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Study Highlights
•	 The performance of the 17 HCC prediction models decreased with the prolongation of antiviral therapy, with modest to 
poor AUROCs using on-treatment scores at year 2.5 to 5.

•	 Models containing the variable of cirrhosis showed higher predictive performance and decreased less profoundly than 
models without during late antiviral treatment.

•	 During long-term antiviral therapy, further optimization for existing HCC prediction models or development for novel 
models is justified.
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INTRODUCTION

The hepatitis B virus (HBV) is the primary etiology of hepa-
tocellular carcinoma (HCC) worldwide. Antiviral treatment 

(AVT) can profoundly suppress HBV DNA replication, attenu-
ate hepatic necroinflammation and fibrosis, and halt the pro-
gression to HCC, thereby reducing liver-related mortality.1,2 
Nonetheless, AVT reduces but does not eliminate the devel-

Background/Aims: Existing hepatocellular carcinoma (HCC) prediction models are derived mainly from 
pretreatment or early on-treatment parameters. We reassessed the dynamic changes in the performance of 17 
HCC models in patients with chronic hepatitis B (CHB) during long-term antiviral therapy (AVT).

Methods: Among 987 CHB patients administered long-term entecavir therapy, 660 patients had 8 years of follow-up 
data. Model scores were calculated using on-treatment values at 2.5, 3, 3.5, 4, 4.5, and 5 years of AVT to predict three-
year HCC occurrence. Model performance was assessed with the area under the receiver operating curve (AUROC). The 
original model cutoffs to distinguish different levels of HCC risk were evaluated by the log-rank test. 

Results: The AUROCs of the 17 HCC models varied from 0.51 to 0.78 when using on-treatment scores from years 2.5 to 5. 
Models with a cirrhosis variable showed numerically higher AUROCs (pooled at 0.65–0.73 for treated, untreated, or mixed 
treatment models) than models without (treated or mixed models: 0.61–0.68; untreated models: 0.51–0.59). Stratification 
into low, intermediate, and high-risk levels using the original cutoff values could no longer reflect the true HCC incidence 
using scores after 3.5 years of AVT for models without cirrhosis and after 4 years of AVT for models with cirrhosis.

Conclusions: The performance of existing HCC prediction models, especially models without the cirrhosis variable, 
decreased in CHB patients on long-term AVT. The optimization of existing models or the development of novel models 
for better HCC prediction during long-term AVT is warranted. (Clin Mol Hepatol 2023;29:747-762)
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opment of HCC. Therefore, accurate risk prediction is needed 
to assist with optimized surveillance for the development of 
HCC.
The existing prediction models for HCC are mainly derived 

from untreated CHB patients or patients within 1–2 years of 
AVT initiation. We previously found that most HCC prediction 
models demonstrated acceptable performance using vari-
able values within two years of AVT.3 However, long-term 
AVT modifies the clinical course of CHB by significantly de-
creasing serum HBV DNA levels, improving liver functions 
(e.g., lowering alanine aminotransferase [ALT] and improving 
serum albumin [ALB]), and even regressing the cirrhosis sta-
tus.4,5 The model performances, especially those based main-
ly on pretreatment variables, are expected to decline as the 
duration of AVT increases. The retrieval of pretreatment or 
early on-treatment information for HCC prediction in treated 
patients is often not feasible in the clinical setting. Shifting 
the basis of calculating HCC risk using on-treatment variables 
would be an alternative approach. Therefore, it is still worth 
exploring any declining trajectories in the predictive perfor-
mance of existing HCC models.
The validation of the existing HCC models with on-treat-

ment variables during long-term AVT is essential for future 
model refinement and development. Therefore, in the pres-
ent study, we comprehensively validated and reassessed the 
predictive performance of 17 HCC models in a multicenter 
cohort of CHB patients on long-term AVT. 

MATERIALS AND METHODS

Study design

This is an external validation study for 17 HCC prediction 
models in CHB patients administered long-term AVT from a 
multicenter prospective cohort in China.6 This cohort en-
rolled 987 treatment-naïve CHB patients aged 18–65 be-
tween 2013 and 2015 who were followed for nearly eight 
years until September 2022. Patients coinfected with the 
hepatitis C virus or human immunodeficiency virus were ex-
cluded. The inclusion criteria for the validation cohort were 
as follows: (1) men or women aged 18–70 years; (2) treat-
ment-naïve with chronic HBV-induced fibrosis F2/F3 or with 
histological or clinical evidence of cirrhosis; (3) pretreatment 
HBV DNA >2,000 IU/mL for HBeAg-positive or >200 IU/mL for 

HBeAg-negative cirrhotic patients, and pretreatment HBV 
DNA >20,000 IU/mL for HBeAg-positive or >2,000 IU/mL for 
HBeAg-negative noncirrhotic patients. The study was ap-
proved by the ethics committee of Beijing Friendship Hospi-
tal,  Capital Medical University (IRB numbers BJFH-
EC/2013-027 and 2016-P2-021-01) and informed consent was 
signed for every patient.
 At the initiation of the study, all participants were treated 

with entecavir at a dosage of 0.5 mg/day. During the follow-
up period, ten patients (1%) shifted their therapy to tenofovir 
disoproxil fumarate or tenofovir alafenamide. Follow-up with 
liver biochemistry, HBV DNA, and liver stiffness measurement 
(LSM) was performed at baseline and every 26 weeks there-
after. HBeAg was tested at baseline and every 1–2 years. Liver 
histology was reviewed in patients with liver biopsies avail-
able at baseline, week 78, and week 260, to evaluate the 
stage of fibrosis. 
The status of cirrhosis during AVT was defined by liver bi-

opsy, presence of gastroesophageal varices on endoscopy, or 
by meeting at least two of the following four criteria: a) Liver 
surface irregularity and parenchymal nodularity on imaging 
(ultrasonography [US], contrast-enhanced computed tomog-
raphy [CT], or magnetic resonance imaging [MRI]); b) Platelet 
(PLT) <100×109/L with no other causes; c) ALB <35.0 g/L, or 
international normalized ratio >1.3; and d) LSM >12.4 kPa 
(when ALT <5×upper limits of normal).7 
HCC surveillance was conducted by alpha-fetoprotein (AFP) 

measurement and liver ultrasonography every 26 weeks. Di-
agnosis of HCC was performed in accordance with the rec-
ommendations of the American Association for the Study of 
Liver Diseases.

HCC prediction models evaluated in the 
present study 

We externally validated 14 HCC prediction models identi-
fied in previous systematic review8 and 3 other models 
(aMAP,9 CAGE-B,10 and SAGE-B10) published afterward, with an 
overview of the cohort characteristics of these models pre-
sented in Appendix 1. 
We classified the models as “treated”, “untreated”, or 

“mixed” according to the treatment status of the derivative 
cohort of CHB patients (all treated, all untreated, or a mix of 
treated and untreated) in the original reports. Furthermore, 
we directed special attention to the inclusion of the variable 
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“cirrhosis” in the original model scoring formula. Therefore, 
we stratified the models into four categories: 1) untreated 
models without the cirrhosis variable (REACH-B,11 NGM1-
HCC,12 and NGM2-HCC12); 2) untreated models with the cir-
rhosis variable (GAG-HCC13); 3) treated or mixed models with-
out the cirrhosis variable (mREACH-BI,14 mREACH-BII,14 LSM-
HCC,15 SAGE-B, mPAGE-B,16 PAGE-B,17 and aMAP); 4) treated or 
mixed models with the cirrhosis variable (AASL-HCC,18 
CAMD,19 REAL-B,20 CU-HCC,21 RWS-HCC,22 and CAGE-B). 

Working definitions for predictors and 
outcomes used in the current study

For each model, six serial analyses were performed to pre-
dict the three-year HCC occurrence and 2.5, 3, 3.5, 4, 4.5, and 
5 years of AVT were defined as the respective reference time-
points. In each analysis, on-treatment variable values at the 
corresponding reference timepoint were used as the “base-
line inputs” in calculating model risk scores and model per-
formances in predicting subsequent three-year HCC occur-
rence were evaluated (Appendix 2).  
Patients were eligible for inclusion at a reference timepoint 

if they had never been diagnosed with HCC before that time-
point and had any clinical visits within the subsequent three 
years. Follow-up duration was defined as the interval be-
tween each “reference timepoint” and the date of the last 
clinical visit or HCC diagnosis, whichever came first, within 
the subsequent three years.

Statistical analysis

Model discriminations were assessed by the area under the 
receiver operating curve (AUROC) with 95% confidence inter-
vals (CIs). The criteria used to judge the discrimination with 
AUROC values were: poor <0.60; possibly helpful between 
0.60 and 0.75; and clearly useful >0.75.23 Head-to-head com-
parisons of AUROCs were performed using the Benjamini 
and Hochberg method to minimize the false discovery rate.24 
The association of the HCC risk score at every on-treatment 

timepoint with subsequent three-year HCC incidence was 
evaluated by Cox’s proportional hazards regression model. 
The model score was treated as a continuous variable. The 
hazard ratio (HR) of HCC due to every 10% increase in score 
for each model was calculated to ensure comparability. A 
lower limit of HR >1 means that the increase in risk score is 

consistent with the increased probability of HCC events.
To assess the performance of originally recommended 

score cutoffs in HCC risk stratification, cumulative HCC inci-
dences in high, intermediate, and low-risk groups were cal-
culated for each model at different on-treatment timepoints 
using the Kaplan‒Meier method. HCC differences between 
risk groups were compared using the log-rank test.
Calibration was evaluated both quantitatively using Brier 

scores and graphically using calibration plots for four models 
(REACH-B, REAL-B, mPAGE-B, and CAMD) with the projected 
three-year HCC risks for corresponding model scores report-
ed in the original studies. 
Missing values of variables including demographic vari-

ables (age and sex), medical history (family history of HCC 
and diabetes), lifestyle factors (alcohol consumption), and 
laboratory variables (HBeAg, HBV DNA, PLT, ALB, ALT, total 
bilirubin [TBIL], AFP, and LSM) were handled with multiple 
imputation. Rubin’s rule was adopted to combine the point 
estimates and standard errors based on the five imputation 
sets. 
Sensitivity analyses were performed by using complete-

case and imputation datasets; and by using on-treatment cir-
rhosis and pretreatment cirrhosis when calculating scores for 
models involving the variable “cirrhosis”. Subgroup analyses 
were conducted in both cirrhotic patients and patients strati-
fied as intermediate or high-risk according to each model 
score and cutoff when initiating AVT. 
Statistical analyses were conducted using R version 4.2.1 (R 

package MICE, survival, psfmi, iterativeBMA, and ggplot2). All 
reported P-values are 2-sided, with <0.05 considered statisti-
cally significant.

RESULTS

Patient characteristics 

Among the 987 patients with CHB receiving AVT, 660 who 
did not develop HCC until year 2.5 and with at least one visit 
after year 2.5 were included in the present study. At the time 
of recruitment, 75.3% of the included patients were males, 
14.7% had a family history of HCC, 3.2% had diabetes melli-
tus, and 62.9% had pretreatment cirrhosis (Table 1). 
At AVT year 2.5, 45.2% of the patients had cirrhosis, where-

as the percentage was reduced to 35.8% at AVT year 5. On-
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treatment laboratory profiles significantly improved after the 
initiation of AVT and stabilized or slightly reduced during 
years 2.5 to 5, with the median levels of HBV DNA decreasing 
from 1.0 to 0.5 log IU/mL, ALT decreasing from 23.0 to 21.0 U/
L, and the LSM decreasing from 7.9 to 7.4 kPa (Table 1). 
During a median follow-up of 7.04 years (interquartile 

range [IQR], 6.97–7.25), 72 HCC cases were diagnosed. Specifi-
cally, from year 2.5, 45 HCC cases were diagnosed. With 2.5, 3, 
3.5, 4, 4.5, and 5 years as the reference on-treatment time-
points, subsequent three-year HCC incidences were 33 
(5.33%), 30 (4.65%), 28 (4.24%), 21 (3.38%), 20 (3.59%), and 16 
(2.85%), respectively (Table 1). 

On-treatment changes in HCC risk scores 

After an early dramatic decline in the first two years, the 
HCC risk scores decreased slowly or were maintained steadily 
from years 2.5 to 5 in the total cohort (Table 2, Appendix 3). 
Model scores also declined with the prolongation of AVT in 
both patients with and without the development of HCC. 
However, the difference in scores between HCC and non-HCC 
patients was narrower in patients with pretreatment cirrhosis 
than in the total cohort (Appendix 3).

On-treatment changes in model discriminations 
predicting HCC development 

From the initiation of AVT until year 5, a steadily decreasing 
trend in AUROC was observed for all models when using seri-
al on-treatment variables (Appendix 4). When using on-treat-
ment scores from years 2.5 to 5, the AUROCs of the risk mod-
els varied from 0.51 to 0.78 (Fig. 1). 
For all three untreated models without the cirrhosis vari-

able, the AUROCs using on-treatment variable values were 
poor at years 2.5 to 5, and the pooled AUROC estimates var-
ied from 0.51 to 0.59 (Table 3). All seven treated or mixed 
models without the cirrhosis variable showed possibly help-
ful AUROCs, with the pooled estimates varying from 0.61 to 
0.68 (Table 3). Importantly, models with the cirrhosis variable 
(independent of untreated, treated, or mixed, excluding 
CAGE-B), showed numerically higher AUROCs, with the 
pooled estimates varying from 0.65 to 0.73 (Table 3).
Head-to-head comparison after adjustments of multiple 

testing showed significantly higher AUROCs in models with 
the cirrhosis variable than in models without when using on-

treatment scores at years 3.5 and 4 (P-values from 0.0011 to 
0.0495). No significant difference was found between two 
models with cirrhosis as a variable at all on-treatment time-
points (P-values from 0.0512 to 0.9996) (Appendix 5). 

HR trends in HCC development were associated 
with changes in on-treatment risk scores

In the study period, the magnitude of increase in HCC 
risks associated with every 10% increase in model scores 
was lowered over time, with a decreasing trend in HR es-
timates observed for all models (Fig. 2). 
In the three untreated models without the cirrhosis 

variable, on-treatment scores did not significantly corre-
late with HCC risks at either timepoint (all P-values 
>0.05). For all seven treated or mixed models without 
the cirrhosis variable, HCC incidence increased signifi-
cantly with the increase in on-treatment scores at years 
2.5 and 3 but then became gradually nonsignificant. 
For most models with the cirrhosis variable derived 

from treated, mixed, or untreated CHB patients, scores 
remained significantly correlated with HCC incidence, 
even when using year 5 variable values. A 10% increase 
in scores signaled a parallel 47% increase in HCC risks for 
GAG-HCC: 1.47 (1.02, 2.10), 41% increase for REAL-B: 1.41 
(1.01, 1.96), 34% increase for CU-HCC: 1.34 (1.03, 1.75), 
32% increase for RWS-HCC: 1.32 (1.00, 1.74), and 29% in-
crease for AASL-HCC: 1.29 (1.01, 1.65). 

Performance of the score cutoffs originally 
recommended for HCC risk stratification

In the original reports, 12 models recommended score cut-
offs that stratified patients into low, intermediate, and high-
risk groups (Appendix 1, Fig. 3, Appendix 6). For treated or 
mixed models without the cirrhosis variable, HCC incidence 
did not significantly differ among the three risk groups ac-
cording to on-treatment scores after year 3.5, except for 
mPAGE-B, which remained significant until year 4 (P-val-
ue=0.0481). For the untreated model with the cirrhosis vari-
able, the recommended cutoff of 100 for model GAG-HCC 
failed to significantly stratify HCC risks between low and 
high-risk groups at most timepoints (P-values >0.05). For 
treated or mixed models with the cirrhosis variable, HCC risks 
remained significantly different across on-treatment risk 
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groups until year 4 (P-values <0.05). The recommended cut-
off value of 4.5 for the RWS-HCC model significantly distin-
guished risk groups even at 5 years of AVT (1.80% in the low-
risk group and 5.15% in the high-risk group, P-value=0.0115). 
However, the difference in HCC incidence between the 

high-risk and intermediate-risk groups gradually diminished 
with prolonged AVT (Fig. 3). For the mPAGE-B, CAMD, CAGE-

B, and SAGE-B models, HCC risks were numerically higher in 
intermediate-risk groups than in high-risk groups according 
to on-treatment scores after year 4 (Fig. 3, Appendix 6). 
HCC risk in patients stratified into low-risk groups was con-

sistently found to be low for most models (ranging from 0.0% 
to 3.69%), except for GAG-HCC (2.72% to 4.61%) and LSM-
HCC (2.32% to 4.58%). No HCC developed in the low-risk 

Figure 1. AUROCs of risk prediction model scores at different on-treatment timepoints. The AUROCs demonstrated the predictability of mod-
el scores for the three-year development of HCC after each on-treatment timepoint. The dotted lines represent criteria generally accepted to 
judge the discrimination: less than 0.50 (red dotted line) indicates that the predictions are no better than chance; less than 0.60 (gray dotted 
line) reflects poor discrimination; 0.60 to 0.75 (green dotted line), indicates possibly helpful discrimination; and greater than 0.75, indicates 
clearly useful discrimination. During long-term AVT, the AUROCs were poor for untreated models without the cirrhosis variable (A), were pos-
sibly helpful for treated or mixed models without the cirrhosis variable (C), and were numerically higher for models with the cirrhosis variable 
derived from treated, mixed, or untreated CHB patients (B and D) compared with other models (A and C). AUROC, area under receiver operat-
ing curve; HCC, hepatocellular carcinoma; CHB, chronic hepatitis B; AVT, antiviral therapy.
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group defined by aMAP at a cutoff of 50 when using on-
treatment scores from year 2.5 to year 4.5.

On-treatment model calibration for three-year 
HCC development

Models with the cirrhosis variable (CAMD and REAL-B) 
showed lower Brier scores than models without the cirrhosis 
variable (REACH-B and mPAGE-B). Irrespective of the on-
treatment timepoint, REAL-B had the lowest Brier score, 
ranging from 0.022 to 0.046 (Appendix 7). The calibration 
plot revealed that REACH-B continuously underestimated 
HCC risks at all timepoints (Appendix 7). For mPAGE-B, CAMD, 
and REAL-B, the HCC risks were only well calibrated for pa-
tients within the low and relatively low-risk quantiles pre-
dicted by serial on-treatment model scores (Appendix 7). 

Sensitivity and subgroup analysis

Sensitivity analysis with the complete-case datasets or us-
ing pretreatment cirrhosis rather than on-treatment cirrhosis 
showed similar results (Appendix 8). Subgroup analysis in pa-
tients with cirrhosis or patients stratified as intermediate or 
high-risk categories by the original models at the initiation of 
AVT demonstrated lower AUROCs than in the total cohort for 
most models (Appendix 9). The relative merits of models 
with the cirrhosis variable were not preserved in these high-
risk subgroup patients (Appendix 9). 

DISCUSSION

In this study, we validated and compared the predictive 
performance of 17 published HCC models in a prospective 
CHB cohort receiving long-term AVT. The predictability of all 
HCC risk models decreased with the prolongation of AVT, 
with modest to poor discriminations when using on-treat-
ment values for AVT from years 2.5 to 5. However, models 
with the cirrhosis variable, derived from treated, untreated, 
or mixed CHB patients, achieved higher discrimination than 
models without the cirrhosis variable. We also found that the 
reported cutoffs for HCC risk stratification might require 
some amendment in the era of long-term AVT.
The key finding of the present study is that the predictabili-

ty of the models attenuates when using serial on-treatment Ta
bl
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values in long-term AVT. A previous report on Caucasian pa-
tients with CHB also found that the performances were sub-
optimal when estimated at year 5 of AVT for PAGE-B, CU-HCC, 
or GAG-HCC.25 Two possible reasons might explain this de-
creasing trend. First, long-term antiviral treatment modifies 
the baseline HCC risks evaluated by the values of key predic-
tive variables such as HBV DNA, ALT, AST, PLT, and LSM before 
AVT.9,10 Therefore, if calculated with on-treatment values, the 
prognostic significance of these predictive variables in exist-
ing HCC models was lowered after long-term AVT. Our study 

showed this by the diminishing trend in HR estimates of each 
variable (Appendix 10). Second, patient age, an independent 
risk factor for HCC, increases with the prolonged duration of 
AVT. This leads to an increase in the model score of HCC risk. 
The relative weights of these on-treatment predictors might 
change with long-term AVT. Thus, the model scores that 
were based on the relative weights of predictors at pretreat-
ment or early on-treatment timepoints without including dy-
namic changes in the key predictors would perform subopti-
mally after long-term AVT. Future studies are required to 

Model Hazard Ratio(95% CI) P-value
REACH-B
2.5 1.29 (0.96, 1.74) 0.0865
3.0 1.33 (0.99, 1.79) 0.0566
3.5 1.16 (0.81, 1.66) 0.3927
4.0 1.23 (0.83, 1.81) 0.2803

4.5 1.05 (0.70, 1.55) 0.8163
5.0 1.08 (0.66, 1.78) 0.7266
NGMI-HCC
2.5 1.28 (0.96, 1.71) 0.0842
3.0 1.29 (0.97, 1.71) 0.0794
3.5 1.15 (0.80, 1.64) 0.4252
4.0 1.15 (0.82, 1.62) 0.3931
4.5 1.00 (0.70, 1.45) 0.9800
5.0 1.08 (0.69, 1.69) 0.7049
NGM2-HCC
2.5 1.13 (0.86, 1.49) 0.3501
3.0 1.19 (0.92, 1.52) 0.1725
3.5 1.10 (0.76, 1.59) 0.5669
4.0 1.09 (0.82, 1.47) 0.5274
4.5 0.98 (0.68, 1.41) 0.8993
5.0 1.11 (0.71, 1.72) 0.6060

Model Hazard Ratio(95% CI) P-value
GAG-HCC
2.5 1.56 (1.24, 1.97) 0.0005
3.0 1.54 (1.20, 1.98) 0.0015
3.5 1.69 (1.29, 2.20) 0.0005
4.0 1.59 (1.16, 2.19) 0.0067
4.5 1.34 (1.01, 1.79) 0.0459
5.0 1.47 (1.02, 2.10) 0.0400

Figure 2. Hazard ratios of risk prediction model scores at different on-treatment timepoints. The hazard ratio (HR) estimates demonstrate the 
magnitude of increase in three-year hepatocellular carcinoma (HCC) risks associated with every 10% increase in model scores at each on-
treatment timepoint. The 95% confidence interval (CI) covering the value of 1.0 demonstrated a nonsignificant correlation of on-treatment 
scores with HCC incidence. The HRs were nonsignificant at either timepoint for untreated models without the cirrhosis variable (A), became 
nonsignificant after antiviral therapy (AVT) year 3.5 for treated or mixed models without the cirrhosis variable (C), and remained significant 
until AVT year 5 for most models with cirrhosis as a variable derived from treated, mixed, or untreated CHB patients (B and D). For all models, 
the HR estimates lessened over time. 
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investigate whether the adjustment of the relative weights of 
these predictors and the use of artificial intelligence might 
help to improve the predictability of model scores during 
long-term AVT.

Nevertheless, the performance of models containing 
cirrhosis as a variable generally descended more slowly 
than those of other models. Cirrhosis is a crucial risk fac-
tor for HCC development regardless of the use of antivi-

Model Hazard Ratio(95% CI) P-value
mREACH-BI
2.5 1.39 (1.08, 1.79) 0.0145
3.0 1.42 (1.10, 1.84) 0.0098
3.5 1.23 (0.91, 1.64) 0.1590
4.0 1.24 (0.91, 1.69) 0.1622
4.5 1.21 (0.88, 1.66) 0.2329
5.0 1.16 (0.76, 1.75) 0.4516
mREACH-BII
2.5 1.44 (1.14, 1.83) 0.0042
3.0 1.44 (1.12, 1.84) 0.0057
3.5 1.26 (0.98, 1.63) 0.0692
4.0 1.29 (0.96, 1.72) 0.0843
4.5 1.29 (0.96, 1.74) 0.0894
5.0 1.19 (0.79, 1.78) 0.3584
LSM-HCC
2.5 1.26 (1.10, 1.45) 0.0021
3.0 1.22 (1.04, 1.43) 0.0151
3.5 1.13 (0.98, 1.30) 0.0960
4.0 1.20 (1.00, 1.44) 0.0493
4.5 1.16 (0.97, 1.40) 0.0999
5.0 1.10 (0.86, 1.41) 0.3934
SAGE-B
2.5 1.33 (1.14, 1.55) 0.0008
3.0 1.23 (1.02, 1.49) 0.0309
3.5 1.14 (0.98, 1.33) 0.0940
4.0 1.20 (0.99, 1.46) 0.0617
4.5 1.06 (0.86, 1.30) 0.5729
5.0 1.10 (0.84, 1.44) 0.4488
mPAGE-B
2.5 1.51 (1.17, 1.95) 0.0023
3.0 1.58 (1.18, 2.12) 0.0034
3.5 1.45 (1.08, 1.96) 0.0154
4.0 1.47 (1.03, 2.11) 0.0364
4.5 1.30 (0.93, 1.84) 0.1193
5.0 1.16 (0.76, 1.77) 0.4513
PAGE-B
2.5 1.40 (1.13, 1.75) 0.0039
3.0 1.37 (1.09, 1.73) 0.0099
3.5 1.37 (1.08, 1.74) 0.0111
4.0 1.29 (0.97, 1.71) 0.0748
4.5 1.28 (0.97, 1.69) 0.0770
5.0 1.19 (0.84, 1.69) 0.2907
aMAP
2.5 1.64 (1.24, 2.18) 0.0012
3.0 1.77 (1.29, 2.42) 0.0010
3.5 1.51 (1.11, 2.06) 0.0109
4.0 1.61 (1.10, 2.35) 0.0172
4.5 1.46 (1.01, 2.11) 0.0436
5.0 1.36 (0.85, 2.19) 0.1759

Figure 2. Continued.
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ral drugs,26 but it could be regressed with long-term AVT. 
Indeed, the proportion of patients with cirrhosis in our 
validation cohort decreased from 62.9% at pretreatment 
to 35.8% at treatment year 5. Furthermore, cirrhosis is 
also a more stable factor and less susceptible to acute 
flares than other indicators.27 Therefore, it is not surpris-
ing that the inclusion of cirrhosis would allow for better 
discrimination of HCC.28 The inclusion of other on-treat-
ment predictors that also gauged the severity of liver fi-

brosis (e.g., LSM, PLT, or ALB)29-31 did not add significant 
value during long-term AVT in our cohort. Taken togeth-
er, this evidence suggests that models that include the 
cirrhosis variable might be better options for HCC sur-
veillance in CHB patients on long-term AVT.26 
Furthermore, an amendment to the original cutoffs for 

HCC risk stratification might be required when applying 
model scores in patients using AVT long-term. Accurate 
cutoff values are essential for stratifying HCC risks and 

Model Hazard Ratio(95% CI) P-value
AASL-HCC
2.5 1.38 (1.17, 1.64) 0.0005
3.0 1.36 (1.13, 1.62) 0.0018
3.5 1.44 (1.19, 1.76) 0.0007
4.0 1.41 (1.12, 1.77) 0.0064
4.5 1.23 (1.01, 1.50) 0.0448
5.0 1.29 (1.01, 1.65) 0.0452
CAMD
2.5 1.34 (1.13, 1.59) 0.0013
3.0 1.33 (1.11, 1.59) 0.0032
3.5 1.40 (1.16, 1.70) 0.0013
4.0 1.35 (1.08, 1.69) 0.0117
4.5 1.22 (0.99, 1.50) 0.0600
5.0 1.24 (0.96, 1.61) 0.0933
REAL-B
2.5 1.54 (1.25, 1.89) 0.0002
3.0 1.47 (1.19, 1.82) 0.0008
3.5 1.54 (1.23, 1.93) 0.0005
4.0 1.52 (1.16, 1.99) 0.0043
4.5 1.30 (1.01, 1.69) 0.0445
5.0 1.41 (1.01, 1.96) 0.0437
CU-HCC
2.5 1.44 (1.21, 1.70) 0.0001
3.0 1.42 (1.18, 1.70) 0.0006
3.5 1.47 (1.20, 1.79) 0.0006
4.0 1.50 (1.19, 1.89) 0.0019.
4.5 1.28 (1.01, 1.62) 0.0450
5.0 1.34 (1.03, 1.75) 0.0323
RWS-HCC
2.5 1.47 (1.22, 1.77) 0.0003
3.0 1.42 (1.18, 1.70) 0.0006
3.5 1.50 (1.23, 1.83) 0.0003
4.0 1.57 (1.22, 2.02) 0.0017
4.5 1.41 (1.10, 1.80) 0.0089
5.0 0.4513
CAGE-B 1.32 (1.00, 1.74) 0.0495
2.5 1.39 (1.18, 1.65) 0.0004
3.0 1.32 (1.10, 1.59) 0.0055
3.5 1.26 (1.06, 1.50) 0.0096
4.0 1.32 (1.06, 1.65) 0.0154
4.5 1.15 (0.94, 1.42) 0.1606
5.0 1.15 (0.88, 1.50) 0.2854

Figure 2. Continued.
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optimizing HCC surveillance in patients with CHB. Using 
the originally recommended cutoffs, we found that the 
magnitude of the difference in HCC risks between the 
high and intermediate-risk groups was lessened with the 
prolongation of AVT. Therefore, further optimization for 
cutoffs to identify truly high-risk patients would be justi-
fied. On the other hand, the three-year HCC risk in the 
low-risk group defined by GAG-HCC and LSM-HCC was 
relatively higher (2.32% to 4.61%) in our validation co-
hort. These HCC risk values are far beyond the recom-
mended surveillance threshold of 0.2%/year in hepatitis 
B carriers and near or exceeding the threshold of 1.5%/
year in patients with cirrhosis.32 In the late antiviral peri-
od, an amendment to these cutoffs might help to identi-
fy patients with minimal HCC risks, enable less intensive 

HCC surveillance, and spare patients from undue anxiety 
and unnecessary interventions.
In addition, subgroup analysis showed that the AUROCs of 

HCC prediction models decreased more profoundly with AVT 
in patients with pretreatment cirrhosis than in the total co-
hort. Our results are consistent with previous findings of nu-
merically lower AUROCs in cirrhotic patients using pretreat-
ment model scores.33-36 In our study, we found that the 
difference in the risk scores between patients with HCC de-
velopment and those without was less obvious in cirrhotic 
patients than in the total cohort and further narrowed with 
the length of AVT. It is probable that in this relatively “homo-
geneous” subgroup, the predictive value of conventional 
predictors themselves or the classification of the predictors 
might be attenuated in discriminating HCC development.23 

Figure 3. Cumulative three-year HCC incidence by risk group stratified by on-treatment model scores using original cutoffs. At each on-
treatment timepoint, the subsequent three-year HCC incidence for high-risk (red bars), intermediate-risk (yellow bars), and low-risk 
categories (green bars) classified using on-treatment model scores were calculated for each model. The differences in HCC incidence 
between the high-risk and intermediate-risk groups gradually diminished with prolonged AVT. With the original cutoffs, the true HCC 
incidence across low-, intermediate-, and high-risk levels became non-significant using scores after AVT year 3.5 for untreated models 
with the cirrhosis variable (A) and treated or mixed models without cirrhosis (B), and became non-significant using scores after AVT 
year 4 for treated or mixed models with cirrhosis (C). HCC, hepatocellular carcinoma; AVT, antiviral therapy.  
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Future development of novel biomarkers is warranted to im-
prove the predictability for these high-risk CHB patients.37 
With a follow-up of eight years after the initiation of AVT, 

our external validation conducted in patients from 22 tertiary 
medical centers provided meaningful results on the utility of 
the 17 HCC prediction models. In addition, the comprehen-
sive statistical analysis, including sensitivity and subgroup 
analysis with multiple imputation, increased the robustness 
of the study results.
However, several limitations should be mentioned. 

First, our study population involved only a single ethnic-
ity. Thus, these results cannot be generalized to other 
ethnic groups without further validation. Second, since 
the data were generated from a cohort treated with en-
tecavir, it is not clear whether the conclusions may apply 
to patients treated with other nucleoside/nucleotide an-
alogs. Third, the relatively small number of endpoints 
might result in a statistically insignificant difference in 
model comparisons. Fourth, calibrations were not evalu-
ated for all models due to limited parameters reported 
in the original literature. Further external validation 
studies with larger sample sizes and broader population 
characteristics are needed to confirm the findings. 
In conclusion, our study found that the performance of ex-

isting HCC prediction models in CHB patients with long-term 
AVT decreased to modest or poor levels. In addition to the 
baseline measurements, on-treatment modification of HCC 
risk factors should be emphasized in the future refinement 
and novel development of HCC prediction models for pa-
tients on long-term AVT. 
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