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HBcrAg is a robust biomarker capturing both virologic and immunologic activity in CHB, with additional prognostic L
Conclusion valueforHCC, particularly in IA phases. It may complement or surpass conventional markers in phase classification K I M ‘\
and risk stratification.

Background/Aims: Hepatitis B core-related antigen (HBcrAg) reflects both serum hepatitis B virus (HBV) DNA and intra-
hepatic covalently closed circular DNA activity, offering potential advantages over conventional biomarkers in monitoring
chronic hepatitis B (CHB). This study evaluated the clinical utility of HBcrAg across immune phases and its prognostic value for
hepatocellular carcinoma (HCC).

Methodes: In this retrospective study, 281 CHB patients from Daejeon St. Mary’s Hospital (September 2022—July 2024) were
classified into HBV phases. HBcrAg was quantified using the ultrasensitive iTACT-HBcrAg assay. HBcrAg level was compared
across HBV phases, HCC presence, and patient characteristics.
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Results: HBcrAg levels varied significantly across immune phases, with an AUC of 0.97 for HBeAg(+) IA vs. IT, and 0.83 for
HBeAg(-) IA vs. II. In HBeAg(-) IA, HBcrAg > 3.8 LogU/mL was associated with higher HCC prevalence at AUC 0.69, while in
HBeAg(+) IA, > 4.9 LogU/mL was the optimal cut-off at AUC 0.71. In HBeAg(-) Il, HBcrAg < 3.8 LogU/mL was linked to the
absence of HCC. HBcrAg correlated inversely with age (r = -0.31, p < 0.0001), while the relationship with fibrosis severity dif-
fered according to HBeAg status. In multivariate analysis, HBcrAg remained independently associated with HCC (OR 1.64, p =
0.002). Residual HBcrAg positivity was observed in patients with HBsAg loss.

Conclusions: HBcrAg is a robust biomarker capturing both virologic and immunologic activity in CHB, with additional prog-
nostic value for HCC, particularly in IA phases. It may complement or surpass conventional markers in phase classification and

risk stratification.
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INTRODUCTION

Chronic hepatitis B (CHB), impacting more than 300 mil-
lion individuals worldwide, continues to pose a major public
health issue [1]. While treatment with nucleos(t)ide analogs
(NAs) often leads to undetectable serum hepatitis B virus
(HBV) DNA levels in most patients, resulting in favorable
clinical outcomes [2,3], 15-40% of patients still progress
to cirrhosis and/or hepatocellular carcinoma (HCC), despite
undergoing therapy [4-6]. This is primarily because the virus
cannot be completely eradicated, as covalently closed cir-
cular DNA (cccDNA) remains in the nuclei of infected liver
cells, even after antiviral treatment [7,8]. In consequence, it
is essential to track the quantity and transcriptional activity
of cccDNA throughout the disease progression. However,
traditional methods to detect cccDNA involve invasive pro-
cedures that are both time-consuming and challenging to
implement in clinical environments [9].

Traditionally, the monitoring of CHB depends on serum
markers, such as HBV DNA, hepatitis B e-antigen (HBeAQ),
and hepatitis B surface antigen (HBsAg). However, recent
research has identified hepatitis B core-related antigen
(HBcrAg) as a promising noninvasive biomarker. HBcrAg is
a composite marker comprising hepatitis B core antigen,
HBeAg, and the precore protein p22cr, all of which origi-
nate from the precore/core region of the HBV genome [10].
Due to this composition, HBcrAg reflects both serum HBV
DNA levels and the intrahepatic cccDNA pool and its tran-
scriptional activity, hence providing a more comprehensive
assessment of viral replication and immune status than tra-
ditional markers [11-14]. In consequence, HBcrAg serves as
a practical surrogate marker that can reflect the natural his-
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tory of CHB, without necessitating invasive liver biopsy. Clin-
ically, HBcrAg levels have been demonstrated to correlate
with various phases of CHB, including immune tolerance,
immune activation, and HBeAg seroconversion [15-17]. In
contrast with traditional markers, such as HBV DNA and HB-
sAg, which despite the persistence of intrahepatic cccDNA
may become undetectable with long-term NA therapy, HB-
crAg remains detectable, and continues to reflect underly-
ing viral activity [18].

CHB activity is a well-established contributor to the de-
velopment of HCC across various clinical settings, including
post-surgical recurrence [19,20]. Notably, patients treated
with NA continue to face the risk of HCC occurrence, and
in many instances, residual intrahepatic cccDNA is detected,
indicating its potential involvement in hepatocarcinogene-
sis [21]. This residual activity often remains undetected by
conventional biomarkers. However, the HBcrAg has demon-
strated that elevated HBcrAg levels are linked with a height-
ened risk of HCC in both untreated and NA-treated patients
[22-24].

In this study, we used an ultrasensitive immunoassay
(iTACT-HBcrAg) to detect HBcrAg [11], and employed elec-
trochemiluminescence immunoassay (ECLIA) to measure
HBsAg [25]. The application of iTACT-HBcrAg resulted
in significantly enhanced sensitivity for HBcrAg detection
(Methods), enabling precise quantification, even at low an-
tigen concentrations. Based on these findings, we evaluat-
ed the clinical utility of the HBcrAg assay in comparison to
conventional biomarkers, including HBsAg quantification,
to monitor the natural history, classify the immune phase,
and determine the presence of HCC in patients with CHB
virus infection [26].
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METHODS

Patient selection

This retrospective study included 281 patients with chronic
HBV infection treated at Daejeon St. Mary's Hospital who
had available serum samples for HBcrAg measurement be-
tween September 2022 and July 2024. The baseline (day 0)
was defined as the date of HBcrAg testing. Demographic,
clinical, and laboratory data were obtained from electronic
medical records. All patients were under regular follow-up
with an interval of approximately 6 months, during which
period, routine laboratory tests, including alanine amino-
transferase (ALT) (U/L), aspartate aminotransferase (U/L), total
bilirubin (mg/dL), albumin (g/dL), and international normal-
ized ratio were performed to assess liver function. Serum
HBV markers, such as HBsAg (S/CO), HBsAb (IU/L), HBeAg
(S/C0), HBeAb (S/CO), and HBV DNA (copies per mL), were
measured to assess virological status. Information on antivi-
ral treatment history was also collected. HCC was surveilled
using ultrasonography, computed tomography (CT), or mag-
netic resonance imaging (MRI) at (6-12) month intervals.
Diagnosis of HCC was made based on characteristic imag-
ing findings or biopsy. HCC presence was defined as the
presence of viable HCC at the time of HBcrAg testing. Pa-
tients with indeterminate HCC status, including those with
a prior history of HCC treatment but without clear evidence
of viable tumor at the time of HBcrAg measurement, were
excluded from the analysis. This study was approved by the
Institutional Review Board of Daejeon St. Mary’'s Hospital,
Catholic University of Korea (IRB No. DC25RISI0030), with
waiver of the requirement for informed consent. The study
was conducted in accordance with the Declaration of Hel-
sinki.

Classification of HBV natural history

Patients were classified according to their HBsAg and
HBeAg status at the time of HBcrAg measurement, based
on the 2022 Korean Association for the Study of the Liver
(KASL) guidelines [27]. Immune active (IA) phase was de-
fined as elevated ALT levels above the upper normal limit
(41 IU), with HBV DNA > 20,000 IU/mL (100,000 copies
per mL) in HBeAg-positive individuals, and > 2,000 IU/
mL (10,000 copies per mL) in HBeAg-negative individu-
als. Immune tolerant (IT) phase was defined as persistently
normal ALT with very high HBV DNA levels (> 10,000,000
IU/mL) in HBeAg—positive patients. Immune inactive (ll)
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phase was defined as normal ALT level with HBV DNA
< 2,000 IU/mL (10,000 copies per mL) in HBeAg—negative
patients. Patients receiving antiviral therapy were classified
as IA, regardless of HBV DNA or ALT levels. Patients with un-
detectable serum HBsAg on qualitative assay at the time of
HBcrAg measurement were classified as being in the HBsAg
loss phase, regardless of their prior HBeAg status.

Measurement of HBcrAg and HBsAg

The level of HBcrAg was measured from the patient’s se-
rum sample using the iTACT-HBcrAg assay, which was
developed based on the conventional reagent Lumipulse
HBcrAg (Fujirebio Inc., Tokyo, Japan) [28], and achieves
higher sensitivity than Lumipulse HBcrAg through changes
in the measurement system and the optimization of sample
pretreatment conditions and reagent composition. Briefly,
the antibody-bound particles and ALP-labeled antibodies in
the iITACT-HBcrAg assay reagent are also used as materials
for the Lumipulse HBcrAg [11]. After manual pretreatment
of the samples, iTACT HBcrAg assay was performed using
Lumipulse Presto Il. Specimen (150 pL) was mixed with
300 pl of pretreatment solution containing detergent mix-
ture, and incubated for 5 minutes at 80°C with agitation.
The pretreated samples (100 plL) were then incubated with
50 ul of the on-board pretreatment solution for 6.5 min-
utes at 37°C, and 50 pL of antibody-coated particle solution
was dispensed, stirred, and incubated at 37°C for 8 min-
utes. After the antigen—antibody-coated particle complex
was washed 3 times with the Lumipulse Presto washing
buffer, 50 pL of an ALP-labeled antibody solution was dis-
pensed, stirred, and incubated for 8 minutes at 37°C. After
the complex was washed again, a chemiluminescent sub-
strate was added, and the solution incubated for 4 minutes
at 37°C. Finally, the amount of luminescence was measured
at 463 nm. The lower limit of detection was 2.1 log U/mL,
allowing for highly sensitive quantification compared to the
conventional Lumipulse assay, which has a cut-off of 3.0 log
U/mL [29]. The upper limit of quantification for the iTACT-
HBcrAg assay was 7.1 log U/mL. In this study, HBcrAg was
measured using only iTACT-HBcrAg. The level of HBsAg
was measured by ECLIA (Elecsys® HBsAg II; Roche-diagnos-
tics, Mannheim, Germany; defined as Elecsys).

Statistical analysis

Categorical data were compared using the chi-squared test.
The Shapiro-Wilk test was applied to assess the distribution
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of continuous variables. Depending on normality, continu-
ous variables with non-normal distribution were analyzed
using the Mann-Whitney U test, while those with normal
distribution were analyzed by Student’s t-test. Time-de-
pendent receiver operating characteristic (ROC) curve anal-
ysis was conducted to assess the predictive performance
of biomarkers for immune phase classification and HCC
presence. For immune phase classification, area under the
ROC curve (AUROC) comparisons were conducted using
a one-vs.-the rest approach, and all results were visualized
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in a single multi-class ROC curve display. Optimal cut-off
values were determined using the Youden index (sensitiv-
ity + specificity - 1). Multivariate logistic regression analy-
sis was performed to evaluate the independent association
between HBcrAg levels and HCC presence, adjusting for
relevant clinical covariates. Multivariate linear regression
analysis was conducted to determine whether the inverse
correlation between age and HBcrAg levels persisted after
adjustment for other clinical covariates. A two-tailed p value
< 0.05 was considered statistically significant. All statistical

Table 1. Baseline characteristics at the time of HBcrAg sampling

Variable Total Antiviral naive Antiviral treated e
(n=281) (n =68, 24.2%) (n =213, 75.6%)

Age (yr) 60 (19-91) 62 (30-91) 60 (19 - 84) 0.169
Age < 60 yr 134 (47.7) 30 (42.6) 104 (49.3)
Male sex 167 (59.4) 40 (58.8) 127 (59.6) 1.000
HBV immune phases < 0.001

HBeAg(+) IA 112 (39.9) 3@4.4) 109 (51.2)

HBeAg(+) IT 3(1.1) 3(4.4) 0(0)

HBeAg(-) IA 115 (40.9) 16 (23.5) 99 (46.5)

HBeAg() Il 33(11.7) 33 (48.6) 0(0)

HBsAg loss 8 (6.4) 3(19.1) 5(2.3)
PLT (10%/L) 185 (0.14-382) 198.5 (85-382) 181 (0.14-359) 0.005
ALT (U/L) 20 (6-147) 8 (8-97) 21 (6-147) 0.135
TB (mg/dL) 6 (0.2-5.4) .6(0.3-2.6) .7(0.2-5.4) 0.552
ALB (g/dL) 5(2.6-5.1) .6 (3.41-5.0) 45 (2.6-5.1) 0.470
AFP (ng/mL) 2.53[1.70-3.95] 2.33[1.61-3.87] 2.63[1.77-4.03] 0.364
HBsAg (log;oS/CO) 2.82 (-1.40 to 4.46) 1.95 (-1.40 to 4.14) 2.94 (-1.40 to 4.46) < 0.001
HBcrAg (LogU/mL) 3.5(.1-7.1) 121-77) 4.121-7.1) < 0.001
HBV DNA? (log;qcopies/mL) 3.07 £ 1.48

> 100,000 (copies/mL) 12 (4.3)

< 10,000 (copies/mL) 251 (89.3)
Stiffness (kPA) 7.90[6.20-11.83] 7.10[6.00-9.5] 8.10 [6.38-13.12] 0.068
LC < 0.001

Yes 111 (39.5) 13 (19.1) 98 (46.0)

No 170 (60.5) 55 (80.9) 115 (54.0)
HCC 0.198

Yes 33(11.7) 5(7.4) 28 (13.1)

No 248 (88.3) 63 (92.6) 185 (86.9)

Values are presented as median (range), number (%), median [interquartile range], or mean = standard deviation.

HBcrAg, hepatitis B core-related antigen; HBV, hepatitis B virus; HBeAg, hepatitis B e-antigen; IA, immune active; IT, immune
tolerant; Il, immune inactive; HBsAg, hepatitis B surface antigen; PLT, platelet count; ALT, alanine aminotransferase; TB, total

bilirubin; ALB, albumin; AFP, alpha-fetoprotein; kPa, kilopascals; LC, liver cirrhosis; HCC, hepatocellular carcinoma.

AExcluding NA-treated group & DNA value of zero.
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analyses were performed using the Python packages scipy
(v1.10.1), statsmodels (v0.14.1), and scikit-learn (v1.3.2) in
Python (v3.8.20).

RESULTS

Patient characteristics

Table 1 summarizes the baseline characteristics of the study
population. The median age was 60 years (range, 19-91
yr), with 47.7% (n = 134) under 60 years. Male patients
accounted for 59.4% (n = 167) of the cohort. At the time
of HBcrAg sampling, patients were categorized according to
their HBeAg status and immune phase, as follows: HBeAg(+)
IT (n = 3), HBeAg(+) IA (n = 112), HBeAg(-) Il (n = 33), and
HBeAg(-) IA (n = 115). In addition, 18 patients had achieved
HBsAg loss, and were categorized separately.

Most patients (n = 213, 75.6%) were on antiviral therapy,
with tenofovir disoproxil fumarate (n = 89) and tenofovir
alafenamide (n = 74) being the agents most commonly pre-
scribed. Overall, most baseline demographic and laborato-
ry variables were comparable between antiviral-naive and
antiviral-treated patients, except for parameters directly
influenced by antiviral therapy, such as natural history clas-
sification and HBsAg level. HBcrAg levels also differed ac-
cording to antiviral treatment status, and liver cirrhosis (LC)
was more prevalent in the treated group, consistent with
cirrhosis being a major indication for antiviral therapy initia-
tion. During the follow-up period (median: 7.2 mo), HBsAg
loss occurred in 3 patients, and HBeAg loss in 14 patients.
At baseline, 33 patients had a history of HCC, while 2 addi-
tional cases developed HCC during follow-up.

Liver disease severity showed that 111 patients (39.5%)
had underlying LC, with a median (interquartile range) liv-
er stiffness of 7.90 kPa (6.20-11.83 kPa). The HBcrAg level
was 3.74 = 1.38 LogU/mL, and the HBV DNA level was 3.14
+ 1.49 log, ,(copies per mL) in the NA-untreated group.

Comparative analysis of HBcrAg and HBsAg
levels in the HBV natural history groups

A comparative analysis of HBcrAg levels across various
HBV natural history groups revealed significant differences
among most categories. As expected, HBcrAg levels were
notably higher in HBeAg(+) patients, compared to HBeAg(-)
patients, at 4.8 vs. 2.8 LogU/mL, p < 0.0001 (Fig. 1A). Over-
all, mean HBcrAg levels varied significantly between most
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natural history groups, suggesting that HBcrAg levels are
associated with both virologic replication, and host immune
activity (Fig. 1B). Exceptions were noted among immuno-
logically quiescent groups, such as HBeAg(+) IT, HBeAg(-) I,
and HBsAg loss, which did not exhibit significant differences
from one another.

In the AUROC analyses comparing each natural history
group against all others, patients with HBeAg(+) IA were
most distinctly identifiable, with an optimal HBcrAg thresh-
old of 3.7 LogU/mL resulting in area under the curve (AUC)
of 0.93 (Supplementary Fig. 1A). Furthermore, within-group
comparisons revealed that HBcrAg effectively discriminated
against immune activity status. Among HBeAg(+) patients,
HBcrAg distinguished 1A from IT with a cut-off of 3.3 LogU/mL
(AUC 0.97), while among HBeAg(-) patients, HBcrAg dis-
tinguished IA from Il with a cut-off of 2.6 LogU/mL (AUC
of 0.83) (Fig. 1C). These findings collectively suggest that
HBcrAg is a robust marker to distinguish immune phases
of chronic HBV infection, and when interpreted alongside
HBeAg status, is particularly informative.

While HBcrAg and HBsAg levels exhibit a positive cor-
relation (Fig. 1D), reflecting their shared origin from over-
lapping HBV transcripts, this correlation does not translate
into equivalent clinical utility. Analysis of HBsAg levels alone
did not reveal meaningful differentiation between the HBV
natural history groups (Fig. 1E). No significant differences in
HBsAg quantifications were detected between the groups
(Supplementary Fig. 1B), and AUROC analysis was unable to
identify any effective cut-off to distinguish between clinical
phases or immune activation states (Fig. 1F). These findings
suggest that although HBsAg and HBcrAg are both derived
from overlapping HBV transcripts, HBcrAg titer provides su-
perior discriminatory power compared to HBsAg titer to dif-
ferentiate the natural history and immune phases of chronic
HBV infection.

HBcrAg levels and HCC risk across different
phases of CHB

Next, we evaluated the use of HBcrAg levels in predicting
the presence of HCC across different natural history phases
of CHB. In HBeAg(-) IA patients, the AUC was 0.69 with an
optimal cut-off of 3.8 LogU/mL (Fig. 2A). Among 28 patients
in the high HBcrAg group (> 3.8 LogU/mL), 11 (39.3%) had
HCC, compared to 10 of 80 (12.5%) in the low group (chi-
square, p = 0.0050) (Fig. 2B). Although the AUC indicates
only fair discriminatory performance, the statistically signifi-
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Figure 1. Comparative analysis of HBcrAg and HBsAg according to HBV natural history. (A) HBcrAg levels in HBeAg—positive patients
compared with HBeAg—negative patients. (B) Distribution of HBcrAg levels across HBV natural history groups. (C) ROC curves of HBcrAg
to discriminate immune activity phases in HBeAg(+) and HBeAg(-) CHB. (D) Correlation between HBcrAg and HBsAg titers. (E) Distribu-
tion of HBsAg levels across HBV natural history groups. (F) ROC curves of HBsAg to discriminate immune activity phases in HBeAg(+) and
HBeAg(-) CHB. HBcrAg, hepatitis B core-related antigen; HBeAg, hepatitis B e-antigen; HBV, hepatitis B virus; ROC, receiver operating
characteristic; CHB, chronic hepatitis B; AUC = area under the curve; HBsAg, hepatitis B surface antigen.
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cant difference suggests a potential association.

Similarly, in HBeAg(+) 1A patients, the AUC was 0.71, with
an optimal cut-off of 4.9 LogU/mL (Fig. 2A). In this group,
7 of 58 patients (12.1%) in the high HBcrAg group (> 4.9
LogU/mL) had HCC, whereas in the low group, no HCC cas-
es were observed (chi-square, p = 0.0203) (Fig. 2C).

In HBeAg(-) Il patients, HBcrAg also demonstrated the
potential to identify HCC presence, with an AUC of 1.00
at the cut-off of 3.8 LogU/mL (Supplementary Fig. 2A). In
this group, only one patient in the high HBcrAg group had
HCC, while in the low group (n = 28), no HCC cases were
observed, resulting in a statistically significant difference
(chi-square, p = 0.0054) (Supplementary Fig. 2B). Given the
limited sample size, these findings should be interpreted
with caution, but they suggest that elevated HBcrAg levels
may help identify HCC risk, even in patients classified as |I.

To further evaluate the independent predictive value of
HBcrAg in the development of HCC, a multivariate logistic
regression analysis was performed, adjusting for clinical co-
variates highly associated with HCC occurrence (age, HBV

ROC curve of HBcrAg for HCC presence
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DNA, and LC). The analysis revealed that HBcrAg remained
significantly associated with the presence of HCC (odds ra-
tio [OR] 1.642, 95% confidence interval [CI] 1.198-2.251,
p=0.002), along with age (OR 1.066, 95% CI 1.024-1.109,
p = 0.002) and LC (OR 5.125, 95% Cl 2.149-12.222, p <
0.001), whereas HBV DNA level was not significantly associ-
ated with HCC presence (Table 2). These findings underscore
that elevated HBcrAg levels are independently associated
with HCC presence, even after adjusting for other relevant
variables. Furthermore, in both HBeAg(+) and HBeAg(-) IA
patients, HBsAg levels showed poor predictive performance
for HCC (Supplementary Fig. 2C), highlighting the superior
discriminative ability of HBcrAg to assess HCC risk.

Correlation of HBcrAg with age and viral
markers in HBV infection

Given that HBcrAg serves as an indicator of immune activa-
tion, we conducted a further assessment of host-related fac-
tors influencing its levels. Notably, age demonstrated a sig-
nificant inverse correlation with HBcrAg (Pearson r = -0.31,

HCC presence in HBeAg(+) IA patients
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20
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Chi-square p = 0.0203

o, LI

T T T T T T 0

0.0 0.2 0.4 0.6 0.8 1.0
False positive rate E

Low (< 3.8)

High (> 3.8)
HBcrAg class

Low (< 4.9) High (> 4.9)
HBcrAg class

Figure 2. Predictive performance of HBcrAg for HCC presence. (A) ROC curves of HBcrAg for HCC in HBeAg(-) and HBeAg(+) immune-ac-
tive patients. (B) HCC prevalence by HBcrAg class in HBeAg(-) IA patients. (C) HCC prevalence by HBcrAg class in HBeAg(+) IA patients.
ROC, receiver operating characteristic; HBcrAg, hepatitis B core-related antigen; HCC, hepatocellular carcinoma; HBeAg, hepatitis B e-an-

tigen; IA, immune active.

Table 2. Multivariate logistic regression of HCC presence

Variable Coefficient OR

95% Cl lower 95% Cl upper p value
HBcrAg 0.496 1.642 1.198 2.251 0.002
Age 0.063 1.066 1.024 1.109 0.002
HBV DNA -0.000 1.000 1.000 1.000 0.589
LC 1.634 5.125 2.149 12.222 < 0.001

HCC, hepatocellular carcinoma; OR, odds ratio; Cl, confidence interval; HBcrAg, hepatitis B core-related antigen; HBV DNA,

hepatitis B virus DNA,; LC, liver cirrhosis.
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p<0.0001)(Fig. 3A), indicating that older patients may exhibit
diminished HBV-related immune activity. Importantly, when
analyses were stratified by HBeAg serostatus, this inverse
association persisted, with significant negative correlations
observed in both HBeAg(-) patients (r = -0.172, p = 0.036;

Distribution of HBcrAg by age (yr)

r=-0.31
p=470x107

HBcrAg (LogU/mL)

KJIM™

Supplementary Fig. 3A), and HBeAg(+) (r = -0.227, p =
0.015; Supplementary Fig. 3B). Consistently, younger pa-
tients (age < 60 yr) were significantly more likely to pres-
ent with elevated HBcrAg levels (> median, 3.5 LogU/mL)
compared to their older counterparts, at 64.0% vs. 39.8%,
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Figure 3. Distribution of HBcrAg levels by host factors. (A) Correlation between HBcrAg levels and age. (B) Comparison of high (> 3.5

LogU/mL) and low (< 3.5 LogU/mL) HBcrAg groups by age class. (C

) Correlation between HBcrAg levels and liver stiffness measured by Fi-

broscan (kPa), stratified by HBeAg status. (D) Comparison of age between HBeAg(+) IA and HBeAg(-) IA. HBcrAg, hepatitis B core-related
antigen; HBeAg, hepatitis B e-antigen; IA, immune active; kPa, kilopascal.

Table 3. Multivariate linear regression of HBcrAg correlation

Variable Coefficient SE 95% Cl lower 95% Cl upper p value
Age -0.018 0.006 -0.029 -0.006 0.003
Sex 0.043 0.135 -0.223 0.309 0.750
HBeAg -1.863 0.151 -2.160 -1.567 <0.001
HBsAg 5.89 x 107 1.95 x 107 2.04 x 10 9.74 x 107 0.003
HBV DNA 1.60 x 107 118 x 107 7.22 x 10710 3.93 x 107 0.176
PLT -0.001 0.001 -0.003 0.001 0.391
ALT 0.003 0.004 -0.006 0.012 0.517
kPa 0.008 0.006 -0.003 0.019 0.158

HBcrAg, hepatitis B core-related antigen; SE, standard error; Cl,

confidence interval; HBeAg, hepatitis B e-antigen; HBsAg, hepatitis

B surface antigen; HBV DNA, hepatitis B virus DNA; PLT, platelet; ALT, alanine aminotransferase; kPA, kilopascals.
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p =0.0002 (Fig. 3B), thereby reinforcing the association be-
tween age and immune activity.

The relationship between fibrosis severity and HBcrAg
differed according to HBeAg status. Within the IA phase,
where ongoing inflammation and fibrotic progression are
expected, a significant positive correlation between HBcrAg
levels and liver stiffness was observed in HBeAg(-) IA (r =
0.248, p=0.011). In contrast, no significant association was
found in HBeAg(+) IA (r = 0.059, p = 0.552) (Fig. 3C).

Notably, patients in the HBeAg(-) IA were older than those
in the HBeAg(+) IA (mean + standard deviation: 58.8 + 9.9
yrvs. 55.1 + 12.1 yr; median: 61.0 yr vs. 56.0 yr) (Fig. 3D),
consistent with a more advanced disease stage and pro-
longed host—virus interaction. These findings suggest that in
HBeAg(-) 1A, elevated HBcrAg may reflect persistent intrahe-
patic viral transcriptional activity despite relatively low serum
HBV DNA levels, thereby contributing to ongoing necroin-
flammation and fibrosis progression.

To determine independent factors associated with HBcrAg
levels, we conducted multivariate linear regression analysis,
including clinical and viral variables (Table 3). Age remained
a significant negative correlate (coefficient -0.018 per year,
p = 0.003), along with HBeAg positivity (coefficient -1.863,
p < 0.001). HBsAg titer level was positively correlated (co-
efficient 5.89 x 10, p = 0.003), while sex, HBV DNA, PLT,
ALT, and Fibrosis (kPa) were not independently associated.
These results reinforce the interpretation that HBcrAg is pri-
marily reflective of host immune status and viral replication,
particularly in younger or HBeAg(+) individuals.

DISCUSSION

In this study, we comprehensively evaluated the clinical util-
ity of HBcrAg in patients with CHB across different immune
phases, focusing on its associations with age-related im-
mune activity, phase classification, and HCC risk.
Classification of immune phases in CHB is clinically im-
portant, because it directly informs treatment initiation,
monitoring strategies, and prognosis. Recent studies have
shown that even within the gray zone, patients, when fur-
ther stratified according to the underlying immunological
nature of CHB, exhibit different clinical outcomes [30,31],
underscoring the need for more refined biomarkers. In this
context, HBcrAg represents a valuable tool, as it reflects in-
trahepatic cccDNA activity and immune-mediated viral tran-
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scription, thereby providing the potential to distinguish CHB
patients according to both viral activity and immune status.

HBcrAg levels differed significantly among HBV immune
phases, particularly in distinguishing 1A from IT states. As
expected, HBeAg(+) IA patients demonstrated the highest
HBcrAg levels, consistent with active viral replication and
immune recognition. In contrast, quiescent groups, such as
HBeAg(+) IT, HBeAg(-) Il, and those with HBsAg loss, ex-
hibited comparably lower HBcrAg levels, suggesting limited
immune stimulation. In particular, HBcrAg exhibited strong
discriminatory performance (AUC = 0.97 for 1A vs. IT in
HBeAg(+) and AUC = 0.83 for IA vs. Il in HBeAg(-)), whereas
neither HBV DNA nor HBsAg titers showed meaningful dif-
ferences across clinical phases (HBV DNA: AUC = 0.44 and
0.32; HBsAg: AUC = 0.45 and 0.54).

These findings reinforce the value of HBcrAg as a surro-
gate marker of immunologic activity beyond currently used
markers, such as viral load or HBsAg titer, both of which in
our cohort failed to differentiate between immune phases.
In support of this interpretation, emerging immunological
evidence suggests that HBcrAg more closely reflects HBV-
specific immune activity than conventional serological mark-
ers. In a detailed immunophenotyping study, HBV-specific
T—cell responsiveness, including CD4* T—cell activity, was
more strongly associated with HBcrAg levels than with HB-
sAg levels, particularly in HBeAg-negative chronic infection
[32]. Furthermore, single-cell transcriptomic analyses of
paired liver and blood samples across HBV disease phases
have revealed that immune-active states are characterized
by expansion and the intrahepatic accumulation of exhaust-
ed CD8* T cells, accompanied by intense immune—cell inter-
actions and inflammatory signaling [33].

Moreover, even within the HBsAg loss group, 7 out of 18
patients had HBcrAg levels above the lower detection limit
(Supplementary Fig. 3B), indicating ongoing antigen pro-
duction, despite surface antigen clearance. This subgroup
warrants longitudinal follow-up in future studies to deter-
mine whether residual HBcrAg positivity in the HBSAg loss
phase carries prognostic significance, in particular regarding
HCC risk or viral reactivation.

Beyond its role in immune phase classification, HBcrAg
also has strong biological plausibility as a marker associated
with HCC risk. Previous longitudinal studies have demon-
strated that higher HBcrAg levels predict HCC development,
even in patients receiving long-term effective antiviral ther-
apy [22,34]. Mechanistically, HBcrAg is a robust predictor
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of HCC risk, because it directly reflects the transcription-
al activity of intrahepatic cccDNA, which plays a central
role in persistent HBV infection and hepatocarcinogenesis
[13,35]. This transcriptional activity is primarily regulated by
the HBx oncoprotein, which initiates cccDNA transcription
by recruiting chromatin-modifying enzymes to the cccDNA
minichromosome, leading to sustained production of HB-
crAg components [36]. Persistent HBx activity further pro-
motes hepatocarcinogenesis by inhibiting tumor suppressor
pathways, such as p53, and activating oncogenic signaling
pathways, including Wnt/B-catenin [37]. In consequence,
ongoing cccDNA transcription and HBx-driven oncogenic
signaling can promote chronic immune-mediated inflam-
mation, sustained hepatocyte turnover, and genomic insta-
bility, thereby facilitating malignant transformation [22,37].
Emerging evidence also indicates that epigenetic regulation
of cccDNA transcription contributes to continued viral anti-
gen production and oncogenic signaling, even under effec-
tive antiviral therapy [38]. Taken together, elevated HBcrAg
reflects a cumulative antigenic and oncogenic burden, rath-
er than transient viral replication alone, providing a biologi-
cal explanation for its superior predictive value for HCC risk,
despite the effective suppression of serum HBV DNA.
Accordingly, our data showed prognostic value of HBcrAg
for HCC, particularly within IA phases. Among HBeAg(-)
IA patients, a cut-off of 3.8 LogU/mL was associated with
significantly higher HCC prevalence, while a similar associ-
ation was observed in HBeAg(+) IA patients at a threshold
of 4.9 LogU/mL. Although the overall HCC predictive per-
formance was modest (AUCs 0.69 and 0.71 for HBeAg(-)
IA and HBeAg(+) IA, respectively), interpretation alongside
other biomarkers or clinical indicators suggests that HBcrAg
can meaningfully contribute to risk stratification in CHB
patients. Importantly, these HCC-associated cut-offs were
higher than the immunologic activation thresholds previ-
ously used to distinguish 1A from [T/l phases, indicating a
biologically coherent gradient: HBcrAg first discriminates
immune activation from quiescence, while within the 1A
state, further elevation reflects intensified viral transcription
and immune-mediated inflammation, which ultimately lead
to tumorigenesis [39-41]. This aspect is not adequately cap-
tured by conventional markers, such as HBsAg or HBV DNA.
Interestingly, age emerged as a key host determinant of
HBcrAg levels, showing a significant inverse correlation,
consistent with previous reports [17,42]. Crucially, our strat-
ified analysis confirmed that this inverse association per-
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sisted independently of HBeAg serostatus, indicating that
the age-related decline in HBcrAg is not merely driven by
the transition to the HBeAg-negative phase, but reflects a
broader state of immunosenescence. Multiple mechanisms
may underlie the observed decline in HBcrAg with aging,
including the gradual depletion of cccDNA, epigenetic si-
lencing of intrahepatic cccDNA, a relative increase in tran-
scription from integrated HBV DNA, and prior or ongoing
antiviral therapy exposure. Prior studies have demonstrated
that HBV replication capacity decreases with age, partly due
to the methylation-mediated silencing of cccDNA [43]. In
addition, HBV-specific T-cell responses have been shown
to correlate with both age and HBcrAg levels [32], suggest-
ing that age-related decline in host immune responses itself
could, in part, contribute to lower HBcrAg levels. Although
further investigation is warranted, the inverse correlation
between age and HBcrAg is likely to reflect a state of viro-
logical and immunological quiescence with diminished host
responsiveness. Deviations from this typical pattern may in-
dicate distinct biological subgroups with differing risks of
disease progression and HCC development: younger indi-
viduals with low HBcrAg may enjoy a relatively favorable
prognosis, whereas older individuals with high HBcrAg may
bear a higher risk. Although HBcrAg titers generally decline
with advancing age, this reduction should not be misinter-
preted as evidence of functional cure, as older individuals
remain at substantial risk of LC and HCC. In consequence,
HBcrAg titers may represent a useful biomarker to identify
patients at higher risk of disease progression, and to guide
more personalized surveillance strategies. Supporting this
interpretation, the relationship between HBcrAg and liver
fibrosis differed according to HBeAg status. While no overall
correlation was observed, a significant positive correlation
between HBcrAg and liver stiffness was identified, specif-
ically in HBeAg(-) IA patients. This suggests that in older
HBeAg(-) patients, HBcrAg may more accurately reflect re-
sidual intrahepatic viral activity that contributes to ongoing
fibrotic progression, a finding not observed in the HBeAg(+)
IA group.

The current study is constrained by several limitations, in-
cluding its retrospective design, the small sample size, and
variability in baseline characteristics such as the duration of
antiviral therapy, which may restrict the generalizability of
the findings. In addition, the relatively short follow-up peri-
od limits the capacity to assess long-term HCC risk. Future
prospective studies are essential to validate the proposed
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cut-off values and evaluate their predictive utility over time.
The HBcrAg assay used in this study exhibits enhanced sen-
sitivity and an extended measurement range in comparison
to conventional platforms, suggesting its potential clinical
applicability. However, further research is necessary to con-
firm its cost-effectiveness, reproducibility, and generalizabil-
ity across diverse patient populations.

Collectively, these findings position HBcrAg as a compre-
hensive biomarker that reflects both virologic and immu-
nologic activity, while also offering prognostic insights into
the risk of HCC. Due to its stability and extensive dynamic
range, HBcrAg has the potential to complement, or even
surpass, traditional serological markers, such as HBsAg and
HBV DNA, in specific clinical settings.

KEY MESSAGE

1. HBcrAg accurately distinguishes IA from IT or in-
active phases in CHB, outperforming conventional
markers, such as HBsAg and HBV DNA.

2. Elevated HBcrAg levels are independently associ-
ated with HCC risk, particularly in IA phases, high-
lighting its prognostic potential beyond virologic
monitoring.

3. HBcrAg integrates virologic and immunologic in-
formation, serving as a comprehensive biomarker
that may guide risk stratification and personalized
surveillance strategies in CHB.
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Supplementary Figure 1. ROC curves of HBcrAg and HBsAg to discriminate HBV natural history groups. (A) HBcrAg, (B) HBsAg. ROC,
receiver operating characteristic; HBcrAg, hepatitis B core-related antigen; CHB, chronic hepatitis B; HBeAg, hepatitis B e-antigen; IA, im-
mune active; HBsAg, hepatitis B surface antigen; HBV, hepatitis B virus.
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HCC presence by HBcrAg class in HBeAg(-) Il patients
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Supplementary Figure 2. HBcrAg and HBsAg for HCC presence in HBeAg(-) Il patients. (A) ROC curve of HBcrAg. (B) HCC prevalence by
HBcrAg class. (C) ROC curves of HBsAg in HBeAg(-) IA and HBeAg(+) IA patients. ROC, receiver operating characteristic; HBcrAg, hepatitis
B core-related antigen; HCC, hepatocellular carcinoma; HBeAg, hepatitis B e-antigen; HBsAg, hepatitis B surface antigen; 1A, immune ac-

tive; AUC = area under the curve.
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Supplementary Figure 3. (A) Correlation between HBcrAg levels and age stratified by HBeAg status; Left, HBeAg(-), Right, HBeAg(+). (B)
Distribution of HBcrAg levels in patients with HBsAg loss. HBeAg, hepatitis B e-antigen; HBcrAg, hepatitis B core-related antigen; HBsAg,

hepatitis B surface antigen.
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