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Background: Hepatocellular carcinoma (HCC) is a prevalent and aggressive malignancy closely related to background chronic liver
disease. This study aimed to explore predictive factors associated with background liver fibrosis burden in patients with HCC and
sought to construct a practical predictive model for clinical use.

Methods: This large two-center retrospective cohort study evaluated data from Chinese medical centers. Uni- and multivariate ordinal
logistic regression analyses were performed to identify variables associated with liver fibrosis stages. Predictive models based on
variables identified by multivariate analysis were established in the Derivation Cohort and subjected to internal and external validation.
Model performance was evaluated for discriminative and calibration abilities.

Results: Multivariate ordinal logistic regression analysis identified liver fibrosis severity score (LFSS), portal hypertension (PH)
severity, plateletcrit (PCT) and model for end-stage liver disease-sodium (MELD-Na) as independent predictors of liver fibrosis stage
in HCC patients. Nomograms that integrated these factors disclosed that the area under receiver operating characteristic curves
(AUROC:S) to predict S1 in the Derivation and External Validation cohorts were 0.850 and 0.919, respectively. Internal validation
disclosed C-indexes of 0.823 and 0.833 in the Derivation and External Validation cohorts, respectively, indicating that the nomogram
had good and excellent performance for distinguishing between S1 and non-S1 patients. Nomogram performance in the Derivation and
External Validation cohorts, respectively, was fair and good to predict stage S2 (AUROCs 0.726, 0.806; C-indexes 0.713, 0.791); poor
for S3 (AUROC:s 0.648, 0.698; C-indexes 0.616, 0.666); good for S4 (AUROCs 0.812, 0.824; C-indexes 0.804, 0.792); and good for
S3+S4 (AUROCs 0.806, 0.840; C-indexes 0.795, 0.811).

Conclusion: We propose new predictive models for the staging of background liver fibrosis in patients with HCC that can be
implemented into clinical practice as important complements to hepatic imaging to inform HCC management strategy.
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Introduction

Hepatocellular carcinoma (HCC) remains a common malignancy and a leading cause of cancer-related death worldwide,
and is closely related to background chronic liver disease.' Liver resection remains the mainstay of curative treatment,
especially in China.? The preoperative assessment of the severity of concomitant liver fibrosis burden in patients with
HCC is urgently needed to formulate management strategies that include preoperative hepatectomy planning, choice of

therapeutic modalities, and risk assessment for postoperative liver failure.’
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Liver biopsy is regarded as the gold standard for the accurate pathological evaluation of hepatic fibrosis and
inflammation in chronic liver disease. Unfortunately, major concerns regarding the reliability of liver biopsy include
subjective interpretations of histopathologic findings and misclassification of fibrosis due to sampling errors,” thus
limiting its wide application in clinical practice. Liver biopsy has been reserved for a very small minority of patients
with uncertain HCC diagnoses, and has been performed infrequently for preoperative liver fibrosis staging.’

Assays of serum indices have been studied for the non-invasive evaluation of liver fibrosis burden in chronic liver
disease of various etiologies.® Unfortunately, numerous serum indices and derived cutoff values have yielded highly
variable results that have precluded their generalized clinical application. Multiple radiological modalities have also been
studied to meet the clinical need; these include ultrasound (US) transient elastography, computed tomography (CT) and
magnetic resonance (MR) imaging-based techniques, and molecular imaging probes.” The most promising methods are
liver surface nodularity (LSN) scoring using CT, liver stiffness measurement obtained by US elastography,® and MR
elastography.”'® However, these are confounded by interinstitutional variations in imaging protocols and requirements
for additional expertise and equipment. Consequently, sufficient accuracies have not yet been validated, and routine
clinical use is still unrealistic.” Data on liver fibrosis staging in HCC patients are lacking. Several small cohort studies
have used liver stiffness measurement to stage liver fibrosis in specific HCC cohorts;''™'* however, conflicting results
have precluded robust and generally acceptable conclusions.

Consequently, clinicians may resort to lessons derived from experiences in chronic liver disease, presuming that tests
used to diagnose HCC may have utility to stage liver fibrosis. Given the ambiguity, limitations, and conflicting results of
currently used serum indices and radiological modalities for the diagnosis of chronic liver disease, and uncertainties
regarding the possible effects of tumor-specific factors on the interpretation of test results, there is a clear and urgent
unmet clinical need to accurately assess background liver fibrosis burden in patients with HCC, to thereby inform HCC
management decision-making.

In view of this research gap, we conducted a large, two-center retrospective cohort study to develop a new predictive
model for differentiating background liver fibrosis severity in patients with HCC. We also investigated the performance
of serum indices used frequently to evaluate chronic liver disease.

Materials and Methods
Study Population

A Chinese two-center cross-sectional study of patients undergoing hepatectomy indicated for HCC was conducted. Cases
were identified from a two-institutional prospectively compiled HCC database. The institutional review boards of both
medical centers approved the study (Hunan Provincial People’s Hospital [HPPH] approval no: 2021-045; Affiliated
Hospital of North Sichuan Medical College [NSMC] approval no: 2021-015). The requirement for written informed
consent was waived because of the retrospective study design. Patient privacy was ensured, and data were anonymized or
maintained with confidentiality. All procedures were performed in accordance with the 1964 Helsinki Declaration and its
later amendments or comparable ethical standards.

A total of 900 consecutive patients undergoing initial hepatectomy for HCC at HPPH were enrolled between
March 2015 and September 2020 as the Derivation Cohort. The External Validation Cohort comprised 344 individuals
at NSMC between January 2019 and January 2021. Inclusion criteria were: 1) postoperative histopathologic confirmation
of HCC; and 2) complete histopathologic data on liver fibrosis stage. The study was conducted in accordance with the
Transparent Reporting of a Multivariable Prediction Model for Individual Prognosis or Diagnosis statement for reporting
multivariable prediction model derivation and validation.'

Preoperative Evaluation

Demographic data, routine assessments including laboratory investigations, and postoperative pathological results were
retrieved from a prospectively implemented institutional database and analysed retrospectively. For multiple measure-
ments, the data obtained nearest to the operation day were used. Preoperative CT or MRI images were obtained from
Picture Archiving and Communication Systems databases. Preoperative HCC diagnosis was based on clinical and
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radiological imaging features or histopathology of liver biopsy specimens according to AASLD guidelines.'® Portal vein
tumor thrombosis and hepatic vein tumor thrombosis were graded according to published criteria.!” Bile duct tumor
thrombosis was classified as reported previously.'® Frequently used fibrosis-associated serum indices were calculated

19-26

based on preoperative biochemical and baseline demographic data by using published formulas presented in the

Supplementary Table 1.

Evaluation of Clinically Significant Portal Hypertension (PH)
Clinically significant PH was defined by the presence of esophagogastric varices on imaging and/or endoscopy or platelet
count <100,000/mm”

classified as we reported previously: none, mild (slight esophagogastric varices), moderate (obvious esophagogastric
28,29

and splenomegaly (largest diameter in transverse plane on CT >12 cm).?” PH severity was

varices without “red wale” signs), and severe (obvious esophagogastric varices with “red wale” signs).

Construction of Liver Fibrosis Severity Score (LFSS)

LFSS was based on the combination of preoperative radiologic findings and the intraoperative observation of liver
surface regenerative nodules. A scoring system was derived by assigning numerical values to each factor. We scored
preoperative radiologic morphometric evaluation on a scale from 0 to 2, with 0 corresponding to no visible contour
abnormality, 1 to hepatic morphologic changes (liver segment hypertrophy/atrophy) and no confirmed liver regenerative
nodules, and 2 to radiologically confirmed regenerative nodules or signs of PH. Liver surface regenerative nodules were
scored on a scale from 0 to 2 based on intraoperative findings, with 0 corresponding to no apparent nodules, 1 to multiple
regenerative micronodules (< 3 mm in diameter), and 2 to regenerative macronodules (regenerative nodules > 3 mm in
diameter).?° The color of liver parenchyma was scored as: 0 (normal ruddy), and 1 (greyish-red). Total scores for LFSS
were further classified as 0—1 (None); 2 (Mild); 3 (Moderate) and >4 (Severe) (Table 1). Representative pictures of LFSS
construction are shown in Figure 1.

Surgical Procedure
Surgery was performed by experienced hepatic specialists. The operative procedures have been described in detail in our

previous reports.?*%°

Tumor Staging and Pathological Analysis

The AJCC-TNM staging system (8th edition) was used for HCC staging.>' Resected specimens were fixed in 10%
buffered formalin, embedded in paraffin, and studied with hematoxylin and eosin (HE), Masson’s trichrome, and reticulin
stains. The Edmondson-Steiner classification was used to determine the degree of tumor differentiation.>® Only the area
of noncancerous liver parenchyma distant from the tumor was evaluated for histological grading of inflammation (GO-
G4) and staging of liver fibrosis (S0-S4) following the Scheuer scoring system.*®> SO—1 indicated no or mild fibrosis, S2
significant fibrosis, S3 severe fibrosis, and S4 early cirrhosis. GO referred to no inflammation, G1 to mild inflammation
with no necrosis, and G2—4 to mild-moderate-to-severe inflammation, respectively. Two senior histologists blinded to the
clinical data independently determined the grades of hepatic fibrosis and inflammation of each specimen. Disagreements
between the histologists were resolved by consensus.

Table | Score Criteria Used for Construction of LFSS

Preoperative Radiological Evaluation Score Intraoperative Liver Regenerated Nodules Gross Color LFSS
Score Appearance
0 (Normal) 0 (None) 0 (red) None
I (Morphological changes) | (multiple micro-regenerative nodules (<3mm)) Mild
2 (Radiologically confirmed liver nodularity or indicators of PH) | 2 (multiple macro-regenerative nodules (23mm)) | (greyish-red) Moderate
Severe

Abbreviations: LFSS, liver fibrosis severity score; PH, portal hypertension.
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Figure | Continued.
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Case 4

Figure | Images to illustrate construction of LFSS. Case I: A 24-year-old woman with a large right lobe HCC. Preoperative axial multiphasic CT images (A—C) showing typical
radiological features of HCC, normal liver morphology, and regular margin. (A) unenhanced CT phase; (B) arterial phase; (C) portal venous phase. Intraoperative photography (D)
showed normal liver morphology, absence of regenerative nodules, and ruddy liver parenchyma. According to our LFSS criteria, preoperative radiological evaluation score: 0
(normal morphology), intraoperative observation: 0 (no liver regenerated nodules), liver gross appearance color: ruddy (0), thus total score of LFSS was 0 (None). (E) Histological

evaluation of paracancerous parenchyma showed Gl and S| (HE, 100%). Case 2: A 37-year-old woman with spontaneous rupture of HCC in segment IV. Preoperative axial
Continued
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Statistical Analysis

Continuous variables were expressed as median and range and compared by using the Mann—Whitney test. Categorical
variables were expressed as frequencies and percentages and compared with the Chi-square y2 test or Fisher exact test
when appropriate. Univariate and multivariate ordinal logistic regressions were used to select the optimal predictors
associated with different liver fibrosis S stages. Variables with a P value <0.05 in the univariate analysis were further
included for multivariate logistic regression analysis through the stepwise forward selection method. Independent
predictors (P < 0.05) in the multivariate ordinal logistic regression analysis were included in the nomogram construction.

Nomograms were validated in the external validation cohort. 500 Bootstrap resamples for the internal validation were
performed in the derivation and external validation cohorts, respectively. Model performance for predicting each
endpoint (S1, S2, S3, S4, and S3+S4) was evaluated by the area under the receiver operator characteristic curve
(AUROC) and the concordance index (C-index). C-index was calculated as described previously.** Calibration belt
curves were plotted to assess the calibration of the proposed model, accompanied by the Hosmer-Lemeshow (HL) test,
which identifies significant deviations from the ideal calibration, as well as the direction of the variation.

Selected serum indices were evaluated for their performance in liver fibrosis staging in terms of AUROC. Non-
parametric Spearman correlation was utilized to examine the correlation between liver fibrosis S stage and liver
inflammatory G grade. AUROC >0.9 was considered excellent, 0.8-0.9 good, 0.7-0.8 fair*> and 0.5-0.7 poor. All
statistical analyses were performed with the rms package in R version 3.4.0 (http://www.r-project.org/). A two-sided

P value < 0.05 was considered statistically significant.

Results

Demographic and Clinicopathologic Characteristics
The demographic and clinicopathologic characteristics of the Derivation and External Validation cohorts are listed in
Table 2. Given the small number of SO patients (n = 17), we pooled SO and S1 patients into a group with “no significant
fibrosis” (S0-S1). No GO patients were identified.

Clinical data from Derivation and External Validation cohorts are presented in Table 2. Hepatitis B infection was the
most prevalent etiology of liver disease and HCC in both the Derivation (85.7%) and External Validation (86.9%)
cohorts. Patients in the Derivation Cohort with Child-Pugh grade A (n = 860), exhibited liver fibrosis S stages as follows:

Continued

multiphasic CT images (A—C) showing hypertrophy of the lateral segments of the left liver lobe and regular hepatic margins. (A) unenhanced phase; (B) arterial phase; (C) portal
venous phase. Notes: Filling defect caused by tumoral thrombosis was noted in the sagittal part of left portal vein. Intraoperative photography (D) showed multiple micro-
regenerative nodules and red liver parenchyma. According to our LFSS criteria, preoperative radiological evaluation score: | (morphological change), intraoperative observation: |
(multiple regenerative micronodules), liver gross appearance color: red (0), thus total score of LFSS was 2 (Mild). (E) Histologic evaluation of paracancerous parenchyma showed
G3 and S2 (HE, 100%). Case 3: A 47-year-old man with HCC in the segment VIII. Preoperative axial multiphasic CT images (a-c) were obtained showing liver morphologic change
(atrophy of the posterior segments of the right liver lobe) and regular margin. (A) unenhanced phase; (B) arterial phase; (C) portal venous phase. Notes: Anterior branch of right
portal vein and distal branch of middle hepatic vein invaded by tumor. Intraoperative photography (D) showed multiple regenerative micronodules and greyish-red liver parenchyma.
According to our LFSS criteria, preoperative radiological evaluation score: | (morphological change), intraoperative observation: | (multiple regenerative micronodules), liver gross
appearance color: greyish-red (1), thus total score of LFSS was 3 (Moderate). (E) Histologic evaluation of paracancerous parenchyma showed G3 and S3 (HE, 100%). Case 4: A 57-
year-old man with HCC in segment VIII. Preoperative axial multiphasic MR images (A—C) showing liver morphologic changes (atrophy of the posterior segments of the right lobe
and medial segments of the left lobe, hypertrophy of the lateral segments of the left lobe) and irregular hepatic margins. (A) precontrast phase; (B) hepatic arterial phase. Notes:
Enhancement of portal vein branches but not of hepatic vein branches in hepatic arterial phase; (C) portal venous phase. Notes: Middle and right hepatic veins were compressed by
tumor. Intraoperative photography (D) showed multiple regenerative nodules and red liver parenchyma. According to our LFSS criteria, preoperative radiological evaluation score:
I (morphologic change), intraoperative observation: 2 (multiple regenerative macronodules), liver gross appearance color: red (0), thus total score of LFSS was 3 (Moderate). (E)
Histologic evaluation of paracancerous parenchyma showed G3 and $4 (HE, 100%). Case 5: A 6|-year-old man with HCC in segment VII. Preoperative axial multiphasic CT images
(A—C) showing pronounced liver morphologic changes and irregular margins. (A) unenhanced phase; (B) arterial phase; (C) portal venous phase image; (D) coronal view shows
signs of clinically significant PH (engorged and tortuous paraesophageal varices and splenomegaly). Intraoperative photography (E) showed uneven distribution of multiple
regenerative micro- and macronodules and greyish-red liver parenchyma. According to our LFSS criteria, preoperative radiological evaluation score: 2 (confirmed liver cirrhosis
and/or imaging features of PH), intraoperative observation: 2 (multiple macro-regenerative nodules), liver gross appearance color: | (greyish-red), thus total LFSS score was 5
(Severe). (F) Histologic evaluation of paracancerous parenchyma showed G4 and S4 (HE, 100x). Case 6: A 48-year-old man with HCC of the right lobe. Preoperative axial
multiphasic CT images (A—C) showing pronounced liver morphologic changes, ascites and splenomegaly. (A) unenhanced phase; (B) arterial phase; (C) portal venous phase. Notes:
Neither the right hepatic nor the right portal veins were visualized; (D) coronal image shows compression of the retrohepatic inferior vena cava by tumor and splenomegaly. Notes:
This patient received a preoperative diagnosis of intrahepatic cholangiocarcinoma with concomitant PH and cirrhosis. However, postoperative pathology confirmed a diagnosis of
HCC. Intraoperative photography (E) showed morphologic changes, no regenerative nodules, and ruddy liver parenchyma. According to our LFSS criteria, preoperative
radiological evaluation score: 2 (confirmed cirrhosis and/or imaging features of PH), intraoperative observation: 0 (no regenerative nodules), liver gross appearance color: red
(0), thus total LFSS score was 2, (Moderate, in contrast to preoperative assessment as Severe with indicator of PH). (F) Histologic evaluation of paracancerous parenchyma showed
Gl and SO (HE, 100%).

Abbreviations: LFSS, liver fibrosis severity score; HCC, hepatocellular carcinoma; CT, computed tomography; HE, hematoxylin and eosin; MR, magnetic resonance; PH,
portal hypertension.
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Table 2 Demographic and Clinicopathological Characteristics of the Derivation and External Validation

Cohorts
Characteristic Derivation Cohort (n = 900) Validation Cohort (n = 344) P value
n (%) or Median (Range) n (%) or Median (Range)

Gender 0.886"
Female 115 (12.8) 45 (13.1)
Male 785 (87.2) 299 (86.9)

Age (years) 0.110°
<40 122 (13.6) 47 (13.7)
40-60 496 (55.1) 168 (48.8)
260 282 (31.3) 129 (37.5)

Hepatitis virus type 0.037°
None 101 (11.2) 28 (8.1)
Hepatitis B 771 (85.7) 299 (86.9)
Hepatitis C 24 (2.7) 17 (4.9)
Hepatitis B+C 4 (0.4) 0 (0)

LFSS 0.009°
None 191 (21.2) 53 (15.4)
Mild 250 (27.8) 94 (27.3)
Moderate 279 (31.0) 110 (32.0)
Severe 180 (20.0) 87 (25.3)

PH 0.535°
None 754 (83.8) 282 (82.0)
Mild 98 (10.9) 48 (14.0)
Moderate 35 (3.9) 12 (3.5)
Severe 13 (1.4) 2 (0.6)

CTP grade 0.138*
A 860 (95.6) 335 (97.4)
B 40 (4.4) 9 (2.6)

Tumor MD (cm) 0.425°
<2 62 (6.9) 23 (6.7)
2-5 269 (29.9) 113 (32.8)
>5 569 (63.2) 208 (60.5)

Tumor number 0.228°
| 626 (69.6) 251 (73.0)
2 106 (11.8) 41 (11.9)
3 28 (3.1) 3 (0.9)
24 140 (15.6) 49 (14.2)

Tumor location 0.7522
Left 205 (22.8) 81 (23.5)
Right 609 (67.7) 226 (65.7)
Bilobar 86 (9.6) 37 (10.8)

PVTT 0.168°
None 809 (89.9) 299 (86.9)
Vpl 2 (0.2) 9 (2.6)
Vp2 27 (3.0) 11 (3.2)
Vp3 50 (5.6) 20 (5.8)
Vp4 12 (1.3) 5(1.5)

BDTT 0.440°
None 863 (95.9) 333 (96.8)
Microscopic 12 (1.3) 6 (1.7)
Macroscopic 25 (2.8) 5 (1.5)

(Continued)
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Table 2 (Continued).

Characteristic Derivation Cohort (n = 900) Validation Cohort (n = 344) P value
n (%) or Median (Range) n (%) or Median (Range)
HVTT 0.367°
None 868 (96.4) 328 (95.3)
Vvl 3(03) 1 (0.3)
Vv2 29 (3.2) 15 (4.4)
IVCTT 0.134*
No 893 (99.2) 338 (98.3)
Yes 7 (0.8) 6 (1.7)
AJCC-TNM stage 0.687°
1A 53 (5.9) 21 (6.1)
B 355 (39.4) 149 (43.3)
Il 210 (23.3) 63 (18.3)
1A 114 (12.7) 38 (11.0)
e 154 (17.1) 65 (18.9)
IVA 7 (0.8) 2 (0.6)
IVB 7 (0.8) 6 (1.7)
Surgical approach 0.077°
Open 521 (57.9) 180 (52.3)
Laparoscopic 379 (42.1) 164 (47.7)
Type of hepatectomy 0.133%
Anatomic 539 (59.9) 222 (64.5)
Nonanatomic 361 (40.1) 122 (35.5)
Liver inflammation G grade 0.038°
Gl 72 (8.0) 7 (2.0)
G2 596 (66.2) 239 (69.5)
G3 209 (23.2) 97 (28.2)
G4 23 (2.6) 1 (0.3)
Liver fibrosis S stage
Sl 79 (8.8) 7 (2.0) 0.002°
S2 349 (38.8) 133 (38.7)
S3 226 (25.1) 89 (25.9)
S4 246 (27.3) 115 (33.4)

Notes: *Pearson x* test; ®Wilcoxon rank sum test.

Abbreviations: LFSS, liver fibrosis severity score; PH, portal hypertension; CTP, Child-Turcotte-Pugh; MD, maximum diameter; PVTT,
portal vein tumor thrombosis; BDTT, bile duct tumor thrombosis; HVTT, hepatic vein tumor thrombosis; IVCTT, inferior vena cava
tumor thrombosis.

S19.0% (n=77), S2 39.8% (n = 342), S3 25.1% (n = 216), and S4 26.2% (n = 225), respectively; in Child-Pugh grade
B (n = 40), liver fibrosis stages were: S1 5.0% (n =2), S2 17.5% (n = 7), S3 25.0% (n = 10), and S4 52.5% (n = 21),
respectively. In patients with Child-Pugh grade A (n = 860), liver inflammation grades were: G1 8.4% (n = 72), G2
66.7% (n = 574), G3 22.7% (n = 195), and G4 2.2% (n = 19), respectively; in patients with Child-Pugh B grade B (n =
40), liver inflammation grades were: G1 0 (n = 0), G2 55.0% (n = 22), G3 35.0% (n = 14), and G4 10.0% (n = 4),
respectively.

Univariate and Multivariate Ordinal Logistic Regression Analyses

Results of the univariate ordinal logistic regression analysis for liver fibrosis S stages in the Derivation Cohort are listed
in Table 3. Multivariate logistic regression analysis demonstrated that LFSS, PH severity, plateletcrit (PCT) and model
for end-stage liver disease-sodium (MELD-Na) were independent predictors of pathological liver fibrosis stages in HCC
patients (Table 4).
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Table 3 Univariate Ordinal Logistic Regression for Liver Fibrosis Stage in the Derivation Cohort

Factors (n=900) S1 (n=79) S2 (n=349) S3 (n=226) S4 (n=246) Estimated Sig. 95% CI
n (%) or Median (Range) n (%) or Median (Range) n (%) or Median (Range) n (%) or Median (Range)

Gender
Female (115) 12 (15.2) 49 (14.0) 24 (10.6) 30 (12.2) —0.193 0.291 -0.550 0.165
Male (785) 67 (84.8) 300 (86.0) 202 (89.4) 216 (87.8) 0

Age (years)
<40 (122) 15 (19.0) 52 (14.9) 33 (14.6) 22 (8.9) —0.409 0.040* —0.799 —0.020
40-60 (496) 41 (51.9) 191 (54.7) 116 (51.3) 148 (60.2) 0.028 0.835 -0.238 0.294
260 (282) 23 (29.1) 106 (30.4) 77 (34.1) 76 (30.9) 0

Hepatitis virus
None (101) 21 (26.6) 55 (15.8) 16 (7.1) 9(37) —2.020 0.033* —3.880 —0.161
HBV (771) 57 (72.2) 288 (82.5) 202 (89.4) 224 (91.1) —0.738 0.428 —2.561 1.086
HCV (24) 1 (1.3) 6 (1.7) 522 12 (4.9) 0.077 0.939 —1.889 2.044
HBV+HCV (4) 0 0 3(1.3) 1 (0.4) 0

HBsAg
Negative (171) 28 (35.4) 84 (24.1) 28 (12.4) 31 (12.6) —0.865 0.000% -1.178 —0.552
Positive (729) 51 (64.6) 265 (75.9) 198 (87.6) 215 (87.4) 0

HBsAg quantity (IU/mL) 150 (0-4344.27) 226.7 (0-14,569.5) 250.0 (0-12,416.5) 250.0 (0-24,463.2) 9.862E-5 0.001* 4.216E-5 0.000

HBV-DNA (1U/mL) 50.0 (0-2.2x106) 418.5 (0-3.0x107) 1630.0 (0-9.3%107) 1495.0 (0-1.4x10%) 1.366E-8 0.391 —1.755E-8 4.487E-8

HBsAb
Negative (804) 67 (84.8) 303 (86.8) 207 (91.6) 226 (91.9) 0.486 0.015% 0.096 0.876
Positive (96) 12 (15.2) 46 (13.2) 19 (8.4) 20 (8.1) 0

HBeAg
Negative (828) 78 (98.7) 333 (954) 207 (91.6) 210 (85.4) —-1.123 0.000% -1.579 —0.667
Positive (72) 1(1.3) 16 (4.6) 19 (8.4) 36 (14.6) 0

HBeAb
Negative (233) 25 (31.6) 90 (25.8) 44 (19.5) 74 (30.1) 0.009 0.947 —0.262 0.281
Positive (667) 54 (68.4) 259 (74.2) 182 (80.5) 172 (69.9) 0

HBcAb
Negative (71) 12 (15.2) 32(9.2) 14 (6.2) 13 (5.3) —0.675 0.003* -1.125 —0.225
Positive (829) 67 (84.8) 317 (90.8) 212 (93.8) 233 (94.7) 0

PH severity
No (754) 77 (97.5) 329 (94.3) 189 (83.6) 159 (64.6) -3.134 0.000% —4.613 —1.655
Mild (98) 2 (2.5) 17 (4.9) 26 (11.5) 53 (21.5) —1.440 0.061 —2.947 0.067
Moderate (35) 0 2 (0.6) 10 (4.4) 23 (9.3) —0.895 0.273 —2.497 0.706
Severe (13) 0 1(0.3) 1 (0.4) 11 (4.5) 0

LFSS
None (191) 52 (65.8) 104 (29.8) 31 (13.7) 4 (l.6) -3.382 0.000% -3.770 -2.993
Mild (250) 21 (26.6) 138 (39.5) 55 (24.3) 36 (14.6) -2.152 0.000 —2.476 —-1.829
Moderate (279) 4 (5.1) 73 (20.9) 101 (44.7) 101 (41.1) —0.837 0.000 —-1.137 —0.538
Severe (180) 2 (2.5) 34 (9.7) 39 (17.3) 105 (42.7) 0
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Table 3 (Continued).

Factors (n=900) S1 (n=79) S2 (n=349) S3 (n=226) S4 (n=246) Estimated Sig. 95% CI
n (%) or Median (Range) n (%) or Median (Range) n (%) or Median (Range) n (%) or Median (Range)

CTP grade
A (860) 77 (97.5) 342 (98.0) 216 (95.6) 225 (91.5) —1.158 0.000* -1.707 —0.608
B (40) 2 (2.5) 7 (2.0 10 (4.4) 21 (8.5) 0

Tumor MD (cm)
<2 (62) 2 (25) 14 (4.0) 15 (6.6) 31.(12.6) 1.224 0.000* 0.730 1.719
2-5 (269) 22 (27.8) 88 (25.2) 65 (28.8) 94 (38.2) 0.532 0.000 0.266 0.798
>5 (569) 55 (69.6) 247 (70.8) 146 (64.6) 121 (49.2) 0

Tumor number
1 (626) 55 (69.6) 247 (70.8) 153 (67.7) 171 (69.5) —0.063 0.667 —0.350 0.224
2 (106) 10 (12.7) 39 (11.2) 24 (10.6) 33 (134) 0.101 0.616 —0.292 0.494
3 (28) 4 (5.1 8 (2.3) 8 (3.5) 8 (3.3) —0.119 0.736 —0.813 0.575
24 (140) 10 (12.7) 55 (15.8) 41 (18.1) 34 (13.8) 0

Tumor location
Left (205) 22 (27.8) 72 (20.6) 51 (22.6) 60 (24.4) —0.164 0.929 —3.751 3.423
Right (609) 48 (60.8) 243 (69.6) 150 (66.4) 168 (68.3) —0.404 0.825 —3.987 3.178
Bilobar (86) 9 (11.4) 34 (9.7) 25 (11.1) 18 (7.3) 0

PVTT
None (809) 73 (92.4) 317 (90.8) 195 (86.3) 224 (91.1) —0.258 0.626 —1.295 0.779
Vpl (2) 0 (0) 1 (0.3) 1 (0.4) 0(0) —-0.549 0.695 -3.290 2.192
Vp2 (27) 2 (2.5) 9 (2:6) 10 (4.4) 6 (24) —-0.175 0.782 —-1.412 1.062
Vp3 (50) 3(3.8) 19 (5.4) 15 (6.6) 13 (5.3) —0.155 0.791 -1.301 0.991
Vp4 (12) 1(1.3) 3 (0.9) 522 3(1.2) 0

BDTT
None (863) 76 (96.2) 339 (97.1) 211 (934) 237 (96.3) —0.193 0.601 —0.916 0.530
Microscopic (12) 1 (1.3) 3 (0.9) 522 3(1.2) 0.063 0.922 —1.189 1.315
Macroscopic (25) 2 (2.5) 7 (2.0) 10 (4.4) 6 (24) 0

HVTT
None (868) 79 (100.0) 337 (96.6) 216 (95.6) 236 (95.9) —0.496 0.588 —-2.290 1.298
Wl (3) 0 (0) 1(0.3) 2 (0.9) 0 (0) —0.507 0.716 -3.237 2223
Vv2 (29) 0(0) I (3.2) 8 (3.5) 10 (4.1) 0

Tumor encapsulation
No (554) 53 (67.1) 198 (56.7) 145 (64.2) 158 (64.2) 0518 0.316 —0.495 1.532
Incomplete (13) 1 (1.3) 7 (2.0) 3 (1.3) 2 (0.8) 0.389 0.455 -0.632 1.409
Complete (333) 25 (31.6) 144 (41.3) 78 (34.5) 86 (35.0) 0
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AJCC-TNM stage

IA (53)

IB (355)

11 (210)

A (114)

11IB (154)

IVA (7)

IVB (7)
ALT (U/L)
AST (U/L)
Lok index
King'’s score
APRI
FIB-4
MELD
MELD-Na
LDH (U/L)
ALP (U/L)

PA (mg/L)
v-GGT (U/L)
GPR

5-NT (U/L)
TBA (umol/L)
ALB (g/L)
GLB (g/L)
ALBI Grade

1 (438)

2 (457)

35
TBIL (mmol/L)
Na* (mmol/L)
Ca®" (mmoliL)
Mg?" (mmol/L)

CI™ (mmoliL)
K* (mmol/L)
P (mmol/L)
RBC (x10°%)
RDW

WBC (x10%)
NLR

Mono

MLR

2 (2.5)
32 (40.5)
18 (22.8)
15 (19.0)
12 (152)
0 (0)
0 (0)

31.5 (8.1-271.3)
34.6 (18.5-349.9)
03 (0.1-1.0)
9.7 (1.5-110.0)
0.5 (0.2-37)
1.7 (0.3-20.0)

7 (6=11)

7 (6-17)
180.7 (115.5-882.1)
97.7 (49.0-363.0)
205.0 (66.0-444.1)
56.7 (11.3-504.1)
0.6 (0.1-5.8)
9.8 (1.5-86.5)
44 (0.3-154.4)
404 (31.3-50.9)
25.0 (14.2-38.5)

52 (65.8)
27 (342)
0 (0)

14.0 (5.4-35.2)
139.0 (128.0-146.0)
23 (1.9-27)

0.9 (0.6-1.2)
105.5 (81.0-111.0)
42 (3.6-5.8)

11 (0.2-1.6)
46 (28-5.9)
13.0 (11.4-17.8)
62 (23-107)
23 (1.0-8.22)
0.5 (02-1.0)

0.3 (0.1-2.0)

12 3.4)
137 (39.3)
87 (24.9)
52 (14.9)
58 (16.6)
3(0.9)
0 (0)

34.4 (6.1-423.8)
37.6 (14.3-610.6)
0.4 (0.04-1.0)
10.7 (1.8-242.4)
0.5 (0.09-10.5)
1.8 (0.3-12.8)

7 (6-21)

7 (6-21)
200.6 (51.4-2024.4)
94.0 (38.0-618.7)
202.0 (22.7-473.0)
67.1 (10.3-788.7)
0.6 (0.09-10.3)
8.9 (0.8-144.0)
47 (0-246.8)
404 (29.6-50.1)
25.3 (15.6-37.2)

192 (55.0)
157 (45.0)
0 (0)

149 (5.3-181.8)
140.0 (128.0-148.0)
2.3 (20-2.9)
0.9 (0.5-1.3)
105.0 (80.0-114.0)
42 (3.0-5.9)

1.0 (0.5-1.6)
45 (2.5-6.7)
12,9 (11.3-18.1)
5.9 (26-22.1)
2.6 (0.7-19.4)
0.5 (0.1-1.5)
0.4 (0.1-1.5)

13 (5.8)

85 (37.6)

44 (19.5)

25 (11.1)

52 (23.0)

2 (0.9)
5(2.2)

38.8 (10.7-261.4)
41.9 (16.8-244.3)
0.5 (0.04-1.0)
15.0 (1.7-129.7)
0.7 (0.2-8.0)
2.5 (0.4-19.3)

7 (6-19)

7 (6-20)
196.7 (118.1-802.2)
101.0 (33.0-493.0)
176.9 (30.0-394.0)
752 (11.4-1411.3)
0.9 (0.1-14.4)
10.4 (1.7-122.4)
7.0 (0.5-194.8)
39.0 (25.8-50.7)
26.0 (15.0-51.2)

100 (44.2)
126 (55.8)
3 (1.4)

16.3 (4.7-288.0)
140.0 (129.0-154.2)
23 (1.9-2.7)
0.9 (0.6-2.7)
105.0 (92.0-117.0)
4.1 (2.9-6.0)

1.0 (0.4-1.6)
45 (2.5-7.8)
13.0 (10.6-18.3)
5.6 (2.1-16.6)
2.5 (0.5-11.9)
0.5 (0.1-1.6)
0.3 (0.03-1.4)

26 (10.6)

101 (41.1)

61 (24.8)

22 (89)

32 (13.0)

2 (0.8)
2 (0.8)

39.9 (8.4-359.0)
409 (17.2-327.8)
0.5 (0.03-1.0)
18.6 (2.5-223.4)
0.8 (0.1-8.1)
2.7 (0.6-24.0)

7 (6-16)

8 (6-21)
191.0 (91.1-496.0)
100.0 (40.2-456.0)
162.9 (24.0-340.4)
70.6 (14.3-788.7650.9)
0.9 (0.2-14.4)
10.2 (0.4-105.2)
8.5 (0-97.9)
39.1 (25.6-48.9)
26.2 (14.2-50.6)

94 (3822)
147 (59.8)
5 (2.0)

16.3 (6.3-172.4)
140.0 (128.3-150.0)
23 (1.0-27)
0.9 (0.3-12)
106.0 (95.0-114.0)
4.1 (3.0-5.4)

1.0 (0-1.8)

43 (2.0-7.5)
13.2 (11.7-24.8)
52 (1.2-13.0)
22 (05-11.7)
0.4 (0.1-1.6)
0.3 (0.04-1.5)

0.040
—0.889
—0.924
—1.363
—0.955
—0.662

0.035
0.001
1.952
0.022
0.472
0.204
0.139
0.087
—0.001
0.001
—0.007
0.001
0.169
0.007
0.008
—0.080
0.012

—0.305
0.117

0.010
0.018
—1.477
—-0.720
0.025
—0.564
—0.529
—0.265
0.239
—0.160
—0.080
—1.086
—0.582

0.958
0.212
0.197
0.061
0.185
0.501

0.000*
0.684
0.000%
0.000%
0.000%
0.000%
0.000%
0.001*
0.029*
0.186
0.000*
0.236
0.000%
0.082
0.008*
0.000*
0.163

0.868
0.950

0.024*
0.381
0.000*
0.167
0.023*
0.000*
0.072
0.003*
0.000*
0.000*
0.011*
0.000*
0.056

—1.431
—2.284
—2.328
—2.787
—2.367
—2.593

0.005
—0.002
1414
0.016
0.319
0.146
0.073
0.035
—0.003
—0.001
—0.009
0.000
0.095
—0.001
0.002
—0.108
—0.005

-3915
—3.500

0.001
—0.022
—2.284
—1.741

0.003
—0.872
—1.106
—0.437

0.140
-0.216
—0.142
—1.639
=1.179

1.510
0.506
0.480
0.061
0.458

1.268

0.006
0.003
2.489
0.029
0.625
0.262
0.204
0.139
0.000
0.003
—0.005
0.001
0.243
0.015
0.014
—0.053
0.030

3.305
3.734

0.019
0.059
—0.670
0.302
0.046
—0.257
0.048
—0.093
0.338
—0.103
—-0.018
—0.534
0.014
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Table 3 (Continued).

Factors (n=900) S| (n=79) S2 (n=349) S3 (n=226) S4 (n=246) Estimated Sig. 95% CI
n (%) or Median (Range) n (%) or Median (Range) n (%) or Median (Range) n (%) or Median (Range)
Hb (g/L) 138.0 (86-177) 138.0 (76-199) 139.0 (80-198) 136.0 (57-183) —0.006 0.060 -0.012 0.000
Het 41.6 (25.3-54.2) 42.0 (20.9-61.6) 41.9 (24.3-60.4) 40.9 (21.6-55.1) —0.024 0.023* -0.045 -0.003
PLT (x10'%) 192.0 (84-489) 186.5 (38.0-498.0) 153.5 (23.0-464.0) 124.0 (27.0-458.0) —0.009 0.000* -0.010 -0.007
PCT 0.2 (0.1-0.5) 0.2 (0.04-0.5) 0.2 (0-0.5) 0.1 (0.03-0.4) 0.028 0.000* 0.019 0.037
PDW 13.9 (9.7-63.4) 13.1 (8.1-73.9) 14.5 (9.1-75.5) 15.2 (8.8-84.4) —1.482 0.064 —3.051 0.086
PT (s) 1.1 (9.4-14.0) 11.3 (7.8-23.4) 11.4 (9.5-17.0) 11.9 (9.2-19.4) 0.282 0.000* 0.186 0.378
APPT (s) 31.5 (23.3-45.5) 31.0 (19.4-56.5) 32.3 (19.9-53.6) 33.3 (20.6-55.0) 0.046 0.000* 0.026 0.066
TT (s) 18.4 (14.6-25.0) 18.0 (14.1-25.7) 18.6 (13.6-24.1) 18.7 (14.2-25.2) -0.015 0.204 -0.037 0.008
INR 1.0 (0.8-1.2) 1.0 (0.7-1.9) 1.0 (0.8-1.5) 1.0 (0.8-1.7) 3.583 0.000* 2431 4.735
FDP (ng/mL) 1.8 (0.1-25.0) 2.0 (0.0-91.2) 2.1 (0.05-20.5) 1.4 (0-100.0) —0.001 0.900 -0.020 0.018
AT (%) 92.7 (39.7-179.2) 87.6 (41.0-201.2) 82.9 (36.9-149.6) 76.9 (30.3-145.9) -0.028 0.000* —0.035 -0.021
FIB (g/L) 2.7 (1.3-6.4) 2.6 (1.0-7.7) 2.5 (0.9-6.8) 2.3 (1.0-6.4) -0.256 0.000* —-0.371 —0.141
DD (mg/L) 0.4 (0.09-6.1) 0.4 (0.02-18.9) 0.4 (0.01-7.5) 0.4 (0.03-31.9) 0.004 0918 —0.070 0.078
BUN (mmol/L) 4.9 (2.0-8.7) 4.7 (1.9-15.8) 4.7 (1.9-11.1) 4.6 (2.1-12.6) —0.061 0.125 -0.140 0.017
Cr (mmol/L) 69.1 (40.7-101.5) 66.8 (25.5-445.2) 66.8 (34.5-335.1) 66.6 (31.8-154.9) —0.003 0.243 -0.007 0.002
AFP (ng/L)
<20 (357) 29 (36.7) 134 (38.4) 86 (38.1) 108 (43.9) 0.249 0.097 -0.045 0.544
20—400 (291) 27 (34.2) 110 31.5) 74 (32.7) 80 (32.5) 0.143 0.361 —0.164 0.451
>400 (252) 23 (29.1) 105 (30.1) 66 (29.2) 58 (23.6) 0
Edmondson-Steiner classification
1(27) 4 (5.1 8(23) 52 10 (4.1) -0.133 0.754 -0.967 0.700
1 (288) 32 (40.5) 106 (30.4) 51 (22.6) 99 (40.2) —0.251 0.283 -0.709 0.207
11l (508) 40 (50.6) 209 (59.9) 146 (64.6) 113 (45.9) —0.437 0.050 -0.874 0.000
IV (77) 3(3.8) 26 (7.4) 24 (10.6) 24 (9.8) 0
MVI
MO (399) 41 (51.9) 136 (39.0) 92 (40.7) 130 (52.8) 0.203 0.199 —0.107 0513
M1 (302) 23 (29.1) 130 (37.2) 82 (36.3) 67 (27.2) —-0.073 0.662 —0.400 0.254
M2 (199) 15 (19.0) 83 (23.8) 52 (23.0) 49 (19.9) 0

Note: *P < 0.05.

Abbreviations: Cl, confidence interval; PH, portal hypertension; LFSS, liver fibrosis severity score; CTP, Child-Turcotte-Pugh; MD, maximum diameter; PVTT, portal vein tumor thrombosis; BDTT, bile duct tumor thrombosis; HVTT,
hepatic vein tumor thrombosis; IVCTT, inferior vena cava tumor thrombosis; ALT, glutamic pyruvic transaminase; AST, aspartate aminotransferase; APRI, aspartate aminotransferase-to platelet ratio; FIB-4, fibrosis index based on 4
factors; MELD, model for end-stage liver disease; MELD-Na, model for end-stage liver disease-sodium; LDH, lactate dehydrogenase; ALP, alkaline phosphatase; PA, prealbumin; y-GGT, y-glutamyl transpeptidase; GPR, gamma-glutamyl
transpeptidase—to-platelet ratio; 5’-NT, nucleotidase; TBA, total bile acid; ALB, albumin; GLB, globulin; ALBI, albumin-bilirubin; TBIL, total bilirubin; RBC, red blood cell; RDWY, red blood cell distribution width; WBC, white blood cell;
NLR, neutrophil-to-lymphocyte ratio; Mono, monocyte; MLR, monocyte-to-lymphocyte ratio; Hb, hemoglobin; Hct, hematocrit; PLT, platelet; PCT, plateletcrit; PDWV, platelet distribution width; PT, prothrombin time; APTT, activated
partial thromboplastin time; TT, thrombin time; INR, international normalized ratio; FDP, fibrin degradation product; AT-lll, antithrombin-Ill; FIB, plasma fibrinogen; D-D, D-dimer; BUN, blood urea nitrogen; Cr, creatinine; AFP, alpha

fetoprotein; MVI, microvascular invasion.
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Table 4 Multivariate Ordinal Logistic Regression for Liver Fibrosis Stage in the Derivation Cohort

Factor Estimate SE Wald df Sig. 95% ClI

PH severity
None —2.908 0.767 14.394 | 0.000 (—4.411, —1.406)
Mild -1.372 0.786 3.045 | 0.081 (-2.913, 0.169)
Moderate —0.879 0.840 1.093 | 0.296 (—2.526, 0.769)
Severe 0 0

LFSS
None -2.515 0.428 34.529 | 0.000 (—3.354, —1.676)
Mild —-1.290 0.365 12.449 | 0.000 (—2.006, —0.573)
Moderate —0.415 0.336 1.523 | 0.217 (=1.074, 0.244)
Severe 0 0

MELD-Na 0.055 0.027 3.958 | 0.047 (0.001, 0.108)

PCT —0.004 0.001 12.232 | 0.000 (—0.006, —0.002)

Abbreviations: Cl, confidence interval; LFSS, liver fibrosis severity score; PH, portal hypertension; MELD-Na, model for end-
stage liver disease-sodium; PCT, plateletcrit.

Predictive nomograms were developed through multivariate analysis. For S stage prediction, total points were
calculated by adding the points for each of the four analyzed factors and referred to as the probability of S stage in
the bottom axis.

Performance of Established Predictive Models
Sl

A predictive nomogram for SI is presented in Figure 2A. The AUROCs of the nomogram to predict S1 in the
Derivation and External Validation cohorts were 0.850 (95% CI, 0.8132-0.8870) and 0.919 (95% CI, 0.8474—
0.9407), respectively, indicating good and excellent performance for distinguishing between S1 and non-S1 patients
(Figure 2B and C).

For internal validation of Derivation Cohort data, we obtained AUROC:S for S1 prediction of 0.845 (95% CI, 0.7850—
0.8929) for the development dataset (D-set) and 0.782 (95% CI, 0.7490-0.8819) for the validation dataset (V-set), with
a C-index of 0.823 (95% CI, 0.783-0.864) (Figure 2D). A GiViTI calibration plot showed good consistency between the
observed frequency and predicted probability of S1 with the Hosmer-Lemeshow (HL) test (° =5.872; P=0.662),
indicating no departure from good fit (Figure 2E).

Internal validation of the External Validation Cohort data yielded AUROCS for S1 prediction of 0.786 (95% CI, 0.7350—
0.8374) for the D-set and 0.800 (95% CI, 0.7449-0.8773) for the V-set, with a C-index of 0.833 (95% CI, 0.712-0.895)
(Figure 2F). The favorable calibration of the nomogram was further confirmed by the GiViTI calibration plot and the Hosmer-
Lemeshow test ()(2 =2.291; P =0.971) (Figure 2G).

S2

A predictive nomogram for S2 is presented in Figure 3A. The AUROCS of the nomogram to predict S2 in the Derivation
and External Validation cohorts were 0.726 (95% CI, 0.6926—0.7601) and 0.806 (95% CI, 0.7710-0.8521) respectively,
indicating that the nomogram had fair and good performance for distinguishing between S2 and non-S2 patients
(Figure 3B and C).

Bootstrap analysis for internal validation of the Derivation Cohort data obtained AUROCS for S2 prediction of 0.708
(95% CI, 0.6789—0.7476) for the D-set and 0.722 (95% CI, 0.6814-0.7508) for the V-set, respectively, with a C-index of
0.713 (95% CI, 0.678-0.747), indicating that the nomogram had fairly good performance for distinguishing between S2
and non-S2 patients (Figure 3D). A GiViTI calibration plot showed good consistency between the observed frequency
and predicted probability for S2 among patients with an HL chi-squared test value of 8.219 (P = 0.412) (Figure 3E).
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Figure 2 Continued.

Internal validation in the External Validation Cohort achieved AUROCS for S2 prediction of 0.814 (95% CI, 0.7479—
0.8801) for the D-set and 0.798 (95% CI, 0.7395-0.8566) for the V-set, respectively; with a C-index of 0.791 (95% CI,
0.743-0.839) (Figure 3F). A GiViTI calibration plot affirmed that the model calibration yielded good consistency
between the observed frequency and predicted probability among patients with S2-class, with an HL chi-squared test
value of 3.706 (P = 0.883) (Figure 3G).

S3

A predictive nomogram for S3 is presented in Figure 4A. AUROC:S of the nomogram to predict S3 in the Derivation and
External Validation cohorts were 0.648 (95% CI, 0.6078—0.6892) and 0.698 (95% CI, 0.6387-0.7582), respectively,
indicating poor differentiation of S3 and non-S3 classes (Figure 4B and C).
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Figure 2 Establishment and validation of S| predictive nomogram. (A) A predictive nomogram for SI. (B and C) The AUROCs of the nomogram to predict S| in the
Derivation (B) and External Validation (C) cohorts. AUCs are shown in the figure and reported with 95% Cls in the text together with the c-index. (D) Bootstrap analysis
for internal validation in the Derivation Cohort. (E) GiViTl calibration plot shows good consistency between the observed frequency and predicted probability for S| in the
Derivation Cohort. Calibration plots (black lines) show fitted polynomial logistic function curves of the relationship between the logit transformation of the predicted
probabilities and empirical outcomes (shaded yellow, 95% Cl). Ideal reference lines are red. HL chi-square test value is reported in the Results section. (F) Bootstrap analysis
for internal validation performed with the External Validation Cohort data. (G) The favorable calibration of the nomogram in the External Validation Cohort was further
confirmed by the GiViTl calibration plot. HL chi-square test value is reported in the Results section.

For the Derivation Cohort, bootstrap analysis for internal validation obtained AUROCs for S3 prediction of 0.637
(95% CI, 0.5894—0.6848) for the D-set and 0.556 (95% CI, 0.4788-0.6523) for the V-set, respectively; with a C-index of
0.616 (95% CI, 0.575-0.658), indicating poor performance for distinguishing between S3 and non-S3 patients
(Figure 4D), although a GiViTI calibration plot showed good consistency between the observed frequency and predicted
probability of S3, with an HL chi-square test value of 9.050 (P= 0.338) (Figure 4E).
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Figure 3 Continued.

Bootstrap analysis for internal validation of the External Validation Cohort data achieved AUROCs for S3 prediction
of 0.681 (95% CI, 0.6105-0.7519) for the D-set and 0.601 (95% CI, 0.4632—0.7385) for the V-set, respectively; with
a C-index of 0.666 (95% CI, 0.603-0.728) (Figure 4F), although a GiViTI calibration plot affirmed that the model
calibration yielded good consistency between the observed frequency and predicted probability of S3-class with an HL
chi-squared test value of 7.210 (P = 0.514) (Figure 4G).

S4
A predictive nomogram for S4 is presented in Figure SA. AUROC:S of the nomogram to predict S4 in the Derivation and
External Validation cohorts were 0.812 (95% CI, 0.7817-0.8413) and 0.824 (95% CI, 0.7770-0.8705), respectively;
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Figure 3 Establishment and validation of S2 predictive nomogram. (A) A predictive nomogram for S2. (B and C) The AUROCs of the nomogram to predict S2 in the
Derivation (B) and External Validation (C) cohorts. AUCs are shown in the figure and reported with 95% Cls in the text together with the c-index. (D) Bootstrap analysis
for internal validation in the Derivation Cohort. (E) A GiViTI calibration plot showed good consistency between the observed frequency and predicted probability for S2 in
the Derivation Cohort. Calibration plots are as defined in the Figure 2 legend. HL chi-square test value is reported in the Results section. (F) Bootstrap analysis for internal
validation performed with the External Validation Cohort data. (G) The favorable calibration of the nomogram in the External Validation Cohort was further confirmed by
the GiViTl calibration plot. HL chi-square test value is reported in the Results section.

indicating that the model was good at discriminating S4 both in Derivation and External Validation cohorts (Figure 5B
and C).

For Derivation Cohort data, bootstrap analysis for internal validation obtained AUROCs for S4 prediction of
0.822 (95% CI, 0.7889-0.8557) for the D-set and 0.753 (95% CI, 0.6866—0.8202) for the V-set, respectively; with
a C-index of 0.804 (95% CI, 0.769-0.835) (Figure 5D). A GiViTI calibration plot showed good consistency between
the observed frequency and predicted probability of S4 with an HL chi-square test value of 5.149 (P =0.742)
(Figure 5E).
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Figure 4 Continued.

Bootstrap analysis for internal validation of the External Validation Cohort data revealed AUROCs for S4 prediction
of 0.805 (95% CI, 0.7458-0.8654) for the D-set and 0.734 (95% CI, 0.6207-0.8476) for the V-set, respectively; with
a C-index of 0.792 (95% CI, 0.740-0.843) (Figure 5F). A GiViTI calibration plot affirmed that the model calibration
yielded good consistency between the observed frequency and predicted probability of S4-class with an HL chi-squared
test value of 10.488 (P = 0.232) (Figure 5G).

S3+54 (2S3)

A predictive nomogram for S3+S4 is presented in Figure 6A. The AUROCS of the nomogram to predict S3+S4 in the
Derivation and External Validation cohorts were 0.806 (95% CI, 0.7770-0.8346) and 0.840 (95% CI, 0.7976-0.8815),
respectively, indicating that the model was good at discriminating S3+S4 in both cohorts. (Figure 6B and C).
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Figure 4 Establishment and validation of S3 predictive nomogram. (A) A predictive nomogram for S3. (B and C) AUROC: to predict S3 in the Derivation (B) and External
Validation (C) cohorts. (D) Bootstrap analysis for internal validation in the Derivation Cohort. (E) GiViTl calibration plot showed good consistency between the observed
frequency and predicted probability for S3 in the Derivation Cohort. Calibration plots are as defined in the Figure 2 legend. HL chi-square test value is reported in the
Results section. (F) Bootstrap analysis for internal validation performed with the External Validation Cohort data. (G) The favorable calibration of the nomogram in the
External Validation Cohort was further confirmed by the GiViTl calibration plot. HL chi-square test value is reported in the Results section.

Bootstrap analysis for internal validation of the Derivation Cohort data obtained AUROC:s for S3+S4 prediction of 0.800
(95% CI, 0.7478-0.8553) for the D-set and 0.774 (95% CI, 0.7133-0.8342) for the V-set, respectively; with a C-index of
0.795 (95% CI, 0.765-0.824) (Figure 6D). A GiViTI calibration plot showed good consistency between the observed
frequency and predicted probability of S3+S4 with an HL chi-square test value of 3.626 (P = 0.889) (Figure 6E).

Bootstrap analysis for internal validation performed with the External Validation Cohort data achieved AUROC:s for
S3+S4 prediction of 0.812 (95% CI, 0.7597-0.8643) for the D-set and 0.805 (95% CI, 0.7514-0.88581) for the V-set,
respectively; with a C-index of 0.811 (95% CI, 0.766—0.856) (Figure 6F). A GiViTI calibration plot affirmed that the
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Figure 5 Continued.

model calibration yielded good consistency between the observed frequency and predicted probability of S3+S4 -class
with an HL chi-squared test value of 8.304 (P = 0.404) (Figure 6G).

Overall, the calibration curves for our proposed predictive models for S1, S2, S3, S4 and S3+S4 were ideal-matched
with a 45° reference line, indicating optimal agreement between the nomogram-predicted probabilities on the X-axis, and
the actual rates on the Y-axis.

Performance of Selective Serum Indices in Liver Fibrosis Staging
Table 5 and Figure 7A—G show the performance of selective serum indices, LFSS alone, or PH severity for identifying
S1 (7a), S2 (7b), S3 (7c), S4 (7d), S1+S2 (7e), S2+S3 (7f) and S3+S4 (7g) in the Derivation Cohort. None of the indices
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Figure 5 Establishment and validation of S4 predictive nomogram. (A) Predictive nomogram for S4. (B and C) AUROC: to predict S4 in the Derivation (B) and External
Validation (C) cohorts. (D) Bootstrap analysis for internal validation in the Derivation Cohort. (E) GiViTl calibration plot showed good consistency between the observed
frequency and predicted probability for S4 in the Derivation Cohort. Calibration plots are as defined in the Figure 2 legend. HL chi-square test value is reported in the
Results section. (F) Bootstrap analysis for internal validation performed with the External Validation Cohort data. (G) The favorable calibration of the nomogram in the
External Validation Cohort was further confirmed by the GiViTl calibration plot. HL chi-square test value is reported in the Results section.

had meaningful diagnostic value in identifying liver fibrosis stages S1 or S2. Most indices had poor abilities to diagnose
S3, with AUROCS less than 0.6. Several indices such as Lok index (grade), King’s score grade, ALBI grade, MELD
(grade) and MELD-Na (grade) cannot be used to diagnose S3.

Although AUROCs of all indices reached statistical significance (P<0.05) for the diagnosis of S4, only LFSS
achieved the highest AUROC (0.775), with other indices <0.7. The selective serum indices failed to demonstrate robust
diagnostic ability for S4.
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Figure 6 Continued.

Correlations Between Inflammation G Grade and Fibrosis S Stage

Univariate (Table 3) and multivariate (Table 4) ordinal logistic regression analyses did not confirm an association

between inflammation activity grade and fibrosis stage. Details of different liver fibrosis stages and inflammation grades

in the Derivation Cohort are summarized in Table 6. G grades did not always parallel S stages, and the distribution of

liver fibrosis stages was unequal across inflammation G grades. The non-parametric Spearman correlation test (Table 7)
showed that only Gl demonstrated a weak positive correlation with S1 (» = 0.574, P = 0.000), lacking clinically

significant relevance, while the other » coefficients revealed no correlation between G grades and S stages.
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Figure 6 Establishment and validation of S3+S4 predictive nomogram. (A) Predictive nomogram for S3+54. (B and C) AUROC: to predict S3+54 in the Derivation (B) and
External Validation (C) cohorts. (D) Bootstrap analysis for internal validation in the Derivation Cohort. (E) GiViTl calibration plot showed good consistency between the
observed frequency and predicted probability of S3+S4 in the Derivation Cohort. Calibration plots are as defined in the Figure 2 legend. HL chi-square test value is reported
in the Results section. (F) Bootstrap analysis for internal validation performed with the External Validation Cohort data. (G) The favorable calibration of the nomogram in
the External Validation Cohort was further confirmed by the GiViTl calibration plot. HL chi-square test value is reported in the Results section. The calibration curves for
S1, S2, S3, S4 and S3+54 were ideal-matched with a 45° reference line, indicating optimal agreement between the nomogram-predicted probabilities on the X-axis, and the
actual rates on the Y-axis. HL chi-square calibration values for each cohort are reported in the Results section.

Discussion
To the best of our knowledge, we report the first large cohort study to identify predictive factors and to construct models
to facilitate liver fibrosis staging in patients with HCC. We also found variable liver fibrosis stages distributed within
Child-Pugh grades, suggesting that they cannot accurately reflect liver fibrosis burden.

Multiple issues must be addressed during the evaluation of liver fibrosis burden in patients with HCC: 1) serum
markers are easily influenced by clinical interventions and fail to provide reliable quantitative assessments of fibrosis; 2)
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Table 5 ROC Curve Analysis of Selective NITs, LFSS and PH Severity for Different Liver Fibrosis Stage

Factors Si S2 S3 S4

AUC 95% CI Sig. AUC 95% ClI Sig. | AUC 95% CI Sig. AUC 95% CI Sig.
PH severity 0.425 (0.365, 0.484) 0.029 0410 (0.373, 0.448) | 0.000 | 0.501 | (0.457, 0.545) 0.962 0.636 (0.592, 0.680) 0.000
LFSS 0.191 (0.145,0.238) 0.003 0.327 (0-291,0.363) | 0.000 | 0.559 | (0.518, 0.600) 0.008 0.775 (0.743, 0.807) 0.000
Lok index 0.375 (0.308,0.441) 0.000 0.413 (0.375,0.452) | 0.000 | 0.524 | (0.482,0.567) 0.280 0.631 (0.591, 0.671) 0.000
Lok index grade 0.439 (0.376,0.503) 0.079 0.449 (0.411,0.488) | 0.011 | 0.510 | (0.467, 0.554) 0.648 0.575 (0.532, 0.618) 0.001
King’s score 0.340 (0.279, 0.410) 0.000 0.377 (0.340,0.415) | 0.000 | 0.553 | (0.509, 0.597) 0.018 0.661 (0.622, 0.699) 0.000
King’s score grade 0.357 (0.294, 0.421) 0.000 0.407 (0.369, 0.446) | 0.000 | 0.528 | (0.484, 0.571) 0.219 0.642 (0.603, 0.681) 0.000
APRI 0.344 (0.282, 0.405) 0.000 0.371 (0.333, 0.408) | 0.000 | 0.564 | (0.521, 0.607) 0.004 0.657 (0.617, 0.696) 0.000
FIB4 0.361 (0.298, 0.424) 0.000 0.384 (0.347, 0.422) | 0.000 | 0.550 | (0.505, 0.594) 0.026 0.647 (0.608, 0.686) 0.000
FIB4 Grade 0.403 (0.338, 0.469) 0.005 0.388 (0.350, 0.426) | 0.000 | 0.550 | (0.507,0.594) 0.024 0.625 (0.585, 0.665) 0.000
GPR 0.375 (0.312, 0.438) 0.000 0417 (0.378, 0.455) | 0.000 | 0.554 | (0.511, 0.598) 0.015 0.598 (0.557, 0.640) 0.000
ALBI 0.363 (0.299, 0.427) 0.000 0.419 (0.381, 0.457) | 0.000 | 0.560 | (0.517, 0.603) 0.007 0.594 (0.552, 0.636) 0.000
ALBI grade 0.398 (0.333, 0.462) 0.000 0.446 (0.407, 0.485) | 0.007 | 0.529 | (0.485, 0.573) 0.195 0.578 (0.536,0.620) 0.000
MELD 0.363 (0.304, 0.422) 0.000 0.461 (0.422, 0.500) | 0.053 | 0.511 | (0.468,0.555) 0.608 0.590 (0.548, 0.632) 0.000
MELD grade 0.391 (0.332, 0.450) 0.002 0.488 (0.449, 0.527) | 0.536 | 0.495 | (0.451, 0.539) 0.814 0.564 (0.520, 0.607) 0.004
MELD—Na 0.378 (0.315, 0.441) 0.000 0.471 (0.432, 0.510) | 0.147 | 0.499 | (0.456, 0.543) 0.981 0.584 (0.543, 0.626) 0.000
MELD—Na grade 0.398 (0.336, 0.460) 0.003 0.493 (0.454, 0.532) | 0.711 | 0.486 | (0.443, 0.530) 0.541 0.563 (0.520, 0.606) 0.004
Factors S1+S2 S2+S3 S3+S4

AUC 95% CI Sig. AUC 95% CI Sig. AUC 95% CI Sig.
PH severity 0.392 (0.355, 0.429) 0.000 0411 (0.370,0.451) 0.000 0.608 (0.571, 0.645) 0.000
LFSS 0.237 (0.205,0.268) 0.000 0.370 (0.330,0.409) 0.000 0.763 (0.732, 0.795) 0.000
Lok index 0.378 (0.341,0.415) 0.000 0.431 (0.391,0.470) 0.001 0.622 (0.585, 0.659) 0.000
Lok index grade 0.432 (0.395,0.470) 0.001 0.456 (0.416,0.496) 0.030 0.568 (0.530, 0.605) 0.001
King’s score 0.332 (0.297, 0.368) 0.000 0417 (0.378,0.456) 0.000 0.668 (0.632, 0.703) 0.000
King’s score grade 0.366 (0.330, 0.403) 0.000 0.427 (0.388, 0.466) 0.000 0.634 (0.597, 0.670) 0.000
APRI 0.327 (0.292, 0.362) 0.000 0.419 (0.380, 0.458) 0.000 0.673 (0.638, 0.708) 0.000
FIB4 0.346 (0.310, 0.381) 0.000 0.421 (0.383, 0.460) 0.000 0.654 (0.619, 0.690) 0.000
FIB4 Grade 0.362 (0.326, 0.399) 0.000 0.426 (0.387, 0.464) 0.000 0.638 (0.601, 0.674) 0.000
GPR 0.381 (0.344, 0.417) 0.000 0.458 (0.419, 0.498) 0.040 0.619 (0.583, 0.656) 0.000
ALBI 0.379 (0.343, 0.416) 0.000 0.466 (0.426, 0.506) 0.092 0.621 (0.584, 0.657) 0.000
ALBI grade 0416 (0.378, 0.453) 0.000 0.468 (0.428, 0.508) 0.114 0.584 (0.547,0.622) 0.000
MELD 0.420 (0.382, 0.457) 0.000 0.470 (0.430, 0.509) 0.134 0.580 (0.543, 0.618) 0.000
MELD grade 0.453 (0.416, 0.491) 0.017 0.483 (0.443, 0.523) 0.400 0.547 (0.509, 0.584) 0.017
MELD—Na 0.434 (0.396, 0.471) 0.001 0.470 (0.430, 0.509) 0.135 0.566 (0.529, 0.604) 0.001
MELD—Na grade 0.460 (0.422, 0.498) 0.042 0.481 (0.441, 0.521) 0.352 0.540 (0.502, 0.578) 0.042

Abbreviations: AUC, area under the curve; Cl, confidence interval; PH, portal hypertension; LFSS, liver fibrosis severity score; APRI, aspartate aminotransferase-to platelet ratio; FIB-4, fibrosis index based on 4 factors; GPR, gamma-
glutamyl transpeptidase—to-platelet ratio; ALBI, albumin-bilirubin; MELD, model for end-stage liver disease; MELD-Na, model for end-stage liver disease-sodium.
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Figure 7 Continued.

imaging modalities have been developed to assess various aspects of liver parenchyma that include morphometric
features, mechanical properties, and metabolic and functional characteristics. However, routine clinical use has been
confounded by insufficient accuracy, complex modifications of typical imaging protocols, and requirements for additional
institutional expertise and equipment;®*'* and 3) the effects of tumor-related factors (size, number, vascular invasion) on
liver fibrosis staging have not been fully determined. Thus, unmet clinical needs and wide research gaps for accurate
fibrosis staging persist. On the other hand, because CT and MRI are the primary radiologic modalities for HCC diagnosis
and staging,’ their application to liver fibrosis staging would be expedient if proven to be accurate.

Increased parenchymal stiffness and presence of liver regenerative nodules are meaningful indicators of significant or
advanced fibrosis and cirrhosis. The preoperative diagnosis of regenerative nodules by routine CT or MR imaging is
difficult during the early stages of liver fibrosis.” Consequently, liver stiffness measurement using US and MR
elastography has been considered a promising method, although potentially confounded by multiple factors.*® Intrinsic
discrepancies exist between areas biopsied using US or MR elastography and the anatomic locations of tumors.?’
Previous studies have yielded conflicting results that are inapplicable to clinical practice.'''* Thus, the use of liver
stiffness measurements as surrogate markers of liver fibrosis in patients with HCC should be exercised with caution.

CT-LSN scores may discern subtle changes of hepatic parenchymal architecture and have been suggested as valuable

3839 and may be associated with post-hepatectomy liver failure among HCC patients.*® However,

10,3843

in liver fibrosis staging,

the use of different imaging parameters and variable thresholds preclude inter-study comparisons and general
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Figure 7 ROC analysis of selective serum indices, LFSS, and PH severity. (A) S| diagnosis; (B) S2 diagnosis; (C) S3 diagnosis; (D) S4 diagnosis; (E) S1+S2 diagnosis; (F) S2+S3
diagnosis; (G) S3+54 diagnosis. Results are shown in detail in Table 5.

reproducibility. Whether CT-LNS scores can evaluate background liver fibrosis in patients with HCC is unclear. In view
of this point and restricted by the unavailability of liver stiffness measurement using US or MR elastography and CT-
LSN scores in our two centers, we hypothesized that the introduction of more expedient predictive models for liver

fibrosis staging may surmount the intrinsic limits of CT-based LSN scores.

The intraoperative classification of the gross severity of cirrhosis was proposed as a rapid staging method to
determine the extent of hepatic resection.** However, the single-center study was conducted using the generic term
“cirrhosis”, omitted external validation, and failed to present convincing evidence of liver fibrosis staging.** Our LFSS,

including more indices than regenerative nodules as a morphological staging index alone as reported previously,**

Table 6 Summary of Inflammation Grade Across Different Liver Fibrosis Stage Groups in the Derivation

Cohort
Gl (n=72) G2 (n=596) G3 (n=209) G4 (n=23)
S| (n=79) 46 (63.9%) 29 (4.9%) 3 (1.4%) | (4.3%)
S2 (n=349) 17 (23.6%) 287 (48.2%) 45 (21.5%) 0 (0)
S3 (n=226) 6 (8.3%) 124 (20.8%) 82 (39.2%) 14 (60.9%)
S4 (n=246) 3 (4.2%) 156 (26.2%) 79 (37.8%) 8 (34.8%)
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Table 7 Correlation Between Fibrosis Stage and Inflammatory Grade in the Derivation Cohort

Sl S2 S3 S4 S1+S2 S3+54
r P r P r P r P r P r P
Gl 0.574 0.000 -0.092 0.006 —0.114 0.001 —0.153 0.000 0.236 0.000 —0.236 0.000
G2 —0.194 0.000 0.269 0.000 —0.139 0.000 -0.036 0.275 0.153 0.000 —0.153 0.000
G3 —0.143 0.000 -0.195 0.000 0.179 0.000 0.129 0.000 -0.271 0.000 0.271 0.000
G4 —0.025 0.447 -0.129 0.000 0.134 0.000 0.027 0417 -0.140 0.000 0.140 0.000
GI+G2 0.147 0.000 0.234 0.000 —0.221 0.000 -0.134 0.000 0312 0.000 —0.312 0.000
G3+G4 —0.147 0.000 -0.234 0.000 0.221 0.000 0.134 0.000 -0.312 0.000 0312 0.000

unexpectedly showed only fair, but not superior, ability to diagnose S4. Most importantly, our results showed that not all
regenerative nodules of varying size prove to be cirrhotic on postoperative pathological examination.

Liver parenchymal color was unexpectedly identified as a meaningful indicator. Although the mechanisms underlying
color change during fibrosis still require elucidation, we suggest that color change may be a meaningful complementary
factor to evaluate liver fibrosis; to our knowledge, this observation has not been reported previously. Two patients (Case 2
and 3) with similar morphological changes and multiple micronodules differed in gross color appearance (Figure 1B and
C). If this factor had been ignored, the two patients would have been classified with mild LFSS. In actuality, Case 3 was
reclassified as moderate, and postoperative histopathology revealed stage S3. The gross appearance of parenchymal color
may reflect key pathogenic events during the course of progressive fibrosis, and highlights the value of further research to
explore possible surrogate markers of liver fibrosis burden.

Morphologic changes that complicate HCC may also result from hemodynamic consequences of local tumor effects,
such as macrovascular invasion or tumor thrombosis. Reliance on morphologic features to diagnose or exclude cirrhosis
should be undertaken with caution. Thus, in our LFSS criteria, we assigned 1 point for morphological changes regardless
of other potentially confounding factors. Such criteria minimized the risk of underestimation. Even so, the LFSS
proposed in the current study that includes liver morphometric measurement unexpectedly had little value in the
diagnosis of S1 or S2. The LFSS demonstrated poor diagnostic performance for S3 and only fair performance in the
diagnosis of S4, although it achieved significant improvement in AUROC and outperformed all single indices. Our
results underscored whether or what factors can be used to improve diagnostic accuracy, and also suggested that CT- or
MRI-based LSN scores may not be as accurate as previously thought.

PH was identified as a complementary factor, and was incorporated into the predictive model. Clinically significant
PH can signify stages of severe fibrosis and cirrhosis in chronic liver disease.*> The gold standard method of evaluating
PH severity is hepatic vein pressure gradient measurement, which is adopted infrequently in our evaluation of patients
with HCC. The absence of radiological signs cannot exclude the diagnosis of PH.*® We also observed that splenomegaly
with thrombocytopenia does not necessarily accompany radiologic or endoscopic signs of PH, as illustrated by Case 6 in
Figure 1. Preoperative axial multiphasic CT showed remarkable hepatic morphologic changes, ascites, and splenomegaly;
while intraoperative observations included ruddy liver parenchyma and the absence of liver regenerative nodules. We
suggest that the characteristics of PH in patients with HCC may differ from those without HCC, since tumor-related
effects can accumulate in a relatively short time interval compared to a gradual progression in chronic liver disease
without HCC. A superimposition of tumor mass effect and/or vascular-associated factors (eg, macrovascular invasion,
portal vein [tumor] thrombosis) may precipitate or aggravate portal hypertension with inapparent formation of contral-
ateral shunts. Even so, our results demonstrated that PH severity alone had little diagnostic value for S3 (advanced liver
fibrosis) and poor diagnostic ability for S4 (cirrhosis).

The LFSS proposed in the current study overcomes the shortcomings of preoperative CT or MRI in the diagnosis of
incipient or early liver fibrosis. The criteria are simple and easily applied before hepatectomy indicated for HCC after
open or laparoscopic laparotomy.

Preoperative PCT and MELD-Na can facilitate clinical screening for hepatic fibrosis. MELD-Na and other MELD-

47-49

based models have advantages for the accurate prediction of clinical outcomes in patients with cirrhosis, and may be
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particularly useful in patients for whom hepatectomy may be contraindicated by severe cirrhosis. In our study, MELD
(grade) and MELD-Na (grade) showed poor diagnostic ability for S4 with similar AUROCs, while only MELD-Na
remained significant in multivariate analysis, and improved the performance of our model.

Reduced PCT is an indicator of liver fibrosis in HCV-,°"" and HBV-related chronic liver disease,’> alcoholic liver
cirrhosis, and nonalcoholic fatty liver disease.’® Platelet count is an important index in several serum tests. Although PCT
and platelet count had similar performance in fibrosis staging in our study, only PCT remained as an independent
predictor by multivariate analysis. A similar finding was reported in HBV-related chronic liver disease,”” and deserves
further investigation.

We also evaluated the performance of selected serum indices. None can be used for S1 or S2 diagnosis. For S3, most
indices performed poorly, with AUROCSs below 0.6. For S4, the Lok index, King’s score (grade), and APRI, FIB4 (grade)
demonstrated improved performance, while other indices did not show significant improvements. These results empha-
size that frequently used serum tests failed as useful indices for differentiating background liver fibrosis burden in
patients with HCC, suggesting that the use of these cutoffs should be discouraged in clinical practice.

Tumor-associated factors cannot be ignored during liver fibrosis staging in patients with HCC. Liver stiffness
measurement values may vary with distance from the tumor boundary, and can be affected by tumor location.'"'*33
However, at least one study suggests that tumors do not significantly influence liver stiffness measurement results.>* We
explored heterogeneous characteristics of tumor-related factors for possible associations with liver fibrosis stage. Tumor
maximum diameter (MD) cutoff values were statistically significant in univariate analysis, but did not remain significant
in multivariate analysis. Tumor aggressiveness reflected by AJCC-TNM stage also showed no impact on each value of
liver fibrosis stage. Although an association between tumor-related factors and liver fibrosis stage seems intuitively
plausible, our results did not support this hypothesis, and no tumor-related factors were included in our prediction model
for fibrosis staging. We suggest that architectural changes caused by HCC are relatively acute compared to the gradual
progression of hepatic fibrosis. Given the inability to determine possible relationships between tumor characteristics and
liver fibrosis stage, we should consider that liver stiffness measurement values may not reflect liver fibrosis burden
accurately in patients with HCC.

Conflicting results have been reported regarding the influence of inflammation on liver stiffness measurement-based
liver fibrosis staging of chronic liver disease.”>® Whether such an association is present in patients with HCC remains
unknown. Of note, our study did not observe the grade of liver inflammation as a possible indicator of liver fibrosis
S stage by uni- and multivariate analyses in patients with HCC. Furthermore, we observed no significant correlation
between liver fibrosis S stage and inflammation G grade in patients with HCC, with the exception of a weak positive
correlation between G1 and S1. Taken together, these results suggest that our proposed liver fibrosis staging nomogram is
independent of hepatic inflammation.

Due to disequilibrium and asynchronous progression of liver fibrosis,*® the demarcation between adjacent S stages S2
or S3 or S4 is often challenging. The diagnostic accuracy of our model was only fair in identifying S2 and poor for S3 in
both the derivation and validation cohorts. These findings imply overlap of adjacent fibrosis stages, each representing
a heterogeneous group with some patients having S3-S4 and others having S2-S3 fibrosis. As shown in Table 5, when
classifying S1 with S2 and S2 with S3 as categories, respectively, none of the indices have clinical diagnostic utility by
AUROC analysis. In terms of clinical relevance and possible roles of liver fibrosis staging, classification of S3 with S4 as
an entity (>S3) (whether S3 fibrosis is closer to S4 is perplexing), may be a reasonable and acceptable strategy. Our
previous study investigated background liver fibrosis stage (>S3) as one of the risk factors associated with early HCC
recurrence after curative hepatectomy.”® In addition, our proposed predictive nomogram performs well with good to
excellent accuracy, suggesting its potential clinical value. Whether precise discrimination of intermediate stage S3 is
necessary in clinical practice deserves further study.

Several major strengths of our study must be highlighted. We used a real-world HCC dataset that featured a relatively
large sample size and consecutive enrolment, thus capable of an adequate representation of HCC characteristics in
clinical practice. Our study design facilitated the exploration of factors associated with different liver fibrosis stages. The
development of our model and its external validation, and the similarity of results between the two institutions indicate

778 hetps: Journal of Hepatocellular Carcinoma 2022:9

Dove!


https://www.dovepress.com
https://www.dovepress.com

Dove Xu et al

the reproducibility of our results regardless of differences in baseline characteristics of study populations. These results
can be generalized and applied to similar contexts.

The use of resected specimens as the gold standard for evaluating liver fibrosis may have obviated the conventional
pitfalls of histological interpretation based on percutancous liver biopsy, and may have ensured the high reliability of our
conclusions. The histopathologic consistency between sampling sites clarified the association of tumoral factors and liver
fibrosis staging, thus overcoming shortcomings of elastography, because resection of the area examined by elastography
was not always possible.

Our predictive model based on multivariate analysis differs from those reported in studies that used dichotomized
endpoints such as significant/advanced fibrosis or cirrhosis compared with healthy counterparts, or that evaluated liver
disease of different etiologies. Our model showed robust evidence of reasonably accurate diagnostic performance.
Whether our proposed model may indicate functional hepatic reserve may represent a noteworthy extension of our
study.

Several limitations of our study should be mentioned. First, our observational retrospective study design might have
allowed selection bias, causing unbalanced numbers of patients in different fibrosis stages. However, the large cohort size
and the analysis accounting for validated predictors of liver fibrosis burden reduced possible selection bias. Second, our
study was conducted in only two centers in China. We have planned further research to identify additional markers that
might further improve the predictive ability of our proposed models, and have initiated the validation of the clinical
applicability of our models in other centers. The consequent feedback will be used to improve our proposed models.
Third, all enrolled patients were Chinese with HCC, and most had histories of chronic HBV infection. Further validation
through multi-national prospective recruitment that includes patients with HCC of other etiologies is clearly warranted to
augment this initial assessment of our novel predictive nomogram. Fourth, different scanning parameters of CT and MRI
were used in our patient cohort. Given the relatively low sensitivity and specificity of routine CT and MRI in detecting
carly fibrosis, we broadened the criteria for preoperative morphological evaluation; any radiographic signs suggestive of
morphological changes were indicated in CT or MRI. Liver stiffness measurement or CT-LSN scores were not adopted in
the two centers. Thus, we can not compare the performance of liver stiffness measurement or CT-LSN with our models.

Conclusions
We propose new predictive models for background liver fibrosis staging in patients with HCC that can be implemented
into clinical practice as important complements to hepatic imaging to inform clinical HCC management strategy.
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