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Abstract

Background: Children with autoimmune liver disease (AILD) may develop
fibrosis-related complications necessitating a liver transplant. We hypothe-
size that tissue-based analysis of liver fibrosis by second harmonic
generation (SHG) microscopy with artificial intelligence analysis can yield
prognostic biomarkers in AILD.

Methods: Patients from single-center studies with unstained slides from
clinically obtained liver biopsies at AILD diagnosis were identified. Baseline
demographics and liver biochemistries at diagnosis and 1 year were col-
lected. Clinical endpoints studied included the presence of varices, variceal
bleeding, ascites, HE, and liver transplant. In collaboration with Histolndex,
unstained slides underwent SHG/artificial intelligence analysis to map
fibrosis according to 10 quantitative fibrosis parameters based on tissue
location, including total, periportal, perisinusoidal, and pericentral area and
length of strings.

Results: Sixty-three patients with AlH (51%), primary sclerosing cholangitis
(30%), or autoimmune sclerosing cholangitis (19%) at a median of 14 years
old (range: 3—24) were included. An unsupervised analysis of quantitative
fibrosis parameters representing total and portal fibrosis identified a patient
cluster with more primary sclerosing cholangitis/autoimmune sclerosing
cholangitis. This group had more fibrosis at diagnosis by METAVIR classi-
fication of histopathological review of biopsies (2.5 vs. 2; p = 0.006). This

Abbreviations: Al, artificial intelligence; AlH, autoimmune hepatitis; AILD, autoimmune liver disease; ASC, autoimmune sclerosing cholangitis; IgG, immunoglobulin
G; MASLD, metabolic dysfunction—associated steatotic liver disease; MRCP, magnetic resonance cholangiopancreatography; NumStr, number of strings; PC,
principal component; PctSHG, percent second harmonic generation; PSC, primary sclerosing cholangitis; qFibrosis, quantitative fibrosis; SHG, second harmonic
generation; StrArea, string area; StrAreaCV, string area central vein; StrAreaPS, string area perisinusoidal space; StrAreaPT, string area portal tract; StrLength, string
length; StrLengthCV, string length central vein; StrLengthPS, string length perisinusoidal space; StrLengthPT, string length portal tract; TPEF, two-photon excited
fluorescence.
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quantitative fibrosis pattern also predicted abnormal 12-month ALT with an
OR of 3.6 (1.3-10, p = 0.014), liver complications with an HR of 3.2
(1.3-7.9, p = 0.01), and liver transplantation with an HR of 20.1 (3—135.7,
p = 0.002).

Conclusions: The application of SHG/artificial intelligence algorithms in
pediatric-onset AILD provides improved insight into liver histopathology
through fibrosis mapping. SHG allows objective identification of patients with
biliary tract involvement, which may be associated with a higher risk for
refractory disease.

Keywords: autoimmune hepatitis, autoimmune sclerosing cholangitis,
biomarker, liver fibrosis, primary sclerosing cholangitis

INTRODUCTION

Autoimmune liver disease (AILD) is a spectrum of
diseases that include autoimmune hepatitis (AIH) and
primary sclerosing cholangitis (PSC). Pediatric patients
affected with AILD are at risk of progressive fibrosis
evolving to end-stage liver disease requiring liver
transplantation before adulthood."? AIH can be
aggressive in children and adolescents, with up to a
third of patients presenting with cirrhosis at diagnosis
and relapse occurring in up to 40% of patients despite
treatment, usually at the time of steroid weaning.>4 A
unique feature of AILD in children is the co-occurrence
of AIH and PSC in patients, which is referred to as
autoimmune sclerosing cholangitis (ASC). Children with
ASC have a worse prognosis than AlH, and treatments
are not effective in preventing the progression of bile
duct damage in nearly 50% of patients.® For children
with PSC, there are currently no disease-modifying
treatments other than liver transplant. In a multicenter
cohort of 781 pediatric patients with PSC, nearly 30%
had an adverse liver-related outcome, and 14% under-
went liver transplantation at a median of 4 years from
diagnosis.®®! Hence, clinical trials to develop better
therapies for pediatric AILD are a pressing need.
Consensus guidelines recommend using multiple sur-
rogate biomarkers—circulating, imaging, and histologic—
for prognostic purposes in both clinical care and trial
development.”#l In pediatric PSC, normalization of GGT
levels over the first year of diagnosis was shown to be
associated with less adverse liver-related outcomes.?
However, similarly to ALP in adult PSC, it is possible
that GGT fluctuates over the course of the disease.['” In
terms of imaging modalities, quantitative magnetic reso-
nance cholangiopancreatography (MRCP) parameters
have been used to differentiate AIH from PSC/ASC.["
MRCP scores have also been shown to be predictive of
PSC complications.'? In AIH, while biomarkers are
currently still lacking, ongoing research on new antibodies

and metabolomic profiling may serve to develop future
treatments.['3]

Second harmonic generation (SHG) microscopy com-
bined with two-photon excited fluorescence (TPEF) is
recently being used to accurately quantify fibrillar
collagen.'" SHG microscopy allows the identification of
type 1 and 3 collagen fibers as photons interact with their
non-centrosymmetric structure, while TPEF allows to
capture the background liver parenchyma.['>'6l A comput-
erized algorithm is then used to localize and quantify
fibrosis from the generated images. This new technique
has the advantages of less interobserver variability, more
precision as fibrosis is graded on a continuous rather than a
semi-quantitative scale, and less variation from the staining
process. This method has been validated in adult metabolic
dysfunction—associated steatotic liver disease (MASLD)
and chronic hepatitis B infection.['”-18] Moreover, in a recent
phase 2 trial, SHG captured perisinusoidal fibrosis regres-
sion that traditional microscopy and established fibrosis
scores did not in patients with MASLD treated with a non-
bile acid famesoid X receptor agonist.'¥ These findings
demonstrate the potential role of SHG in clinical trials and
the development of new therapies.

SHG-based fibrosis assessment has not been
studied and applied to pediatric AILD to improve the
predictive performance of liver histopathology. In this
study, we hypothesize that SHG microscopy with
artificial intelligence (Al) analysis of liver biopsy tissue
will reveal fibrosis patterns and serve as a prognostic
biomarker associated with clinical outcomes in
pediatric AILD.

METHODS
Study design and population

Patients who had clinical liver biopsy tissue available
from the time of AILD diagnosis were identified
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from 1 prospective single-center cohort study
(NCT03178630; IRB ID: 2016-7388) and 1 retrospec-
tive single-center cohort study (IRB ID: 2021-0196).
Patients <25 years of age were enrolled in the study
following written informed consent with study proto-
cols approved by the Institutional Review Board (ID:
2016-7388). For patients from the retrospective study,
a waiver of informed consent was obtained (IRB ID:
2021-0196). The study protocols conformed to the
ethical guidelines of the 1975 Declaration of Helsinki.
Baseline demographics, including sex, age, AILD
diagnosis, and concurrent inflammatory bowel dis-
ease diagnosis, were recorded. Liver biochemistries,
which included ALT, AST, GGT, and ALP at the time
of diagnosis and at 12 months (+3 mo), were
collected. Subjects whose follow-up data were outside
these bounds were excluded from the follow-up
analysis but were included in the baseline cohort
description. See Supplemental Figure S1, http://links.
Iww.com/HC9/B154, for a flowchart that illustrates the
inclusion and exclusion criteria for our cohort. Abnor-
mal values were determined based on laboratory-age-
sex—determined reference ranges. Other baseline
laboratory values recorded included international
normalized ratio, total bilirubin, MELD score, 1gG,
and auto-antibody titers (antinuclear antibody, smooth
muscle antibody, and liver kidney microsomal type 1
antibody). Simplified Autoimmune Hepatitis Score
was calculated for each patient at the time of
diagnosis.[2 MRCP and endoscopic retrograde chol-
angiopancreatography results were recorded in
patients who underwent these. The diagnosis of
AlH, ASC, or PSC was made clinically by the treating
physician. Liver-related clinical endpoints studied over
patients’ entire follow-up included the presence of
esophageal varices on endoscopy, episodes of
variceal bleeding, development of ascites (defined
by finding on imaging or the start of diuretic
treatment), HE (defined as a clinical episode or start
of treatment with rifaximin or lactulose), listing for liver
transplantation, and undergoing liver transplantation.
Liver transplantation was also studied as an indepen-
dent outcome.

Histological assessment

Hematoxylin and eosin and trichrome-stained slides
from clinical liver biopsies at diagnosis were consecu-
tive to the unstained slides subjected to SHG/AI
Stained slides were reviewed by a pathologist (Jennifer
Kasten) who was blinded to clinical and SHG informa-
tion. Each biopsy was assessed for the severity of
fibrosis according to METAVIR classification and Ishak
stage, modified Ishak Histologic Activity Index, and bile
duct damage (pericholangitis, periductal fibrosis, and
ductal proliferation).[2-231

Quantitative fibrosis

Unstained liver specimens from paraffin-embedded
clinical liver biopsy tissue at the time of AILD diagnosis
underwent SHG/TPEF and Al analysis to map and
quantify collagen at Histolndex (Singapore), as previ-
ously reported.l'¥ This included SHG/TPEF imaging of
biopsies using a Genesis system by stitching image
tiles of a dimension of 200 x 200 ym? and Al-based
analysis. For liver biopsy specimens to be included,
they needed to measure 20 mm in length, 4 mm in
width, and 4-5 um in thickness. Three separate regions
(portal tract space, perisinusoidal space, and central
vein space) were differentiated, namely by their number
of vessels and the presence of bile ducts, and
distinguished from each other by a classification and
regression tree method. Quantitative features (eg,
number of strings) were then extracted from aggregated
and distributed collagen for a total of 10 quantitative
fibrosis (gFibrosis) variables. These variables included
overall fibrosis (Percent SHG [PctSHG], Number of
Strings [NumStr], String Area [StrArea], and String
Length [StrLength]), portal tract fibrosis (String Area
Portal Tract [StrAreaPT] and String Length Portal Tract
[StrLengthPT]), perisinusoidal fibrosis (String Area
Perisinusoidal Space [StrAreaPS] and String Length
Perisinusoidal Space [StrLengthPS]), and perivenular
fibrosis (String Area Central Vein [StrAreaCV] and
String Length Central Vein [StrLengthCV]).

Statistical analyses

Data are presented as count or median with range.
Nonparametric testing (Wilcoxon rank sum test) and
Fisher Exact tests were used to determine if continuous
and categorical clinical variables differed significantly
between AILD groups. All gFibrosis values underwent a
logarithmic transformation, were baselined to the
median of all samples (the median was subtracted from
each subject's observed value for each qFibrosis
variable), and were submitted for pairwise Spearman
correlation analysis. To identify patient clustering based
on fibrosis patterns, qFibrosis parameters were submit-
ted to hierarchical clustering analysis. The hierarchical
clustering used the Euclidean measure to obtain the
distance matrix and complete agglomeration method for
clustering, which identified 2 patient subgroups. Based
on clustering results, patients were assigned to hierar-
chical clusters A or B. To determine if clinical variables
differed significantly between the patient clusters,
nonparametric testing (Wilcoxon) and Fisher Exact
tests were used as appropriate. The association
between hierarchical clusters and biochemistries at
12 months and other clinical endpoints was assessed
using logistic regression. We performed survival anal-
ysis using a Cox proportional hazards model to assess
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the difference in time to any complication between
histoclusters A and B.

Due to the correlation structure of the gFibrosis
variables, a principal component (PC) analysis was
conducted to quantitatively describe the relationships
between gFibrosis variables. Each PC is a linear
combination of all gFibrosis parameters. A “factor
loading” is computed for each gFibrosis parameter,
which gives it an appropriate weight for each PC. The
first PC accounts for the largest proportion of variability
in the data, with each subsequent component decreas-
ing in variability explained. Only PC 1-3, which account
for >80% of variability, were included in further
analysis. We considered gFibrosis factor loadings of
>0.3 or <-0.3 to indicate that a qFibrosis parameter
was relevant to that PC. The Spearman correlation
between the 3 PC and established histological fibrosis
scores (METAVIR classification and Ishak stages) was
computed. Logistic regression analysis was performed

TABLE 1

Age, median (range)
Sex: female, n (%)
Race: White, n (%)
Ethnicity: non-Hispanic, n (%)
IBD, n (%)
Simplified IAIHG score:
Score, median (range)
% with >6
IgG, median (range)
Cholangiopathy on MRCP/ERCP, % (n, patient with imaging)
Liver function at BL, median (range)
INR
Total bilirubin (mg/dL)
MELD
Serum liver biochemistries at BL, median (range; U/L)
ALT
AST
ALP
GGT
Histopathology, median (range)
Number of biopsies scored
METAVIR classification
Ishak stage
HAI score
Bile duct damage, n (%)
Pericholangitis
Periductal fibrosis
Ductal proliferation

1680 (356-5170)

to assess the association between each PC and
biochemistries at 12 months, and Cox proportional
hazards regression was performed to assess the
association between each PC and time-to-complication.

Graphs were generated with Rv4.2.2, and the PC
analysis was performed in SASv9.4.

RESULTS

To determine if qFibrosis at the time of diagnosis could
be used to identify fibrosis patterns and was associated
with prognosis, SHG microscopy with TPEF and Al
analysis were performed on liver biopsies of 63 patients
at diagnosis. Median time of follow-up was 5.6 years
(0.3—-16 years). Patients’ demographic information, as
well as the severity of their liver injury by liver
biochemistries and fibrosis scores, are summarized in
Table 1. Half of the cohort had a diagnosis of AlH.

Patient demographics, liver biochemistries, and histopathologic scores

AlH (n = 32) ASC (n = 12) PSC (n = 19)
13 (3-24) 13 (3-17) 15 (3-19)
15 (47) 6 (50) 11 (58)

29 (91) 10 (83) 18 (95)

31 (97) 11 (92) 19 (100)
3(9) 9 (75) 16 (84)

6 (3-8) 6.5 (3-8) 3 (2-7)

78 75 16

2270 (795-3420)
100% (n = 12)

1650 (1146-3680)

0(n = 14) 100% (n = 15)

1.27 (1.03-3.69)
1.65 (0.1-26.5)
12 (7-27)

268 (48-2814)
280 (33-2985)
263 (56-886)
101 (10-338)

AlH (n = 31)
2 (0-4)
3 (1-6)
10 (0-18)

14 (45)
4 (13)
18 (58)

1.08 (0.9-1.76)
0.6 (0.3-1)
7 (6-13)

119 (29-501)
102 (29-528)
615 (75-1402)
368 (20-796)

ASC (n = 11)
2 (1-3)
3 (1-5)
5 (1-11)

9 (82)
8 (73)
9 (82)

1.03 (0.84-1.92)
0.35 (0.2-1.8)
7 (6-16)

128 (17-490)
89 (9-472)
332 (46-1163)
355 (29-890)

PSC (n = 18)
1.5 (0-4)
2 (0-5)
1.5 (0-13)

10 (56)
14 (74)
11 (61)

Abbreviations: AlH, autoimmune hepatitis; ASC, autoimmune sclerosing cholangitis; BL, baseline; ERCP, endoscopic retrograde cholangiopancreatography; HAI,
Histologic Activity Index; IAIHG, International Autoimmune Hepatitis Group; IBD, inflammatory bowel disease; IgG, immunoglobulin G; INR, international normalized
ratio; MRCP, magnetic resonance cholangiopancreatography; PSC, primary sclerosing cholangitis.
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Patients with PSC and ASC were more likely to have
concurrent inflammatory bowel disease (p < 0.0001).
The median simplified AIH score was >6 for AIH and
ASC, and 3 for PSC (p < 0.0001). Seven patients with
AlH presented with acute liver failure or severe hepatitis
and tended to have negative auto-antibody panels on
initial evaluation. Patients in the PSC and ASC groups all
had evidence of large duct PSC on MRCP or endoscopic
retrograde cholangiopancreatography (n = 27), and if
they had not undergone imaging, they had small-duct
changes compatible with PSC on biopsy (n = 4). On
presentation, international normalized ratio, serum total
bilirubin, aminotransferase levels, and MELD score were
more elevated in patients with AIH, while the cholestatic
markers ALP and GGT were higher in the PSC and ASC
groups compared with the other groups, respectively (p
< 0.01 by Kruskal-Wallis). There was no statistically
significant difference between diagnoses in fibrosis
severity by METAVIR classification or Ishak stage.
Ishak-modified Histologic Activity Index scores were
more elevated in the AIH group compared to the PSC
and ASC groups (p = 0.0001). Patients with ASC and
PSC tended to have more evidence of bile duct damage
upon a systematic review of histopathology, although
these features were also present in patients with AlH.
Pericholangitis was most common in patients with ASC.
Liver-related complications and number of liver trans-
plants listed per diagnosis can be found in Supplemental
Table S1, http://links.lww.com/HC9/B155.

In the gFibrosis analysis, the correlation between the
10 gFibrosis parameters was first assessed, and they

Color Key

Cluster A

FIGURE 1

were found to be highly correlated to each other
(Supplemental Figure S2, http://links.lww.com/HC9/
B156). An unsupervised hierarchical clustering analysis
of gFibrosis parameters was performed to evaluate
the association between qFibrosis values and AILD
phenotype. Parameters clustered into 3 groups
(PctSHG, StrArea, StrAreaPT, and StrLengthPT; StrAr-
eaCV and StrLengthCV; NumStr, StrLength, StrAr-
eaPS, and StrLengthPS). Two distinct patient clusters
(clusters A and B) were observed, in which patients
from cluster B had higher overall fibrosis (PctSHG and
StrArea) and portal tract fibrosis (StrAreaPT and
StrLengthPT) than those in cluster A (Figure 1). Clinical
characteristics for patients according to cluster assign-
ment are summarized in Table 2. Cluster B patients had
more often a diagnosis of PSC or ASC (p = 0.03).
Serum GGT and IgG levels were significantly higher (p
= 0.001 and p = 0.01, respectively), and fibrosis
stages by METAVIR or Ishak were more advanced in
patients from cluster B compared with A (p = 0.006 and
p = 0.005, respectively). Importantly, a higher percent-
age of patients had persistently abnormal ALT at
12 months in cluster B (p = 0.02). Serum GGT levels
at 12 months were also higher in cluster B (p = 0.04).
The data do not suggest a significant difference
in time to complication between the 2 groups (p =
0.63; Supplemental Figure 3, http://links.lww.com/HC9/
B157). The fibrosis patterns by SHG microscopy for
patients in clusters A and B are illustrated in Figure 2.

A PC analysis was then performed with the hypothesis
that the PCs would confirm the gFibrosis clustering

StrArea
PctSHG
StrAreaPT
StrAreaCV
StrLengthCV
StrLength
NumStr
StrAreaPS
StrLengthPS

Cluster B

Clustering of patients according to overall fibrosis and periportal fibrosis by SHG. Unsupervised hierarchical clustering analysis of

the 10 gFibrosis variables revealed 3 variable clusters: (1) PctSHG, StrArea, StrAreaPT, and StrLengthPT; (2) StrAreaCV and StrLengthCV; and
(3) NumStr, StrLength, StrAreaPS, and StrLengthPS. Two distinct patient clusters (clusters A and B) were observed, where patients from cluster B
had greater overall fibrosis (PctSHG and StrArea) and portal tract fibrosis (StrAreaPT and StrLengthPT) than those in cluster A. Abbreviations:
NumStr, number of strings; PctSHG, percent SHG; SHG, second harmonic generation; StrArea, string area; StrAreaCV, string area central vein;
StrAreaPS, string area perisinusoidal space; StrLengthPS, string length perisinusoidal space; StrAreaPT, string area portal tract; StrLength, string
length; StrLengthCV, string length central vein; StrLengthPT, string length portal tract.
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TABLE 2 Characteristics of patients in each histocluster
Patients in cluster A
(n = 25)
Age, median (range) 11.5 (3-18)
Sex: female, n (%) 14 (56)
Diagnosis, n (%)
AlH 18 (72)
PSC 4 (16)
ASC 3(12)
IBD, n (%) 9 (36)
Liver function at BL, median (range)
INR 1.17 (0.84-3.69)
Total bilirubin (mg/dL) 0.5 (0.1-26.5)
MELD 10 (6-27)
Serum liver biochemistries at BL, median (range; U/L)
ALT 186 (17—2687)
AST 128 (9-2227)
ALP 276 (46—1009)
GGT 76 (10-857)

IgG at BL, median (range; mg/dL) 1390 (356—4130)

Histopathology, median (range)

METAVIR classification 2 (0-3)
Ishak stage 2 (04)
HAI score 4 (0-18)
Serum liver biochemistries at 12 months, median (range; U/L) n = 57
ALT 31 (14-161)
Abnormal ALT (n, %) 2(9)
AST 30 (13-89)
Abnormal AST (n, %) 8 (35)
ALP 172 (49-478)
Abnormal ALP (n, %) 3 (13)
GGT 17 (5-228)
Abnormal GGT (n, %) 6 (26)
Any liver complication, n (%) 5 (20)

Liver transplant, n (%) 1(4)

Patients in cluster B

(n = 38) p
13.6 (3—24) 0.62
18 (47) 0.61

14 (37) 0.03

15 (39)

9 (24)

19 (50) 0.31
1.12 (0.9-1.92) 0.34
0.6 (0.2-14.2) 0.68

8 (6-23) 0.1
162 (20-2814) 0.35
130 (33-2985) 0.54
315 (56—1402) 0.08
235 (16-890) 0.001

1980 (753-5170) 0.01
2.5 (1-4) 0.006
4 (0-6) 0.005

7 (0-14) 0.65

44 (6-330) 0.16
13 (38) 0.02

41 (11-164) 0.14

20 (59) 0.1
202 (36-923) 0.48

7 (21) 0.72

38 (7-1364) 0.04

14 (41) 0.27

12 (32) 0.39

5(13) 0.39

Abbreviations: AlH, autoimmune hepatitis; ASC, autoimmune sclerosing cholangitis;

BL, baseline; HAI, Histologic Activity Index; IBD, inflammatory bowel disease;

IgG, immunoglobulin G; INR, international normalized ratio; PSC, primary sclerosing cholangitis.

Bold values are Statistical significance of p value.

observed in hierarchical clustering and quantify the
data structure of the gFibrosis variables. Three PCs
accounted for > 80% of variability (PC1, PC2, and PC3;
Table 3). PC1 was composed of parameters reflective of
overall fibrosis and portal tract fibrosis (PctSHG, StrArea,
StrAreaPT, and StrLengthPT), PC2 of pericentral fibrosis
(StrAreaCV and StrLengthCV), and PC3 of fibrosis from
all 3 biopsy regions (NumStr, StrAreaPT, StrAreaPS,
StrLengthPS, and StrAreaCV). In correlation analysis,
only PC1 was found to be strongly correlated (r > 0.6)
with both METAVIR classification and Ishak staging
(Figure 3). PC1 was also strongly associated with
hierarchical clusters A and B (p < 0.0001; Figure 4).
The gFibrosis variables that comprised PC1 were the

dominant variables directing subject clustering into
hierarchical clusters A and B, indicating that overall and
portal tract fibrosis may be most relevant in segregating
phenotypes.

Logistic regression analysis was applied to deter-
mine if the PCs were associated with 12-month serum
biochemistries. Only PC1 was significantly associated
with outcomes (Table 4). A 1-unit increase of PC1
predicted abnormal 12-month ALT with an OR of 3.6
(1.3-10, p = 0.01). PC1 was comparable to METAVIR
and Ishak as a predictor of abnormal ALT (OR 1.7
[1.1-2.6], p = 0.02; OR 2.5 [1.2-4.8], p 0.01,
respectively; Supplemental Table S2, http://links.lww.
com/HC9/B155) at 12 months. PC1 was also
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Cluster A Cluster B

AlH

PC1=-1.811 PC 1=1.449

Asc i

PC1=-0.417 PC1=0.914

PSC

PC 1=-0.923

PC 1=0.914

FIGURE 2 Patterns of fibrosis by SHG. SHG images of liver
biopsies according to AILD diagnosis and Histocluster. Patients in
cluster B have evidence of greater overall fibrosis and periportal
fibrosis than patients in cluster A. PC1 value is indicated for each
biopsy. Abbreviations: AILD, autoimmune liver disease; PC, principal
component; SHG, second harmonic generation.

associated with AST with an OR of 3.8 (1.5-9.8, p =
0.005). In terms of clinical endpoints, using Cox
proportional hazards modeling, we found that PC1
was significantly associated with event-free survival.
PC1 incrementally conferred a 3-fold greater risk of

TABLE 3 The principal component analysis of qFibrosis
parameters and their factor loadings
PC1 PC2 PC3

PctSHG 0.43 0.05 -0.17
NumStr 0.17 0.16 0.37
StrArea 0.43 0.05 -0.17
StrLength 0.2 0.13 0.3
StrAreaPT 0.58 -0.09 -0.33
StrLengthPT 0.37 -0.11 -0.03
StrAreaPS 0.23 0.21 0.46
StrLengthPS 0.17 0.2 0.52
StrAreaCV -0.05 0.71 -0.32
StrLengthCV -0.09 0.58 -0.15

Note: The gFibrosis parameters included in each variable group are shaded
in red.

Abbreviations: NumStr, number of strings; PC, principal component; PctSHG,
percent second harmonic generation; StrArea, string area; StrAreaCV, string
area central vein; StrAreaPS, string area perisinusoidal space; StrAreaPT,
string area portal tract; StrLength, string length; StrLengthCV, string length
central vein; StrLengthPS, string length perisinusoidal space; StrLengthPT,
string length portal tract.

experiencing a liver-related complication (HR 3.2
[1.3-7.9], p = 0.01) and an over 20-fold greater risk
of undergoing liver transplantation (HR 20.1 [3—-135.7],
p = 0.002). These results were comparable to the HR
associated with METAVIR and Ishak for liver-related
events (HR 2.7 [1.6, 4.5], p = 0.0002; HR 1.8 [1.3, 2.5],
p = 0.0008, respectively) and liver transplantation (HR
6.4 [2, 20.7], p = 0.002; HR 2.8 [1.4, 5.7], p = 0.004,
respectively). The other patterns of fibrosis associated
with PC2 and PC3 did not yield significant results as
predictors.

DISCUSSION

In this study, SHG microscopy with Al analysis was
used to study patterns of collagen deposition in liver
biopsies of patients with pediatric AILD. A pattern
comprised of total and periportal fibrosis was identified
and shown to perform well compared to the conven-
tional histopathologic scores of METAVIR and Ishak
staging. When applied to the cohort, it segregated
patients into 2 groups, revealing 1 group with more
patients with PSC/ASC and inflammatory bowel dis-
ease that were less likely to achieve biochemical
remission at 1 year. This pattern of qFibrosis was also
associated with adverse liver-related outcomes and
liver transplantation. These data suggest that gFibrosis
could serve as a useful tissue-based prognostic
biomarker in AILD.

The role of SHG microscopy as a histologic tool to
assess liver fibrosis is being studied in different liver
diseases. This technology captures fibrillar collagen
and has the advantage of not relying on tissue staining.
Its ability to quantify fibrosis reliably was first shown in
Hepatitis B.['824] Chang et all'¥ have also demonstrated
its use in MASLD, where it accurately evaluates the
severity of fibrosis. Moreover, it has been shown to
improve the inter-reader reliability of pathologists grad-
ing fibrosis severity in Metabolic dysfunction-associated
steatohepatitis.[?! This is valuable as suboptimal inter-
rater variability in histopathological reading can nega-
tively impact patient selection into clinical trials as well
as surrogate endpoint measurement.l?8! In Metabolic
dysfunction-associated steatohepatitis, digital pathol-
ogy is being used in clinical trials and captures
histological improvement not measured by current
scoring systems.['%271 |n a MASLD cohort, indices
computed from SHG parameters were able to better
predict clinical endpoints, including all-cause mortality,
decompensation episodes, and HCC, compared to
semi-quantitative fibrosis stages.?®! In AILD, the quanti-
fication of fibrosis has not been so extensively studied.
A study of collagen proportionate area on liver explants
showed how fibrosis in AIH and PSC compared to other
etiologies.!??! More recently, collagen proportionate area
was found to be predictive of clinical endpoints in
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PSC.1B Yet, collagen proportionate area still relies on
staining and has been described to perform less well
than SHG/TPEF microscopy in animal models.B" In
primary biliary cholangitis, SHG/TPEF microscopy
demonstrated that treatment with obeticholic acid was
associated with a reduction in fibrosis.*2 To our
knowledge, our study is the first to describe the use of
SHG/TPEF microscopy in pediatric AILD.

AILD is a group of diseases with significant overlap,
rendering classification challenging. On histology, Di

Giorgio et all®3 showed that most children with AIH and
ASC had at least moderate bile duct injury, with no
difference between groups, and about half had some
evidence of periductal fibrosis, although greater in the
ASC group. They concluded both diseases were
challenging to discern based on histology alone.
Quantitative fibrosis can aid in distinguishing subtypes
of AILD. We were able to discriminate 2 groups of
patients based on greater total fibrosis and biliary tract
involvement, revealing one with more patients with

-2

([
° o
°® [
° ‘0
(
oo
o
‘ ‘“ ( J ClusterA
o ClusterB

° ‘o.’.
o

Histolndex Cluster

FIGURE 4 The PC1 segregates the AILD cohort into 2 clusters. The PC1 is strongly associated with hierarchical clusters A and B (p <
0.0001). The gFibrosis variables that comprised PC1 are the dominant variables directing subject clustering into hierarchical clusters A and B
(Figure 1), indicating that overall and portal tract fibrosis may be most relevant in segregating phenotypes. Abbreviations: AILD, autoimmune liver

disease; PC1, principal component 1.



QUANTITATIVE FIBROSIS IS ASSOCIATED WITH OUTCOMES

TABLE 4 Predicting outcomes based on the principal
component 1

Outcome OR or HR (95% CI) P
Abnormal ALT at 12 mo 3.6 (1.3, 10) 0.01
Abnormal AST at 12 mo 3.8 (1.5, 9.8) 0.005
Abnormal GGT at 12 mo 1.8 (0.8, 4.2) 0.16
Abnormal ALP at 12 mo 1.5 (0.5, 4.3) 0.43
Any liver complication 3.2(1.3,7.9) 0.01
Liver transplant 20.1 (3, 135.7) 0.002

Bold values are Statistical significance of p value.

Note: Abnormal biochemistries at 12 months were analyzed by logistic
regression (reported as OR), whereas long-term outcomes were analyzed by
Cox proportional hazards regression (reported as HR).

PSC/ASC. Patients with ASC have been shown to have
a poorer prognosis than patients with AIH.[3435 Children
and adolescents with evidence of ASC have nearly a 3
times greater risk of liver transplant or mortality.[36!
Similarly, in our study, a diagnosis of PSC/ASC was
associated with less favorable clinical outcomes.
Moreover, the grouping of ASC with PSC could support
that these diseases are more similar in natural history
than AIH, as recently suggested by Ricciuto et al.l¥’]

A pattern of greater overall and periportal fibrosis was
found to be associated with nonresponsive disease and
poorer clinical outcomes with a higher risk of liver
transplantation. Normalization of ALT is clinically impor-
tant and a therapeutic endpoint recommended by
consensus guidelines as a marker of remission.'3 In
AIH, not attaining biochemical remission increases
patients’ risk for liver transplantation or death.[36:38l
Abnormal ALT levels are associated with ongoing
histologic activity.[*¥ Residual activity on biopsy has been
described to be associated with all-cause mortality and
liver transplantation, while evidence of histologic remis-
sion is a predictor of reduction in hepatic fibrosis.4041]
Moreover, the time over which patients respond to
therapy is important as biochemical remission by
12 months is associated with a lower likelihood of evolving
to cirrhosis in comparison to a more delayed response.[*2
In our study, the degree of periportal and overall fibrosis
by SHG was associated with persistently abnormal ALT at
12 months, possibly reflecting the relationship between
ongoing inflammatory burden and the fibrosis it drives. It
may also capture the subgroup of patients with biliary
involvement, which is often not responsive to immuno-
suppressive therapy in PSC and ASC. Indeed, as shown
in several follow-up studies, transaminases normalize in a
smaller proportion of patients with ASC when compared
to those with AlH.[3343:44]

The limitations of this study include that it was a
single-center study. Despite having a reasonable
population size for a pediatric cohort, our results should
be validated in a larger multicenter study. In addition,
SHG/TPEF microscopy with Al analysis is a technology

that is not currently readily available for routine use,
although it is under study in many hepatic diseases and
its role is forthcoming.

The application of SHG/AI algorithms in pediatric-
onset AILD improves the performance of liver histo-
pathology. Quantitative fibrosis allows to objectively
identify patients at greater risk of refractory liver disease
and is associated with meaningful clinical endpoints that
include liver-related complications and liver transplanta-
tion. Although a multicenter study is needed to confirm
our findings, we suggest that SHG gFibrosis parameters
could be used as potential tissue-based biomarkers for
disease stratification and surrogate endpoints in pediat-
ric-onset AILD.
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