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Abstract: This study aimed to understand the dynamic changes in fibrosis and its relationship
with the evaluation of post-treatment viral hepatitis using qFibrosis. A total of 158 paired pre- and
post-treatment liver samples from patients with chronic hepatitis B (CHB; n = 100) and C (CHC;
n = 58) were examined. qFibrosis was employed with artificial intelligence (AI) to analyze the fibrosis
dynamics in the portal tract (PT), periportal (PP), midzonal, pericentral, and central vein (CV) regions.
All patients with CHB achieved a virological response after 78 weeks of treatment, whereas patients
with CHC achieved a sustained viral response after 24 weeks. For patients initially staged as F5/6
(Ishak system) at baseline, the post-treatment cases exhibited a significant reduction in the collagen
proportionate area (CPA) (25-69%) and number of collagen strings (#string) (9-72%) across all regions.
In contrast, those initially staged as F3/4 at baseline showed a similar CPA and #string trend at
24 weeks. For regression patients, 27 parameters (25 in the CV region) in patients staged as F3/4 and
15 parameters (three in the PT and 12 in the PP regions) in those staged as F5/6 showed significant
differences between the CHB and CHC groups at baseline. Following successful antiviral treatment,
the pre- and post-treatment liver samples provided quantitative evidence of the heterogeneity of
fibrotic features. qFibrosis has the potential to provide new insights into the characteristics of fibrosis
regression in both patients with CHB and CHC as early as 24 weeks after antiviral therapy.

Keywords: artificial intelligence; chronic hepatitis B; chronic hepatitis C; liver fibrosis; qFibrosis;
viral hepatitis

1. Introduction

Liver fibrosis is characterized by the excessive accumulation of extracellular matrix
proteins. Advanced liver fibrosis leads to cirrhosis and liver-related complications [1-3].
Therefore, there is an urgent need to develop more effective treatments to reverse liver
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fibrosis and prevent its progression to cirrhosis [4—6]. Furthermore, liver fibrosis evaluation
is crucial for delineating fibrosis progression and predicting treatment efficacy [7,8].

Despite the utility of non-invasive techniques [9-11], including combined scores (e.g.,
Fibrosis Score 4), serum-based laboratory biomarkers (aspartate aminotransferase /Platelet
Ratio Index), and radiological investigations (elastography techniques), limitations exist
in evaluating mild to moderate fibrosis and in cases with progression or regression. Thus,
liver biopsy remains the gold standard for evaluating liver fibrosis [12-14]. Hepatitis
B and C viral infections are the leading causes of liver fibrosis. Advances in effective
antiviral therapies have led to several studies [15,16] reporting decreases in fibrosis and, in
some cases, complete resolution, even among patients with cirrhosis. However, in these
patients, liver fibrosis is an evolving process, and the assessment of liver biopsy may reveal
complex fibrosis patterns involving both progressive and regressive features. Currently,
classification systems, such as Ishak and METAVIR systems, have been developed as
discrete, semiquantitative staging tools for fibrosis employing a stepwise discrimination
analysis. However, these systems lack the granularity required to examine the heterogeneity
of fibrosis features and are also affected by intra- and inter-observer variability [17,18].
Therefore, a technology that can quantitatively and dynamically evaluate fibrosis should be
at the core of fibrosis evaluation, thus enhancing the value and importance of liver biopsy.

Recent developments in digital pathology and full-slide imaging, including second
harmonic generation (SHG)/two-photon excitation fluorescence (TPEF) microscopy, offer
refined insights into collagen dynamics within liver tissues [19-22]. qFibrosis is an artificial
intelligence (Al)-based digital pathology approach which leverages Al to quantitatively
analyze fibrosis on a continuous scale, providing a detailed assessment of collagen charac-
teristics including morphology (length and width) and location (portal vein and central
vein). This technology enhances the utility of liver biopsies by enabling a detailed analysis
beyond traditional scoring systems, thereby offering a deeper understanding of the fibrosis
patterns associated with both disease progression and regression in indications such as
chronic hepatitis B (CHB) and non-alcoholic fatty liver disease (NAFLD) [21-24].

This study aims to explore the dynamic changes in liver fibrosis post-treatment in
patients with viral hepatitis using the gFibrosis method, focusing on detailed collagen
morphology and distribution to better understand the heterogeneity of fibrosis changes,
which are crucial for precise disease management.

2. Materials and Methods
2.1. Study Population

A total of 158 consecutive series of paired pre- and post-treatment liver biopsies from
patients with CHB (1 = 100) and chronic hepatitis C (CHC; n = 58) were collected and
examined. For the CHB cohort, liver samples were performed at both baseline and week 78
after Entecavir antiviral treatment; however, for the CHC cohort, liver samples were ob-
tained at baseline and 24 weeks after direct-acting antiviral-based treatment. A virological
response is defined as a compliant patient with HBV DNA levels below 2000 IU/mL after
78 weeks of treatment. Sustained virological response was defined as the non-detection
of serum hepatitis C virus RNA levels after 24 weeks of treatment. Patients with other
chronic liver diseases (such as alcohol-related liver disease, severe non-alcoholic fatty liver
disease, autoimmune liver disease, and drug-induced liver injury) or incomplete clinical
or laboratory data were excluded. Information on patient demographics, clinical results,
laboratory results, and histological data were collected from medical records.

The research plan was approved by the Ethics Committee of Peking University Peo-
ple’s Hospital and Beijing Friendship Hospital (2020PHB039-01) and was conducted in
accordance with the Helsinki Declaration. Written informed consent was obtained from all
participants prior to study initiation.
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2.2. Histological Assessments

All available 4 um thick formalin-fixed, paraffin-embedded pre- and post-treatment
histologic samples were routinely stained with hematoxylin and eosin, Masson trichrome,
and reticulin stain. All slides were independently staged from 0 to 6 using the Ishak scoring
system by experienced histopathologists [25]. The minimum length of all biopsy samples
was 10 mm, with at least five portal veins.

2.3. Image Acquisition and Quantification

A total of 316 unstained liver samples were imaged using the Genesis system (His-
toIndex Pte. Ltd., Singapore), which is a laser-based multiphoton fluorescence imaging
microscope, where the SHG microscopy serves to visualize collagen and TPEF microscopy
highlights hepatocytes. The details of the procedure have been described previously [22].
In brief, the samples were laser excited at 780 nm, TPEF signals were recorded at 550 nm,
and SHG signals were recorded at 390 nm. Images were acquired at 20x magnification
with resolutions of 512 x 512 pixels, and each image presented a 200 x 200 ym? area of
tissue. Multiple adjacent images were captured to cover the entire section.

The SHG/TPEF images were analyzed using a digital image processing algorithm,
which is an Al-based algorithm that can detect collagen features in various regions of
the liver tissue. The liver tissue region was detected from the TPEF channel, and tissue
fragments with an area of less than 0.5 mm? were removed from the analysis. Collagen
was detected from the SHG channel using Otsu’s automatic threshold [26]. Portal tract
(PT) and central vein (CV) regions were determined by a decision tree constructed using
the Classification and Regression Tree (CART) [27]. The periportal (PP) region and the
pericentral (PC) region are defined as being within 100 pm around the portal tract and
central vein, respectively, and the region in between the PP and PC regions is the midzonal
(MZ) region. Additionally, 184 fibrosis parameters such as the collagen proportionate area
(CPA), number of collagen strings (#string), length of collagen strings (LengthStr), and
width of collagen strings (WidthStr) were quantified in each region [28]. For the 200 CHB
biopsies, the Al-based measurement showed an average length of 15.5 &+ 5.4 mm, with an
average number of portal tracts of 13.7 £ 8.8. And for the 116 CHC biopsies, the average
length and number of portal tracts were 24.5 = 9.8 mm and 17.8 & 11.5, respectively.
The liver specimens were well above the minimum sampling size required for qFibrosis
analyses [29].

2.4. Analysis of Treated vs. Untreated Samples

Two types of comparisons were performed to assess the heterogeneity of fibrosis
progression or regression. First, a paired analysis was conducted to calculate the relative
changes in the fibrosis parameters at various regions before and after treatment for three
cohorts of patients based on their Ishak scores at baseline: the early fibrosis cohort (F0/1/2),
moderate fibrosis cohort (F3/4), and advanced fibrosis cohort (F5/6). The percentage of
regressed patients was analyzed based on the fibrosis parameters in each region. Regression
of fibrosis was defined as a decrease of >1 standard error of the mean from pre- to post-
treatment [23]. Second, an unpaired analysis was conducted to calculate the relative
difference in fibrosis parameters at various regions between treated and untreated samples
within the same fibrosis stage (FO/1/2, F3/4, and F5/6).

2.5. Statistical Analysis

Statistical differences in fibrosis parameters (1) at various regions before and after
treatment in the paired analysis and (2) at various regions between the treated and untreated
samples within the same fibrosis stage from the unpaired analysis was assessed using the
Wilcoxon signed-rank test. The proportion of patients showing fibrosis improvement
in the collagen parameters at the five regions was analyzed. Fibrosis improvement was
determined by examining the relative changes in collagen parameters that were reduced
by more than 10% after treatment. The difference in the proportion of patients with fibrosis
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regression between the CHB and CHC groups was evaluated using the chi-square test. The
statistical significance threshold was set to p < 0.05 [26].

3. Results
3.1. Demographic, Clinical, and Laboratory Characteristics of Patients

A total of 158 patients with paired liver biopsies were enrolled in this study. qFibrosis
of paired liver biopsy samples from patients with CHB and CHC was carried out based on
the Al measurement (Figure S1). The clinical and histological characteristics of all paired
patients are summarized in Tables S1 and S2. In the CHB group, the mean age of patients
was 37.8 £ 9.7 years, with males accounting for 78% (n = 78). Among them, 69% of the
pre-treatment patients had Ishak scores > 3; this decreased to 59% after treatment. In the
CHC group, the mean age of patients was 41.5 £ 14.1 years, with males accounting for
36% (n = 21). Among them, 83% (1 = 48) of pre-treatment patients had Ishak scores > 3;
this decreased to 71% (n = 41) after treatment. After antiviral therapy, significant declines
in alanine aminotransferase, aspartate aminotransferase, and viral load were observed
(p <0.001). All patients with hepatitis B infection achieved a virological response after
78 weeks of treatment, with 69% of cases achieving a complete virological response (HBV
DNA <20 IU/mL). All patients with CHC achieved a sustained virological response after
24 weeks.

The fibrosis stage improved in 42% of patients with CHB, stabilized in 51%, and
worsened in 7% after treatment compared with that before treatment. Similarly, the fibrosis
stage improved in 40% of patients with CHC, stabilized in 60%, and worsened in 15%. Most
of the observed differences were a one-stage change, with 80% exhibiting a single-stage
improvement and 20% showing two- or three-stage improvements in the biopsy pairs
(Figure S2).

3.203 gammeters between Pre- and Post-Treatment Liver Biopsies from Patients with Hepatitis B
an

When comparing the collagen contents between the pre- and post-treatment liver
biopsies, the post-treatment liver biopsies exhibited a significantly reduced area of collagen
(Figure S3). In the samples staged as F5/6 at baseline, all post-treatment cases showed a
significantly decreased CPA (25-69%) and #string (9-72%) across all regions, especially in
the PT and PP regions. This result indicates a significant reduction in collagen associated
with septa. For samples staged as F3/4 at baseline, a similar CPA and #string trend was
observed, except for more CPA (4%) and #string (17%) in CV areas in the post-treatment
cases with CHC at 24 weeks. This suggests that the duration was likely insufficient for the
resolution of some portal-central bridges. In the F0/1/2 cohort, less CPA (12—44%) and
#string (3-52%) were also observed across all regions, especially in the PC and CV regions
in cases with CHB and in the PP and PC regions in cases with CHC. After 78 weeks of
treatment, patients with CHB showed a 3% increase in CPA in the PT region (Figure 1).
Similarly, after 24 weeks of treatment, patients with CHC exhibited a 4% increase in CPA in
the MZ region and a 2% increase in #string in the PC region, indicating fibrous expansion
in the perisinusoidal and PC areas.

For the unpaired analysis at the same fibrosis stage, CPA and #string mostly had
a similar decreasing trend in different regions compared to the samples obtained post-
treatment (Figure S4). Especially in the PP region, the post-treatment samples staged as
F5/6 showed a significant lower CPA (47-70%) and #string (49-69%) than the pre-treatment
samples with the same stages. The differences in fibrosis parameters for the same fibrosis
stages between the treated and untreated samples reflected the heterogeneity of collagen
changes in different regions of liver tissue after treatment, which cannot be reflected by
conventional scoring systems.
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Figure 1. A paired analysis of the differences in the collagen proportionate area (CPA) and number
of collagen strings (#string) between the pre- and post-treatment liver biopsies from patients with
chronic hepatitis B and C. * p < 0.05, ** p < 0.01, and *** p < 0.001.

Furthermore, all parameters in the PT, PP, MZ, PC, and CV regions were analyzed
between patients with regressed CHB and CHC. Seventeen parameters (all in the CV
regions) showed significant differences. The CHB group had a higher proportion of patients
with regression than the CHC group. For samples staged as F3/4 at baseline, 27 parameters
(25 in the CV regions) showed significant differences. For those staged as F5/6 at baseline,
15 parameters (three at the PT and 12 at the PP) showed significant differences (Figure 2
and Table S3).
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Figure 2. Proportion of patients showing fibrosis improvement in collagen parameters at five regions,
including portal tract, periportal, midzonal, pericentral, and central vein regions. There were 28 parameters
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in each region, and 140 collagen parameters were analyzed. Fibrosis improvement was determined
by examining relative changes in collagen parameters that were reduced by more than 10% after
treatment. (A) Analysis was performed for all patients. (B-D) Analysis was performed for patients
with baseline fibrosis stages of F0/1/2, F3/4, and F5/6, respectively. Number of parameters with
significant differences (calculated using chi-square test) between patients with CHB and CHC was
indicated. Statistical significance was set at p < 0.05.

4. Discussion

Assessing dynamic changes in liver fibrosis is crucial for distinguishing fibrosis pro-
gression, predicting the efficacy of liver fibrosis treatment, determining patient prognosis,
and developing follow-up monitoring strategies. CHB and CHC viral infections are com-
mon causes of liver cirrhosis and associated hepatocellular carcinoma. In our study, the
quantitative Al-based qFibrosis approach has the potential to provide new insights into
monitoring dynamic changes in liver fibrosis in viral hepatitis cases as early as 24 weeks
post-treatment.

Liver histology is considered the gold standard for staging fibrosis. In patients with
CHB, treatment with a nucleotide analog or tenofovir disoproxil fumarate [30-32] can
achieve fibrosis and cirrhosis regression according to Ishak’s scoring evaluation criteria.
Similarly, CHC cases treated with interferon or direct-acting antiviral agents [33-35] can
achieve fibrosis and cirrhosis regression, as assessed through METAVIR or Ishak staging.
However, the two scoring systems are semiquantitative staging systems and do not measure
changes in collagen architecture, correctly score fibrosis regression, or further capture subtle
changes in fibrosis after treatment. The CPA is derived from calculating the percentage
of collagen areas stained with Picro Sirius red over the total liver tissue. One of the main
advantages of morphometrics is that it provides a definable quantitative scale, which
is more accurate than semiquantitative scoring methods. Previous studies have shown
changes in hepatic fibrosis after a-interferon therapy in patients with CHB and CHC
by using morphometry [36]. In all of these studies, the decrease or increase in collagen
was estimated pre- and post-treatment. However, the CPA measurement can be affected
by technical issues, such as differences in staining procedures, operator experience, and
imaging software used, all of which may interfere with image analysis [19,37].

The Al-based gFibrosis algorithm analyzed SHG/TPEF images from unstained slides,
delivering a quantitative assessment of fibrotic changes on a continuous scale. This ap-
proach offers a more nuanced reflection of subtle variations compared to traditional semi-
quantitative scores. qFibrosis was previously established by Xu et al. [21] and incorporated
spatial structural features related to pathology staging. Sun et al. [20] also demonstrated
that qFibrosis could reveal otherwise undetected changes in collagen, allowing for the
further subcategorization of collagen. In our study, consistent reductions were observed
in collagen features at various spatial locations in patients with CHB and CHC after 78-
or 24-week treatment regimens. This suggests that collagen resolved even after a short
period of effective antiviral treatment. This is consistent with the results of Sun et al., who
examined patients with CHB and showed that collagen reduction was obvious in the CV
region of samples staged as F3/4 at baseline and in the portal region in those staged as F5/6
at baseline. This effect was more obvious with a prolonged period of effective antiviral
therapy. This may be related to the long period of effective antiviral treatment for CHB and
the different pathological mechanisms of fibrosis regression in patients with CHB and CHC.
Greater portal and periportal fibrosis seen in patients with CHC [38] might be related to
the insufficient resolution of portal-central bridging and portal fibrosis within a short time
after treatment.

In stages F3/4 and F1/2, collagen features showed minor inconsistencies in spatial
locations, such as an increase in #string in CV areas in F3/4 and the PP areas in F1/2 after
24 weeks of treatment. However, after a further analysis of the proportion of patients with
regression, the results show reduced consistency in spatial locations, particularly in the CV
and portal regions. This suggests that minor collagen changes should be differentiated and
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analyzed in patients with regression or progression. qFibrosis could provide more refined
insights into collagen changes according to different causes of chronic liver disease, proving
more sensitive and meaningful results when monitoring the dynamic fibrotic process of
disease progression.

This study has some limitations. First, liver biopsies were examined mainly in Asian
populations, and a larger cohort could provide more statistical power and generalizability
of the findings. In the future, we plan to collect more samples from different ethnic groups to
analyze patterns of qFibrosis changes. Second, based on the differences in collagen changes
between patients with CHB and CHC, we aim to refine the incorporation of etiology-related
features. Third, compared to traditional semiquantitative scoring systems and morphome-
try, feature recognition and quantification are expensive and time-consuming, requiring
technical improvements that must be evaluated quickly. Fourth, fibrosis changes might
have a certain correlation with clinical outcomes (i.e., liver cirrhosis and hepatocellular car-
cinoma), and the cutoff system of qFibrosis must be defined and characterized to determine
whether the collagen changes are associated with improved clinical outcomes before the
system is widely adopted.

5. Conclusions

In this study, we employed Al-based gFibrosis to better detect changes in collagen in
CHB and CHC cohorts with chronic liver disease. The gFibrosis approach has the potential
to provide new insights into the dynamic’s heterogeneity of fibrosis regression in patients
with viral hepatitis as early as 24 weeks after antiviral therapy. Although much work
remains to be conducted before routine clinical practice, the advances of qFibrosis in Al
image analysis show great promise in quantifying and calculating different variables of
collagen distribution, morphology, and structure. This algorithm can monitor the response
to treatment and be used as a network-assisted evaluation tool to facilitate the further
independent exploration of its clinical applicability for liver diseases, including not only
CHB and CHC, but also fatty liver and other liver diseases.

Supplementary Materials: The following supporting information can be downloaded at https:/ /www.
mdpi.com/article/10.3390/diagnostics14161837/s1, Table S1: Clinical and histological characteristics
of chronic hepatitis B patients before and after treatment (1 = 100). Wilcoxon signed rank test was
used; Table S2: Clinical and histological characteristics of chronic hepatitis C patients before and
after treatment (1 = 58); Table S3: The significant parameters for the analysis of regressive patients
between CHB and CHC. The parameters with p < 0.05 were highlighted. Chi-square test was used for
the analysis; Figure S1: Flowchart of qFibrosis based on Al analysis of paired liver biopsy samples
from patients with CHB and CHC; Figure S2: Distribution of patients with fibrosis progression,
stability and regression as determined by Ishak fibrosis score before and after treatment. CHB
patients (A) and CHC patients (B). Fibrosis progression (yellow) or regression (green) was defined
as increase or decrease in Ishak fibrosis score; fibrosis stability (brown) was defined as no change in
Ishak fibrosis score compared with BL; Figure S3: Examples of pre- and post-treatment SHG/TPEF
images from one CHB patient and one CHC patient. Both CHB and CHC patients had fibrosis
improvement with 1-point Ishake stage and fibrosis regression at portal tract region (white arrow).
CPA-PT, collagen proportionate area at portal tract region quantified by SHG/TPEF; Figure S4:
Unpaired analysis—difference in collagen proportionate areas (CPA) and #string between treated
and untreated liver biopsies from hepatitis B and C patients.
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Abbreviations

SHG/TPEF  second harmonic generation/two-photon excitation fluorescence

Al artificial intelligence
CHB chronic hepatitis B
CHC chronic hepatitis C
PT portal tract
PP periportal
Mz midzonal
PC pericentral
Ccv central vein
CPA collagen proportionate area
#string number of collagen strings
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