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Fatty Liver Disease

Yohei Masugi,l* Tokiya Abe,'" Hanako Tsujikawa,1 Kathryn Effendi,’ Akinori Hashiguchi," Masanori Abe,? Yasuharu Imai,’
Keisuke Hino,* Shuhei Hige,5 Miwa Kawanaka,® Gotaro Yamada,® Masayoshi Kage,7 Masaaki Korenaga,8 Yoichi Hiasa @2
Masashi Mizokami,® and Michiie Sakamoto!

Introduction

Accurate staging of liver fibrosis is crucial to guide therapeutic decisions for patients with nonalcoholic fatty liver disease
(NAFLD). Digital image analysis has emerged as a promising tool for quantitative assessment of fibrosis in chronic liver dis-
eases. We sought to determine the relationship of histologic fibrosis stage with fiber amounts quantified in liver biopsy specimens
for the better understanding of NAFLD progression. We measured area ratios of collagen and elastin fibers in Elastica van
Gieson-stained biopsy tissues from 289 patients with NAFLD from four hospitals using an automated computational method
and examined their correlations with Brunt’s fibrosis stage. As a secondary analysis, we performed multivariable logistic regres-
sion analysis to assess the associations of the combined area ratios of collagen and elastin with noninvasive fibrosis markers. The
combined fiber area ratios correlated strongly with Brunt’s stage (Spearman correlation coefficient, 0.78; P < 0.0001), but this
relationship was nonlinear (P = 0.007) with striking differences between stage 4 (median area ratios, 12.3%) and stages 0-3
(2.1%, 2.8%, 4.3%, and 4.8%, respectively). Elastin accumulation was common in areas of thick bridging fibrosis and thickened
venous walls but not in areas of perisinusoidal fibrosis. The highest tertile of the combined fiber area ratios was associated with
the fibrosis-4 index and serum type IV collagen 7s domain (7s collagen) levels, whereas the upper two tertiles of the fiber
amounts significantly associated with body mass index, aspartate aminotransferase, and 7s collagen in the multivariable analysis.
Conclusion: Quantitative fibrosis assessment reveals a nonlinear relationship between fibrosis stage and fiber amount, with a
marked difference between stage 4 and stage 3 and much smaller differences among stages 0-3, suggesting a heterogeneity in dis-
ease severity within NAFLD-related cirrhosis. (Hepatology Communications 2018;2:58-68)

indicates that the assessment of liver fibrosis is crucial

in the clinical management of NAFLD/NASH to

ecause of changing lifestyles, nonalcoholic fatty
liver disease (NAFLD) is increasingly a major
cause of chronic liver disease worldwide.!?
NAFLD is a heterogeneous group of diseases that
comprises two clinicopathologic subtypes: nonalcoholic
fatty liver and nonalcoholic steatohepatitis (NASH),
the latter being a more aggressive form of the disease
progressing to cirrhosis over decades.®” Evidence

reduce mortality related to hepatocellular carcinoma,
liver failure, and cardiovascular disease.®® Liver
biopsy is essential for determining the diagnosis and
fibrosis stage of the disease.”"'*>) However, current
histologic staging systems are not continuous quantita-
tive measures of hepatic fibrosis.*® Previous studies
have suggested that noninvasive or minimally invasive
biomarkers, including platelet counts, serum levels of
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the type IV collagen 7s domain (7s collagen) and Wis-
teria floribunda agglutinin-positive Mac-2 binding
protein, fibrosis-4 (FIB-4) index, and liver stiffness
computed by imaging technologies, are surrogate
measurements for estimating the degree of liver fib-
rosis in patients with NAFLD.®172% Emerging evi-
dence attests to a possible role of fibrosis-targeted
therapy against progressive fibrotic diseases, including
NAFLD.“"*” Consequently, to facilitate future clini-
cal trials, there is an increasing need for accurate evalu-
ation methods for liver fibrosis.

The quantification of collagen fiber amounts by dig-
ital image analysis has been a powerful tool not only
for continuous grading of hepatic fibrosis but also for
the prediction of clinical outcomes in chronic liver dis-
eases, including hepatitis C and alcoholic liver dis-
ease.'*313% Previous studies have linked higher levels
of accumulation of hepatic collagen and elastin fibers
to an increased risk of hepatocellular carcinoma in
patients with hepatitis C virus infection.®*® How-
ever, the potential role of quantitative analysis on
hepatic fiber amounts in the assessment of NAFLD
remains poorly understood. This current study aimed
to measure the amount of collagen and elastin fibers in
liver biopsy specimens and to determine its relation-
ship with the histologic fibrosis stage classified by
Brunt’s criteria. Toward that end, we analyzed 289
liver biopsy specimens from patients with NAFLD
collected from four hospitals using a previously
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established automated computational method to quan-
tify the amount of collagen and elastin fibers present in
the specimens. As a secondary exploratory analysis, we
assessed the associations between fiber amount and
clinicopathologic characteristics of NAFLD, including
noninvasive fibrosis markers, to support the validity of
our quantitative measurements on fibers.

Patients and Methods

STUDY POPULATIONS AND LIVER
BIOPSY SPECIMENS

We reviewed 325 patients with NAFLD who
underwent liver biopsies between July 2003 and
September 2013 at one of the following four institu-
tions: Ehime University Hospital (Ehime, Japan),
Ikeda Municipal Hospital (Osaka, Japan), Kawasaki
Medical School Hospital (Okayama, Japan), and Sap-
poro Kosei General Hospital (Hokkaido, Japan). We
excluded patients who had a history of other liver dis-
eases, including hepatitis B virus or hepatitis C virus
infection; those taking drugs known to influence the
activity of NAFLD, such as tamoxifen or a glucocorti-
coid; and those who had a history of alcohol abuse
(defined as a daily alcohol consumption of >20 g).
Among the 325 NAFLD cases, 36 did not meet the
tollowing criteria for the quality of liver biopsy speci-
mens: specimen >15 mm in length and having six or
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more portal tracts within each tissue section. Conse-
quently, we analyzed 289 NAFLD cases with available
quantitative data on collagen and elastin fibers in liver
biopsy tissues. Variations in clinicopathologic charac-
teristics of the 289 patients with NAFLD among the
four participating institutions are shown in Supporting
Table S1. Written informed consent was obtained
from all participants. The study protocol conformed to
the ethical guidelines of the 1975 Declaration of Hel-
sinki, as reflected by each institutional review commit-
tee’s a priori approval of this study.

QUANTIFICATION OF LIVER
FIBROSIS IN ELASTICA

Formalin-fixed paraffin-embedded liver biopsy tis-
sues were sliced to a thickness of 4 um and underwent
Elastica van Gieson (EVG) staining using the follow-
ing procedure: Briefly, deparaffinized and hydrated
sections were dipped in 70% ethanol containing 1%
hydrogen chloride, incubated in resorcin—fuchsin solu-
tion for 60 minutes, and washed in 100% ethanol and
in water, followed by counterstaining with van Gie-
son’s solution (saturated picric acid containing 0.09%
acid fuchsin) for 5 minutes. EVG staining for all slides
was performed at one institute (Department of Pathol-
ogy, Keio University School of Medicine). We scanned
liver biopsy tissue sections to obtain whole-slide
images using a NanoZoomer 2.0HT scanner (Hama-
matsu Photonics K.K, Hamamatsu, Japan) with a 20X
objective lens. Hepatic fiber amounts were quantified
based on a pixel-by-pixel (0.46 um/pixel) evaluation of
the ratios of the areas of collagen and elastin fibers to
the total area of the biopsy tissue specimens in whole-
slide images, using a previously established automated
computational method (Supporting Fig. S1).°7%%) To
validate the replicability of our quantitative fibrosis
assessment, we selected 12 NAFLD cases to quantify
the amounts of fibers for each biopsy specimen, using
two consecutive slides that underwent EVG staining
with different batches of stain, and we confirmed the
reproducibility of the fiber measurements (P = 0.59
for collagen, P = 0.68 for elastin; two-sided paired #
test). There were no significantly positive correlations
of biopsy size (length or area) with the area ratios of
collagen fiber, elastin fiber, or both fibers combined or
with fibrosis stage (Spearman correlation coefficient 7
< 0.09). In addition, 38 NAFLD cases that had two
biopsy cores in each section were analyzed for the
amounts of hepatic fiber, and we did not observe any
significant differences between cores (P = 0.20 for
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collagen, P = 0.50 for elastin; two-sided paired # test).
To characterize the clinicopathologic significance of
the hepatic fiber amounts, we categorized patients into
tertiles according to the combined area ratios of colla-
gen and elastin fibers (tertile 1, 0.677%-2.805%; tertile
2, 2.806%-4.777%; tertile 3, 4.778%-42.953%).

In an exploratory analysis, we conducted Sirius Red
staining using van Gieson’s solution (saturated picric
acid containing 0.3% Sirius Red) on specimens from 6
selected patients with NAFLD to compare results with
those of EVG staining and found that the sublocaliza-
tion of elastin and collagen was generally different,
although some areas of collagen were likely covered by
elastin staining in EVG-stained sections (Supporting
Fig. S2). These findings might be because of the prin-
ciple of the EVG staining in which resorcin—fuchsin
combines and masks elastin areas to preclude the fol-
lowing collagen stain. Indeed, the area ratios of colla-
gen in Sirius Red-stained sections were higher than
those in EVG-stained sections (P = 0.012; two-sided
paired # test) but were lower than the combined fiber
area ratios by EVG staining (P = 0.004; Supporting
Table S2).

HISTOLOGIC EVALUATION
OF LIVER BIOPSY SPECIMENS

Histopathologic assessment was performed using
Brunt’s criteria; NAFLD/NASH was classified acc-
ording to the necroinflammatory activity (grade O,
absent; grade 1, mild; grade 2, moderate; and grade 3,
severe) and the extent of fibrosis with or without archi-
tectural remodeling (stage 0, no fibrosis; stage 1, zone
3 fibrosis; stage 2, zone 3 and portal fibrosis; stage 3,
zone 3 and portal fibrosis with bridging fibrosis; and
stage 4, cirrhosis).®**”) The degrees of steatosis, bal-
looning, and lobular inflammation were graded using a
NAFLD activity scoring system.“” The histologic
evaluation for the current data set was conducted and
carefully validated by three board-certified liver pathol-
ogists (ML.K., M.S., and H.T.) who were blinded to
the clinical data, as described.®?

CLINICAL AND LABORATORY
DATA

We collected patient information, including age at
diagnosis, sex, weight, and height.*" The body mass
index (BMI) was calculated as the weight (kg) divided
by the square of the height (m). Blood samples were
obtained in the morning after overnight fasting either
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immediately before or no more than 2 months after
liver biopsy. We measured biochemical variables using
conventional automated analyzers at the respective
hospitals. Data were collected for platelet count; pro-
thrombin time (activity); and serum levels of bilirubin,
aspartate aminotransferase (AST), alanine aminotrans-
ferase (ALT), gamma-glutamyl transpeptidase, albu-
min, cholesterol, triglyceride, fasting plasma glucose,
and 7s collagen.®? The FIB-4 index was calculated as

follows:1”

FIB-4index = (age [years] X AST [U/L])/
(platelet count [10” /1] X/ALT [U/L]).

STATISTICAL ANALYSIS

Statistical analyses were conducted using SPSS ver-
sion 22.0 (Chicago, IL), and all P values were two-
sided. To assess the correlations of the fiber area ratios
(i.e., the area ratios of collagen fiber, elastin fiber, and
both fibers combined, as continuous variables) with
Brunt’s fibrosis stage (ranging from 0 to 4, as an ordi-
nal variable), we performed the Spearman correlation
test. We conducted the Games—Howell test to com-
pare the distributions of fiber area ratios between adja-
cent categories of fibrosis stage (0 versus 1, 1 versus 2,
2 versus 3, and 3 versus 4), adjusting the P value for
significance to 0.004 (~0.05/12) by Bonferroni correc-
tion for multiple hypothesis testing. To test the linear-
ity of the relationship between fibrosis stage and fiber
area ratios, we performed the score test for the propor-
tional odds assumption in the univariable ordinal logis-
tic regression model for Brunt’s fibrosis stage (0-4, as
an ordinal outcome variable). To assess the linear rela-
tionships between continuous variables, including fiber
area ratios and the laboratory data, the Pearson correla-
tion test was performed.

To assess associations of the tertile categories of the
combined fiber area ratios with categorical clinicopath-
ologic characteristics (except for lobular inflammation
for which Fisher’s exact test was performed), the chi-
square test was performed. To compare continuous
clinical data, analysis of variance was performed. Be-
cause we examined the associations of the combined
fiber amount with 21 clinicopathologic characteristics,
we adjusted the two-sided o level to 0.002 (~0.05/21)
by simple Bonferroni correction.

Multivariable binary logistic regression analyses were
performed to assess the association between noninvasive
fibrosis biomarkers (predictor) and the combined fiber
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amount (outcome). We tested two models using two
different cutoff levels for the combined fiber area ratios
as an outcome variable (tertiles 1/2 versus tertile 3 and
tertile 1 versus tertiles 2/3). In the multivariable logistic
regression analysis, we analyzed 204 cases with full sets
of laboratory data. The multivariable model initially
included the age at diagnosis (continuous), sex (female
versus male), smoking history (current/past versus nega-
tive versus missing [12.1%]), BMI (continuous), platelet
count (continuous), prothrombin time (continuous), bil-
irubin (continuous), AST (continuous), ALT (continu-
ous), gamma-glutamyl transpeptidase (continuous),
albumin (continuous), cholesterol (continuous), triglyc-
eride (continuous), fasting plasma glucose (continuous),
7s collagen (continuous), and the FIB-4 index (continu-
ous). Backward elimination with a threshold of P =
0.05 was used to select covariates for the final model.
Because we examined the 16 predictor variables in each
binary logistic regression analysis model, we adjusted
the two-sided o level to 0.003 (~0.05/16) for multiple
hypothesis testing.

Results

Using an automated computational method, we
measured the area ratios of collagen and elastin fibers
in EVG-stained whole-slide images of liver biopsy
specimens from 289 patients with NAFLD. The area
ratios of collagen fiber (range, 0.6%-31.3%; median,
3.2%; mean, 4.7%), the area ratios of elastin fiber
(range, 0.1%-12.2%; median, 0.4%; mean, 1.0%), and
the combined area ratios of the two fibers (range,
0.7%-43.0%; median, 3.6%; mean, 5.7%) had skewed
distributions (Supporting Fig. S3). The area ratios of
collagen fiber, elastin fiber, and the two fibers com-
bined all correlated positively with Brunt’s fibrosis
stage by the Spearman correlation test (Spearman cor-
relation coefficients » = 0.76, 0.60, and 0.78, respec-
tively; all P < 0.0001). The relationships between the
area ratios of fiber deposition and the histologic fibrosis
stage of NAFLD are illustrated in Fig. 1. The associa-
tion of the combined area ratio of collagen and elastin
fibers with Brunt’s fibrosis stage appeared to be nonlin-
ear with a striking difference in the combined fiber
amounts between fibrosis stage 4 (median of the com-
bined fiber area ratios, 12.3%) and stage 3 (median
area ratio, 4.8%; P < 0.0001); the differences among
stages 0-3 (median area ratios, 2.1%, 2.8%, 4.3%, and
4.8%, respectively) were much smaller (Fig. 1A). The
relationship of the fibrosis stage with the collagen fiber
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FIG. 1. Scattergrams and box plots showing the relationships of Brunt’s fibrosis stage with the combined area ratio of collagen and
elastin fibers (A), the area ratio of collagen fiber (B), or that of elastin fiber (C). Asterisks indicate significant differences in the
amount of fibers between fibrosis stages (all P < 0.0001 by the Games—Howell test). The ends of the vertical lines (whiskers) indicate
the minimum and maximum values, unless outliers are present in which case the whiskers extend to a maximum of 1.5 times the
inter-quartile range (boxes). The table (bottom) shows the median area ratios of fibers for each fibrosis stage.

amount was similar to its association with the com-
bined fiber area ratios (Fig. 1B). There was a signifi-
cant difference in the area ratio of elastin fiber between
stage 4 (median area ratio, 2.1%) and stages 0-3
(median area ratios, 0.2%-0.5%; Fig. 1C). Although
there was a trend toward higher amounts of fiber in
stage 3 (median of the combined area ratios, 4.8%)
than in stage 2 (median area ratio, 4.3%), we did not
observe any statistically significant differences in fiber
area ratios (P = 0.70 for collagen fiber, P = 0.034 for
elastin fiber, P = 0.16 for both fibers combined;
Games—Howell test; Fig. 1) with the adjusted o level
of 0.004 for multiple hypothesis testing. The nonline-
arity of the association between the combined fiber
area ratios and Brunt’s fibrosis stage was confirmed
by the score test for the proportional odds assumption
(P = 0.007) in the univariable ordinal logistic regres-
sion model for the fibrosis stage (0-4, as an ordinal
outcome variable).

Histologic review of liver biopsy slides was performed
to clarify the localization of collagen and elastin fiber
deposition in different parts of the liver acinus (Fig. 2).
With the current quantitative analysis system, native
collagen fibers in the liver parenchyma were detected as
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the main component of the extracellular matrix in portal
tracts and in the walls of the hepatic vein (Supporting
Fig. S4). Small amounts of native elastin fiber were also
detected by the image analysis system in portal stroma
and in the elastic lamina of blood vessels (Supporting
Fig. S4). Fibrotic areas in NAFLD liver biopsy speci-
mens mainly consisted of collagen fiber deposition (Fig.
2). Zone 3 perisinusoidal deposition of collagen fibers
was a characteristic finding of stage 1 NAFLD and was
also observed across stages 2-4. Wide variations in the
severity of bridging fibrosis were observed in advanced
NAFLD (stages 3/4); thin and/or focal bridging fibrosis
was a common finding in stage 3, whereas thick and
extensive bridging (so-called fibrous septa) was frequent
in stage 4. Increased elastin deposition was often found
in areas of thick bridging fibrosis and thickened venous
walls but was uncommon in areas of perisinusoidal
fibrosis.

To characterize the clinicopathologic significance of
the hepatic fiber amounts, we categorized patients into
tertiles according to the combined area ratios of collagen
and elastin fibers. The clinical and pathologic features
according to the combined fiber amount in 289 patients
with NAFLD are summarized in Table 1. A higher
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FIG. 2. Histologic localization of collagen and elastin fibers in liver biopsy tissues from patients with NAFLD. Collagen and elastin
fibers were stained red and black, respectively, by EVG staining. Fibrotic areas in liver biopsy specimens were mainly composed of col-
lagen fibers. (A) Native collagen fibers were found in portal tracts and hepatic veins. (B) Zone 3 perisinusoidal fibrosis (arrowheads)
was a characteristic finding of stage 1 NAFLD and was also seen in stages 2-4. (C) Patients with zone 3 and portal fibrosis were cate-
gorized as stage 2. (D,E) Bridging fibrosis (arrows) that links vascular structures is a hallmark of advanced NAFLD (stages 3/4).
Thick and extensive bridging fibrosis was infrequent in stage 3 but was common in stage 4. (F) Increased elastin deposition was often
found in areas of thick bridging fibrosis and thickened venous walls but was uncommon in areas of perisinusoidal fibrosis. Stage 0
(A), 1 (B), 2 (C), 3 (D), and 4 (E); EVG stain (A-F). Scale bars, 500 um (C), 250 um, (A,D,E), 100 um (B,F). Abbreviations: P,

portal tract; V, hepatic vein.

combined amount of fiber deposition was significantly
associated with a higher age (P < 0.0001), higher BMI
(P = 0.0007), lower platelet count (P < 0.0001), pro-
longed prothrombin time (P < 0.0001), higher serum
levels of AST (P < 0.0001) and 7s collagen (P <
0.0001), lower serum level of albumin (P < 0.0001),
higher FIB-4 index (P < 0.0001), higher Brunt’s activ-
ity grade (P < 0.0001), higher degrees of lobular in-
flammation (P < 0.0001) and ballooning (P < 0.0001)
as established by the NAFLD activity scoring system,
and higher Brunt’s fibrosis stage (P < 0.0001). The
combined fiber amount was not significantly associated
with the other characteristics examined (P > 0.002;
with an adjusted o level of 0.002; Table 1). In addition,
we calculated Pearson correlation coefficients to assess

the linear relationships between the combined fiber area
ratios (as a continuous variable) and laboratory data (as
continuous variables; Supporting Table S3). We found
moderate linear correlations with 7s collagen (Pearson
correlation coefficient » = 0.53; Fig. 3A) and FIB-4
index (r = 0.43; Fig. 3B) and weak inverse correlations
with prothrombin time (» = —0.39), platelet count (» =
—0.38), and serum levels of albumin (» = —0.28) and
cholesterol (» = —0.24).

In our exploratory analysis, we further conducted
multivariable binary logistic regression analysis to
assess the association of noninvasive fibrosis markers
with the combined fiber amounts (Table 2), with the
use of two different cutoff levels for the combined fiber
area ratios as an outcome variable. In the model for the
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TABLE 1. CLINICOPATHOLOGIC CHARACTERISTICS ACCORDING TO THE COMBINED FIBER AMOUNT
IN LIVER BIOPSY SPECIMENS FROM 289 PATIENTS WITH NONALCOHOLIC FATTY LIVER DISEASE

Combined Area Ratios of Collagen and Elastin
Fibers in Liver Biopsy Specimens*

Total No. Terfile 1 Tertile 2 Tertile 3

Characteristics’ (n = 289) (n = 96) (n = 96) (n = 97) P Value'
Median area ratio of fibers, %

Collagen + Elastin 3.6 2.1 3.6 8.2

Collagen 3.2 1.8 3.2 6.4

Elasfin 0.4 0.2 0.4 1.2
Age, years 54.8 + 14.6 52.2 + 16.1 52.0 = 14.2 60.0 = 11.9 <0.0001
Sex 0.08

Male 159 (55%) 52 (54%) 61 (64%) 46 (47%)

Female 130 (45%) 44 (46%) 35 (36%) 51 (63%)
Smoking history 0.56

Negative 172 (68%) 62 (72%) 52 (66%) 58 (65%)

Current/Past 82 (32%) 24 (28%) 28 (34%) 31 (35%)
BMI, kg/m? 276 = 4.7 26.2 + 3.8 28.6 = 5.1 28.1 = 4.8 0.0007
Plafelet count, 10%/L 189 + 6.8 208 + 6.4 20.6 = 6.3 15.4 = 6.4 <0.0001
Prothrombin time, % 99.3 + 16.7 106.7 = 17.3 1009 = 11.8 90.2 + 16.2 <0.0001
Bilirubin, mg/dL 1.0+ 06 09 +05 09 +04 1.1 =08 0.008
AST, U/L 61.4 + 48.9 42.4 + 241 65.8 + 54.4 75.9 = 554 <0.0001
ALT, UL 85.5 + 68.9 66.0 + 52.7 97.3 = 72.1 93.2 + 759 0.003
GGT, U/L 92.3 + 89.9 86.7 + 99.3 89.2 + 84.4 101.1 = 85.6 0.50
Albumin, g/dL 42 +04 43+ 04 42 + 04 40+05 <0.0001
Cholesterol, mg/dL 195.4 + 41.1 202.7 = 44.2 196.5 + 34.1 186.8 = 43.0 0.028
Triglyceride, mg/dL 144.4 = 77.2 136.2 = 69.8 153.6 = 89.3 143.4 = 70.5 0.30
FPG, mg/dL 115.2 + 38.4 112.4 = 35.9 111.6 = 39.2 121.7 = 39.7 0.14
7s collagen, ng/mL 55+ 22 44 +13 50+ 15 6.9 + 26 <0.0001
FIB-4 index 25 +20 1714 20*16 37 =*23 <0.0001
Activity grade <0.0001
(Brunt’s criferia)

0 43 (15%) 33 (34%) 9 (9%) 1 (1%)

1 96 (33%) 37 (39%) 40 (42%) 19 (20%)

2 70 (24%) 17 (18%) 26 (27%) 27 (28%)

3 80 (28%) 9 (9%) 21 (22%) 50 (52%)
Steatosis 0.028

5%-33% 64 (22%) 31 (32%) 17 (18%) 16 (16%)

> 33%-66% 125 (43%) 40 (42%) 45 (47%) 40 (41%)

> 66% 100 (35%) 25 (26%) 34 (35%) 41 (42%)
Lobular inflammation <0.0001

No foci 10 (3%) 7 (71%) 3 (B%) 0 (0%)

< 2 foci per 200 field 130 (45%) 64 (67%) 42 (44%) 24 (25%)

2-4 foci per 200 field 133 (46%) 22 (23%) 48 (50%) 63 (65%)

>4 foci per 200 field 16 (6%) 3 (B3%) 3 (B%) 10 (10%)
Ballooning <0.0001

None 43 (156%) 33 (34%) 9 (9%) 1 (1%)

Few balloon cells 96 (33%) 37 (39%) 40 (42%) 19 (20%)

Many cells/prominent 150 (562%) 26 (27%) 47 (49%) 77 (719%)
Fibrosis stage <0.0001
(Brunt’s criferia)

0 35 (12%) 33 (34%) 2 (2%) 0 (0%)

1 113 (39%) 52 (54%) 49 (51%) 12 (12%)

2 49 (17%) 5 (5%) 29 (30%) 15 (15%)

3 41 (14%) 6 (6%) 14 (156%) 21 (22%)

4 51 (18%) 0 (0%) 2 (2%) 49 (51%)

*Patients were categorized into tertiles according to the combined area ratios of collagen and elastin fibers in liver biopsy specimens,

ie., tertile 1 (range, 0.677%-2.805%), tertile 2 (2.806%-4.777%), and tertile 3 (4.778%-42.953%).

Continuous patient data are expressed as means * SD. Percentages for categorical variables indicate the proportion of cases with a

specific cliniopathologic feature among patients in each tertile of the combined fiber area ratios.

*The chi-square test was used to assess associations between the combined fiber amount and categorical data (except for lobular
inflammation for which Fisher’s exact test was performed). To compare continuous variables, an analysis of variance was performed.

We adjusted the two-sided o level to 0.002 (=0.05/21) by simple Bonferroni correction for multiple hypothesis testing.

Abbreviations: FPG, fasting plasma glucose; GGT, gamma-glutamyl transpeptidase.
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(A) serum concentration of 7s collagen
or (B) the FIB-4 index.

combined fiber area ratios (tertiles 1/2 versus tertile 3,
as a binary outcome variable), the highest tertile of the
combined fiber area ratios was significantly associated
with a higher serum level of 7s collagen (odds ratio
[OR], 1.76; 95% confidence interval [CI], 1.31-2.36;
P = 0.0002) and a higher FIB-4 index (OR, 1.68;
95% CI, 1.23-2.30; P = 0.001), adjusting the P
value for significance to 0.003 for multiple hypothesis

testing. The multivariable binary logistic regression

Collagen + Elastin (area ratio, %)

Collagen + Elastin (area ratio, %)

analysis model for the combined fiber area ratios (ter-
tile 1 versus tertiles 2/3, as a binary outcome variable)
revealed that a higher BMI (OR, 1.15; 95% CI,
1.06-1.26; P = 0.002) and higher levels of serum
AST (OR, 1.38; 95% CI, 1.17-1.63; P = 0.0001)
and 7s collagen (OR, 1.85; 95% CI, 1.30-2.65; P =
0.0007) were independent factors to correlate with
the upper two tertiles of the combined fiber area
ratios.

TABLE 2. MULTIVARIABLE BINARY LOGISTIC REGRESSION ANALYSIS TO CALCULATE ADJUSTED ODDS
RATIOS FOR ASSOCIATIONS OF VARIABLES WITH THE COMBINED FIBER AMOUNT (OUTCOME) IN
PATIENTS WITH NONALCOHOLIC FATTY LIVER DISEASE

Multivariable
Variables Remaining in the Final Multivariable Model OR (95% CI) P Value*
Model for terfiles 1/2 vs tertile 3 of the combined fiber area ratios as a binary outcome variable (n = 204)*
BMI (for a unit of 1 kg/m? increase) 1.08 (1.00-1.16) 0.040
AST (for a unit of 10 U/L increase) 0.82 (0.67-1.01) 0.06
ALT (for a unit of 10 U/L increase) 1.15 (1.02-1.30) 0.022
7s collagen (for a unif of 1 ng/mL increase) 1.76 (1.31-2.36) 0.0002
FIB-4 index (for a unit of 1 increase) 1.68 (1.23-2.30) 0.001
Model for terfile 1 vs terfiles 2/3 of the combined fiber area rafios as a binary outcome variable (n = 204)°
Female (vs male) 2.48 (1.08-5.71) 0.032
BMI (for a unit of 1 kg/m2 increase) 1.15 (1.06-1.26) 0.002
Platelet count (for a unit of 5 x 10%/L decrease) 1.49 (1.00-2.23) 0.05
Prothrombin time (for a unit of 10% decrease) 1.29 (0.97-1.70) 0.08
AST (for a unit of 10 U/L increase) 1.38 (1.17-1.63) 0.0001
7s collagen (for a unit of 1 ng/mL increase) 1.85 (1.30-2.65) 0.0007
FIB-4 index (for a unit of 1 increase) 0.76 (0.55-1.05) 0.09

*Adjusted ORs were calculated using a multivariable binary logistic regression model for the combined fiber area ratios (tertiles 1/2
versus tertile 3, as a binary outcome variable). The multivariable binary logistic regression analysis model initially included age, sex,
smoking history, BMI, platelet count, prothrombin time, bilirubin, AST, ALT, gamma-glutamyl transpeptidase, albumin, cholesterol,
triglyceride, fasting plasma glucose, 7s collagen, and FIB-4 index. Backward elimination with a threshold of P = 0.05 was used to

select the variables for the final model.

TAdjusted ORs were calculated using a multivariable binary logistic regression model for the combined fiber area ratios (tertiles 1 ver-
sus tertiles 2/3, as a binary outcome variable). The multivariable binary logistic regression analysis model initially included the same set
of variables as described above, and we selected variables for the final model by backward elimination with a threshold of P = 0.05.
*Because we examined the 16 predictor variables for each model, we adjusted the two-sided o level to 0.003 (~0.05/16) by Bonferroni
correction for multiple hypothesis testing.
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Discussion

Quantitative fibrosis analysis revealed a strong but
nonlinear relationship between the histologic fibrosis
stage and hepatic fiber amount and found a striking
difference in fiber accumulation between stage 3 and
stage 4 and much smaller differences among stages 0-
3, indicating the heterogeneity in disease severity
within NAFLD-related cirrhosis. Although histologic
staging for NAFLD/NASH is the gold standard
assessment of liver fibrosis, current semiquantitative
staging systems are not continuous quantitative mea-
sures of hepatic fibrosis and have no stage beyond cir-
rhosis (stage 4)."® Liver cirrhosis is not a “single
disease state,” as fibrosis progression and parenchymal
remodeling continue even though the final fibrotic
stage has been reached.®**? These lines of evidence,
together with our findings, likely underscore the
importance of subclassification of cirrhosis for the
development of a continuous staging system for
NAFLD.

The extent of liver fibrosis in NASH has been fre-
quently discussed as defining two risk groups: early
fibrosis (stages1/2) and advanced fibrosis (stages 3/
4) O34 Previous evidence has shown that advanced
fibrosis is associated with increased risk of all-cause and
liver-related mortality.'®* Intriguingly, our quantita-
tive analysis did not show any significant differences in
fiber area ratios between stages 2 and 3. A histologic
difference between the two stages is the presence or
absence of bridging fibrosis. Although there were wide
variations in the severity of bridging within advanced
NAFLD, we found relatively limited areas of bridging
fibrosis at stage 3, which likely helps to explain the
absence of a statistically significant increase in the
amount of fiber between stages 2 and 3. Because bridg-
ing fibrosis links vascular structures, leads to alteration
of the regional blood flow, and may thereby promote
liver injury, the detection of the architectural histologic
teature of bridging fibrosis by pathologists is notewor-
thy.“*) Nonetheless, the retrospective study with a large
sample size (n = 619) has demonstrated an increased
mortality risk for patients with NAFLD with each suc-
cessive fibrosis stage (ranging from 0 to 4) suggesting
that the binary staging system (early versus advanced
fibrosis) is likely arbitrary. Taken together, an accurate
fibrosis assessment of liver biopsy specimens based on
the semiquantitative histologic grading of structural
changes in combination with quantitative fiber measure-
ments may be valuable for the improvement of clinical

staging for NAFLD/NASH.
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Evidence suggests that fibrosis can progress but it
may also regress during the disease course of
NAFLD.“’ Considering the biochemically stable
nature of elastin compared with collagen,® elastin
accumulation in the liver may contribute to the irrevers-
ibility of the disease. However, the potential role of elas-
tin fiber deposition in the irreversibility of chronic liver
diseases remains poorly understood. Our quantitative
fibrosis data suggest that elastin fiber is a minor fibrous
component in the early stages of fibrosis but may accu-
mulate in areas of thick bridging fibrosis, fibrous septa,
or venous walls at the cirrhosis stage of NAFLD, a find-
ing that is consistent with studies on various chronic
liver diseases.“>*”) Our previous study attested to the
positive association of higher elastin area ratios (>3.6%)
with the risk of hepatocellular carcinoma in patients
with hepatitis C virus infection.®® In the current
NAFLD cohort, 22 (24%) of 92 patients with advanced
NAFLD (4 of 41 with stage 3; 18 of 51 with stage 4)
had elastin area ratios greater than or equal to 3.6%,
whereas none of 162 patients with early fibrosis with
stages 1/2 harbored this amount of elastin in liver biopsy
specimens. Future studies may clarify the clinical signifi-
cance of elastin deposition in NAFLD in relation to
disease reversibility as well as clinical outcomes, includ-
ing patient mortality, the development of liver cancer,
and therapeutic responses.

In our current analysis, the serum level of type IV
collagen 7s domain (7s collagen) was the sole signifi-
cant factor consistently associated with fiber amounts
in the binary logistic regression analysis models using
two different cutoff levels for the combined area ratios
of collagen and elastin fibers. In addition, among the
laboratory data examined, the serum concentration of
7s collagen showed the strongest linear association
with the combined fiber area ratios. Previous studies
have shown that serum 7s collagen is useful for pre-
dicting the severity of liver fibrosis in patients with
NASH,?%*) which is consistent with our findings
and may support the reliability of our quantitative
measurements on fibers. Previous immunohistochemi-
cal analysis revealed increased expression of type IV
collagen in the perisinusoidal spaces and extended
fibrous areas within fibrotic livers.*” These findings
suggest that 7s collagen in the circulation may reflect a
rapid turnover of basement membrane, which is mainly
composed of laminin and type IV collagen, during
extracellular matrix remodeling in hepatic fibrogene-
sis.®® Therefore, serum 7s collagen appears to be a
rational biomarker for the accurate estimation of fibro-

sis levels in patients with NAFLD.
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One limitation of the current study is its cross-
sectional nature. Hence, we were not able to assess
changes in the amount of hepatic fiber over the time
course of NAFLD progression or determine a critical
point of irreversibility for the disease. Future prospec-
tive studies on patients with NAFLD are needed to
address these issues. We recognize the limitations in
the semiquantitative staging method of liver fibrosis.
The semiquantitative histologic assessments were per-
formed and validated by three liver pathologists®"
with the use of the fibrosis staging system proposed by
Brunt’s criteria, which is a globally accepted standard-
ized method in pathology practice.(7’14’15 ) In addition,
we found a strong correlation between Brunt’s fibrosis
stage and the quantitative data on the combined fiber
area ratios (Spearman correlation coefficient » = 0.78;
P < 0.0001), supporting the validity of our semiquan-
titative fibrosis assessments. Another limitation is pos-
sible variations in disease severity of patients with
NAFLD between hospitals. We collected samples
from four different hospitals across Japan to generalize
and empower our analyses. Nonetheless, histopatho-
logic assays, including EVG staining and automated
quantification of hepatic fibers, were performed at one
institution (Department of Pathology, Keio University
School of Medicine) to reduce institutional bias. Bio-
chemical analyses were done at the respective hospitals;
however, all the laboratory data were generated by con-
ventional automated analyzers.

The strengths of this study include the automated
nature of the computational image analysis of hepatic
fiber accumulation in liver biopsy specimens.®” This
provided us with highly reproducible data. Additionally,
our quantitative fibrosis analysis used a reasonably large
sample size (n = 289) with comprehensive patient data,
allowing us to rigorously investigate the association of
the clinicopathologic features of NAFLD with hepatic
fiber amounts, controlling for potential confounders.

In conclusion, computer-assisted image analysis on
collagen and elastin fibers has uncovered a nonlinear
relationship between fibrosis stage and fiber amount in
liver biopsy specimens from patients with NAFLD.
Upon validation, our quantitative assessment of hepatic
fibrosis may provide a better understanding of NAFLD
progression and can likely inform translational research
and clinical practice on the development of management

strategies for patients with NAFLD/NASH.

Acknowledgment: This research was performed by the
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