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Abstract

Cirrhosis is a major risk factor for developing hepatocellular carcinoma (HCC). However,
many surgically resected HCCs are presumably non-cirrhotic. The dynamic nature of
chronic liver disease leads to periods of hepatic repair and fibrosis regression. We hypothe-
size that most resected HCCs, including those from non-cirrhotic patients, exhibit features
of fibrosis regression in their background liver, suggesting previously more advanced liver
disease. We reviewed the histology of 37 HCC resections performed between 2005—2020,
including 30 from non-cirrhotic patients. The non-neoplastic liver was evaluated for features
of liver disease and of the hepatic repair complex (HRC). CD34 immunohistochemistry was
performed as a marker of sinusoidal capillarization. CD34 staining was evaluated manually
and also by a digital image classifier algorithm. Overall, 28 cases (76%) had a high number
of fibrosis regression and hepatic repair features (>4 out of 8 features). Amongst the 30
non-cirrhotic patients, 21 (70%) showed a high number of repair features. Relative CD34
expression was increased in cases with a high number (>4) of HRC features versus a low
number (<3) of features (p = 0.019). High HRC cases were more likely to exhibit nodular cir-
cumferential CD34 staining (p = 0.019). Our findings suggest that most resected HCC from
non-cirrhotic patients display features of fibrosis regression in their background liver. Thus
many, if not most, HCC patients who are “non-cirrhotic” may in fact have regressed cirrho-
sis. This finding reinforces that patients with regressed cirrhosis continue to be at high risk
for HCC.

Introduction

Hepatocellular carcinoma (HCC) is the most common primary liver malignancy (75-85%)
and the fourth leading cause of cancer-related deaths [1]. Cirrhosis is the major risk factor for
developing HCC with 80-90% of HCC cases developing on a background of cirrhosis [2]. Cir-
rhosis is the final stage of fibrosis, histologically defined by bands of fibrosis forming discrete
hepatocyte nodules. However, a minority of HCC patients (10-20%) are clinically labelled as
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non-cirrhotic and these patients are disproportionately represented in resected cases, in large
part because they are often better surgical candidates [3].

Regression of liver fibrosis has been demonstrated to occur in many chronic liver diseases
including: hepatitis B virus (HBV), hepatitis C virus (HCV), hereditary hemochromatosis,
alcoholic liver disease (ALD), non-alcoholic fatty liver disease (NAFLD), primary biliary cir-
rhosis, and autoimmune hepatitis [4-24]. Recent studies are conflicted regarding the relative
risk of HCC in patients with histologic evidence of regression of advanced liver disease [24-
27]. The histologic features of liver fibrosis regression were first described and termed the
hepatic repair complex (HRC) by Wanless et al [4]. The eight histologic features are perforated
delicate septa, isolated thick collagen fibers, delicate periportal fibrous spikes, central veins rem-
nants, hepatocytes within portal tracts or split septa, minute regenerative nodules, aberrant
parenchymal veins, and portal tract remnants (Fig 1) [4].

Progression to cirrhosis is also accompanied by a physiologic change in liver sinusoidal
endothelial cells (LSECs) termed capillarization in which the cells lose fenestration and aber-
rantly express endothelial markers [28,29]. One marker that is not expressed in healthy LSECs
but is expressed after capillarization is CD34 [29-31]. A study by D’Ambrosio et al in 2012
suggested aberrant CD34 expression was retained in HCV patients after treatment despite
regression [6].

We hypothesize a significant proportion of HCC patients with surgically resected tumours,
the majority of whom are clinically considered non-cirrhotic, exhibit features of repair and
regression. This would imply that many non-cirrhotic patients previously had more advanced
liver disease, including cirrhosis. Furthermore, we hypothesize that CD34 may be used as an
adjunct marker for prior liver fibrosis and subsequent regression.

Materials and methods
Clinical data

The study was approved by the Queen’s University Affiliated Teaching Hospitals Research
Ethics Board (Reference 6026744; initially approved 5/24/2019). Requirement for written con-
sent was waived by the REB as this was a low-risk retrospective study where data is presented
in a deidentified state. Clinicopathologic data was collected retrospectively on 37 HCC patients
with liver resections performed at Kingston Health Sciences Center in Kingston, ON, Canada
between 2005-2020. History of liver disease was determined based on clinical, biochemistry,
serology, pathology, and imaging findings. Biochemical and serological results were retrieved
from just prior to resection, and from at least two years earlier. Another 10 stage and disease
matched liver biopsies were retrieved from patients without hepatocellular carcinoma and
who did not have any liver disease-specific treatment to serve as histologic comparator
controls.

Histologic features

From each resection a non-neoplastic liver section was sampled from as far away from the
tumour as possible. Cases where the maximum sample dimension was within 2 cm of the max-
imum tumour dimension were excluded from review due to tumour proximity to uninvolved
liver. This section was stained with Masson’s trichrome (Sigma-Aldrich TriChrome Stain
HT15-1KT and Weigert’s Iron Hematoxylin Set HT1079-1SET) and CD34 immunobhis-
tochemistry (Leica clone QBEnd/10). HCC case and control slides were randomized, assigned
a study number, and reviewed by the authors (CEO and TW, both are fellowship trained GI/
Liver pathologists) while blinded to the clinical history. Classification of each criteria was
based on consensus opinion.
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Fig 1. Features of the hepatic repair complex (Trichrome stain). Perforated delicate septa (A); aberrant parenchymal vein (B); delicate
periportal fibrous spikes (C); minute regenerative nodule (D); hepatic vein remnant with prolapsed hepatocytes (E); hepatocytes within
portal tracts or split septa (F); portal tract remnant (G); and isolated collagen bundle (H). The scale bar in panel D applies to panels A-D; the
scale bar in panel H applies to panels E-H.

https://doi.org/10.1371/journal.pone.0267474.g001

Fibrosis was staged by the Laennec system. Stage 0 is no fibrosis. Stage 1 is minimal fibrosis
with no to rare thin septa, mild portal expansion, or mild sinusoidal fibrosis. Stage 2 is mild fibro-
sis with occasional thin septa. Stage 3 is moderate fibrosis with numerous septa and bridging up
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to incomplete cirrhosis. Stage 4 is cirrhosis and is subclassified into A, B, and C. Stage 4A is mild
cirrhosis with nodules contoured by thin septa. Stage 4B is moderate cirrhosis with at least 2 mod-
erately broad septa. Stage 4C is severe cirrhosis with minute nodules or very broad septa [32]. Por-
tal inflammation was evaluated as: absent (0), mild and non-expansile (1), and moderate-severe
density and/or expansile (2). Lobular inflammation was evaluated as absent (0), mild (1) with rare
apoptotic hepatocytes or rare balloon cells, or moderate to severe (2) with numerous apoptotic
hepatocytes or balloon cells. Steatosis was recorded as a percentage of total area involved and eval-
uated as: none (<5%), mild (5-33%), moderate (34-66%), and severe (>66%).

Each HRC feature (Fig 1) was screened for in the entire section and recorded as absent or pres-
ent. We followed the descriptions laid out by Wanless et al [4]. Specifically, perforated delicate
septa are discontinuous curved fibrous septa. Isolated thick collagen fibers are heavy collagen bun-
dles not visibly attached to a portal structure, central vein, or septum. Delicate periportal fibrous
spikes are remnants of periportal septa. Hepatic vein remnants are veins with significant or com-
plete lumen obliteration, often associated with prolapse of hepatocytes. Hepatocytes within portal
tracts are clusters of hepatocytes 2 or more cells in thickness located within portal tracts. Minute
regenerative nodules are small clusters of hepatocytes admixed with ductules. Aberrant parenchy-
mal veins are central veins abnormally close to portal tracts (within 5 hepatocytes). Portal tract
remnants are portal tracts missing one of the normal structures.

CD34 and HALO image analysis

CD34 sections were scanned into the HALO image analysis software. The image classifier algo-
rithm was trained by manually annotating four high power fields into 3 different classes: hepa-
tocytes, CD34+ sinusoids, and blank space. The trained classifier algorithm was run to analyze
total slide areas (with exclusion of large muscular arteries and liver capsule). The algorithmic
classification was visually assessed for histologic concordance as quality control. Final numeri-
cal data gave a total area of each classifier allowing for assessment of CD34 staining area to
total hepatocyte area.

CD34 immunohistochemistry was also analyzed manually in a blinded manner for the pres-
ence of circumference CD34 staining, or “CD34 nodules”. CD34 nodules are considered pres-
ent in a slide if 2 or more foci are identified which demonstrate nodular circumferential CD34
staining. The staining does not have to coincide with fibrous septa. The nodules must not be
immediately subcapsular in location to count.

Statistical analysis

Statistical analysis was performed using GraphPad Prism (San Diego, CA) software. Kruskal-
Wallis with Dunn’s multiple comparisons correction or Mann-Whitney U test were used for
comparison of CD34 image analysis relative expression results between three groups or two
groups, respectively. Fisher’s exact test was used for comparison of binary outcome variables
between two groups. Mann-Whitney U test was used for comparison of biochemical values
between two groups. For statistical analysis, fibrosis stage 0 and 1 were grouped together, stage
2 and 3 were grouped together, and stage 4A-C were grouped together to achieve adequate
specimen numbers. The number of HRC features were defined as low (0-3) vs high (4-8).

Results
Clinical history

A total of 37 HCC resections was collected. Surgery types included lobectomy (n = 13),
segmentectomy (n = 17), or wedge resections (n = 7). Based on clinical, radiologic, and
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pathologic review, 32 patients had one or more etiologies of chronic liver disease. Specifi-
cally, they were HCV with ALD (n = 4), HCV alone, (n =7), HBV (n = 4), and ALD alone
(n=28),and NAFLD (n = 9). One of the NAFLD patients had a concurrent history of
alpha-1-anti-trypsin deficiency. Of the five remaining patients, three had a history of dia-
betes without objective (histologic or radiologic) evidence of NAFLD. Two patients did
not have history of liver disease or known risk factors. Results are summarized in Table 1
by the number of HRC features.

Within the cohort, eighteen patients had documented treatment or recovery for their liver
disease prior to HCC resection. This was in the form of antiviral medication, reduction of or
abstinence from alcohol, and weight loss or diabetes treatment. Four HCV patients had prior
antiviral treatment, one had Harvoni with sustained virologic response (SVR) and two had
Peg-interferon/Ribavirin with SVR. The fourth patient failed Harvoni but had concurrent
ALD and did abstain from alcohol. Another patient with HCV and ALD spontaneously cleared
the HCV without anti-virals. The six remaining HCV patients either did not have anti-viral
treatment or only received it after their resection. Of the four HBV patients, one received lami-
vudine prior to surgery with DNA levels becoming undetectable (6 log decrease) on subse-
quent follow-up. Another patient spontaneously cleared HbsAg and had undetectable HBV
DNA after several decades of chronic HBV but prior to developing HCC. A third patient had
low viral levels of 400 IU/mL without therapy. The last HBV patient had HbeAg negative hepa-
titis with a viral load of 7.8 x 10> TU/mL but had not received therapy prior to surgery. Nine of
twelve ALD patients (with or without concurrent HCV) reduced alcohol intake prior to HCC
resection for periods ranging from 6 months to 25 years; of these five abstained completely for
at least a year. Of the nine NAFLD patients, three were on diabetes medications, and one had
documented weight loss of 5% (5 kg).

Table 1. Patient demographics and number of HRC features.

Characteristic No. of HRC features (%) Total (%)
0-3(N=9) 4-8 (N =28) N=37
Mean Age (Range) 60 (35-76) 68 (53-84) 66 (35-84)
Sex
Women 0 6 (21) 6 (16)
Men 9 (100) 22 (79) 31 (84)
Chronic Liver Disease®
HCV 1(11) 10 (36) 11 (30)
HBV 1(11) 3(11) 4(11)
Alcohol 1(11) 11(39) 12 (32)
NAFLD 4(44) 5(18) 9 (24)
Alpha-1-antitrypsin 0 1(4) 1(3)
None/Unknown 2(22) 3(11) 5(14)
Biochemistry before HCC, Mean (Range)® N=5 N =16 N =21
ALTU/L 26 (22-27) 66 (13-222) 56 (13-222)
AST U/L 23 (17-30) 59 (24-119) 48 (17-119)
Bilirubin umol/L 9(7-13) 16 (6-33) 15 (6-33)
Albumin g/L 43 (39-46) 36 (24-48) 38 (24-48)
Platelets x 10°/L 172 (127-245) 177 (127-289) 176 (22-289)

“Some patients have multiple causes of chronic liver disease.

PThis represents the most recent biochemistry that is from at least 2 years before their HCC diagnosis.

https://doi.org/10.1371/journal.pone.0267474.t001
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Histologic features

Per Table 2, of the 37 cases, 5 did not exhibit fibrosis (stage 0) and 7 were cirrhotic (stage
4A-C). HRC features were found in 31 cases and were seen in all patients who had history of
liver disease and histologic fibrosis. Hepatocytes in portal tracts was the most frequently
observed HRC feature (29/37; 78%), followed closely by perforated delicate septa (76%) and
portal tract remnants (73%). Fibrosis stage 0 cases did not exhibit any HRC features. Amongst
the fibrotic cases (stages 1-4), stage did not correlate with the number of HRC features by
Spearman rank correlation (p = 0.47). Of the 30 patients without cirrhosis (stage 0-3), 21
(70%) showed a high number (>4) of HRC features. All 7 patients with cirrhosis showed high
numbers of HRC features.

Most cases exhibited absent to mild steatosis (34/37; 92%), and degree of steatosis did not
correlate with the number of HRC features. Four cases exhibited lobular inflammation (11%),
all in the context of steatohepatitis. Most cases exhibited portal inflammation (70%). The
majority were mild, but 9 had moderate to severe portal inflammation and of these, 3 were
HBV and 4 were HCV patients. Neither type of inflammation correlated with the number of
HRC features present. Fifteen patients who had prior treatment for HCV, HBV, NAFLD, or
ALD showed high numbers (>4) of HRC features. The three NAFLD patients treated for

Table 2. Pathologic Features and Number of HRC Features.

Characteristic No. of HRC features (%) Total (%)
0-3(N=9) 4-8 (N =28) N=37
Fibrosis Laennec
0 5 (56) 0 5(14)
1 2(22) 7 (25) 9 (24)
2-3 2(22) 14 (50) 16 (43)
4A-C 0 7 (25) 7(19)
HRC Features
Hepatocytes in Portal Tracts 3 (33) 26 (93) 29
Perforated Delicate Septa 2 (22) 26 (93) 28
Portal Tract Remnants 1(11) 26 (93) 27
Periportal Fibrous Spikes 0 23 (82) 23
Aberrant Parenchymal Veins 0 22 (79) 22
Isolated Thick Collagen 0 20 (71) 20
Minute Regenerative Nodules 0 13 (46) 13
Hepatic Vein Remnants 0 12 (43) 12
Steatosis
None (<5%) 4 (44) 15 (54) 19 (51)
Mild (5-33%) 5 (56) 10 (36) 15 (41)
Moderate (34-66%) 0 3(11) 3(8)
Severe (>66%) 0 0 0
Portal Inflammation
None 4 (44) 7 (25) 11 (30)
Mild 3 (33) 14 (50) 17 (46)
Moderate/Severe 2(22) 7 (25) 9 (24)
Lobular Inflammation
None 0 0 0
Mild 0 4 (14) 4(11)
Moderate/Severe 0 0 0

https://doi.org/10.1371/journal.pone.0267474.t1002
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diabetes but without specific documentation of weight loss did not have high HRC features,
but they all had low stage disease (fibrosis 0-1).

Control cases

Our 10 control biopsies included patients with chronic liver disease due to HBV (fibrosis stage
3), HCV (stages 1,3,4), NAFLD (stages 1,2,3), and ALD (stages 1,3,4) who did not have any
documented disease-specific therapy. These cases spanned the etiologies and stages of our
HCC cohort. On review, 5 of the 10 controls showed zero HRC features; 4 showed one feature
(portal hepatocytes, minute regenerative nodule, or perforated delicate septa); 1 case showed
two features (hepatic vein remnant and perforated delicate septa). Overall, none of the control
cases would fall into our high HRC category.

Biochemistry

Prior transaminases and liver function tests from at least two years before surgery were avail-
able for 21 cases (Table 1). Cases with high HRC features had higher historical levels of alanine
aminotransferase (ALT) and aspartate aminotransferase (AST)(p<0.015) compared to those
with low HRC features. Biochemical findings immediately prior to resection were not corre-
lated with HRC features.

CD34 and HALO image analysis

Total CD34 expression was significantly increased in cases with cirrhosis compared to cases
with stage 0-1 fibrosis (p = 0.0003), and in cases with stage 2-3 fibrosis compared to cases
with stage 0-1 fibrosis (p = 0.042). CD34 expression was not significantly different in cases
with stage 2-3 fibrosis compared to cases with cirrhosis (p = 0.13) (Fig 2A).

Total CD34 expression was also increased in cases with a high number of HRC features (4-
8) compared to cases with a low number of HRC features (0-3; p = 0.019) (Fig 2B). The
increased CD34 expression can be visually appreciated when annotated by the HALO classifier
algorithm (Fig 3). Exhibiting >3.5% CD34 expression relative to hepatocyte area was associ-
ated with high numbers (>4) of HRC features (p = 0.0078). Cases with high HRC features
were more likely to exhibit circumferential nodular CD34 expression by immunohistochemis-
try (Fig 4). Only 1 of 9 cases with low HRC features exhibited CD34 nodules compared to 17
of 28 cases with high HRC features (p = 0.0072). All cirrhotic cases had circumferential CD34
nodules.

Discussion

In our cohort, 84% of HCC resections exhibited at least some HRC features, including all cases
with history of liver disease that had histologic fibrosis. More interestingly, 70% of non-cir-
rhotic HCC patients exhibited 4 or more features of the hepatic repair complex and around
half of these also showed abnormalities in CD34 staining. Our clinical and biochemical data
suggests that cases with high HRC features had higher transaminases prior to development of
HCC. This supports the presence of previously active liver disease in these patients. Patients
with chronic liver disease and fibrosis who underwent treatment had high numbers of repair
features. These findings suggest that most HCC patients with stage 1-3 fibrosis likely previ-
ously had more advanced fibrosis or cirrhosis but underwent partial regression. Thus, the
regression of cirrhosis does not completely alleviate risk of developing HCC.

A 2018 Italian study on 38 HCV patients with sustained virologic response (SVR) found no
difference in HCC risk between those with histologic fibrosis regression and those without
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Fig 2. Relationship of CD34 expression to hepatocyte area by fibrosis and regression features. CD34 expression
area relative to hepatocyte area based on Laennec fibrosis stage (A); CD34 expression area relative to hepatocyte area
based on number of HRC features (B).

https://doi.org/10.1371/journal.pone.0267474.g002
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Fig 3. CD34 image analysis. A-C: Case with no HRC features: Trichrome stain (A); CD34 IHC (B); “HALO classifier image analysis (C). D-F: Case with 7
HRC features: Trichrome (D); CD34 IHC (E); *HALO classifier image analysis (F). “HALO classifier image analysis key: Hepatocytes (green), CD34
+ sinusoids (yellow), blank space (red). Scale bar applies to all panels.

https://doi.org/10.1371/journal.pone.0267474.9003

regression at 8 years of cumulative follow-up [25]. However, only six patients in the study
developed HCC. The same group emphasized the lack of data on HCC risk in HCV patients
with fibrosis regression due to a paucity of histological data [26]. A study employing transient
elastography also showed that post-treatment HCV patients with compensated advanced liver
disease still had a relatively high incidence of developing HCC (1.45 per 100 patient-years)
despite lower stiffness readings [27]. Conversely, a study of 106 hereditary hemochromatosis
patients discovered a significant reduction in long-term HCC risk in patients with regression
[24]. The risk for HCC in patients with fibrosis regression may vary depending on the underly-
ing etiology [33].

Part of the challenge of studying fibrosis regression is that it can be difficult to identify his-
tologically. Regression means that fibrous septa are often partially resorbed and can mimic
lower stages of fibrosis. Some features can also be patchy, make them hard to identify in small
biopsies. Conversely in resections, pathologists may be more attentive to the tumour character-
istics and pay less attention to subtleties in the background liver. However, our study demon-
strates that these regression features can be readily identifiable in most cases of resected HCC
when applying a systematic approach. Hepatocytes within portal tracts and perforated delicate
septa appear to be the most frequent HRC features, and they are relatively easy to discern on
trichrome stain.
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Fig 4. A patient with diabetes, mild steatosis, and overall stage 3 fibrosis. Trichrome stain showing an area with
discontinuous septa but vague nodularity (A); CD34 IHC in the same region shows circumferential nodular staining
(B). Scale bar is provided.

https://doi.org/10.1371/journal.pone.0267474.9004

Chronic liver diseases are dynamic processes and progression versus regression are not
mutually exclusive. Sun et al argued that livers can exhibit predominantly regressive, predomi-
nantly progressive, and indeterminate patterns of disease states [34]. Our data shows this to be
a reasonable stance, as 9 cases demonstrated moderate to severe portal inflammation and 4
cases showed steatohepatitis. 11 of these 13 cases showed high numbers of HRC features, sug-
gesting that features of progressive disease and regression can occur simultaneously. Although
not all patients in our HCC cohort had documented etiology-specific treatment, fluctuations
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in activity during their disease course, particularly amongst ALD, NAFLD/NASH, and HBV
patients, may lead to dynamic shifts along a spectrum of progressive versus regressive disease.

The use of CD34 as a surrogate marker for sinusoidal capillarization correlates with both
increasing fibrosis and number of HRC features. Image analysis is useful to define these differ-
ences as the area of capillarization is minute compared to hepatocyte area. Significant differ-
ences were seen between cases with mild versus severe fibrosis and in cases with low versus
high numbers of HRC features. The finding of significantly higher CD34 expression in patients
with fibrosis is in keeping with prior studies showing sinusoidal capillarization in cirrhotic
patients [28-31]. The lack of difference in CD34 expression between cases with stage 2-3 fibro-
sis and cases with cirrhosis supports our hypothesis that many resected HCC patients with
stage 2-3 fibrosis may be under-staged by routine histology alone due to fibrosis regression.
D’Ambrosio et al showed retained sinusoidal capillarization in some cirrhotic HCV patients 5
years after SVR [6]. Increased CD34 expression in cases with high numbers of HRC features in
our study supports these findings.

We also found that many high HRC cases, particularly those with stage 3 fibrosis, exhibited
circumferential CD34 nodules that did not always coincide with existing septa. This may rep-
resent retention of abnormal CD34 expression after septal resorption. Our study suggests
CD34 immunohistochemistry may be optimized to use as a supportive or screening test in
equivocal or suspicious cases for fibrosis regression. Based on our findings, >3.5% CD34
expression relative to hepatocyte area correlates with high numbers of regression features, as
does the presence of circumferential CD34 nodules.

Future investigations to address the oncogenic potential in livers with regressed fibrosis
would ideally involve prospective studies with long term follow-up. Our study demonstrated
that most supposedly non-cirrhotic patients with HCC exhibited multiple features of fibrosis
regression. We recommend that pathologists be attentive to features of regression, as their
presence may indicate more advanced physiological perturbation than current fibrosis stage
alone suggests. Patients with evidence of fibrosis regression, particularly those who regressed
from cirrhosis, should continue to undergo screening for neoplasia.

Supporting information

S1 Table. Clinical-pathologic parameters for study (A) and control (B) cases.
(XLSX)

S2 Table.
(XLSX)
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