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Background. In most clinical trials focusing on precirrhotic nonalcoholic steatohepatitis (NASH), a liver biopsy is required for
confirmation of diagnosis, staging fibrosis, and grading steatohepatitis activity. Reliance on the biopsy, both as a requisite for
study entry, as well as for a primary endpoint in clinical trials, poses several challenges that need to be overcome: patient
reluctance to undergo the procedure; potential sampling error; concern regarding the handling, processing and shipping of the
biopsy of the biopsy material to the central reader(s); and the degree of pathologists’ intra- and interobserver variability in
biopsy interpretation. Aims. To provide recommendations for improving the liver biopsy process in order to maximize the
accuracy of its histological interpretation in NASH clinical trials. Methods and Results. These recommendations were created
by an expert panel of participants from the United States and European Union who met multiple times and reached alignment
through review of available data and their individual clinical experiences. The recommendations include the methodology for
biopsy procedure, central lab and pathology processing of the specimen, and recommendations to minimize the intra- and
intersubject variability. Finally, we are discussing digital pathology technology and machine learning applications as important
additions to enhance liver biopsy interpretation.Conclusions. Liver biopsy poses multiple challenges in clinical trials in NASH,
and there is a need to standardize the processes to maximize accuracy and minimize variability. Many questions remained
unanswered due to limited available data. New evolving modalities may help in the future, but generation of robust data is
warranted.
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1. Introduction

Nonalcoholic fatty liver disease (NAFLD) is one of the most
common forms of chronic liver disease [1]. Nonalcoholic
steatohepatitis (NASH), the more advanced stage of
NAFLD, is characterized by the presence of hepatic steatosis,
lobular inflammation, and hepatocellular ballooning. NASH
is a driver of liver fibrosis that can lead to cirrhosis, hepato-
cellular carcinoma, and death [2]. The worldwide prevalence
of NAFLD ranges between 22% and 55%, highest in patients
with type 2 diabetes mellitus (T2DM) [3, 4]. The overall
prevalence of NASH ranges from 1.5% to 6.5%, and esti-
mated global prevalence (10 studies) of NASH in patients
with T2DM is 37.3% [4].

There are presently no approved therapies for the treat-
ment of NASH in the United States (US) or European Union
(EU) [5]. Due to its high prevalence, associated morbidity,
growing burden of end-stage liver disease, and limited avail-
ability of livers for organ transplantation, identifying thera-
pies that will slow the progress, halt, or reverse NASH is
clearly an unmet medical need [6].

Currently, accepted surrogate endpoints for accelerated
(US) or conditional (European Medicines Agency) approval
of a therapeutic agent for an indication in precirrhotic
NASH are based on improvements in liver histology (e.g.,
histological resolution of NASH with no worsening of fibro-
sis and/or at least a 1-point improvement in fibrosis with no
worsening of NASH) [6]. Additionally, demonstration of
long-term clinical benefit is required as part of the full
approval process [6]. Clinical outcomes acceptable to Regu-
latory Agencies include improvement in composite endpoint
of histological “progression to cirrhosis,” hepatic decompen-
sation events, progression in model end-stage liver disease
(from ≤12 to ≥15), liver transplantation, and all-cause mor-
tality [1, 7].

There are nearly 200 compounds or agents in various
stages of development for the treatment of NASH. However,
many of them have failed to demonstrate an improvement in
the surrogate histological endpoints [8]. Discordance in liver
biopsy interpretation around the diagnosis, staging, and
grading of NASH poses significant challenges [9]. Liver
biopsy is an invasive and costly procedure with potential
for complications, and its diagnostic accuracy depends on
obtaining an adequate tissue specimen. Although definitive
grading and staging systems for the diagnosis of NASH have
been nearly universally adopted, few trials have imple-
mented a comprehensive, standardized approach to the
acquisition, processing, and interpretation of liver biopsies.
Increased awareness and education about the need for stan-
dardizing the biopsy process is an important first step in
assessment of the histologic endpoints. There is a high
unmet medical need to establish best practices to generate
an accurate and reproducible specimen for assessment of
liver biopsies in clinical trials of NASH.

2. Materials and Methods

A panel of experts (4 pathologists, 3 hepatologists, a board-
certified physician specializing in nutrition and metabolism,

a gastrointestinal surgeon, and a biostatistician) met to focus
on the challenges using liver histology endpoints in clinical
trials, strategies for reducing intra and inter-reader variabil-
ity, and methods to improve specimens received by the
pathologist. The selection of experts was based on 1, exten-
sive experience in clinical trials in NASH; 2, representation
of main specialty areas involved in these trials; and 3, the
European and USA representation.

The available data from the literature references pro-
vided along with each member’s experience were considered
during the meetings. Consensus was achieved if >90% of
members voted in favor of a recommendation. Based on
the type of evidence, each recommendation was graded
using a framework (Table 1).

3. Panel Recommendations for Optimization of
Histological Interpretation of Liver
Biopsies for Clinical Trials in NASH

3.1. Biopsy Procedure

(i) The liver biopsy should be performed by an experi-
enced clinician trained per his/her local regulations.
Percutaneous biopsy is the preferred method. The
procedure should be performed under radiologic
guidance (e.g., ultrasound), if possible [10] (Class
2a, Level C). The tissue samples obtained percutane-
ously should be collected with a 16-gauge needle
(Class 2b, Level C) as there is no definitive data to
suggest that a 16-gauge needle carries a higher risk
of complications (e.g., hemorrhage) than an 18-
gauge needle [11]. The liver biopsy specimen should
be 2.5 cm but no less than 1.5 cm in length (Class 2a,
Level C) [11]

(ii) If a transjugular liver biopsy is selected due to evi-
dence of coagulopathy or other medical issues, liver
tissue should be obtained using an automated
Trucut-type transjugular liver biopsy needle system.
Although the use of a 16-gauge needle is preferred,
if a smaller (18- or 19-gauge needle) is used, 3 or
more passes are recommended to collect sufficient
tissue (3.0 cm or more) for analysis (Class 2b, Level
C) [12]

(iii) Due to the potential intersubject variability, the
baseline and post-treatment biopsy should be per-
formed by the same operator, ideally in a similar
location within the liver (Class 2b, Level C), using
similar technique (e.g., needle type and size, percu-
taneous vs transjugular approach).

(iv) The biopsy specimen should be obtained from the
right lobe whenever possible because increased
fibrous septae present near the capsule of the liver
may lead to over reading of fibrosis stage. Since
the left lobe is thinner, it is difficult to obtain a deep
tissue specimen with a percutaneous method (Class
2B, Level C)
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(v) Suction biopsy devices should be avoided as they
can fragment tissue, which is more likely to occur
in a severely fibrotic liver [12]

3.2. Central Lab Processing of the Tissue

(i) An original uncut archival formalin-fixed paraffin-
embedded (FFPE) tissue block is the preferred
method (in the context of a clinical trial) to ship to
a central processing laboratory. A previously cut
FFPE is the second best choice. Unstained tissue sec-
tion(s) placed on positively charged glass slides are
the third best choice, and wet tissue specimens are
the fourth choice. Wet tissue requires careful han-
dling to prevent fragmentation of tissue during ship-
ment. Locally stained slides used for local diagnosis
are the least desirable for submission into a clinical
trial, due to possible variability in tissue section
thickness and hematoxylin and eosin (H&E) staining
compared to sections produced and stained by a cen-
tral laboratory. Wet tissue biopsy samples should be
immersed in 10% neutral buffered formalin (NBF)
immediately after collection to limit cold ischemic
time [11]. The preferred fixative is 10% NBF in the
US and is widely accepted and available on a global
scale, although may not be used in some countries.
We recommend standardizing the fixative across a
global clinical trial with 10% NBF. Alternative fixa-
tives (e.g., 20% buffered or unbuffered formalin,
16% buffered formalin, Bouin’s fixative) could
potentially induce histologic artifacts, which may
impact the subsequent central pathology review
(Class 2a, Level C)

(ii) The time spent in tissue fixative may alter the histo-
logic staining of the biopsy or affect future down-
stream genomic testing. The preferred fixation time
is no less than 6 hours, with a maximum of 72 hours.
For a wet biopsy to be shipped to a central labora-
tory, steps must be taken to ensure that the fixation
time should not exceed 72 hours. These may include
transfer to a 70% ethyl alcohol following formalin
fixation to prevent exceeding the maximum allow-

able formalin exposure time, including the ship-
ping/transport time (Class 2b, Level C)

3.3. Pathology Laboratory Processing of the Specimen

(i) Ideally, the paraffin block should be sectioned at a
central processing laboratory and the slides num-
bered as they are cut from the block. However, espe-
cially for baseline liver biopsy, the local laboratory
may have a mandate to read the specimen, and
obtaining samples for a clinical trial is secondary
to their primary mandate. In this instance, the local
lab may prepare the core specimen and either send
unstained slides (at minimum 6-8 slides) to the cen-
tral lab or send the remaining specimen embedded
in paraffin (FFPE block) to the central lab, the later
method being preferred. In general, multiple sec-
tions are taken by the local lab (e.g., 20) and at min-
imum 6 different stains are performed to assess for
other liver diseases and perform a thorough evalua-
tion. This complete evaluation may not be necessary
for an EOT specimen, especially if the duration
between samples is short. Communication by the
site investigators with the local pathologist is essen-
tial in obtaining good quality specimens for the
study

(ii) For clinical trials, this complete assessment is gener-
ally unnecessary as most other liver diseases have
been ruled out by exclusion criteria. In general, if
the participant has a previous thorough pathologic
evaluation, other staining is not necessary for
NASH trials, unless requested by the reading
pathologist. Two tissue sections closest to the biopsy
core (center of the sample) should be used for stain-
ing (Class 2b, Level C). The first slide stained with
H&E is used to identify and grade lobular inflam-
mation, ballooning, and steatosis. The second slide
stained with a Masson trichrome or Picrosirius red
is used to identify and stage fibrosis. The use of
H&E trichrome stained slides is based on the
National Institutes of Health–sponsored Nonalco-
holic Steatohepatitis Clinical Research Network

Table 1: Grading framework.

Definition

Category grade

Class I There is agreement of the proposed procedure is beneficial, useful, and effective

Class II Conflicting evidence and/or divergence of opinion about the usefulness/efficacy of the procedure

Class IIa Weight of evidence/opinion is in favor of usefulness

Class IIb Usefulness is less well established by evidence/opinion

Class III Evidence and/or general agreement that a procedure is not useful/effective, and in some cases, it may be harmful

Quality of evidence

Level A Data derived from multiple randomized, clinical trials or meta-analysis

Level B Data derived from a single randomized, clinical trials or meta-analysis or nonrandomized studies

Level C Based on opinion of experts, case-studies, or standard of care
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(NASH CRN) recommendations [13]. The stained-
glass slides or whole slide digital images of the
stained-glass slides (discussed below) should be
reviewed by the central pathologist(s) not only for
specimen adequacy (size and number of portal
tracks), but also for staining quality and artifacts.
Moreover, backup slides should be available for
staining and review if the pathologist notes artifact
or staining problems with the initial slides or images

(iii) It has recently been proposed to adopt a more com-
prehensive, structured reporting style—known as
synoptic reporting—for use in clinical trials. This
would include several stains [14]. However, agree-
ment on what constitutes the minimum dataset
and which features should be included still needs
to be defined and the final outcome accepted by
health authorities

(iv) Most clinical trials have used only one slide of each
stain for evaluation for baseline and end-of-
treatment (EOT) liver biopsy. However, it may be
reasonable to review more than one section from
the specimen and select one that is representative
for readings. Currently, it is unknown if review of
more than 1 slide from a specimen will increase
accuracy of grading and staging in the context of
clinical trials. Additionally, the potential subjectivity
of selecting “the most representative one” may lead
to bias in the interpretation of data. Further data are
warranted for evaluation

(v) In most trials, pre- and post-liver biopsies are read
separately. Some trials have added the baseline
biopsy with the EOT biopsy for final reading, but
not labeled the order of the slides. Blinding may
be compromised with this method as several years
may have passed which may be apparent to the
reader. However, it is unclear if baseline and EOT
specimens should be grouped together for readings
or read separately. There is no data to support one
method over the other, and further studies compar-
ing these two methods may be considered.

3.4. Histopathological Interpretation

(i) The minimal criteria for the histopathologic diagno-
sis of NASH mandates the pathologists’ overall
global interpretation of steatohepatitis. This overall
diagnosis considers many lesions that can be seen
with different diseases (e.g., Mallory-Denk Bodies),
location of inflammation, among others [13]. The
morphological pattern of NASH is complex. Some
of the typical changes considered in semi-
quantitative grading and staging for clinical trials
of adult NASH are summarized below:

(1) The increased expression of lipogenesis genes
and reduced expression of genes involved in ß-
oxidation of fatty acids in centrilobular as com-

pared to periportal hepatocytes is, among other
factors, responsible for the centrilobular accen-
tuation of types of hepatocellular injury, includ-
ing macrovesicular steatosis and ballooning.
Hepatocellular ballooning is characterized by
swelling and rounding as well as rarification of
the cytoplasm; the latter change is also referred
to as cytoplasmic clarification. Hepatocellular
injury is associated with mild inflammation and
accumulations of pericellular collagen, a type of
fibrosis characteristic for fatty liver disease
termed pericellular fibrosis. The inflammatory
infiltrates consist mainly of mononuclear cells
and eventually admixed neutrophils. Although
not accepted by all pathologists, macrovesicular
steatosis, hepatocellular ballooning, and lobular
inflammation are proposed as the minimum cri-
teria for the histological diagnosis of NASH

(2) Ongoing liver injury and hepatocellular
ballooning-associated sonic hedgehog signaling
contribute to the expansion of pericellular fibro-
sis from centrilobular to periportal portions of
the hepatic lobules eventually linking central
veins and portal tracts by fibrous septa. Disease
progression is also associated with portal inflam-
mation and ductular reaction-triggered periportal
fibrosis. Lobular- and portal-based fibrogenesis
contribute to the destruction of the lobular archi-
tecture, the formation of parenchymal nodules
surrounded by fibrous septa characterizing the
cirrhosis stage. In advanced fibrosis and cirrhosis,
the centrilobular location as well as features of
liver injury, steatosis, and hepatocellular balloon-
ing may no longer be present

(ii) The most broadly used grading and staging scoring
system is the one adapted by the NASH CRN group
in 2005 [13]. The NASH CRN system describes dis-
ease activity (grade) by the NAFLD activity score
(NAS), whereas fibrosis (stage) is defined by the
CRN staging system [15]

(iii) Another more recently developed grading and stag-
ing system is the steatosis, activity, and fibrosis score
(SAF). In contrast to the NAS which is the sum of
semi-quantitative scores for steatosis hepatocellular
ballooning and lobular inflammation, these items
are graded separately in the SAF system. Only the
prognostic relevant parameters ballooning and
inflammation but not steatosis which does not
influence prognosis are considered for grading of
disease activity. The activity score (sum of balloon-
ing and lobular inflammation scores) and stage
can be used to define mild (A<3 and/or F<3) and
substantial (A and/or F≥2) severity of NAFLD with
higher reported interobserver agreement [16] and
may be considered as an alternative for patient
stratification in clinical trials. The clinical utility of
the SAF has also been demonstrated [17]
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(iv) For precirrhotic NASH marketing authorization tri-
als, patients with biopsy-confirmed NASH with
NAFLD activity score (NAS) of ≥4, with at least 1
point in each one of the components (steatosis, bal-
looned hepatocytes, and inflammation), and a fibro-
sis stage of F2-F3, have been the target population
requested by Regulatory Agencies [6]. Patients with
concomitant liver diseases (e.g., PSC, PBC, sarcoid-
osis, alcoholic use disorder, and autoimmune hepa-
titis) are excluded. This population, with more
advanced liver disease, was selected secondary to
the practical need to show clinical outcomes in a
reasonable period of time for clinical trials

3.5. Observer Variability in NASH Trials

(i) Approximately 65% to 73% of subjects who under-
went biopsy screened for clinical trials may not
meet these eligibility criteria, contributing to the

high screen failure rates seen in NASH trials [ 18].
The intra- and interobserver variability around the
histologic assessment of the biopsy contributes to
uncertainty in the interpretation of the biopsy end-
point [19]. The intra- and inter-rater agreement,
kappa (κ) score (an acceptable score to assess reli-
ability for qualitative or categorical variables), is
usually acceptable in global interpretation of steato-
hepatitis (yes/no) or cirrhosis (yes/no). However,
the reported κ scores for some of the key features
of NASH are low (mainly in inflammation and bal-
looning scores). Several studies involving histologic
interpretation of NASH have identified concor-
dance discrepancies between/among pathologists
as defined by the κ score [20] (see Table 2).

(ii) Interobserver variability is particularly high for the
identification of ballooned cells. While there are well
defined histologic criteria describing a ballooned

Table 2: Intra and interobserver agreement of the histologic interpretation of nonalcoholic steatohepatitis.

Reference
Kappa coefficient

Interobserver Intraobserver

Steatosis

Younossi et al. 0.64 0.64a

Kleiner et al. 0.79 0.83

Fukusato et al. 0.54 n.a.b

Gawrieh et al. 0.74c 0.75c

Bedossa et al. 0.61c n.a.

Davison et al. 0.61d 0.75e

Sanyal AJ et al. 0.89 0.81

Ballooning

Younossi et al. 0.50 0.51a

Kleiner et al. 0.56 0.66

Fukusato et al. 0.14 n.a.

Gawrieh et al. 0.18c 0.56c

Bedossa et al. 0.80c n.a.

Davison et al. 0.52d 0.66e

Sanyal AJ et al. 0.62 0.75

Lobular inflammation

Younossi et al. 0.33 0.62a

Kleiner et al. 0.45 0.60

Fukusato et al. 0.10 n.a.

Gawrieh et al. 0.20c 0.48c

Bedossa et al. 0.72c n.a.

Davison et al. 0.33 0.44e

Sanyal AJ et al. 0.60 0.61

Fibrosis stage

Younossi et al. 0.60 0.73a

Kleiner et al. 0.85 0.84

Fukusato et al. 0.55 n.a.

Gawrieh et al. 0.56c 0.75c

Bedossa et al. 0.84c n.a.

Davison et al. 0.48d 0.78d

Sanyal AJ et al. 0.82 0.75

a = average, 2 observers; b = not analyzed; c = kappa value after the pathologists were trained by a tutorial; d = average, 3 observers; e = average, 2 observers and
2 different set of samples.
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hepatocyte, there are discrepancies in the definition in
the early stages of formation. A recent paper con-
cludes, “The substantial divergence in hepatocyte bal-
looning identified amongst expert hepatopathologists
suggests that ballooning is a spectrum, too subjective
for its presence or complete absence to be unequivo-
cally determined as a trial endpoint [21]”

(iii) Reasons for low interobserver concordance could
also be related to technical problems. In particular,
inadequate biopsy length and poor quality of the
histology, like inappropriate thickness or inade-
quate staining as well as fragmentation or folding
of sections, making it difficult for pathologists to
agree on scorings. Another, maybe more important
cause, is that the definitions of the scoring categories
of the NAS and the SAF offer a range of possible
interpretations leading to variable application of
rules for the semiquantitative assessment which
depend on opinions of individual pathologists. The
problem is aggravated by variable histological defi-
nitions of key features of NAFLD in the literature.
Therefore, efforts should be undertaken to stan-
dardize definitions for histological lesions and the
rules for application of the categorical assessments.
The utility of standardized definitions and tutorials
has been investigated in studies, some of which
reported markedly better interobserver agreement
as compared to studies without these measures
[15, 16, 22–25]

(iv) Immunohistochemistry might be helpful for objec-
tive classification of ballooned cells. However, there
are no studies correlating the different types of bal-
looned hepatocyte (i.e., grades 1 and 2 or classical
vs. non-classical ballooned cells) and immunohisto-
chemical (IH) staining patterns with antibodies
against k8/18. Finally, there are no data on the clin-
ical/prognostic utility of immunohistochemical
hepatocellular ballooning in the literature. There-
fore, currently no recommendations to use IH can
be made that are based on published results

It has recently been suggested that a concordance atlas
may be used to train AI assistive technologies to reproduc-
ibly quantify ballooned hepatocytes that standardize assess-
ment of therapeutic efficacy. This atlas may serve as a
reference standard for ongoing work to refine how balloon-
ing is classified by both pathologists and AI [21].

The progression of fibrosis from stage to stage is not a
continuum of connective tissue deposition but rather
describes location of the connective tissue deposition (F2)
plus architectural alterations (F3); on the other hand, some
F3 biopsies are nearly F4 (cirrhosis), where some F2 biopsies
may have only scarce zone 1 perisinusoidal fibrosis and focal
periportal hepatocyte trapping.

Bedossa et al. reported that using the SAF score, together
with the fatty liver inhibition of progression (FLIP) algo-
rithm, resulted in an increase in biopsy interpretation con-
cordance when 2 groups of blinded pathologists, initially

categorizing liver biopsies based on their own experience,
reinterpreted them using the SAF score and FLIP algorithm.
Kappa scores increased from moderate (defined as κ = 0:54)
to substantial (κ = 0:66) in Group 1 and from fair (κ = 0:35)
to substantial (κ = 0:61) in Group 2 [16], suggesting that the
application of this algorithm based on SAF score could
decrease interobserver variability (Table 2).

3.6. Use of Single or Multiple Pathologists for Biopsy
Interpretation. In an attempt to decrease uncertainty around
the pathologic endpoints, some sponsors request 2 patholo-
gists to read each slide and compare results and a third to be
available if there is any disagreement. Some allow the 2 ini-
tial pathologists to meet to discuss and agree on interpreta-
tion and involve a third one only if they cannot come to
an agreement on interpretation.

In a recent study including baseline and 18-month slides
for 100 subjects, Sanyal et al. reported κ values between 3
board-certified hepatopathologists comparable to the NASH
CRN metrics. Two panels, each with 3 pathologists with
identical NASH histology training, read digitized slides.
Consensus score for each parameter (fibrosis, inflammation,
ballooning, and steatosis) was defined as agreement by ≥2
pathologists (mode) within a panel. If mode was not
achieved, the slide was flagged for a joint panel read with
all 3 pathologists. Within each panel, agreement between 2
of 3 readers (mode) was reached in ~90% of slides. It was
concluded that consensus score rates of ≥95% based on the
mode and median, provide a method for rapid and accurate
reading of slides [26].

Use of the 2 or 3 reader approach has some limitations:
(1) logistical and operational challenges in a global trial;
(2) limited number of pathologists with expertise and/or
experience in NASH interpretation; (3) extended turn-
around time (TAT) in shipping glass slides to multiple
readers; and (4) associated shipping costs and possible slide
damage/loss if digital images are not used for the histologic
evaluation. Additionally, data to support that the second
(or third) pathologist approach improves accuracy in biopsy
interpretation is limited.

Any pathologist involved in interpreting histopathology
for clinical trials should have an acceptable intra-rater con-
cordance (κ ≥ 0:6) for the diagnosis of NASH and the com-
ponents of the NAS (Class 2b, Level C). If so, a single
pathologist could interpret all trial slides and inter-rater con-
cordance would not be an issue. As it is difficult for a single
pathologist to be available for the entire duration of a trial
(illness, accident, and family events), a back-up pathologist
must be considered. Given the variability in reading, it is
critical to assess the selected pathologist intrarater concor-
dance before the study starts (Class 2b, Level C).

If multiple pathologists are involved in interpretation of
pathology, and the protocol states that each pathologist will
read the slides, the recently proposed approach of reaching
consensus score rates of ≥95% based on the mode and median
might be of help in maximizing consensus. In small studies, 2
or 3 pathologists might set aside a reading time (and provide a
professional “recorder” for the results) and review the slides
simultaneously on a screen or a broadcasted view of the
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Table 3: Artificial intelligence based and other new methodologies for quantitative assessment of features of NASH and liver fibrosis.

Brand name Available literature

Histoindex

Astbury et al.;
Liu et al.;

Bedossa et al.;
Wang et al.

Brief description

(i) Uses SHG/TPEF imaging-based tool to provide an automated, quantitative
assessment of histological features pertinent to NASH (fibrosis and components
of the NAS).

(ii) The generated data quantifies fibrosis, steatosis, ballooning, and inflammation.
It provides measurements of disease progression and regression in NASH

Advantages

(i) Can stage samples as small as 0.5-1.0 cm
(ii) Stain-free imaging may reduce staining-related variation in interpretation
(iii) Reproducible qFfibrosis; prelim outcome data for HBV/NASH
(iv) Stain-free imaging enables co-localization for fibrosis, steatosis, ballooning, and

inflammation, which are all obtained on the same slide, which was not possible
using conventional methods using multiple staining from consecutive slides.

(v) AI-based algorithm is developed based with pathologists and is knowledge based,
interpretation of the reading is logical for clinical and pathological assessment

Limitations

(i) Slow and expensive: (scanning takes ~2 hours per slide).
(ii) Cannot detect both faint and dense collagen simultaneously
(iii) Performance best for assessment of degree of steatosis and

fibrosis (strong correlation with pathologists’ scores for
qFibrosis (r = 0:776) and qsteatosis (r = 0:802) compared to
severe inflammation and higher ballooning grades)

Biocellvia

DeRudder et al.;
Albadrani et al.

Brief description

(i) Uses multiparametric image analysis and computerized analysis of high-resolution
digitized whole histological sections.

(ii) Combines specific stains and immunohistochemistry with advanced algorithms to
quantify key morphometric parameters: Ssteatosis, collagen fibers, inflammation,
ballooning, ductular reaction

(iii) Whole section analyzed simultaneously

Advantages

(i) Short turnaround time (<1 h for 100 slides).
(ii) Quantified histology has been validated in preclinical models of liver and lung fibrosis
(iii) With superior performance compared with traditional scoring

with respect to accuracy, reliability, reproducibility, and speed
(iv) Purported to eliminate variability in interpretation and provide better insight into a

compound’s efficacy
(v) Whole section analysis
(vi) Provide zonal distribution of fibrosis (perisinusoidal, vascular, and septal) in human

Limitations
(i) No quantification of portal fibrosis
(ii) Need to check correlation for inflammation in human

PathAI

Taylor-Weiner et al.;
Carrasco-Zevallos et al.

Brief description

(i) PathAI has developed a ML-based approach to liver histology assessment,
characterizing disease severity and heterogeneity, and quantifying treatment
response in NASH.

(ii) Deep convolutional neural networks are leveraged for identifying and
characterizing NASH histologic features.

Advantages

(i) PathAI ML scores and quantitative features are generated on digitized
H&E and tTrichrome slides evaluated by central readers, facilitating
integration of ML approach into existing NASH clinical trial workflows.

(ii) ML-derived continuous quantitative histologic features capture subtle histologic
changes not detectable through manual scoring alone; agreement between
ML-derived and manual consensus scores for NASH is stronger than pathologist
inter-rater agreement

Limitations

(i) The ML models are trained using inputs from NASH pathologists, who demonstrate
high inter- and intrarater variability in scoring of NASH biopsies.

(ii) PathAI ML algorithms can be sensitive to variability in H&E or tTrichrome
stain quality
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microscope. However, this strategy may not be feasible in large
trials enrolling hundreds of patients in multiple countries [26]

3.7. Digital Imaging. Whole slide digital imaging (WSDI)
incorporates the acquisition of digital images from stained
tissue sections and the visualization, analysis, interpretation,
transfer, and storage of the resulting data. The digital images
are acquired through an opto-electronic mechanism that
maps the physical tissue information to a digital file and
allows pathologists to remotely review and interpret them
[27]. Digital transformation of anatomic pathology services
is occurring worldwide, and there are several published
experiences [28]. A recent study found comparable results
between histological interpretations between the Philips
IntelliSite Pathology Solution images and glass slides [29].
Another recent review article of 38 validation studies
reported an overall diagnostic concordance between digital
pathology and glass slides between 63% and 100%, with a
weighted mean of 92.4% [29]. A 25-studies meta-analysis
examining 10,410 samples cited an overall concordance of
98.3% (95% confidence interval 97.4 to 98.9). However, most
of these studies were done in oncology indications and no
study has yet evaluated the overall concordance between dig-
ital pathology and glass slides in NASH [29]. The Regulatory
Agencies have accepted several digital imaging (DI) applica-
tions for use in diagnosis of NASH in clinical use [27,
30–32]; however, at this time, the FDA differentiates
between “Diagnosis of NASH” and staging and grading
(NAS) by the NASH-CRN scoring systems. FDA would like
to examine the performance between optical microscope and
reading WSI image. Therefore, from regulatory perspective,
FDA is asking for data to validate these two systems to give
similar readings for the scoring systems. In addition, sub-
mission of some representative images should be sent to
the College of American Pathologists for proficiency testing
of the potential digital scanner.

Potential advantages of WSDI

(i) Pathologists can review the same scanned slides
simultaneously

(ii) Reduces time delay due to shipping

(iii) Decreases breakage or slide loss

(iv) Shortens TAT for pathology report

(v) Serves as a surrogate for original stained slides and
can be archived

(vi) Enables images to be used for quantitative digital
analysis and biomarker development

The panel also noted that there are important consider-
ations if WSDI is used in clinical trials and that this technol-
ogy is not universally accepted by all pathologists:

(i) High quality sections should be scanned at high
magnification (40× preferable to 20×)

(ii) Tissue section thickness may interfere with the abil-
ity to detect architectural subtleties

(iii) Glass slides are typically viewed in 3D, whereas dig-
ital images are in 2D; soft tissue section distortions
or artifacts on the slide cannot be adjusted with
focusing (e.g., identification of ballooned hepato-
cytes may be more difficult without depth of field)

3.8. Overcoming the Challenges of Semi-quantitative Scoring
Systems. Fibrosis stage is the main predictor of overall mor-
bidity and mortality in patients with chronic liver disease
[32]. The use of semi-quantitative scoring systems has sev-
eral limitations. For instance, fibrosis progression does not
occur in a linear fashion [33]. Additionally, all scoring sys-
tems are based on histological changes in untreated individ-
uals, but they do not account well for changes after
successful therapy. Additionally, CRN staging implies that
fibrosis progresses from perisinusoidal areas (F1), to

Table 3: Continued.

Brand name Available literature

Fibronest

Lara et al.

Brief description

(i) Translational quantitative image analysis for the quantification of fibrosis and
associated histological features of NASH

(ii) FibroNest-pPredict uses AI to link digital pathology images and
outcomes/biomarkers and establish image-based predictive models.

Advantages

(i) Quantifies same slide/image as used by pathologists to generate automated
continuous scores and augmented pathology images to assess fibrosis severity
and disease activity across multiple fibrotic conditions (liver, lung, kidney,
skin, muscle, and heart).

(ii) Turnaround time approximately 2 weeks.
(iii) Availability of preclinical and translational supportive data

Limitations
(i) Young company
(ii) Recent involvement in pPhase 2-3 trials
(iii) Prospective data is pending

Abbreviations: AI = artificial intelligence; HBV = hepatitis B virus; H&E = hematoxylin and eosin; ML =machine learning; NAS =NAFLD activity score;
NASH= nonalcoholic steatohepatitis; qFibrosis = quantitative assessment of liver fibrosis; SHG= second harmonic generation; TPEF = two-photon
excitation fluorescence.
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perisinusoidal plus portal fibrosis (F2), to bridging fibrosis
(F3). Recent data suggest that does not follow the exact
sequential steps in opposite way. Indeed,fibrosis regression
was mainly due to regression in the perisinusoidal areas and
more common than the reduction in septa parameters [34].

New methodologies under development for qualification
and quantification of liver fibrosis may improve accuracy in
assessing fibrosis remission. These include collagen propor-
tionate area, which provides a percentage assessment of
fibrosis on a continuous scale, but is limited by absence of
architectural input. Another methodology is dual-photon
microscopy-based quantitation of fibrosis-related parameters,
which may be able to better define the dynamics of fibrogene-
sis and fibrosis resolution. Calculation of detailed variables of
collagen fibers may be used to establish algorithm-based quan-
titative fibrosis scores (e.g., qFibrosis, q-FPs). Artificial intelli-
gence and second harmonic generation-derived algorithms
are being explored to further develop qFibrosis scoring
methods. The inclusion of these methodologies as exploratory
objectives in clinical trials can aid in the generation of the
required data. However, at this point, more data and valida-
tion of the data will need to be performed and presented to
the Regulatory Agencies for clearance before they can be used
for evaluation of clinical impact.

Artificial intelligence (AI) or machine learning (ML)
techniques are being developed to assist pathologists in read-
ing slides. These AI methods are being set up to provide
quantitative digital analysis of the slides and support the
pathologist in her/his review and interpretation of the liver
biopsy. The AI models currently under development will
score slides, but the human pathologist will be required to
review the output and identify other factors that an AI/ML
model may miss, for example, other superimposed liver dis-
ease or cases that do not meet the criteria for diagnosis of
NASH on global interpretation by the pathologist (Table 3)
[35–45].

4. Conclusions

The unmet therapeutic need to treat or cure NASH points to
a need to maximize efforts to improve liver biopsy interpre-
tation for diagnosis and assessment of treatment effect on
steatohepatitis and fibrosis in NASH clinical trials. Hence,
it is critical to standardize all the steps in the process (from
obtaining the tissue specimen to processing and the final his-
topathological assessment) so that they are performed in a
consistent and uniform manner. The design of a trial
(including single or>1 pathologist) should consider the
phase, number of patients, and duration of the trial. If >1
pathologist is used, intra and inter-reader agreement might
be improved by a harmonization step before the study starts
to train the pathologists on the criteria for the histological
interpretation of key features of NAFLD and liver fibrosis
for the study. The use of AI/ML to assist pathologists in
the identification of early balloon hepatocytes and/or the
use of these new methodologies to minimize intra and inter-
subject variability may help in the future but generation of
more data is warranted.
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