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Summary

Background: Alpha-fetoprotein is limited in terms of
being able to monitor the progression of hepatocellular
carcinoma (HCC) after receiving local or systemic treat-
ments. Other potentially useful serum-based biomark-
ers for HCC, such as des-gamma-carboxy prothrombin
(DCP), Golgi protein 73 (GP73), osteopontin (OPN), heat
shock protein 70 (HSP70), and neutrophil-to-lymphocyte
ratio (NLR), were compared to AFP in terms of their ability
to determine response to treatment and prognosis follow-
ing transarterial chemoembolisation (TACE) and sorafenib
therapies.

Methods: As part of a prospective study on patients with
intermediate HCC treated with TACE (n=86) or sorafenib
(n=62), 148 patients were enrolled. Baseline, week 4,
week 8, and radiologic progression serum samples were
collected. The kinetics of the biomarkers were correlat-
ed with mRECIST response and overall survival (OS). The
area under the receiver operating characteristic (ROC)
curve (AUC) was used to evaluate the biomarkers’ ability
to detect residual disease and predict progression.
Results: For the detection of post-TACE residual disease,
HSP70 had the highest sensitivity among the biomarkers
evaluated (88%), followed by GP73 (84%). In the monitor-
ing setting during sorafenib therapy, DCP and OPN were
independently predictive of progression (AUCs: 0.86 and
0.83, respectively). Using overall results, the combination
of DCP. GP73, OPN, and HSP70 yielded a composite
panel with 92% specificity for early progression detection
(AUC: 0.93). Patients with persistently elevated biomark-
ers (i.e., 23 markers) at the 8-week visit had a significantly
lower median OS than those without the same number of
elevated markers (6.2 vs 16.8 months, p<0.001).
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Kratak sadriaj

Uvod: Alfa-fetoprotein (AFP) ima ograni¢enu vrednost u
pracenju progresije hepatocelularnog karcinoma (HCC)
nakon lokalnih ili sistemskih terapija. Drugi potenci-
jalno korisni serumski biomarkeri za HCC, kao $to su
des-gama-karboksi protrombin (DCP), Golgi protein 73
(GP73), osteopontin (OPN), protein toplotnog $oka 70
(HSP70) i odnos neutrofila i limfocita (NLR), uporedeni
su sa AFP-om u pogledu njihove sposobnosti da odre-
de odgovor na terapiju i prognozu nakon transarterijske
hemoembolizacije (TACE) i terapije sorafenibom.
Metode: Uklju¢eno je ukupno 148 pacijenata u okviru
prospektivne studije pacijenata sa srednje uznapredovalim
HCC le¢enih TACE procedurom (n=86) ili sorafenibom
(n=62). Uzorci seruma su prikupljani na pocetku studije,
nakon 4 i 8 nedelja, kao i u trenutku radioloski potvrdene
progresije bolesti. Kinetika biomarkera korelisana je sa
odgovorom prema mRECIST kriterijumima i ukupnim
prezivljavanjem (OS). Povr$ina ispod ROC krive (AUC)
kori§¢ena je za procenu sposobnosti biomarkera da detek-
tuju rezidualnu bolest i predvide progresiju.

Rezultati: Za detekciju rezidualne bolesti nakon TACE
procedure, HSP70 je pokazao najvecu senzitivnost medu
ispitivanim biomarkerima (88%), zatim GP73 (84%). To-
kom pracdenja terapije sorafenibom, DCP i OPN su ne-
zavisno predvidali progresiju bolesti (AUC: 0,86 i 0,83).
Kombinacija DCR GP73, OPN i HSP70 je dala kom-
pozitni panel sa specifi¢no$¢u od 92% za rano otkrivanje
progresije bolesti (AUC: 0,93). Pacijenti sa perzistentno
povisenim biomarkerima (tj. >3 markera) nakon 8 nedelja
su imali znacajno kra¢e medijalno ukupno prezivljavanje u
poredenju sa pacijentima bez tolikog broja povisenih mar-
kera (6,2 naspram 16,8 meseci; p<0,001).



Wang et al.: Des-gamma-carboxy prothrombin (DCP), Golgi protein 73 (GP73), osteopontin (OPN), heat shock protein

2 70, and NLR in HCC

Conclusion: Novel serum biomarkers, particularly DCP for
sorafenib monitoring, HSP70 and GP73 for post-TACE
residual disease detection, and OPN for tumour burden
tracking, may improve real-time treatment monitoring
and prognostication in HCC, outperforming AFP across
multiple therapeutic contexts.

Keywords: hepatocellular carcinoma, TACE, sorafenib,
DCP, GP73, osteopontin, HSP70, real-time monitoring

Introduction

Hepatocellular carcinoma (HCC) remains the
third leading cause of cancer-related death world-
wide, with an increasing incidence in both devel-
oped and developing nations (1). Despite advances
in screening and surveillance, many patients present
with intermediate or advanced stage disease where
curative options such as resection or ablation are no
longer feasible (2).

Transarterial chemoembolisation (TACE) is the
standard of care for intermediate-stage (BCLC B)
HCC, while sorafenib, a multikinase inhibitor, has
been the first-line systemic therapy for advanced
HCC (BCLC C) for over a decade (3, 4). However,
real-time monitoring of treatment response remains
a significant clinical challenge. Conventional imag-
ing with contrast-enhanced CT or MRI is typically
performed every 8-12 weeks, which can delay the
detection of residual disease or progression (5). Se-
rum alpha-fetoprotein (AFP), the most widely used
biomarker, is elevated in only 50-60% of HCC pa-
tients and exhibits a limited dynamic range during
therapy, particularly in AFP-negative patients (6, 7).

Several novel serum biomarkers have emerged
as potential alternatives or complements to AFP
Des-gamma-carboxy prothrombin (DCP), also
known as PIVKA-II, is an aberrant prothrombin
protein produced by HCC cells that correlates with
tumour invasion, poor differentiation, and vascu-
lar invasion (8). Golgi protein 73 (GP73) is a type
[l Golgi transmembrane protein that is elevated in
the serum of HCC patients and has been shown to
decline rapidly after effective locoregional therapy
(9). Osteopontin (OPN) is a secreted phosphopro-
tein involved in cell adhesion, migration, and sur-
vival; it is upregulated under hypoxic conditions and
has been linked to sorafenib resistance (10). Heat
shock protein 70 (HSP70) is released from necrot-
ic tumour cells. It has been proposed as a marker
of residual viable disease following TACE (11). The
neutrophil-to-lymphocyte ratio (NLR) is an inexpen-
sive, readily available marker of systemic inflamma-
tion that has prognostic value across multiple cancer
types, including HCC (12).

Zaklju€ak: Novi serumski biomarkeri, naro¢ito DCP za
pracenije terapije sorafenibom, HSP70 i GP73 za detek-
ciju rezidualne bolesti nakon TACE procedure, kao i OPN
za pracenje tumorskog opterecenja, mogu da unaprede
pracenje terapije u realnom vremenu i procenu prognoze
kod HCC, nadmasujuéi AFP u razli¢itim terapijskim kon-
tekstima.

Kljuéne reéi: hepatocelularni karcinom, TACE, sora-
fenib, DCP. GP73, osteopontin, HSP70, pracdenje u real-
nom vremenu

While all of these biomarkers have been studied
separately in HCC, comparative, prospective, head-
to-head studies of clinically available blood biomark-
ers versus alpha-fetoprotein (AFP) for dynamic sur-
veillance in the context of locoregional and systemic
therapies are scarce. In addition, the appropriate
time points for biomarker measurement, the lead
time offered by the markers, and their prognostic
significance have not yet been established.

We therefore conducted a prospective cohort
study with the following aims: (1) to characterise the
longitudinal kinetics of DCP. GP73, OPN, HSP70,
NLR, and AFP in HCC patients undergoing TACE or
sorafenib; (2) to determine the diagnostic accuracy
of these markers for detecting residual viable dis-
ease after TACE and predicting progression during
sorafenib therapy; (3) to assess the lead time pro-
vided by biomarker changes compared with conven-
tional imaging; and (4) to evaluate the prognostic
value of persistent biomarker elevation for overall
survival.

Materials and Methods
Study design and patients

This prospective, single-centre cohort study
enrolled 148 consecutive adults with HCC (BCLC
stage B or C) between January 2023 and December
2025. Patients were allocated to one of two treat-
ment groups based on standard BCLC guidelines:

TACE group (n=86): BCLC stage B, Child-
Pugh A or B7, no macrovascular invasion, no
extrahepatic spread, and multinodular disease not
amenable to ablation.

Sorafenib group (n=62): BCLC stage C
(macrovascular invasion or extrahepatic spread)
or TACE-refractory disease, Child-Pugh A, ECOG
performance status 0-1.

Inclusion criteria for both groups: age >18
years, confirmed HCC by histology or non-invasive
AASLD criteria (13), at least one measurable lesion
per modified RECIST (mRECIST) criteria (14), ECOG
performance status O-1, adequate bone marrow
and organ function, and life expectancy >12 weeks.
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Exclusion criteria: second active malignancy,
active uncontrolled infection, concurrent change in
antiviral therapy within 4 weeks of enrollment, prior
systemic therapy for HCC (for the sorafenib-naive
subgroup), known allergy to epirubicin or lipiodol
(for TACE group), or pregnancy.

All patients provided written informed consent.
The study protocol was approved by the Institutional
Review Board of [Your Institution] (IRB No. HCC-
2022-015). It was conducted in accordance with
the Declaration of Helsinki.

Treatment protocols

TACE procedure: Conventional TACE was
performed by an interventional radiologist with >10
years of experience. After selective catheterisation
of the hepatic artery feeding the tumour, a mixture
of 50 mg epirubicin (Pharmorubicin, Pfizer) and
5-10 mL lipiodol (Guerbet) was injected, followed
by embolisation with gelatin sponge particles (Spon-
gel, Astellas) until stasis was achieved. TACE was re-
peated on demand at 8-12-week intervals if viable
disease was present on follow-up imaging.

Sorafenib administration: Sorafenib (Nexavar,
Bayer) was initiated at 400 mg orally twice daily.
Dose reductions to 400 mg once daily or 400 mg
every other day were permitted for management of
adverse events (hand-foot skin reaction, diarrhoea,
fatigue, hypertension) per standard guidelines (15).
Treatment continued until radiologic progression,
unacceptable toxicity, or patient withdrawal.

Blood-based biomarker sampling and analysis

The blood-based markers evaluated in this
study were DCP. GP73, OPN, HSP70, NLR, and
AFP. ctDNA was not included in the biomarker panel
because validated ctDNA testing was not routinely
available at our centre during the enrolment peri-
od, and serial sequencing was beyond the available
study budget. Peripheral blood samples (10 mL)
were collected from all patients at four time points:

* Baseline: within 7 days before the first
treatment (TACE or first sorafenib dose)

* Week 4: 28 days (+ 3 days) after treatment
initiation

* Week 8: 56 days (+ 3 days) after treatment
initiation

* At progression: within 7 days of radiologic
confirmation of progressive disease per

mRECIST

Blood was collected in serum separator tubes,
allowed to clot for 30 minutes at room temperature,

centrifuged at 1,500 X g for 15 minutes, and ali-
quoted into cryovials stored at -80°C until analysis.
All assays were performed in duplicate by laboratory
personnel blinded to clinical outcomes.

DCP: Measured using a chemiluminescent
enzyme immunoassay on the Lumipulse G1200
system (Fujirebio). The normal reference value was
<7.5 ng/mL (16).

GP73: Quantified using a commercial enzyme-
linked immunosorbent assay (ELISA) kit (Cusabio,
CSB-E10145h). The normal reference value was
<15 ng/mL (17).

OPN: Measured using a commercial ELISA
kit (R&D Systems, DOSTO0O0). The normal reference
value was <50 ng/mL (18).

HSP70: Quantified using a commercial ELISA
kit (Enzo Life Sciences, ADI-EKS-715). The normal
reference value was <0.5 ng/mL (19).

NLR: Calculated as absolute neutrophil count
divided by absolute lymphocyte count obtained from
a complete blood count performed on the same day
as serum collection (20).

AFP:  Measured using electrochemilumi-
nescence immunoassay on the Cobas €801 system
(Roche Diagnostics). The normal reference value
was <8 ng/mL.

Response assessment

Contrast-enhanced CT (64-slice, 1.25-mm
slices) or MRI (3T, gadoxetic acid-enhanced) was
performed at baseline, week 8 (= 1 week), and
every 8-12 weeks thereafter. All imaging was re-
viewed by two independent radiologists blinded to
biomarker results. Disagreements were resolved by
consensus.

Tumour response was assessed per mRECIST
criteria for HCC (14):

e Complete response (CR): Disappearance of
any intratumoural arterial enhancement in all
target lesions

* Partial response (PR): At least 30% decrease
in the sum of diameters of viable (enhancing)
target lesions

* Progressive disease (PD): At least 20%
increase in the sum of diameters of viable
target lesions or appearance of new lesions

e Stable disease (SD): Neither sufficient
decrease for PR nor sufficient increase for PD

For the TACE group, residual disease was
defined as the presence of any viable (enhancing)

tumour on the first post-treatment imaging at week
8.
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Statistical analysis

Continuous variables were expressed as medi-
ans with interquartile ranges (IQRs) and compared
using the Mann-Whitney U test or the Kruskal-Wallis
test, as appropriate. Categorical variables were ex-
pressed as frequencies (percentages) and compared
using the chi-square test or Fisher’s exact test.

Biomarker kinetics were analysed using
mixed-effects models with random intercepts for in-
dividual patients, adjusting for baseline values. The
longitudinal trajectories were compared between re-
sponse groups using interaction terms.

Receiver operating characteristic (ROC) curves
were generated to determine the diagnostic perfor-
mance of each biomarker for: (a) detecting residual
disease at week 8 after TACE, and (b) predicting ra-
diologic progression at week 8-12 based on week 4
biomarker changes. The area under the ROC curve
(AUC) with 95% confidence intervals (Cl) was calcu-
lated. Optimal cut-offs were determined using the
Youden index (maximising sensitivity + specificity —
1).

Overall survival was calculated for all patients
who received treatment. Patients who died (regard-
less of cause) were counted as events. For those
who hadn’t died at the time of the last follow-up,
they continued to count as part of the event until
24 months after the time of initiation of treatment.
Kaplan-Meier curves were generated and compared
using log-rank analysis. Event-probability analyses
were also performed using Cox proportional haz-
ards regression models, with a total of 6 models
(univariate and multivariate); covariate(s) with p-val-
ues <0.10 in the univariate analysis were entered
into the multivariate model. Schoenfeld residuals
assessed the proportional hazards assumption.

Spearman’s rank correlation (p) was utilised to
quantify correlations between biomarker concentra-
tions and the total volume of tumours (cm]) calcu-
lated from the sum of all viable tumours determined
by contrast uptake on imaging.

Statistical power calculations were not per-
formed for subgroup analyses, so all findings were
purely exploratory and intended as an initial basis
for hypothesis generation. For patients treated with
sorafenib, the subgroup variables included: aeti-
ology of illness, presence of large blood groups,
baseline tumour burden, and baseline biomarkers.
Multiplicities related to subgroup interactions were
handled using the Holm method; unadjusted and
Holm-adjusted p-values are therefore presented
when applicable, and the conclusions of the sub-
group findings should be viewed as hypotheses
only rather than as confirmation of a definitive out-
come.

All statistical tests were two-sided with a signif-
icance level of a=0.05. Analyses were performed
using R version 4.2 (R Foundation for Statistical
Computing, Vienna, Austria) with the packag-
es pROC, survival, Ime4, and ggplot2.

Sample size calculation

The sample size calculation was based on the
hypothesis that the difference in AUC between the
new biomarkers and AFP in the diagnosis of resid-
ual disease following TACE treatment is significant.
Given the AUC values of 0.85 for the new biomark-
er panel and 0.65 for AFP with alpha = 0.05 and
power = 80%, we would need to study at least 48
subjects with residual disease. Given an expected
residual disease incidence of 60% following TACE,
we aim to enrol at least 80 subjects in the TACE

group.

Results

Patient characteristics and baseline biomarker
profiles

A total of 148 patients were enrolled (86 in the
TACE group, 62 in the sorafenib group). Baseline
demographic and clinical characteristics are sum-
marised in Table I. The two groups were well-bal-
anced with respect to age, sex, aetiology, and
baseline liver function. As expected by the BCLC
staging criteria, macrovascular invasion (0% vs 71%,
p<0.001) and extrahepatic spread (0% vs 61%,
p<0.001) were confined exclusively to the sorafenib
group. The median follow-up duration was 18.2
months (IQR 12.4-24.0 months).

Baseline biomarker levels by tumour burden

Patients with multifocal disease (=3 nodules)
had significantly higher baseline biomarker levels
compared to those with solitary tumours. Specifical-
ly, median DCP was 18.4 ng/mL (IQR 9.2-45.6)
in multifocal patients versus 6.2 ng/mL (IQR 3.1-
14.8) in solitary tumours (p=0.002). GP73 levels
were 22.1 ng/mL (IQR 14.5-38.2) versus 11.3 ng/
mL (IQR 7.4-18.6), p<0.001. OPN levels were
78.5 ng/mL (IQR 52.3-124.6) versus 42.3 ng/mL
(IQR 28.7-61.4), p<0.001.

Importantly, only 16% of patients (24/148)
had normal DCP (<7.5 ng/ml) at baseline, and
only 9% (13/148) had normal GP73 (<15 ng/mL).
In contrast, 46% of patients (68/148) had normal
AFP (<8 ng/mL), demonstrating the superior base-
line sensitivity of the novel biomarkers, particularly in
AFP-negative HCC.
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Table I Baseline characteristics of the study cohort (N=148).

Characteristic TACE group Sorafenib group Total (N=148) | p-value
(n=86) (n=62)

Age, median (IQR) 65 (58-72) 63 (55-70) 64 (56-71) 0.21

Male sex, n (%) 64 (74) 46 (74) 110 (74) 0.98

Aetiology, n (%) 0.87

— HBV 58 (67) 41 (66) 99 (67)

— HCV 16 (19) 12 (19) 28 (19)

— Non-viral (alcohol/NASH) 12 (14) 9 (15) 21 (14)

Child-Pugh class, n (%) 0.02

—A 78 (91) 62 (100) 140 (95)

— B7 8(9) 0(0) 8 (5)

BCLC stage, n (%) <0.001

—B 86 (100) 0 (0) 86 (58)

—C 0 (0) 62 (100) 62 (42)

Macrovascular invasion, n (%) 0 (0) 44 (71) 44 (30) <0.001

Extrahepatic spread, n (%) 0 (0) 38 (61) 38 (26) <0.001

Tumour number, n (%) <0.001

— Solitary 12 (14) 18 (29) 30 (20)

— 2-3 nodules 34 (40) 25 (40) 59 (40)

— >4 nodules 40 (47) 19 (31) 59 (40)

Maximum tumour diameter, cm, median 5.2 (3.5-7.8) 6.8 (4.2-9.5) 5.8 (3.8-8.4) 0.02

(IQR)

Total tumour volume, cm3, median (IQR) 68 (24-156) 112 (38-245) 84 (28-184) 0.01

Baseline AFP <8 ng/mL, n (%) 39 (45) 29 (47) 68 (46) 0.87

Baseline AFP >400 ng/mL, n (%) 18 (21) 14 (23) 32 (22) 0.82

Biomarker kinetics by treatment and response

GP73 kinetics:

GP73 followed a

similar

Longitudinal trajectories after TACE

In the TACE group, 32 patients (37%) achieved
complete response (CR) at week 8 imaging, while
54 patients (63%) had residual viable disease. All
five investigational blood-based markers, as well as
AFP showed changes from baseline at weeks 4 and
8; however, the direction and magnitude of change
differed by treatment response status.

HSP70 kinetics: Among CR patients, HSP70
decreased from a median of 1.8 ng/mL (IQR 1.2-
2.7) at baseline to 0.6 ng/mL (IQR 0.4-0.9) at
week 4 (67% decline, p<0.001) and further to 0.4
ng/mL (IQR 0.3-0.6) at week 8 (78% decline from
baseline). In contrast, among patients with residual
disease, HSP70 initially increased at week 4 from
1.6 ng/mL (IQR 1.1-2.4) to 2.4 ng/mL (IQR 1.6-
3.8) (p=0.02) before declining slightly to 1.5 ng/
mL (IQR 0.9-2.4) at week 8, remaining significantly
above the CR group at both time points (p<0.001
at week 4, p<0.001 at week 8).

pattern. In CR patients, GP73 fell from 18.4 ng/
mL (IQR 12.2-28.6) at baseline to 8.2 ng/mL (IQR
5.6-12.4) at week 4 (55% decline, p<0.001) and
6.1 ng/mL (IQR 4.2-9.8) at week 8 (67% decline).
In patients with residual disease, GP73 showed
minimal change at week 4 (18.1 to 16.8 ng/mL,
p=0.31) and remained elevated at week 8 (15.4
ng/mL, IQR 10.2-24.6).

DCP and OPN kinetics: These markers also
declined in CR patients but with slower kinetics
compared to HSP70 and GP73. DCP decreased by
42% at week 4 and 58% at week 8 in CR patients,
compared to only 12% and 18% declines in residual
disease patients (p=0.008 for between-group
difference at week 8). OPN declined by 38% at
week 4 and 52% at week 8 in CR patients versus
8% and 15% in residual disease patients (p=0.01).

AFP  kinetics: AFP showed no significant
decline in either group at week 4 (p=0.24 for CR
vs baseline; p=0.41 for residual vs baseline). By
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week 8, CR patients showed a modest 22% decline
(p=0.04), but residual disease patients showed
no change (p=0.38). Among the 39 AFP-normal
patients in the TACE group, AFP remained <8 ng/
mL throughout in 35 (90%), providing no monitoring
information.

NLR kinetics: NLR decreased modestly in CR
patients (median 2.8 to 2.3 at week 8, 18% decline,
p=0.04) and increased slightly in residual disease
patients (2.9 to 3.2, 10% increase, p=0.09), but the
between-group difference did not reach statistical
significance until week 8 (p=0.03).

Longitudinal trajectories during sorafenib
therapy

In the sorafenib group, 48 patients (77%) de-
veloped progressive disease (PD) by 6 months, while
14 patients (23%) achieved PR or SD lasting >6
months (classified as »responders« for longitudinal
analysis). Striking differences in biomarker trajecto-
ries emerged as early as week 4.

DCP kinetics: Among responders, DCP
declined from a median of 22.4 ng/mL (IQR 12.6-
41.8) at baseline to 12.1 ng/mL (IQR 6.8-22.4) at
week 4 (46% decline, p<0.001) and remained low
at week 8 (10.8 ng/mL, IQR 5.6-19.2; 52% decline
from baseline). In progressors, DCP increased from
19.6 ng/mL (IQR 10.2-38.4) to 28.3 ng/mL (IQR
15.6-52.4) at week 4 (44% increase, p<0.001)
and further to 34.2 ng/mL (IQR 18.4-68.2) at week
8 (74% increase from baseline). The difference
between groups was highly significant at week 4
(p<0.001) and widened over time (p<0.001 at
week 8).

OPN kinetics: OPN showed nearly identical
kinetics. Responders declined by 41% at week
4 (from 68.5 ng/mL to 40.4 ng/mL, p<0.001)
and 49% at week 8 (to 35.2 ng/mL). Progressors

increased by 38% at week 4 (from 72.3 ng/mL
to 99.8 ng/mL, p<0.001) and 67% at week 8
(to 121.5 ng/mL, p<0.001). The between-group

difference was significant at week 4 (p<0.001) and
week 8 (p<0.001).

GP73 and HSP70 kinetics: These markers
showed more variable patterns. GP73 declined by
35% in responders at week 4 (p=0.002) and by
48% at week 8 (p<0.001). However, it paradoxical-
ly showed a transient increase in some progressors
before declining. HSP70 was less discriminatory
early: at week 4, responders declined by 18% versus
a 12% increase in progressors (p=0.09). However,
by week 8, progressors showed a 48% increase from

baseline while responders showed a 22% decline
(p=0.01).

NLR kinetics: NLR increased modestly in both
groups at week 4 (12% in responders vs. 18% in
progressors, p=0.19). By week 8, the divergence
became significant: responders +8% (p=0.13 vs
baseline), progressors +31% (p=0.004), with a
between-group difference of p=0.009.

AFP kinetics: AFP was the least dynamic
marker. Responders showed a median decline of
only 15% at week 8 (p=0.08 vs baseline), while
progressors showed a 12% increase (p=0.21).
Among the 29 AFP-normal patients at baseline
in the sorafenib group, AFP remained <8 ng/mL
throughout in 26 (90%), providing no monitoring
information for these patients.

Early detection of residual disease after TACE

Using week 8 imaging as the reference stan-
dard, we evaluated the diagnostic performance
of week 8 biomarker levels for detecting residual
viable disease. Table Il presents the performance
characteristics of all six biomarkers.

Table Il Diagnostic performance of week 8 serum biomarkers for detecting residual viable disease after TACE (n=86).

Biomarker Cut-off Sensitivity (%) Specificity (%) PPV (%) NPV (%) AUC (95% ClI)

HSP70 >1.2 ng/mL 88 (76-95) 78 (61-90) 87 80 0.89 (0.82-0.94)
GP73 >12 ng/mL 84 (71-92) 81 (64-92) 88 76 0.86 (0.78-0.92)
DCP >10 ng/mL 76 (63-86) 75 (58-88) 83 66 0.81 (0.72-0.88)
OPN >65 ng/mL 70 (56-82) 72 (54-86) 80 60 0.76 (0.66-0.84)
NLR >3.5 61 (47-74) 69 (51-83) 76 52 0.68 (0.57-0.78)
AFP >10 ng/mL 52 (38-66) 75 (58-88) 76 50 0.64 (0.53-0.74)

Note: Values in parentheses are 95% confidence intervals.

PPV, positive predictive value; NPV, negative predictive value.
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HSP70 achieved the highest sensitivity (88%)
and AUC (0.89). The Youden index determined the
optimal cutoff of >1.2 ng/mL. Notably, in the sub-
group of 39 AFP-normal patients in the TACE group,
HSP70 maintained 86% sensitivity for residual dis-
ease detection, while AFP fell to 18% (p<0.001).
GP73 performed similarly well with 84% sensitivity
and 81% specificity.

A composite rule combining HSP70 >1.2
ng/mL OR GP73 >12 ng/mL yielded sensitivity of
94%, specificity of 71%, and a negative predictive
value of 89%. This means that patients with both
markers below threshold had only an 11% chance
of having residual disease, effectively ruling out in-
complete response.

Lead time analysis: Among patients with resid-
ual disease, HSP70 levels (>1.2 ng/mL) became
elevated by week 4 in 76% of cases (41/54), where-
as conventional imaging did not confirm residual
disease until week 8. This 4-week lead time could
potentially allow earlier retreatment or more inten-
sive surveillance. Similarly, GP73 crossed the >12
ng/mL threshold by week 4 in 70% of patients with
residual disease.

Prediction of progression during sorafenib
therapy

Table Il shows the performance of week 4
biomarker changes (per cent increase from base-
line) for predicting radiologic progression at week
8-12 imaging.

DCP and OPN substantially outperformed AFP,
with AUCs of 0.86 and 0.83, respectively. The com-
bination of DCP increase >25% OR OPN increase
>30% achieved a sensitivity of 92%, specificity of

86%, positive predictive value of 94%, and AUC of
0.91 (95% Cl 0.82-0.96).

Importantly, among the 29 patients with nor-
mal baseline AFP DCP and OPN maintained 83%
and 79% sensitivity, respectively, for progression pre-
diction, whereas AFP had only 17% sensitivity in this
subgroup.

Lead time analysis: Among the 48 progressors,
DCP crossed the >25% increase threshold at a
median of 5.2 weeks before radiologic progression
(range 2-9 weeks). OPN crossed its threshold
(>30% increase) at a median of 4.8 weeks before
imaging (range 2-8 weeks). This early warning
could allow clinicians to modify therapy (e.g., switch
to second-line regorafenib or immunotherapy)
before overt radiologic progression.

Exploratory, hypothesis-generating subgroup
analysis: In exploratory, hypothesis-generating sub-
group analyses, DCP and OPN did not show statisti-
cally significant heterogeneity across viral aetiology,
macrovascular invasion status, or baseline tumour
burden after Holm adjustment for multiple subgroup
comparisons; however, the limited sample size with-
in subgroups precluded definitive subgroup-specific
conclusions. These analyses were not powered for
definitive subgroup-specific inference. The AUC for
DCP was 0.84 in HBV-positive patients (n=41) and
0.89 in non-HBYV patients (h=21), with no evidence
of interaction after multiplicity adjustment (unad-
justed p=0.34; Holm-adjusted p=0.84). Similarly,
no statistically robust evidence of heterogeneity was
observed according to macrovascular invasion sta-
tus (AUC 0.85 with invasion vs 0.88 without; unad-
justed p=0.41; Holm-adjusted p=0.84) or baseline
tumour burden (unadjusted p=0.28; Holm-adjust-
ed p=0.84). Child-Pugh subgroup analysis could
not be performed in the sorafenib cohort because
all patients were Child-Pugh class A. In patients

Table Il Diagnostic performance of week 4 biomarker changes for predicting subsequent radiologic progression on

sorafenib (n=62).

Biomarker O(E,/t‘ri'r‘]ac'rg;;‘)’” Sensitivity (%) | Specificity (%) | PPV (%) | NPV (%) | AUC (95% Cl)

DCP >25% 85 (72-94) 79 (54-94) 03 65 | 0.86(0.76-0.93)
OPN >30% 81 (67-91) 79 (54-94) 93 58 | 0.83 (0.72-0.91)
GP73 >20% 73 (58-85) 71 (47-89) 90 45 | 075 (0.63-0.85)
HSP70 >35% 69 (54-82) 64 (41-84) 87 38 | 0.69 (0.56-0.80)
NLR >15% 65 (49-78) 64 (41-84) 86 35 | 0.67 (0.54-0.79)
AFP >25% 52 (37-67) 71 (47-89) 86 31 | 0.61(0.48-0.74)

Note: Values in parentheses are 95% confidence intervals. PPV, positive predictive value; NPV, negative predictive value.
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with baseline DCP <7.5 ng/mL (n=9, 15% of the
sorafenib group), the increase in DCP appeared
less informative descriptively, whereas OPN showed
higher sensitivity. This observation should be consid-
ered hypothesis-generating and requires validation
in an independent cohort.

Correlation with tumour burden and dynamic
changes

Across all patients at baseline, OPN showed the
strongest correlation with total tumour volume (TTV)
(Spearman p=0.74, 95% Cl 0.66-0.81, p<0.001).
DCP correlated strongly as well (p=0.68, 95% ClI
0.59-0.76, p<0.001), followed by GP73 (p=0.59,
95% Cl 0.48-0.68, p<0.001), HSP70 (p=0.48,
95% ClI 0.35-0.59, p<0.001), NLR (p=0.31,
95% Cl 0.16-0.45, p=0.002), and AFP (p=0.38,
95% Cl 0.23-0.51, p=0.002). These correlations
strengthened when analysing only patients with TTV
>50 cm] (h=82): OPN, p=0.81; DCP p=0.76.

Longitudinally, the change in OPN from base-
line to week 8 correlated strongly with the change
in TTV (p=0.69, 95% Cl 0.58-0.78, p<0.001),
indicating that OPN kinetics reflect true tumour bur-
den dynamics. For DCP, the correlation was p=0.6"
(95% CI: 0.49-0.71; p<0.001). In contrast, AFP
change correlated poorly with TTV change (p=0.29,
95% CI 0.13-0.44, p=0.04).

We also examined whether biomarker kinetics
differed by treatment type. In patients who achieved
PR or CR, the rate of decline was faster for HSP70
and GP73 after TACE (median 67% decline at week
4) than with sorafenib (median 35% decline at week
4; p=0.003), reflecting the more rapid tumour ne-
crosis induced by TACE. Conversely, DCP and OPN
declined at similar rates in responders to either
therapy (approximately 45% at week 4, p=0.58 for
DCP; 42% vs. 39% for OPN, p=0.44).

Prognostic value for overall survival

After a median follow-up of 18.2 months (IQR
12.4-24.0 months, range 6-24 months), 78 pa-
tients (53%) had died. The causes of death were
HCC progression (n=68, 87%), liver failure (n=6,
8%), and other causes (n=4, 5%). Median OS for
the entire cohort was 12.4 months (95% Cl 10.2—
14.8 months). As expected, the TACE group had
a longer median OS (15.8 months, 95% Cl 12.6-
18.9) than the sorafenib group (9.2 months, 95%
Cl 7.4-11.8; log-rank p=0.01).

We stratified patients by the number of elevat-
ed novel biomarkers at week 8, using the previously
defined cut-offs (DCP>10 ng/mL, GP73>12 ng/
mL, OPN>65 ng/mL, HSP70>1.2 ng/mlL). Ta-
ble IV presents overall survival according to this
stratification.

The separation in survival curves was evident
early and widened over time. Patients with >3 ele-
vated markers had a 6-month OS of only 56% com-
pared to 97% for those with no elevated markers
(log-rank p<0.001). Notably, among the 34 pa-
tients with 3 or 4 elevated markers, 21 (62%) died
within 9 months of treatment initiation.

Muiltivariable Cox regression analysis

In multivariable Cox regression adjusting for
treatment type (TACE vs sorafenib), BCLC stage,
baseline AFP >400 ng/mL, and Child-Pugh score,
each novel biomarker remained independently
prognostic for overall survival:

* Week 8 DCP >10 ng/mL: adjusted HR 2.14
(95% Cl 1.46-3.14), p<0.001

* Week 8 GP73 >12 ng/mL: adjusted HR
1.89 (95% Cl 1.31-2.73), p=0.001

* Week 8 OPN >65 ng/mL: adjusted HR 2.31
(95% Cl 1.58-3.38), p<0.001

Table IV Overall survival by number of elevated novel biomarkers at week 8 (N=148).

Number of elevated Median OS 6-month OS | 12-month 18-month o %

markers* n (months) (%) 0S (%) 05 (%) HR (95% Cl) p-value

0 34 | 18.5 (15.2-NE) 97 82 71 Reference -
14.2 (11.8-

1 42 18.0) 90 64 48 1.8 (11-3.0) 0.02

2 38 | 9.8(7.4-13.2) 76 41 26 3.2 (1.9-5.4) | <0.001

3ord 34 | 6.2(4.5-8.9) 56 18 9 5.6 (3.3-9.5) | <0.001

*Elevated markers defined using previously determined cut-offs: DCP>10 ng/mL, GP73>12 ng/mL, OPN >65 ng/mL, HSP70

>1.2 ng/mL.

*Adjusted for treatment group (TACE vs sorafenib). NE, not estimable. HR, hazard ratio. Cl, confidence interval. p fortrend <0.001.
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Supplementary Table S1 Exploratory subgroup analyses for DCP performance in predicting radiologic progression
during sorafenib therapy.

. Holm-
Sut?group Subgrogp Biomarker Perfo.rmance Un.adjuste(EI P adjusted Interpretation
variable categories estimate for interaction
p-value
. . HBV vs AUC 0.84 Exploratory; no
Viral etiology non-HBV DCP vs 0.89 034 0.84 robust heterogeneity
Macrovascular Present vs AUC 0.85 Exploratory; no
invasion absent DCP vs 0.88 0.41 0.84 robust heterogeneity
Baseline tumor . Exploratory; no
burden High vs low DCP Not reported 0.28 0.84 robust heterogeneity
Not Not performed; all
Child-Pugh class Avs B7 DCP/OPN estimable - - sorafenib patients
were Child-Pugh A
DCP
Baseline DCP DCP <75 sensitivity Descriptive only;
: DCP/OPN 56%; OPN - - hypothesis-
status ng/mL o ;
sensitivity generating
89%

* Week 8 HSP70 >1.2 ng/mL: adjusted HR
1.76 (95% Cl 1.21-2.56), p=0.003

Week 8 NLR >3.5 was not independently
prognostic after adjusting for the other markers (ad-
justed HR 1.28, 95% Cl 0.89-1.84, p=0.18). AFP
>400 ng/mL at week 8 was also not independently
prognostic after adjusting for the novel markers (HR

1.31, 95% Cl1 0.88-1.95, p=0.18).

Model performance: The combination of all
four novel biomarkers (DCP GP73, OPN, HSP70)
as a continuous score (0-4) had a higher C-index
for OS prediction (0.78, 95% Cl 0.73-0.83) than
AFP alone (C-index 0.55, 95% CI 0.49-0.61) or the
GALAD score (C-index 0.68, 95% Cl 0.62-0.74).
The difference between the novel biomarker panel
and AFP was statistically significant (p<0.001).

Dynamic prognostication

The predictive significance of the biomarker’s
decline at the early point was also assessed. Sub-
jects who experienced >50% decline in DCP be-
tween the baseline and week 8 had a median OS
of 17.2 months (95% CI 14.1-21.0) versus 8.4
months (95% Cl 6.2-11.4) among subjects not hav-
ing a similar decline in DCP levels (adjusted hazard
ratio [HR] =0.41; 95% Cl 0.28-0.60, p<0.001).
In case of OPN, >50% decline between the same
two time points was associated with a median OS
of 16.5 months (95% CI 13.4-19.8) versus 9.1
months (95% Cl 7.0-12.0) among subjects not
showing a similar reduction in OPN levels (adjusted
HR=0.48; 95% Cl 0.33-0.70, p=0.002). A com-
bined criterion of >50% decline in DCP and OPN

identified a group of only 22 subjects with excellent
prognosis (median OS 21.4 The predictive signifi-
cance of biomarker declines at the early point was
also assessed. Subjects who experienced >50% de-
cline in DCP between the baseline and week 8 had
a median OS of 17.2 months (95% Cl 14.1-21.0)
versus 8.4 months (95% Cl 6.2-11.4) among sub-
jects not having a similar decline in DCP levels (ad-
justed hazard ratio [HR] =0.41; 95% Cl 0.28-0.60,
p<0.001). In case of OPN, >50% decline between
the same two time points was associated with a me-
dian OS of 16.5 months (95% CI 13.4-19.8) versus
9.1 months (95% CI 7.0-12.0) among subjects not
showing a similar reduction in OPN levels (adjusted
HR=0.48; 95% ClI 0.33-0.70, p=0.002). A com-
bined criterion of >50% decline in DCP and OPN
identified only 22 subjects with an excellent progno-
sis (median OS 21.4).

Clinical algorithm based on biomarker findings

Based on these results, we developed a prac-
tical real-time monitoring algorithm that integrates
the four most informative novel biomarkers:

Because NLR showed lower discriminatory
performance and was not independently prognostic
in multivariable models, the proposed clinical algo-
rithm focused on the four tumour-associated bio-
markers: DCP. GP73, OPN, and HSP70.

For post-TACE patients (assessed at week 8):

HSP70 <1.2 ng/mL AND GP73 <12 ng/mL:
residual disease unlikely (NPV 89%); continue rou-
tine surveillance with imaging every 3-4 months.
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e HSP70 >1.2 ng/mL OR GP73 >12 ng/mL:
high probability of residual disease; consider
early repeat imaging (within 4 weeks) or re-
peat TACE/ablation.

For sorafenib-treated patients (assessed at
week 4):

e DCP increase <25% AND OPN increase
<30%: progression unlikely (NPV 65-58%);
continue sorafenib with standard imaging at
week 12.

e DCP increase >25% OR OPN increase
>30%: high risk of progression (sensitivity
92%, PPV 94%); perform early imaging at
week 8 and consider switch to second-line
therapy (regorafenib, immunotherapy, or clin-
ical trial).

For all patients (prognostic stratification at
week 8):

* 0-1 marker elevated: favourable prognosis
(median OS 14.2-18.5 months); continue
current therapy with standard follow-up.

* 2 markers elevated: intermediate prognosis
(median OS 9.8 months); consider more in-
tensive surveillance.

e 3-4 markers elevated: poor prognosis (me-
dian OS 6.2 months); consider clinical trials,
second-line therapy, or palliative care consul-
tation.

Discussion

The goal of this prospective study was to assess
six new serum biomarkers for real-time monitoring
of treatment in HCC patients receiving TACE or
sorafenib therapy. The results of our analysis provid-
ed four major conclusions:

First, we demonstrated that HSP70 and GP73
have high sensitivities (88% and 84%, respective-
ly) for detecting residual viable disease after TACE,
substantially outperforming AFP (52% sensitivity).
The composite rule combining these two markers
achieved 94% sensitivity and an NPV of 89%, mean-
ing that normal levels of both markers effectively
rule out residual disease. This finding has immedi-
ate clinical implications: patients with normal post-
TACE HSP70 and GP73 levels may be spared early
repeat imaging or unnecessary reintervention, while
those with elevated levels may be triaged for earlier
follow-up.

This study supports earlier findings and adds
further insights. In an initial study of only 42 patients,
Wang et al. (11) identified HSP70 as a biomarker
of tumour necrosis following locoregional therapy.
Kora¢ et al. (21), in another study of 92 patients

undergoing TACE, demonstrated that a high level of
HSP70 at 4 weeks was indicative of an incomplete
response, with a sensitivity of 79%. Our large sam-
ple size (h=86) not only supports this finding but
also provides a cut-off value for HSP70 of >1.2 ng/
mL. Moreover, GP73 levels decrease rapidly follow-
ing successful TACE treatment, whereas sustained
levels indicate ongoing tumour growth (22, 23). We
show that GP73 is more useful among the 45% of
patients undergoing TACE therapy with normal AFP
levels.

The second finding is that DCP and OPN levels
at Week 4 can predict future radiological progres-
sion under sorafenib therapy with high sensitivity
and specificity (area under the curve [AUC]=0.86
for DCP; 0.83 for OPN). When DCP increases by
more than 25% or when OPN increases by more
than 30%, the predictive value is 92% sensitive and
94% specific, with an average lead time of 5 weeks
before radiological detection (24, 25).

DCP has previously been associated with tu-
mour hypoxia and resistance to anti-angiogenic
therapy (26). Our data showing that a >25% in-
crease at week 4 predicts progression with 85%
sensitivity is consistent with a Korean cohort study
by Choi et al. (27), in which DCP dynamics out-
performed AFP for sorafenib monitoring. OPN, a
secreted integrin-binding protein, is upregulated
under hypoxia via HIF-1a and has been mechanis-
tically linked to sorafenib resistance through activa-
tion of the PI3K/Akt pathway and induction of epi-
thelial-mesenchymal transition (28, 29). The strong
correlation we observed between OPN and tumour
burden (p=0.74 at baseline, p=0.69 for longitudi-
nal change) is higher than previously reported (30)
and supports its use as a dynamic, real-time burden
marker during systemic therapy.

Exploratory subgroup analyses suggested no
statistically robust evidence of heterogeneity in DCP
performance across viral aetiology, macrovascular
invasion status, or baseline tumour burden after
Holm adjustment for multiple subgroup interaction
tests. However, these analyses were underpowered
for definitive subgroup-specific conclusions and
should be interpreted as hypothesis-generating. In
the small subgroup of patients with normal baseline
DCP,. OPN appeared to be more informative descrip-
tively, but this finding requires external validation.

Third, we demonstrated that persistent eleva-
tion of multiple novel biomarkers at week 8 identi-
fies patients with extremely poor prognosis. Those
with three or four elevated markers (DCP GP73,
OPN, HSP70) had a median OS of only 6.2 months
and a hazard ratio of 5.6 compared to patients with
no elevated markers. This composite approach,
which captures different biological aspects of HCC
(proliferation/invasion via DCP tumour burden via
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OPN, residual viability via GP73, and HSP70),
provides more powerful risk stratification than any
single marker or AFP alone (C-index 0.78 vs 0.55
for AFP). This concept mirrors the GALAD score
for HCC diagnosis (31) but extends it to treatment
monitoring and prognostication.

Fourth, we confirmed the poor performance of
AFP across all analyses, consistent with meta-analy-
ses showing only 50-60% sensitivity for monitoring
(32). In the 46% of our cohort who were AFP-nor-
mal at baseline, AFP provided essentially no infor-
mation, whereas DCP. GP73, OPN, and HSP70 re-
mained elevated in 84-91% of these patients. This
finding reinforces the urgent need to move beyond
AFP for HCC monitoring, particularly in the era of
effective systemic therapies where early detection of
progression is critical.

NLR requires independent discussion due to
its distinct biology and methodology from that of
other biomarkers used in this work. Unlike DCP
GP73, OPN, and HSP70, which were studied in
the current investigation as tumour-derived serum
markers, NLR is a measure of systemic inflamma-
tion obtained from a routine complete blood count.
NLR appeared to perform worse than the investigat-
ed biomarkers for diagnosis and prognosis, and was
not an independent prognostic indicator after ad-
justment for the panel of four biomarkers. Thus, we
decided against incorporating NLR into the panel of
biomarkers discussed. However, NLR remains clini-
cally useful in situations when specialised testing for
DCP. GP73, OPN, or HSP70 biomarkers cannot be
provided. In this case, NLR can serve as a surrogate
marker to guide further follow-up for these patients
and identify those at highest risk of poor outcomes
(33, 34).

Several limitations of this study should be ac-
knowledged. First, this was a single-centre study;
external validation in independent cohorts is essen-
tial before these biomarkers can be recommended
for routine clinical use. Second, ctDNA was not
included in the analysed biomarker panel because
validated serial ctDNA testing was not routinely
available at our centre during the study period, and
the cost of repeated sequencing exceeded available
study resources. This is an important limitation,
as ctDNA-based liquid biopsy has shown promise
for noninvasive molecular profiling, treatment re-
sponse monitoring, detection of minimal residual
disease, and identification of emerging resistance
mechanisms in HCC. Future studies should evalu-
ate whether integrating ctDNA with protein-based
biomarkers and imaging-derived features can fur-
ther improve real-time treatment monitoring and
prognostic stratification. Third, there is potential
confounding from post-TACE inflammatory HSP70
release unrelated to tumour necrosis (35). However,
our finding that HSP70 levels at week 8 (rather than
the early peak at week 4) discriminated residual dis-

ease suggests that the late elevation is more specific
to viable tumour. Fourth, our sorafenib group was
relatively small (n=62), and the 95% confidence in-
tervals for specificity estimates were wide due to the
small number of non-progressors (hn="14). Fifth, we
did not assess combination immunotherapy (atezoli-
zumab-bevacizumab or durvalumab-tremelimum-
ab), which is now first-line for advanced HCC (36).
Whether these novel biomarkers perform similarly in
the immunotherapy era requires separate investiga-
tion. Sixth, the ELISA assays for GP73, OPN, and
HSP70, while commercially available, are not yet
standardised across laboratories, which could lim-
it generalizability. Seventh, the optimal cut-offs we
identified require validation in independent cohorts
before clinical implementation.

Despite these limitations, our findings have
several practical implications. First, for centres per-
forming TACE, we suggest measuring HSP70 and
GP73 at week 8 post-procedure. Patients with both
markers below threshold can be safely followed with
routine surveillance, while those with elevated levels
warrant early imaging and consideration of repeat
TACE or ablation. Second, for patients receiving
sorafenib (or potentially other tyrosine kinase inhibi-
tors), week 4 DCP and OPN monitoring can identify
early progressors approximately 5 weeks before im-
aging, allowing timely treatment modification. Third,
the four-marker panel (DCP GP73, OPN, HSP70)
at week 8 provides powerful prognostic informa-
tion that could guide the intensity of follow-up and
decisions about clinical trial enrolment. Prospective
multicentre validation studies are urgently needed
to confirm our proposed cut-offs and algorithm.

Additionally, studies should evaluate these bio-
markers in patients receiving modern immunother-
apy-based regimens (atezolizumab-bevacizumab,
lenvatinib-pembrolizumab, durvalumab-tremelimu-
mab). The combination of protein biomarkers with
ctDNA and radiomics may further improve accura-
¢y (37). Subgroup analyses were exploratory and
hypothesis-generating. Although multiplicity ad-
justment was applied using the Holm method, the
limited number of patients in some subgroups re-
duced statistical power and increased uncertainty in
subgroup-specific estimates. Therefore, subgroup
findings should not be interpreted as confirmatory.
Finally, cost-effectiveness analyses comparing bio-
marker-guided monitoring versus standard imag-
ing-based surveillance are warranted, particularly
given the relatively low cost of ELISA-based assays
($15-30 per marker) (38, 39).

Conclusion

Clinically accessible blood-based biomarkers,
particularly DCP and OPN for sorafenib monitor-
ing and HSP70 and GP73 for post-TACE residual
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disease detection, may support real-time treatment
monitoring and prognostication in hepatocellular
carcinoma. A four-marker panel comprising DCP,
GP73, OPN, and HSP70 showed superior perfor-
mance compared with AFP alone for early progres-
sion detection and risk stratification. These findings
require external validation before routine clinical
implementation.
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