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Digital pathology with artificial intelligence analyses
provides greater insights into treatment-induced

fibrosis regression in NASH
Graphical abstract

Approaches for assessment of fibrosis in liver biopsies

Liver fibrosis changes after treatment with tropifexor (TXR) in patients with F3 stage
at baseline, as assessed by NASH CRN scoring (left) and by SHG/TPEF microscopy (right)
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ment in NASH clinical trials and for
determining treatment efficacy.
� AI revealed antifibrotic effects of TXR, unlike conven-
tional microscopy.

� Spatial correlation between fibrosis and steatosis reduction suggests
that anti-metabolic therapies initially drive fibrosis regression in the
perisinusoidal regions.

� Regressive changes in septa morphology and collagen fiber param-
eters observed in patients with F3 fibrosis, who were considered
‘unchanged’ with conventional scoring.

� Digital pathology provides quantitative details of fibrosis dynamics
with novel insights into treatment-induced fibrosis regression
in NASH.
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Lay summary
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hepatitis (NASH) is the main pre-
dictor of negative clinical outcomes.
Accurate assessment of the quan-
tity and architecture of liver fibrosis
is fundamental for patient enrol-

Using digital microscopy with arti-
ficial intelligence analyses, the
present study demonstrates that
this novel approach has greater
sensitivity in demonstrating
treatment-induced reversal of
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the effects of therapy.
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Digital pathology with artificial intelligence analyses provides
greater insights into treatment-induced fibrosis regression in NASH

Nikolai V. Naoumov1,*, Dominique Brees1, Juergen Loeffler1, Elaine Chng2, Yayun Ren2,
Patricia Lopez1, Dean Tai2, Sophie Lamle1, Arun J. Sanyal3

1Novartis Pharma AG, Basel, Switzerland; 2HistoIndex Pte. Ltd, Singapore; 3Virginia Commonwealth University School of Medicine, Richmond,
United States
Background & Aims: Liver fibrosis is a key prognostic determi- negative clinical outcomes. Accurate assessment of the quantity

nant for clinical outcomes in non-alcoholic steatohepatitis
(NASH). Current scoring systems have limitations, especially in
assessing fibrosis regression. Second harmonic generation/two-
photon excitation fluorescence (SHG/TPEF) microscopy with
artificial intelligence analyses provides standardized evaluation of
NASH features, especially liver fibrosis and collagen fiber quanti-
tation on a continuous scale. This approachwas applied to gain in-
depth understanding of fibrosis dynamics after treatment with
tropifexor (TXR), a non-bile acid farnesoid X receptor agonist in
patients participating in the FLIGHT-FXR study (NCT02855164).
Method: Unstained sections from 198 liver biopsies (paired:
baseline and end-of-treatment) from 99 patients with NASH
(fibrosis stage F2 or F3) who received placebo (n = 34), TXR
140 lg (n = 37), or TXR 200 lg (n = 28) for 48 weeks were
examined. Liver fibrosis (qFibrosis®), hepatic fat (qSteatosis®),
and ballooned hepatocytes (qBallooning®) were quantitated us-
ing SHG/TPEF microscopy. Changes in septa morphology,
collagen fiber parameters, and zonal distribution within liver
lobules were also quantitatively assessed.
Results: Digital analyses revealed treatment-associated re-
ductions in overall liver fibrosis (qFibrosis®), unlike conventional
microscopy, as well as marked regression in perisinusoidal
fibrosis in patients who had either F2 or F3 fibrosis at baseline.
Concomitant zonal quantitation of fibrosis and steatosis revealed
that patients with greater qSteatosis reduction also have the
greatest reduction in perisinusoidal fibrosis. Regressive changes
in septa morphology and reduction in septa parameters were
observed almost exclusively in F3 patients, who were adjudged
as ‘unchanged’ with conventional scoring.
Conclusion: Fibrosis regression following hepatic fat reduction
occurs initially in the perisinusoidal regions, around areas of
steatosis reduction. Digital pathology provides new insights into
treatment-induced fibrosis regression in NASH, which are not
captured by current staging systems.
Lay summary: The degree of liver fibrosis (tissue scarring) in
non-alcoholic steatohepatitis (NASH) is the main predictor of
words: Non-alcoholic Steatohepatitis; Digital Pathology with Artificial Intelli-
ce; Second Harmonic Generation Microscopy; Fibrosis Regression; Perisinusoidal
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and architecture of liver fibrosis is fundamental for patient
enrolment in NASH clinical trials and for determining treatment
efficacy. Using digital microscopy with artificial intelligence an-
alyses, the present study demonstrates that this novel approach
has greater sensitivity in demonstrating treatment-induced
reversal of fibrosis in the liver than current systems. Further-
more, additional details are obtained regarding the pathogenesis
of NASH disease and the effects of therapy.
© 2022 The Author(s). Published by Elsevier B.V. on behalf of Euro-
pean Association for the Study of the Liver. This is an open access
article under the CC BY-NC-ND license (http://creativecommons.org/
licenses/by-nc-nd/4.0/).

Introduction
Non-alcoholic fatty liver disease (NAFLD) is the most common
chronic liver disease at present; it affects �25% of the adult
population worldwide.1,2 NAFLD is caused by metabolic disorders
leading to accumulation of various amounts of fat in hepatocytes,
while a proportion of patients also develop non-alcoholic stea-
tohepatitis (NASH) with liver injury, inflammation, and often
varying degrees of liver fibrosis. The natural course of NAFLD
includes 3 consecutive phases: non-alcoholic fatty liver with
steatosis alone (with no evidence of injury or inflammation),
non-cirrhotic NASH, and NASH with cirrhosis, which are associ-
ated with progressively increasing mortality risk and no
approved drug therapy at present.3–5

In patients with NASH, the degree of liver fibrosis is the
principal feature that predicts clinical outcomes.6–9 Fibrosis
deposition is dynamic, resulting from both fibrogenesis and
fibrolysis, even during architectural remodeling of the liver and
disease progression to cirrhosis.4,9 Therefore, understanding
the drivers and mechanisms of collagen accumulation, as well
as fibrosis regression, is critical for improving the management
and outcomes of patients with NASH. Assessment of liver his-
tology is the gold standard for correct diagnosis of NASH and is
also essential to exclude potential coincident liver diseases.10–12

Furthermore, semi-quantitative scoring of key NASH features
(steatosis, lobular inflammation, hepatocyte ballooning, with or
without fibrosis) is key for determining NAFLD activity and
fibrosis stage; these are the basis for patients’ enrolment in
NASH clinical trials. Similarly, for drug approval, these histo-
logical features of NASH are the basis for the current primary
endpoints in phase II and III NASH trials, as agreed by the
regulatory authorities.3,13 Several histological scoring systems
22 vol. 77 j 1399–1409
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have been developed to grade NAFLD activity and the staging of
liver fibrosis.14–16 These systems were initially developed to
score disease progression; however, they were not optimized to
score regression or treatment response. Furthermore, they have
limitations which are increasingly recognized as providing
subjective, categorical descriptions, without capturing details
of fibrosis dynamics;14,17,18 suboptimal quantitation of peri-
sinusoidal fibrosis;18 substantial intra- and inter-observer var-
iations;14,17,19,20 as well as a limited dynamic range in
demonstrating fibrosis regression within the broad categories
of NASH with advanced fibrosis (F3) or NASH cirrhosis (F4).18,21

These inherent limitations hamper progress in the under-
standing of NASH pathogenesis and create challenges for drug
development in NASH with respect to the definition of trial
endpoints, patient enrolment, and accurate and reproducible
assessment of treatment response.

The use of second harmonic generation/two-photon
excitation fluorescence (SHG/TPEF) microscopy allows for
the identification of individual collagen fibers and fibrosis
localization in 2D and 3D formats with precise quantification
of physical features, e.g. number, length, width and cross-
linkages in unstained tissue sections.22,23 SHG/TPEG has
provided accurate and reproducible fibrosis quantification in
preclinical and clinical liver specimens,24 and has been
successfully applied to quantify collagen deposition in bi-
opsies from pediatric and adult patents with NAFLD.25–27

Recognizing these potential advantages of digital pathology
with artificial intelligence (AI), paired liver biopsies (baseline
[BL] and end-of-treatment [EOT]) from patients with non-
cirrhotic NASH who participated in the FLIGHT-FXR clinical
trial (NCT02855164) were analyzed. The aim of this explor-
atory post hoc analysis was to gain an in-depth under-
standing of liver fibrosis regression and its relationship with
steatosis and hepatocyte ballooning changes after treatment
with tropifexor (TXR), a selective non-bile acid farnesoid X
receptor agonist.28
Patients and methods
Clinical study details
The clinical details and laboratory data for the present study
were generated in the FLIGHT-FXR clinical trial, which has been
presented previously.28 In brief, FLIGHT-FXR is a phase II ran-
domized, double-blind, placebo-controlled, dose-finding study
with an adaptive design consisting of 3 sequential Parts (A, B,
and C) assessing the safety and efficacy of TXR in patients with
NASH. TXR has shown high potency of target engagement and
antifibrotic effects in preclinical studies.29,30 The FLIGHT-FXR
trial included adult male and female patients with elevated
alanine aminotransferase (ALT; males >−43 IU/L; females >−28 IU/L)
and hepatic fat fraction (HFF) >−10% at screening (as assessed by
MRI-proton density fat fraction). Parts A and B had a 12-week
duration and evaluated TXR doses of 10–90 lg.

Part C included patients with biopsy-proven NASH and
fibrosis stage F2 or F3, based on the NASH clinical research
network (CRN) scoring system14 and evaluated TXR doses of 140
and 200 lg vs. placebo (1:1:1) for 48 weeks, with a planned
interim analysis at Week 12. The study primary endpoints
included safety, tolerability, and changes in ALT and HFF from BL
to Week 12.
1400 Journal of Hepatology 20
Conventional liver histology assessment
Patients enrolled in Part C underwent a liver biopsy during the
screening period (within 6 months or less prior to randomiza-
tion) and at EOT (Week 48). Prior to randomization, liver biopsies
were evaluated by the central histopathologist to
confirm eligibility.

Treatment-associated changes in liver histology (BL to EOT)
were key secondary endpoints in Part C of the FLIGHT-FXR trial
according to the regulatory recommended endpoints.3,13 The
histological assessment involved paired biopsy evaluation, i.e.
the BL and Week 48 biopsies for each patient were read together,
at the same time by the central histopathologist, who was
blinded to subject identification, type of treatment, and time-
point. The collagen proportionate area (CPA) was determined, as
described previously,31 and expressed as percentage collagen
area of the total liver tissue area.

SHG/TPEF microscopy and AI analyses
Unstained, formalin-fixed sections from 198 paired liver biopsies
(BL and EOT) from 99 patients with NASH (fibrosis stage F2 [n =
42], or F3 [n = 57]) who received placebo (n = 34), TXR 140 lg
(n = 37), or TXR 200 lg (n = 28) for 48 weeks were examined
using SHG/TPEF microscopy with computer-assisted analyses.
The liver sections were de-paraffinized and tissue scanning was
performed on Genesis®200 (a fully automated, stain-free multi-
photon fluorescence imaging microscope) and analyzed using
AI-based algorithms (HistoIndex Pte. Ltd), as described previ-
ously.26,27 Samples were laser-excited at 780 nm, SHG signals
were recorded at 390 nm, and TPEF signals were recorded at
550 nm. Images were acquired at 20X magnification with a 512
×512 pixels resolution; each image tile had a dimension of 200
×200 lm. Multiple adjacent image tiles were captured to
encompass the whole tissue areas in each slide. The liver bi-
opsies from FLIGHT-FXR provided large specimens for quantita-
tion analyses, the AI computer-assisted measurement of all
scanned biopsies showed a median length of 35 mm (9–87 mm),
with a median number of portal tracts of 40 (6–119).

The SHG/TPEF examination and analyses were performed
blinded to type of treatment, timepoint, central pathologist’s
scoring, and without knowledge of any results from clinical trial
investigations. The algorithm for digital assessment of lobular
inflammation is currently under development to improve pre-
viously published outputs,27 so inflammation was not included
in the present analyses.

Key parameters for quantitation of liver fibrosis, steatosis,
and hepatocyte ballooning
qFibrosis® is the overall output from assessment of fibrosis in the
liver specimen comprising the quantitative readouts from 128
fibrosis parameters on a linear scale.27 It quantifies the fibrosis
overall, as well as fibrous depositions in different areas of the
liver lobule (portal, periportal, transitional, pericentral), as well
as specific morphological features of collagen fibers, such as fiber
length, width, and area. The periportal and pericentral areas are
set at 100 lm from the portal tract and central vein, respectively,
and the region in between marks the transitional area. The
100 lm measure is an approximation, based on a tenth of the
average distance between the portal tract and central vein in a
normal liver. qFibrosis® calculation is based on normalized
collagen parameters expressed as the number of units per mm2
22 vol. 77 j 1399–1409



and provides unbiased, highly reproducible assessment of the
severity of liver fibrosis.27,32 Taking into account that NASH
treatment with compounds which markedly reduce liver fat
content can alter the area used for fibrosis quantitation, espe-
cially when comparing pre- and post-treatment fibrosis, a stea-
tosis correction was applied when assessing fibrosis dynamics
within the liver lobule. For this purpose, the steatosis area, as
determined by SHG/TPEF microscopy, was subtracted from the
total liver area to ensure that the denominator is the same for
quantitation of fibrosis in different zones of the liver lobule at BL
and after 48 weeks of treatment with TXR.

SHG/TPEFmicroscopywithAI analyseswasalsoused toquantify
the liver fat content (qSteatosis®) in the entire specimen.27 This also
enabled the determination of different sizes and numbers of fat
vacuoles inhepatocytesand their changes followingTXR treatment.
Furthermore, TXR treatment-induced changes of collagen fibers in
relation to steatosis changes were evaluated by simultaneous
measurement of fibrosis and hepatic fat in selected areas within
14 lm around the fat vacuoles in the liver lobule.

The number of ballooned hepatocytes in the entire liver
specimen, along with additional parameters, such as the area of
ballooned hepatocytes, density of ballooned cells, and collagen
fibers around ballooned cells, was also quantitated. All parame-
ters were normalized per tissue area (unit tissue area, 1 lm2). A
continuous qBallooning value is generated based on these
C
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parameters, using an algorithm trained by 9 internationally
recognized liver pathologists.33 To convert the composite qBal-
looning readouts into qBallooning grades, cut-off values were
generated by correlating the continuous qBallooning values from
the FLIGHT-FXR cohort with the central reader’s ballooning
grading, and the respective qBallooning grades (0,1,2) were
determined based on these cut-off values. Details on the con-
version of continuous qBallooning values to a semi-quantitative
qBallooning grade has been reported previously.27

Statistical analyses
All available results of participants who had a BL and EOT
assessment were included in statistical analyses. Missing data
were not imputed. Correlations were analyzed using a Spear-
man’s rank correlation coefficient. The change of qFibrosis from
BL was analyzed using analysis of covariance adjusted by the BL
value. P values are for the comparisons vs. placebo. All p values
are descriptive and unadjusted for multiple testing. The fibrosis
dynamics (BL to EOT) between the TXR and placebo treatment
arms were compared using Progressive/No Change/Regressive
(P/N/R) analysis. The number of cases in each subgroup was
divided by the total number of patients in each arm to obtain the
percentages shown. A Chi-square test was applied to the P/N/R
analysis. In the colocalization analysis, a Wilcoxon signed rank
test was used.
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Results
Digital quantitation of treatment-induced changes of
liver fibrosis
qFibrosis® measurement in pre- and post-treatment biopsies
revealed fibrosis reduction after 48-week treatment with TXR
(Fig. 1A). In BL biopsies there were progressive and established
septa which are wide, with loose connective tissue, including
inflammatory cells and invading adjacent parenchyma, as
Fibrosis changes (BL to EOT) as as
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described previously.34 Septa morphology changed following
treatment as they became thin and compact with sharp borders
from the surrounding liver parenchyma (regressive septa) or
broken (Fig. 1B). The absolute change of qFibrosis® from BL to
EOT in the 3 study groups showed notable, but non-significant
(p = 0.24), fibrosis reduction with TXR 200 lg compared with
placebo (Fig. 1C). Liver fibrosis changes (BL to EOT) were also
analyzed using CPA measurement (Fig. 1D). There was a
sessed with NASH CRN scoring
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moderate correlation (R = 0.4901) between fibrosis assessment
by qFibrosis and CPA in baseline liver biopsies from all pa-
tients (Fig. S1).
Regression in perisinusoidal fibrosis
The percentage of fibrosis area was also determined in 5 separate
regions: the portal tract, periportal (the area within 100 lm
around the portal tract), transitional (zone 2), pericentral, and
central vein areas (Fig. 2A). The combination of periportal,
transitional, and pericentral areas represents the perisinusoidal
area with zone 2 being the largest component. Zonal analysis of
fibrosis dynamics revealed that 48-week treatment with TXR
leads to fibrosis reduction in the perisinusoidal area while there
were no changes in fibrosis in the portal tract and central vein
areas. Fibrosis reduction was greater in the treatment groups
than with placebo, especially in the transitional and periportal
areas (Fig. 2A).

The changes in fibrosis (as determined by the percentage
change in fibrosis area [overall and in specific regions]), before
and after TXR treatment, were correlated with changes in serum
fibrosis markers: enhanced liver fibrosis (ELF) and precisely
cleaved N-terminal propeptide of type III collagen (PRO-C3)
(Fig. 2B). Weak positive correlations were found and overall,
serum fibrosis markers did not reflect regression in liver fibrosis
as detected by AI digital pathology.
Digital quantitation of septa parameters in patients with F2
and F3 fibrosis stage, as determined by conventional scoring
The analysis of septa parameters showed marked differences, as
expected, between the subgroups of patients with fibrosis stage
2 (F2) or 3 (F3) according to CRN scoring of the BL biopsy. In the
F3 subgroup, digital quantitation of septa parameters showed
high values for septa area, length, and width in almost all cases,
while in patients with F2 stage the septa readouts were negative
or had low values (Fig. 3A). P/N/R analysis of post-treatment
qFibrosis dynamics in F2 patients showed a similar proportion
of cases with progressive or regressive changes between the 3
treatment groups when assessed by digital quantitation or by
CRN scoring. However, the digital approach markedly reduced
the ‘no change’ subset, especially in the placebo and TXR 200 lg
groups (Fig. 3B,C).

In patients with F3 stage, digital quantitation demonstrated a
treatment-induced qFibrosis reduction in 50% (11/22) of patients
in the TXR 140 lg group and 83% (15/18) with TXR 200 lg vs.
only 29% (5/17) with placebo (Fig. 3B). Importantly, the propor-
tion of F3 patients with regressive fibrosis changes, as detected
by digital quantitation, was greater than with conventional CRN
scoring, which showed only 18% (3/17), 27% (6/22), and 17% (3/
18) for placebo, TXR 140 lg, and TXR 200 lg, respectively
(Fig. 3B,C). The difference was almost exclusively due to the
subgroup of F3 patients deemed to have an ‘unchanged’ ordinal
stage, i.e. the largest subsets: 66% (12/18) and 73% (16/22) of
cases (Fig. 3C). Ten of 11 cases with treatment-induced regressive
fibrosis changes, based on digital quantitation, belonged to the
‘unchanged’ F3 subgroup according to conventional scoring.
Furthermore, in patients with F3 fibrosis at BL, additional ana-
lyses of treatment-induced changes in septa parameters
demonstrated larger reductions of septa area, length, and width
in those receiving TXR 200 lg compared with those receiving
placebo; however, the difference was not significant (Fig. S2).
1404 Journal of Hepatology 20
Individual, treatment-induced changes in perisinusoidal
fibrosis and septa parameters
Individual changes in liver fibrosis parameters were further
analyzed (septa parameters and % fibrosis area in zones 2 and 3)
between BL and EOT using a waterfall chart (Fig. 4). This analysis
confirmed that a larger proportion of patients treated with TXR
200 lg have fibrosis regression compared with placebo, espe-
cially notable for patients with F3 fibrosis (light blue bars). The
waterfall chart also illustrates that fibrosis regression in septa
parameters was present almost exclusively in F3 patients who
received TXR, while reduction in perisinusoidal fibrosis (zones 2
and 3) occurred in a greater proportion of patients due to the fact
that perisinusoidal fibrosis regression was observed in patients
with either F2 or F3 stage at BL.

Colocalization analysis of treatment-induced changes in
steatosis and fibrosis within the liver lobule
Digital quantitation of hepatic fat (qSteatosis®) in BL and EOT
liver biopsies showed a dose-dependent reduction in patients
receiving TXR compared with placebo. The mean changes were:
placebo, –0.25; TXR 140 lg, –0.6 (p = 0.047), and TXR 200 lg,
–0.95 (p <0.001). The number and the size of fat vacuoles (FVs)
within hepatocytes was also quantitated. This method allows for
the precise measurement of FVs with a diameter >7 lm, i.e. the
macrovesicular steatosis that is predominant in NAFLD. In
agreement with the dose-dependent reduction of liver fat con-
tent after TXR treatment, there were marked changes in the FVs,
for example, TXR 200 lg reduced the number of FVs with a
10 lm diameter from 20/lm2 (at BL) to 13/lm2 (at EOT) and FVs
with a diameter of 20 lm from 10/lm2 to 5/lm2 (Fig. 5A).
Overall, TXR treatment reduced both the size and the number of
FVs per lm2 of liver area. The relationship between treatment-
induced steatosis changes and fibrosis dynamics in the peri-
sinusoidal area was further analyzed by colocalization analysis
and simultaneous quantitation of qSteatosis and qFibrosis in
selected areas within 14 lm around clusters of FVs (Fig. S3).
Patients with unchanged or increased qSteatosis showed only a
mild reduction of nearby fibrosis and there was a 58% increase of
zone 3 fibrosis in the placebo group (Fig. 5B). In contrast, patients
with reduced qSteatosis showed marked fibrosis reduction by
70–80% across the perisinusoidal area (zones 1, 2, and 3; Fig. 5C).

Digital quantitation of hepatocyte ballooning and
colocalization analysis of treatment-induced changes in
ballooned hepatocytes and fibrosis
To investigate the relationship between treatment-induced
changes in ballooned hepatocytes and fibrosis dynamics, colocali-
zation analysiswasperformedwhere the characteristics of collagen
fibers locatedwithin14lmaroundballoonedhepatocytes, i.e.fibers
in the immediate vicinity of ballooned hepatocytes and clearly
separated fromothercollagenfibers,weredetermined (Fig.6A).The
analysis of the total number of ballooned hepatocytes (normalized
per tissue area) in BL and EOT biopsies demonstrates a shift in the
distribution pattern in all 3 study groups: at the EOT, there was an
increasednumberof patientswith singleballooned cells alongwith
unchanged or decreased number of cases with large numbers or
clusters of ballooned hepatocytes, but these changes were not sig-
nificant (Fig. 6B). The patients receiving TXR 200 lg showed no
change or a decrease in hepatocyte ballooning area between BL and
EOT, in contrast to those receiving placebo or TXR 140 lg (Fig. 6C).
The colocalization analysis revealed that thedecrease of hepatocyte
22 vol. 77 j 1399–1409
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ballooning, both in the placebo and TXR groups, was associated
with a reduction in collagen fibers in the same area (Fig. 6D,
right panel).

Discussion
In the present study, the use of digital pathology with SHG/TPEF-
derived results reveals 2 novel aspects in NASH: firstly, it
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provides a new understanding of treatment-induced fibrosis
regression starting with marked reduction in perisinusoidal
fibrosis in response to decreased fat and lipotoxic drivers in
hepatocytes that subsequently extends to portal fibrosis; sec-
ondly, it demonstrates the advantages of AI digital pathology by
revealing anti-fibrotic effects of TXR which were not captured by
the NASH CRN scoring system and conventional microscopy. All
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scoring systems are based on histological changes in untreated
individuals, but they do not account well for changes after suc-
cessful therapy.35 CRN staging implies that fibrosis progresses
from an initial chicken-wire pattern in the perisinusoidal areas
(F1), to perisinusoidal plus portal fibrosis (F2), to bridging
fibrosis (F3) with fibrosis regression assumed to follow the
sequential steps in reverse order.14,15,18,21 In contrast, the present
study reveals marked fibrosis regression in the perisinusoidal
areas, in biopsies with F2 or F3 stage, which was more common
than the reduction in septa parameters.

A spatial correlation between qFibrosis and qSteatosis
reduction in the perisinusoidal regions was also observed
following TXR treatment. Similar spatial correlation between
steatosis and perisinusoidal fibrosis reduction was observed
following treatment with the thyroid-hormone receptor b1
agonist resmetirom,36 which is likely to be a general mechanism
of action for anti-metabolic therapies in NASH, by reducing lipid
load and lipotoxicity in hepatocytes where they drive fibrosis
regression initially in the perisinusoidal areas.

The use of AI digital pathology also expands the current
knowledge of NASH pathobiology by revealing fibrosis regres-
sion in patients who were deemed ‘unchanged’ F3 stage before
and after TXR treatment based on CRN scoring. Decreases of
multiple septa parameters, as well as regressive changes in septa
morphology, were observed in the majority of patients with F3
fibrosis at BL. Hepatic fibrogenesis and collagen turnover are
higher in patients with more advanced stages of NASH,37 which
would explain the greater antifibrotic effects of TXR treatment in
patients with BL F3 stage vs. those with F2. This suggests that
SHG/TPEF microscopy will also be highly informative for longi-
tudinal studies or clinical trials involving patients with NASH
cirrhosis (F4) who have a wide range of collagen deposition in
the liver by providing a quantitative understanding of fibrosis
dynamics within the F4 stage and accurately determining
treatment-induced fibrosis regression in this important group.
Not surprisingly, the details of fibrosis regression, as revealed by
digital quantitation, showed only weak correlations with serum
makers, ELF and PRO-C3, as the latter were only shown to be
informative in combination with other markers or imaging, and
mainly in advanced stages of liver fibrosis.38,39

The current study highlights the potential benefits of SHG/
TPEF with stain-free evaluation of liver biopsies, in parallel with
conventional microscopy, by being more sensitive to change
within the timeframes of typical phase II and III trials of NASH.
An increasing number of studies have utilized SHG/TPEF micro-
scopy to assess fibrosis changes in hepatitis B and
NAFLD.24,27,40–42 Several other digital methodologies have been
developed, requiring stained slides, which mostly provide
quantitation of predefined NASH features with supervised and/or
semi-supervised machine-learning models.43–48 Collectively,
these studies emphasize the innovation and qualities that AI
digital pathology brings to investigations of liver diseases,
particularly NASH. Indeed, AI digital pathology is expected to be
integrated into the workflow of diagnostic and research histo-
pathology in-line with the general trend toward the increasing
use of AI in medicine.42,49–52

The present study has certain limitations. Inparticular, the short
treatment duration of 48 weeks, with a relatively small number of
patientsper grouphave likely reduced themagnitudeof treatment-
induced differences between TXR and placebo. Future in-
vestigations with AI digital pathology involving different mono-
Journal of Hepatology 20
and combination treatment regimens will improve the under-
standing of treatment efficacy and impact of different mechanisms
of action in NASH therapy. The clinical relevance of qFibrosis
changes, alongwith digital readouts of specific fibrosis parameters,
will need to beestablished in longitudinal studieswith liver-related
clinical outcomes. The wider use of AI digital pathology in NASH
trials, together with conventional assessments of liver histology,
will standardize thequantitativeassessmentof treatment response,
as well as providing valuable additional details, as shown in this
study. Digital parameters are currently used as secondary or
exploratory endpoints in early phase II trials and the accumulating
evidencewill enhanceall stakeholders’ confidence in thebenefitsof
AI digital pathology in NASH drug development. Despite the well-
recognized limitations of conventional scoring systems, at present
the primary endpoints accepted for phase III trials and accelerated
approval are based on the traditional scoring of NASH histology.3,13

Preliminary data from longitudinal studies indicate that AI digital
readouts of liver biopsies can predict hard-endpoints and clinical
outcomes in NASH.41,47 With further validation of AI digital meth-
odologies, with respect to variability in assessing NASH features,
reproducibility between centers, magnitude of changes that
translate into clinical benefit, ability to predict hard clinical out-
comes etc., it is expected that AI digital pathology will become the
new gold standard for quantitative assessment of liver histology in
the not too distant future.
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