Weiner et al.”* developed a machine learning-based
approach for the assessment of liver histology in NAFLD. For
the assessment of the diagnostic features of NAFLD, the
model’s predictions were significantly correlated with the
consensus NAS grades of pathologists’ assessments—steato-
sis: p=0.66, lobular inflammation: p=0.54, hepatocellular bal-
looning: p=0.62. For the assessment of fibrosis, the model’s
predictions were also significantly correlated with the con-
sensus staging of pathologists, with a weighted Cohen’s kap-
pa of 0.801 and 0.817 for the NASH CRN and the Ishak classifi-
cations respectively. This level of agreement is within the
range of agreement between individual pathologists and the
consensus staging by pathologists.

Machine learning models also enabled the identification
and quantification of novel and complex parameters that are
usually difficult to evaluate with conventional methods. The
study identified the steatosis to hepatocellular ballooning ra-
tio to be a significant parameter of NAFLD progression,
where subjects with more hepatocellular ballooning and less
steatosis at baseline were significantly more likely to experi-
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ence a clinical event.”*

The study also proposed the DELTA Liver Fibrosis Score—a
machine learning-derived metric used to measure changes
in the intra-sample distribution of fibrosis associated with
disease progression or therapy. When a stringent DELTA Liver
Fibrosis Score threshold was applied comparing images pre-
and post-treatment, significant differences could be found in
samples that previously did not demonstrate any significant
difference using conventional pathologist staging methods.
Therefore, the DELTA Liver Fibrosis Score could be a more
sensitive method for assessing histological response to treat-
ment, potentially being a useful tool in NAFLD clinical trials.”*

Forlano et al.” developed an automated image analysis-
based system to quantify steatosis, ballooning, inflammation,
and fibrosis from the histological images of NAFLD patients.
There was excellent concordance between manual annota-
tions of histopathologists and the automated measurements,
with an intraclass correlation coefficient of 0.95-0.99 for the
four parameters measured. The fully automated model was
described to be straightforward to install, not requiring spe-
cialized equipment, only requiring modest computational ef-
fort, and being able to produce results within 2 minutes.”

Second-Harmonic Generation (SHG)
microscopy

SHG microscopy and Two-Photon Excited Fluorescence
(TPEF) microscopy are both imaging techniques under the
umbrella of Non-Linear Optimal microscopy techniques,
which were described to produce images of good spatial res-
olution, depth of penetration, and excitation capability.”
Both SHG and TPEF imaging can be performed regardless of
the means of sample preparation—where both frozen and
formalin-fixed paraffin-embedded tissues can be used with-
out staining.”

In the liver, TPEF microscopy enables the visualization of
the liver background and lobular organization, while SHG mi-
croscopy characterizes the morphology of collagen (Fig. 5).”°
Combined SHG/TPEF microscopy can localize and quantify fi-
brillar collagen in 2D and 3D, enabling the automated quan-
tification of fibrosis.”” These features tackle known limitations
of traditional histological scores with semiquantitative grad-
ing systems such as inter- and intraobserver variation.*

Other than NAFLD, combined SHG/TPEF microscopy has
been initially used to quantify fibrosis in other liver condi-
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Figure 5. An example of a case of non-alcoholic fatty liver disease
-cirrhosis seen by second harmonic generation/two-photon excita-
tion fluorescence (SHG/TPEF) (SHG/TPEF microscopy, scanning power).

tions, especially chronic hepatitis B. Developed by Xu et al.”,

gFibrosis, a combined index based on 87 parameters, was
first validated with core biopsies of chronic hepatitis B pa-
tients. gFibrosis was found to be able to reliably replicate the
Metavir fibrosis staging by histopathologists, and was more
sensitive in differentiating fibrosis stages compared to colla-
gen proportionate area (CPA). gFibrosis was also described to
have decreased sensitivity to sampling error, and can aid in
the correction of intra- and interobserver bias.” For chronic
hepatitis B patient post-antiviral therapy, qFibrosis was not
only able to detect the changes observable by histopatholo-
gists, but could also detect and characterize subtle changes
in fibrosis, potentially being more sensitive in evaluating
changes in fibrosis.”

Following the successes of combined SHG/TPEF microsco-
py in chronic hepatitis B, several models in the same vein
have been developed for NAFLD.

Quantifiable fibrosis-related parameter (q-FP)

Established by Wang et al.”, the q-FP model was the first
established SHG based model that quantified fibrosis-related
parameters in NAFLD. The g-FPs included the geometric and
textural features of collagen fibers, and the number of colla-
gen fibers. The collagen fibers at defined regions such as the
general liver section, perisinusoidal space, vessels, and vessel
bridges were measured and characterized. Seventy of the g-
FPs had inter- and intraobserver concordance >0.8 and were
strongly related to the NAS fibrosis staging. Sixteen of these
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g-FPs with the strongest concordance were included in a
principal component analysis model, differentiating any
stage of fibrosis versus no fibrosis, and cirrhosis versus earlier
fibrosis stages with an area under the curve (AUC) of 0.88 and
0.93 respectively. Four g-FPs—number of collagen strands,
strand length, strand eccentricity, and strand solidity—were
found to also be independently associated with fibrosis stag-
es. These 4 g-FPs could model fibrosis along a continuous lin-
ear scale using desirability functions, with the obtained mea-
surements being significantly correlated with actual fibrosis
stage.

SHG B-index

Chang et al.** developed a SHG-based model, the SHG B-
index, to scan and analyze the SHG properties of collagen in
unstained liver tissue specimens of NAFLD patients, and is
able to grade the severity of liver fibrosis. A total of 14 param-
eters that correlated strongly with the Brunt fibrosis staging
classification were selected.

The SHG B-index had a high correlation with Brunt fibrosis
staging, with an excellent ability to differentiate advanced fi-
brosis from no or mild fibrosis. However, between Brunt
stages 0-2, the SHG B-index had a poorer discriminatory
ability. The SHG B-index was also able to identify different fi-
brosis stages, with AUROCs of 0.853-0.985 for the prediction
of mild fibrosis, significant fibrosis, bridging fibrosis, and cir-
rhosis.

The study also utilized Youden's index to derive optimal
SHG B-index cut-off values to identify specific Brunt fibrosis
groups. The cut-off value for advanced fibrosis had an overall
diagnostic accuracy of 98.5% for prediction of the presence
of bridging fibrosis, with a positive predictive value of 96.6%
and a negative predictive value of 92.6%. This suggests that
the SHG B-index has high accuracy for the discrimination of
advanced fibrosis compared to milder stages of fibrosis. This
is clinically important as bridging fibrosis is a clinically impor-
tant feature that is associated with poor prognosis in NAFLD
patients.

gFibrosis/qFIBS

Liu et al.® modified features of qFibrosis to compare the
features of collagen and fibrosis in pediatric and adult NAFLD.
The study found that there was more baseline collagen in liv-
ers of adult NAFLD, and a predominance of portal fibrosis in
pediatric NAFLD compared to centrilobular fibrosis in adult
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NAFLD. gFibrosis was also able to detect subtle differences
not apparent in histology, such as wider central vein lumens
in pediatric NAFLD, possibly indicating the presence of in-
creased portal-central vascular shunting. The same group
expanded combined SHG/TPEF microscopy further to pro-
duce gFIBS, an algorithm that provides an automated quanti-
tative assessment of histological features pertinent to NASH.
gFIBS quantifies the four key histopathological features of
NAFLD—fibrosis (gFibrosis), inflammation (gInflammation),
hepatocyte ballooning (gBallooning), and steatosis (qSteato-
sis), with the goal of predicting the severity of NAFLD. Each
parameter in gFIBS correlated well their corresponding histo-
logical counterparts, and could distinguish between different
grades of the histological feature with an AUC between
0.813-0.939. gFIBS was also validated in both adult and pedi-
atric NAFLD liver biopsy samples.*

Leow et al.” refined the gFibrosis algorithm further, includ-
ing 26 new periportal parameters to produce an algorithm
with a better discriminatory ability for F1 and F2 fibrosis ac-
cording to the NAS. These new parameters are able to better
compensate for limitations of previous Al-based SHG algo-
rithms, where they are less discerning in discriminating be-
tween early stages of fibrosis. Having a better ability to dis-
criminate between early fibrosis stages can play an important
role in clinical trials— increasing the accuracy of patient en-
rollment, while more accurately monitoring treatment re-
sponses.”

Therefore, it can be seen that Al has great potential and
could have a large role to play in multiple aspects of NAFLD.

The role of liver biopsy in clinical trials

Despite the large amount of resources invested into NAFLD
clinical trials, no drug has been specifically approved for the
treatment of NAFLD yet.**® While the complex and multifac-
torial pathophysiology of NAFLD provides numerous poten-
tial targets for intervention, this complexity also hampers the
ability to define clear, measurable, and objective clinical end-
points in clinical trials.”

Liver biopsies are still considered as the gold standard for
the diagnosis and evaluation of NAFLD. The quality of the ob-
tained sample can be affected by the method of procure-
ment, location, type, and dimensions of the liver biopsy.” For
the same sample, the intra- and interobserver variability of
histopathologist evaluation could also affect the reported re-
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sults. The limitations of the procurement and interpretation
of liver biopsies could affect the enroliment of participants
into clinical trials, as well as incorrectly assess the histological
treatment responses in serial liver biopsies. In addition, the
presence of co-morbidities such as type 2 diabetes, metabol-
ic syndrome, and cardiovascular diseases, along with the lack
of uniformity of confounders such as alcohol, diet, and physi-
cal activity also complicates the interpretation of NAFLD clini-
cal trial results.””

Aside from key clinical endpoints such as liver-related mor-
tality, liver transplantation, hepatic decompensation, and
HCC, histological changes in serial liver biopsies have also
been used as the main surrogate endpoints in clinical trials,
especially for NAFLD patients without cirrhosis. Currently,
meaningful endpoints that indicate an improvement in
NAFLD include a reduction of the NAS >2 with >1-point re-
duction in either lobular inflammation or hepatocellular bal-
looning without worsening of fibrosis, resolution of NAFLD
without worsening of fibrosis, and the improvement in liver
fibrosis without worsening of NAFLD.”** An improvement of
fibrosis is defined as an improvement by at least 1 fibrosis
stage using the Brunt criteria.

Other proposed surrogate endpoints include the use of
non-invasive imaging and biochemical modalities, but these
modalities are not validated for and have limited use in late-
phase clinical trials. Magnetic resonance imaging-proton
density fat fraction is a validated technique used in early-
phase clinical trials to assess the extent of steatosis in each
segment of the liver, and can detect small changes in steato-
sis better than histopathologist interpretation of liver biop-
sies. Liver stiffness can also be determined using elastogra-
phy-based methods such as vibration-controlled transient
elastography, magnetic resonance elastography, and shear
wave elastography, but have not been validated to be used

%29 Numerous serum

as surrogate endpoints in clinical trials.
biomarkers and algorithms have been investigated to prog-
nosticate the severity of NAFLD. Acute-phase proteins, cyto-
kines, and markers of oxidative stress and apoptosis have
been evaluated in NAFLD patients but were found to have
limited utility. Previously mentioned algorithms such as the
NAFLD Fibrosis Score and FIB-4 have also been considered
for use in clinical trials.”® However, these algorithms only
showed a modest ability to predict fibrosis, as well as lacking
conclusive data on how these measures change in response

to disease progression, thus not being suitable surrogate
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endpoints for clinical trials.”

Unfortunately, there are also no clear endpoints for NAFLD
clinical trials in the pediatric age group. This is contributed
and complicated by the presence of knowledge gaps in pedi-
atric NAFLD, as well as the numerous added limitations in-
volved with conducting research in pediatric patients.”

CONCLUSION

Despite the remarkable advances in non-invasive biomark-
er development during the recent years, liver biopsy evalua-
tion still has important roles in the setting of NAFLD diagno-
sis, such as confirmation or exclusion of the diagnosis,
distinction of NASH from simple steatosis, assessment of dis-
ease severity and stage, and other histological alterations.”
In fact, currently, only liver biopsy can provide simultaneous
information on steatosis, inflammation, hepatocellular injury,
fibrosis and concurrent liver disease. In addition, liver biopsy
is essential in clinical trials, for confirming the presence of
NASH, assessing and semiquantitating individual features
and evaluating the effects of the therapeutic intervention. To
overcome the current limitations of liver biopsy, such as the
problem of inter/intraobserver variability, new diagnostic
tools are being developed—with the recent burst of research
on Al-based pathology tools and the increasing implementa-
tion of digital pathology into routine diagnostic practice, it
will probably not be long before these new technologies will
make their way into routine clinical care.
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