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Abstract

Hepatocellular carcinoma (HCC) is the most common sub-
type of primary liver cancer and continues to be a major 
cause of cancer-related mortality, particularly in regions of 
China with a high hepatitis B virus prevalence. Early-stage 
diagnosis remains challenging due to its asymptomatic on-
set and the limited sensitivity of conventional biomarkers, 
which together contribute to delayed detection, suboptimal 
therapeutic outcomes, and poor prognosis. These limita-
tions underscore the urgent need for reliable, sensitive, and 
specific biomarkers to enable timely detection and target-
ed intervention. Protein induced by vitamin K absence or 
antagonist-II, an abnormal prothrombin variant generated 
under vitamin K deficiency or antagonism, has emerged as 
a promising candidate with diagnostic and therapeutic rel-
evance in HCC. This review critically examines the molecular 
and biological characteristics of protein induced by vitamin 
K absence or antagonist-II, evaluates its clinical utility in 
HCC diagnosis and management, and delineates the current 
limitations hindering its broader application. Furthermore, 
future perspectives are proposed to guide translational re-
search and clinical implementation. Collectively, this review 
aims to provide a comprehensive theoretical framework to 
advance precision diagnosis and individualized treatment 
strategies for HCC.
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Introduction
According to the latest global cancer statistics, hepatocellular 

carcinoma (HCC) is the sixth most frequently diagnosed ma-
lignancy and the third leading cause of cancer-related mor-
tality worldwide, accounting for more than 750,000 deaths 
annually.1 In its early stages, HCC is typically asymptomatic, 
and approximately 80% of cases are diagnosed at an ad-
vanced stage, when curative treatment options are no longer 
feasible. Advanced-stage HCC is often characterized by ex-
tensive intrahepatic and extrahepatic tumor dissemination, 
resulting in poor therapeutic efficacy and a dismal five-year 
overall survival rate of approximately 14.1%.2 Thus, early 
diagnosis and timely intervention are essential for enhanc-
ing clinical outcomes.3 However, conventional surveillance 
methods, such as abdominal ultrasonography combined 
with alpha-fetoprotein (AFP) testing, have limited sensitivity, 
particularly in patients with AFP-negative HCC (AFP-NHCC), 
resulting in a high rate of missed diagnoses.4 Abnormal 
prothrombin, also known as protein induced by vitamin K 
absence or antagonist-II (PIVKA-II), was first identified in 
1984 as an abnormal prothrombin variant and proposed as a 
potential biomarker for HCC.5 Evidence indicates that its ex-
pression is closely associated with tumor differentiation, neo-
vascularization, and invasiveness, underscoring its potential 
as a biomarker reflecting tumor biology. Importantly, the 
diagnostic accuracy of PIVKA-II exceeds that of AFP alone, 
particularly in AFP-NHCC populations.6 This review critically 
evaluates the distinctive diagnostic utility of PIVKA-II, both 
as an independent marker and in combination with other 
emerging biomarkers. It further explores its potential role 
in improving early detection and guiding personalized treat-
ment strategies. Collectively, this review aims to provide a 
robust theoretical basis for the integration of PIVKA-II into 
precision oncology approaches for HCC.

Biological significance and characteristics of PIVKA-
II

Mechanism of formation and molecular characteris-
tics
The indirect synthesis of PIVKA-II was first reported by Hem-
ker et al. in 1963,7 and was subsequently validated by Nilehn 
and Ganrotin.8 Subsequent research has established a close 
association between PIVKA-II and abnormalities in vitamin 
K metabolism. Under physiological conditions, vitamin K-de-
pendent γ-glutamyl carboxylase catalyzes the γ-carboxylation 
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of glutamic acid residues within the γ-carboxylated glutamic 
acid (Gla) domain of prothrombin precursors, which repre-
sents a critical step in the post-translational activation of 
prothrombin into functional thrombin.7 In cases of vitamin 
K deficiency or exposure to vitamin K antagonists such as 
warfarin, carboxylase activity is inhibited, resulting in the se-
cretion of incompletely carboxylated prothrombin precursors 
into the bloodstream.9 These undercarboxylated molecules, 
collectively referred to as PIVKA-II, lack normal coagulation 
activity and accumulate abnormally in circulation. Previous 
studies have demonstrated that the carboxylation process 
follows a defined spatial and sequential pattern.10 Specifi-
cally, the ten Gla residues undergo modification in a three-
dimensional progression from the interior to the exterior of 
the molecule, with the order of carboxylation being glutamic 
acid residues at positions 26, 25, 16, 29, 20, 19, 14, 32, 
7, and 6 from the N-terminus. Disruption of this sequence 
impairs complete carboxylation, thereby contributing to the 
pathological accumulation of PIVKA-II.

PIVKA-II, also known as des-γ-carboxy prothrombin 
(DCP), is an aberrant isoform of prothrombin characterized 
by defective γ-carboxylation within its Gla domain. In physi-
ologically active prothrombin, the Gla domain contains ten 
fully carboxylated glutamic acid residues, which enable the 
protein to bind calcium ions and interact with phospholipid 
membranes. This is an essential step for anchoring prothrom-
bin to the surface of injured blood vessels.11 In contrast, 
PIVKA-II contains incompletely carboxylated Gla residues, 
resulting in markedly reduced calcium-binding capacity and 
a failure to adopt the functional conformation required for 
coagulation activity.12 Site-directed mutagenesis studies 
have demonstrated that carboxylation at positions 16, 26, 
and 29 is critical for maintaining procoagulant function. Loss 
of γ-carboxylation at these key sites reduces the coagulation 
activity of PIVKA-II to less than 1% of that of native pro-
thrombin.11 Moreover, structural analyses have revealed that 
the conformational flexibility of the Gla domain in PIVKA-II is 
significantly diminished, which disrupts the spatial organiza-
tion of the kringle and protease domains and further com-
promises its biological function (Fig. 1).13 Collectively, these 
findings clarify the molecular basis of PIVKA-II dysfunction; 
however, the dynamic regulation of domain interactions and 
their pathological implications remain incompletely defined, 
underscoring the need for further structural and functional 
studies.

The mechanism of PIVKA-II production in HCC
Since the initial report by Liebman in 1984 demonstrating 
the presence of PIVKA-II in the serum of patients with HCC,5 
serum PIVKA-II levels have been extensively utilized as a 
clinically valuable biomarker for HCC diagnosis.14 Despite its 
widespread clinical application, the molecular mechanisms 
underlying the aberrant production of PIVKA-II in HCC re-
main incompletely understood. It is generally accepted that 
PIVKA-II is produced in HCC under conditions of vitamin K 
deficiency or impaired vitamin K utilization, highlighting its 
close pathophysiological association with vitamin K metabo-
lism. Hypoxia is characteristic of HCC tissues, and hypoxic 
stress has been shown to impair vitamin K uptake. Moreover, 
concentrations of vitamin K1 and specific vitamin K2 sub-
types, particularly menaquinone-7 and menaquinone-8, are 
markedly reduced in HCC tissues, thereby contributing to 
defective γ-carboxylation.15 PIVKA-II synthesis is further as-
sociated with the liver-like differentiation phenotype of HCC 
cells, as its expression is highly specific to primary HCC, while 
remaining negligible in both normal liver and metastatic liver 
lesions.16 Taken together, the aberrant production of PIVKA-
II in HCC is thought to involve a multistep process, including 
enhanced synthesis of prothrombin precursors under hypox-
ic conditions, localized depletion of vitamin K, and reduced 
activity of γ-glutamyl carboxylase. As a result, a proportion 
of newly synthesized prothrombin precursors fail to be fully 
carboxylated, leading to the accumulation and release of un-
dercarboxylated prothrombin PIVKA-II into the circulation.

The mechanism of the progression of HCC triggered 
by PIVKA-II
PIVKA-II has been shown to directly contribute to the ma-
lignant behavior of HCC by activating multiple oncogenic 
signaling pathways. Specifically, PIVKA-II can bind to the cell 
surface receptor tyrosine kinase c-Met at the Tyr1234/1235 
phosphorylation sites, thereby activating the c-Met-Janus 
kinase 1-signal transducer and activator of transcription 3 
pathway, which promotes HCC cell proliferation.17,18 Further 
investigations have revealed that PIVKA-II also stimulates 
phosphorylation of the epidermal growth factor receptor, 
leading to activation of the Ras-Raf-MEK-ERK-MAPK signal-
ing cascade, a critical driver of tumor invasion and metasta-
sis.19 In the context of angiogenesis, PIVKA-II binds to the 
kinase insert domain receptor (KDR, also known as vascular 

Fig. 1.  Biological significance and characteristics of PIVKA-II. PIVKA-II, protein induced by vitamin K absence or antagonist-II.
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endothelial growth factor receptor-2), thereby initiating the 
KDR-phospholipase C-γ-MAPK signaling axis (Fig. 2). This 
pathway enhances endothelial cell proliferation and migra-
tion, which establishes a pro-angiogenic microenvironment 
that facilitates both intrahepatic and extrahepatic tumor dis-
semination. Thus, the pro-metastatic potential of PIVKA-II is 
closely associated with its ability to drive vascular remodeling 
and tumor cell motility through receptor-mediated signaling.

Specialized variant
Beyond the conventional forms of PIVKA-II, increasing atten-
tion has focused on a structurally distinct variant known as 
next-generation des-γ-carboxy prothrombin (NX-DCP), which 
offers novel insights into the molecular heterogeneity of this 
biomarker. NX-DCP contains fewer Gla residues and can be 
specifically detected using monoclonal antibodies such as 
P-11 or P-16.20 This structural distinction is clinically relevant 
because it reduces the false-positive elevations frequently 
observed with conventional PIVKA-II in patients receiving 
vitamin K antagonists, or those with vitamin K deficiency, 
obstructive jaundice, or alcohol-related liver disease.21 Both 
NX-DCP and the NX-DCP ratio (PIVKA-II/NX-DCP, cut-off 1.5) 
have demonstrated higher specificity in distinguishing HCC-
related elevations, and their levels are strongly correlated 
with microvascular invasion and larger tumor burden.20,22,23 
Immunohistochemical analyses further revealed that NX-DCP 
exhibits stronger staining at vascular invasion sites than either 
AFP or conventional PIVKA-II.24 Nevertheless, its wider clinical 
adoption remains constrained by inter-assay variability, the 
absence of standardized thresholds, and the relatively high 
cost of antibody-based assays. These findings demonstrate 
that NX-DCP not only improves the diagnostic and prognostic 
accuracy of PIVKA-II in HCC but also serves as a valuable 
target for future clinical research and therapeutic exploration.

Overall, PIVKA-II represents a distinctive molecular en-
tity linking disrupted vitamin K metabolism with hepato-
carcinogenesis. Its biochemical origin lies in incomplete γ-
carboxylation of prothrombin precursors; however, in HCC, 
this process is further amplified by hypoxia, vitamin K de-
pletion, and impaired γ-glutamyl carboxylase activity, high-
lighting a disease-specific vulnerability of hepatic metabolic 
pathways. Beyond serving merely as an abnormal by-prod-

uct, PIVKA-II acquires pathological significance by activating 
receptor-mediated oncogenic and pro-angiogenic signaling 
pathways, thereby directly contributing to tumor progres-
sion. The identification of variants such as NX-DCP highlights 
both the molecular heterogeneity of this biomarker and its 
potential to enhance diagnostic specificity. Nevertheless, the 
relative role of PIVKA-II as a driver versus a surrogate of 
malignancy, the mechanisms governing variant formation, 
and the integration of these pathways into the broader meta-
bolic and microenvironmental context of HCC remain incom-
pletely elucidated. Addressing these questions will be critical 
for transforming PIVKA-II from a diagnostic biomarker into a 
mechanistically informed therapeutic target.

PIVKA-II as an HCC biomarker

Early detection of HCC
PIVKA-II is increasingly recognized as a complementary bio-
marker for HCC monitoring25,26 and is referenced in the Euro-
pean Association for the Study of the Liver (EASL) guidelines 
for HCC management.27 The 2021 Clinical Practice Guide-
lines of the Japanese Society of Hepatology set a threshold 
of ≥40 mAU/mL to define abnormal PIVKA-II levels warrant-
ing further imaging,26 while the Taiwan Liver Cancer Associa-
tion emphasizes its ability to improve sensitivity in high-risk 
populations.28

PIVKA-II has been systematically evaluated in multiple 
studies for its diagnostic sensitivity and specificity. In a Eu-
ropean cohort, a PIVKA-II threshold of >37 mAU/mL yielded 
a sensitivity of 80% and specificity of 76%, outperforming 
the diagnostic performance of AFP.29 A multi-center analy-
sis further demonstrated that PIVKA-II exhibits particularly 
high diagnostic efficacy in patients with advanced or meta-
static disease. For tumors ≥ 5 cm in diameter, the sensitivity 
and specificity reached 92.55% and 87.18%, respectively, 
compared to 73.74% and 61.77% for tumors < 5 cm.30 No-
tably, the diagnostic performance of PIVKA-II varies accord-
ing to the underlying etiology of HCC. In hepatitis B virus 
(HBV)-related cirrhosis, the serum PIVKA-II level > 50 mAU/
mL is associated with a 1.74-fold increased risk of HCC de-
velopment.31 In hepatitis C virus-related cirrhosis, PIVKA-II 

Fig. 2.  PIVKA-II promotes HCC progression. PIVKA-II, protein induced by vitamin K absence or antagonist-II; HCC, Hepatocellular carcinoma; EGFR, the epidermal 
growth factor receptor; KDR, the kinase insert domain receptor; PLC, phospholipase C.
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demonstrates robust diagnostic utility, with a specificity of 
95.12% and sensitivity of 77.46% for predicting the four-
year cumulative incidence of HCC.32,33 In alcoholic cirrhosis, 
cases of PIVKA-II levels below 20 ng/mL have demonstrated 
both sensitivity and specificity around 80% as a diagnostic 
indicator.34 Moreover, emerging evidence supports the diag-
nostic value of PIVKA-II in non-cirrhotic HCC, including HCC 
associated with non-alcoholic fatty liver disease (NAFLD), 
where it exhibits strong serological performance.35

The 2021 Clinical Practice Guidelines of the Japanese 
Society of Hepatology explicitly recommend PIVKA-II as a 
primary screening biomarker for AFP-NHCC.26 Similarly, the 
2024 edition of the Chinese Diagnosis and Treatment Guide-
lines for Primary Liver Cancer emphasizes the role of PIVKA-
II as a supplementary diagnostic tool in high-risk individuals 
with AFP-NHCC.25 AFP, although traditionally employed as a 
standard biomarker for HCC, exhibits substantial limitations 
in sensitivity for AFP-NHCC, resulting in underdiagnosis with-
in this clinically significant subset. In contrast, PIVKA-II has 
emerged as a promising alternative capable of addressing 
these diagnostic shortcomings. Lin et al. reported that se-
rum PIVKA-II levels were significantly elevated in AFP-NHCC 
patients, with a diagnostic cutoff of 40.00 mAU/mL yielding 
a sensitivity of 84.62% and specificity of 90.38%.36 A mul-
ti-center study involving 1,034 Chinese patients with HBV-
related HCC further validated the diagnostic performance of 
PIVKA-II. When assessed independently, it achieved an area 
under the curve (AUC) of 0.856 for AFP-NHCC, with a sensitiv-
ity of 74.3% and specificity of 89.1%. Notably, in early-stage 
AFP-NHCC (tumor diameter ≤ 3 cm), PIVKA-II maintained 
a sensitivity of 68.5% and specificity of 91.2%.37 However, 
other findings suggest that sensitivity may decline to 56% 
in tumors < 2 cm, highlighting the persistent challenge of 
detecting very early-stage disease.38 Importantly, a prospec-
tive cohort study conducted in Western populations revealed 
that elevated PIVKA-II levels frequently precede radiographic 
evidence of tumor progression in AFP-NHCC patients.39 This 
observation underscores the potential of PIVKA-II as a pre-
dictive biomarker for subclinical disease progression. Overall, 
serum PIVKA-II testing provides a practical solution to the 
diagnostic limitations of AFP, particularly in AFP-NHCC. Be-
yond its diagnostic utility, PIVKA-II also contributes to earlier 
detection, more accurate staging, and prognostic evaluation. 
As such, it represents an essential component in the refine-
ment of HCC diagnostic and monitoring paradigms.

Although PIVKA-II has demonstrated promise as a bio-
marker, its sensitivity and specificity remain suboptimal when 
used alone for the early detection of HCC. Both the Ameri-
can Association for the Study of Liver Diseases (AASLD) and 
EASL acknowledge that combining PIVKA-II with convention-
al diagnostic tools enhances diagnostic accuracy beyond that 
achievable with single markers.27,40 Consequently, recent re-
search has increasingly focused on the combined use of PIV-
KA-II with additional serum biomarkers. Despite variations 
in assay methodologies, patient populations, and underlying 
disease etiologies—factors that contribute to heterogeneity 
in study outcomes—most investigations converge on a key 
conclusion: integrating PIVKA-II with complementary biolog-
ical markers and clinical parameters significantly improves 
diagnostic performance. Such combinatorial strategies offer 
a practical means to overcome the inherent limitations of 
single-marker approaches, thereby enhancing both sensitiv-
ity and specificity in early HCC diagnosis.

To enhance the diagnostic accuracy of HCC, a series of 
quantitative scoring models have been developed, integrat-
ing demographic variables such as gender and age with se-
rum biomarkers, including PIVKA-II. In 2014, a multi-cent-

er study introduced the GALAD model, which incorporates 
gender, age, AFP, the percentage of AFP-L3 (an isoform of 
AFP), and PIVKA-II. The diagnostic equation is defined as: 
Z = −10.08 + 0.09 × age + 1.67 × gender (1 for males, 0 
for females) + 2.34 × log (AFP) + 0.04 × AFP-L3 + 1.33 × 
log (PIVKA-II). The primary strength of this model lies in its 
ability to dynamically reflect tumor biological behavior,41 and 
it has demonstrated high diagnostic sensitivity and specific-
ity for HCC.42 In a large-scale multi-center study, Hou et al. 
evaluated the GALAD model’s predictive accuracy for early-
stage HCC, yielding an AUC of 0.914, with a sensitivity of 
57.6% and a specificity of 85%. Importantly, its diagnostic 
efficacy remained robust across different etiological back-
grounds, including HBV, hepatitis C virus, and non-viral liver 
diseases.43 However, a prospective Chinese study noted a 
marginally reduced performance in non-viral etiologies, sug-
gesting that etiology-specific threshold adjustments may be 
warranted.44 Numerous research groups have independently 
validated the GALAD model in international cohorts and con-
currently developed optimized derivatives. Among these are 
the C-GALAD,45AALP,46 and GAADPB47 models. Simplified ad-
aptations such as GAAD, GAAP, and ASAP omit AFP-L3 while 
retaining comparable diagnostic performance. For example, 
Piratvisuth et al. reported that the GAAD model achieved a 
sensitivity of 71.8% and specificity of 90.0% for early HCC 
detection,48 whereas Liu et al. demonstrated that the GAAP 
model attained an AUC of 0.914 in HBV-related HCC.49 Simi-
larly, a prospective cohort by Maneenil et al. found the ASAP 
model to have an AUC of 0.898 for HCC prediction.50 Expand-
ing the scope to global application, Fan and colleagues con-
ducted an extensive international study spanning five conti-
nents, 29 countries, and 968 research centers to develop the 
aMAP model. The Z-score is calculated as follows: Z = {[0.06 
× age + 0.89 × gender + 0.48 × (0.66 × log10 total bilirubin 
− 0.085 × albumin) − 0.01 × platelet count] + 7.4} / 14.77 
× 100. The aMAP model exhibited strong predictive capability 
across various diverse ethnicities and liver disease etiologies, 
with AUC values ranging from 0.82 to 0.87.51 Additionally, a 
prospective cohort led to the development of the HES V2.0 
model, which outperformed both the GALAD and ASAP mod-
els in identifying HCC.52 Collectively, these models exemplify 
a strategic integration of serum biomarkers such as PIVKA-
II with demographic and biochemical variables to generate 
numerical risk scores. This approach not only enhances the 
sensitivity and specificity of early HCC diagnosis but also fa-
cilitates dynamic risk stratification and personalized prognos-
tic assessment, thereby guiding clinical decision-making and 
improving patient outcomes (Table 1).41,43–52

In addition to the aforementioned scoring models, several 
studies have proposed streamlined yet effective biomarker 
combinations that further enhance diagnostic performance in 
early HCC, particularly in specific etiological contexts. Wang 
et al. demonstrated that integrating the γ-glutamyl trans-
ferase to aspartate aminotransferase ratio with PIVKA-II and 
AFP significantly improved diagnostic accuracy for HBV-re-
lated early HCC. This composite model achieved an AUC of 
0.925, surpassing that of conventional single-modality imag-
ing techniques.53 Similarly, Chen et al. reported that combin-
ing AFP and PIVKA-II yielded the highest diagnostic perfor-
mance, with an AUC of 0.965, highlighting the synergistic 
value of dual-marker strategies.54 With regard to NAFLD, a 
growing body of evidence indicates that nearly 50% of HCC 
cases in this population arise in the absence of cirrhosis and 
are frequently associated with increased tumor burden. In 
this high-risk subgroup, Mi et al. found that combining PIV-
KA-II levels with platelet count markedly enhanced screening 
accuracy. The combined approach demonstrated excellent 
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sensitivity and specificity across multiple risk strata, achiev-
ing a maximum diagnostic accuracy of 91%.35

Collectively, these findings underscore a critical limitation 
of relying solely on serum PIVKA-II levels for early HCC de-
tection. While PIVKA-II remains a robust biomarker, its diag-
nostic sensitivity and specificity are suboptimal when used 
in isolation, particularly across diverse clinical contexts. The 
development and implementation of multi-parametric diag-
nostic models allow the integration of complementary biologi-
cal signals, the fine-tuning of diagnostic thresholds, and the 
minimization of false-negative rates. Such strategies not only 
address diagnostic blind spots but also provide more precise 
and individualized evidence to inform clinical decision-making 
regarding early detection and therapeutic intervention in HCC.

Distinguishing HCC from intrahepatic cholangiocarci-
noma (ICC)
Primary liver cancer encompasses a spectrum of malignan-
cies arising from hepatocytes or epithelial cells of the in-
trahepatic bile ducts and periductal glands, including HCC, 
ICC, and combined hepatocellular-cholangiocarcinoma (HCC-
ICC).55 Although ICC is less prevalent than HCC, it is charac-

terized by an aggressive clinical course and poor prognosis. 
Its incidence has increased markedly in recent years, yet its 
precise etiological mechanisms remain poorly understood. 
Accurate differentiation between HCC and ICC is therefore 
critical for guiding first-line treatment and optimizing patient 
outcomes.56 In a multicenter study, Bu et al. reported that 
at the commonly recommended threshold of 40.00 mAU/mL, 
the serum PIVKA-II positivity rate among ICC patients was 
30.12%,30 suggesting a potential but limited diagnostic role 
for PIVKA-II in ICC. To address diagnostic challenges aris-
ing from overlapping biomarker profiles, Si et al. developed 
a clinically applicable nomogram that integrates multiple se-
rum indicators, including PIVKA-II, AFP, carbohydrate antigen 
(CA) 19-9, and CA125, significantly improving diagnostic ac-
curacy in distinguishing HCC from ICC.57 Subsequent analysis 
by the same research group revealed a synergistic interaction 
between PIVKA-II and HBV status: elevated PIVKA-II levels in 
HBV-positive patients were more indicative of HCC, whereas 
low PIVKA-II levels combined with the presence of elevated 
CA19-9 favored a diagnosis of ICC. Similarly, Huang et al. 
proposed a PIVKA-II-based composite diagnostic model, fur-
ther confirming the clinical utility of the marker in differenti-
ating HCC from ICC.58 Despite accumulating clinical evidence 

Table 1.  PIVKA-II combined with other indicators in a diagnostic model for HCC

Model Researcher Cohort model Study type Diagnostic per-
formance

Cut-off 
value

Refer-
ences

GALAD, 
2014

Philip J. 
Johnson

331 HCC + 
339 chronic

Multicenter prospec-
tive cohort study

Training set AUC 
= 0.97, validation 
set AUC = 0.95

NA 41

GALAD, 
2025

Jinlin Hou 1558 cirrhosis 
(109 devel-
oped HCC)

Multicenter prospec-
tive cohort study

AUC = 0.78, SEN = 
62%, SPE = 82%

PIVKA-
II = 40 
mAU/mL

43

GALAD, 
2025

Henry L 
Y Chan

297 HCC + 
709 chronic

Multicenter prospec-
tive cohort study

AUC = 0.914, SEN = 
57.6%, SPE = 85%

PIVKA-II = 
28.4 ng/ml

44

C-GALAD, 
2024

Chenjun 
Huang

822 HCC + 
2137 chronic

Multicenter retrospec-
tive and prospec-
tive cohort study

Training set AUC 
= 0.952; Internal 
validation AUC = 
0.912; External vali-
dation AUC = 0.927

PIVKA-
II = 40 
mAU/mL

45

AALP, 
2023

Tianying Ren 395 HCC + 
846 chronic

Cross-sectional study AUC = 0.939, SEN 
= 81%, SPE = 95%

PIVKA-
II = 40 
mAU/mL

46

GAADPB, 
2022

Lanjuan Li 155 HCC + 
269 chronic + 
87 healthy

Randomized controlled trial Training set AUC = 
0.941, validation 
set AUC = 0.896

PIVKA-
II = 40 
mAU/mL

47

GAAD, 
2023

Teerha 
Piratvisuth

675 HCC + 
1039 chronic

Prospective cohort study Training set AUC = 
0.907, validation 
set AUC = 0.914

PIVKA-II = 
28.4 ng/mL

48

GAAP, 
2020

Miaoxia Liu 434 HCC + 422 
chronic + 27 
liver metastasis

Single-center cohort study AUC = 0.914, SEN 
= 88%, SPE = 80%

PIVKA-
II = 40 
mAU/mL

49

ASAP, 
2024

Chongkonrat 
Maneenil

174 HCC + 
477 chronic

Single-center prospec-
tive cohort study

AUC = 0.898, 
SEN = 88.7%, 
SPE = 81.7%

NA 50

aMAP, 
2020

Rong Fan 13088 CHB + 
3566 CHC + 720 
non-viral hepatitis

Multicenter prospective 
observational cohorts or 
randomized controlled trials

AUC = 0.82–0.87 NA 51

HES V2.0, 
2025

Hashem B 
El-Serag

125 HCC + 
2206 cirrhosis

Prospective and retro-
spective cohort study

AUC = 0.77 NA 52

HCC, hepatocellular carcinoma; PIVKA-II, protein induced by vitamin K absence or antagonist-II; AUC, area under the curve; SEN, sensitivity; SPE, specificity; CHB, 
chronic hepatitis B; CHC, chronic hepatitis C.
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supporting the role of PIVKA-II in distinguishing subtypes of 
primary liver cancers, the mechanistic basis underlying its 
differential expression in HCC and ICC remains incompletely 
understood. Continued investigation is warranted to elucidate 
the biological determinants of PIVKA-II specificity, with the 
ultimate goal of refining diagnostic strategies and improving 
the precision of liver cancer classification in clinical practice.

Efficacy assessment and prognosis analysis
PIVKA-II has emerged as a clinically important biomarker for 
HCC, demonstrating value not only in early diagnosis but also 
in predicting treatment efficacy and prognosis.

The management of HCC has entered a phase of increas-
ing therapeutic diversification, encompassing liver trans-
plantation, hepatic resection, ablation therapy, endovascular 
intervention, radiotherapy, and systemic anticancer treat-
ments. Within this evolving landscape, PIVKA-II serves as a 
valuable indicator of tumor biology and treatment response. 
The AASLD associates high serum levels (≥400 mAU/mL) 
with increased tumor burden and vascular invasion,40 where-
as the EASL recognizes biomarker dynamics as supportive 
indicators of immunotherapy response.27 The Korean Liver 
Cancer Association further incorporates preoperative PIV-
KA-II elevation into the MoRAL score to guide transarterial 
chemoembolization strategies.59 Several predictive models 
have reinforced the clinical value of PIVKA-II. Wu et al. dem-
onstrated that combining PIVKA-II with computed tomog-
raphy radiomics and laboratory parameters, including AFP, 
enabled accurate preoperative assessment of tumor grade, 
with an AUC of 0.926.60 Similarly, Xu developed a nomogram 
incorporating PIVKA-II and tumor burden scores to predict 
microvascular invasion, thereby optimizing surgical decision-
making.61 Feng further substantiated the diagnostic utility of 
PIVKA-II in AFP-NHCC, reporting an AUC of 0.76 and strong 
associations with tumor size, differentiation, and metasta-
sis.62 A systematic review corroborated the predictive value 
of the combined product of PIVKA-II and AFP (P*A ≥ 1,600) 
as a robust marker of tumor invasiveness in early-stage HCC, 
aiding in treatment selection between surgical resection and 
radiofrequency ablation.63 Moreover, studies have shown 
that integrating PIVKA-II levels with tumor burden subclas-
sification systems enhances prognostic stratification in HCC 
patients undergoing transarterial chemoembolization, with 
PIVKA-II concentrations ≥ 150 mAU/mL independently pre-
dicting poorer overall survival.64 Dynamic changes in PIVKA-
II also carry significant prognostic implications across thera-
peutic modalities. Sun reported that HCC patients receiving 
anti-PD-1 therapy who achieved >50% reductions in PIVKA-
II had higher objective response rates.65 In patients treated 
with atezolizumab plus bevacizumab, baseline PIVKA-II lev-
els ≥ 186 mAU/mL were associated with shorter survival.66 
Unome similarly observed that patients who failed to achieve 
a decline in PIVKA-II levels (ΔPIVKA-II ≥ 0%) within three 
months after treatment exhibited significantly reduced sur-
vival.67 Emerging evidence also implicates elevated PIVKA-II 
expression in resistance to targeted therapies. Cui revealed 
that PIVKA-II can antagonize the inhibitory effect of gefitinib 
in HCC by enhancing epidermal growth factor receptor and 
c-Met signaling, thereby contributing to therapeutic resist-
ance.68 In patients undergoing sorafenib therapy, Nakano 
reported that high baseline PIVKA-II levels predicted signifi-
cantly decreased survival, with persistent PIVKA-II eleva-
tion during treatment correlating with disease progression.69 
Likewise, Saeki proposed that in the setting of lenvatinib ad-
ministration, a failure to achieve a ≥40% decline in PIVKA-II 
within one month could serve as an early indicator of non-
responsiveness, emphasizing the importance of dynamic bio-

marker monitoring.70 In a multimodal therapeutic approach 
combining stereotactic body radiotherapy, immunotherapy, 
and targeted therapy, Zhang found that patients exhibiting 
early PIVKA-II reductions of ≥70% attained a median pro-
gression-free survival of 15.6 months, with concurrent AFP 
dynamics further enhancing the identification of high-risk 
subgroups.71 Furthermore, Chen demonstrated that in AFP-
NHCC, the combination of PIVKA-II and gene mutation pro-
files outperformed AFP alone as a biomarker for therapeutic 
response monitoring.38 Beyond efficacy prediction, PIVKA-
II levels have been associated with immunotherapy safety 
profiles. Chon reported that patients with elevated baseline 
PIVKA-II were more susceptible to grade ≥3 adverse events, 
such as hypertension, and exhibited increased rates of treat-
ment discontinuation.66 Finally, Unome highlighted that 
persistently elevated PIVKA-II levels were associated with 
accelerated hepatic functional decline, necessitating timely 
adjustments in therapeutic regimens.67

A growing body of evidence has substantiated the high 
sensitivity of PIVKA-II for pre-treatment diagnosis and path-
ological grading of HCC, while also underscoring its strong 
predictive value for postoperative recurrence and long-term 
survival. Given the inherently poor prognosis and high ag-
gressiveness of HCC, with overall survival ranging from less 
than three months to over 60 months, accurate prognostic 
biomarkers are of paramount clinical importance. The AASLD 
notes that rising PIVKA-II levels after liver transplantation 
often signal recurrence,40 whereas the Taiwan Liver Cancer 
Association recommends its use as a surveillance marker fol-
lowing curative therapy.28 The Korean Liver Cancer Associa-
tion links an increase in PIVKA-II after surgery with an early 
recurrence, especially in cases of microvascular invasion.59 
In a multicenter retrospective study, Zhu demonstrated that 
postoperative serum PIVKA-II levels were significantly higher 
in the recurrence group than in the non-recurrence group, 
and that PIVKA-II outperformed AFP in prediction, particu-
larly among patients with preoperative PIVKA-II negativ-
ity.72 Supporting this, Devillers and colleagues reported in 
liver transplant recipients that patients with baseline PIVKA-
II ≤ 90 mAU/mL and AFP ≤ 8 ng/mL achieved a five-year 
recurrence-free survival of 100%, underscoring the prog-
nostic utility of dual-biomarker stratification.73 Zhu further 
confirmed that after radical resection, median PIVKA-II levels 
were significantly higher in the non-recurrence group (84.62 
vs. 18.76 mAU/mL), and that its diagnostic accuracy, as 
measured by AUC, was markedly superior to AFP.72 In a com-
plementary study, Yang demonstrated that the integration of 
modified Response Evaluation Criteria in Solid Tumors with 
dynamic changes in PIVKA-II, specifically an 80% postopera-
tive reduction, enabled accurate prediction of major path-
ological response and was significantly associated with re-
currence-free survival.74 Additionally, patients with PIVKA-II 
declines after radiofrequency ablation had lower recurrence 
rates and longer disease-free survival.75 In a prospective 
study, Wang reported that patients with baseline PIVKA-II 
levels below 26 mAU/mL were more likely to achieve com-
plete remission after transarterial intervention, and that per-
sistent post-treatment declines in PIVKA-II levels were as-
sociated with favorable clinical outcomes.76 Further findings 
by Gan corroborated these results, showing that patients 
achieving complete remission after arterial intervention had 
significantly lower PIVKA-II levels than those with partial re-
mission or progressive disease.77 Collectively, these findings 
affirm the potential of PIVKA-II as a reliable biomarker for 
post-treatment surveillance in HCC, providing critical insights 
to guide and refine clinical management strategies aimed at 
improving patient prognosis (Table 2).38,60–77
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Comparative analysis of PIVKA-II and other biomark-
ers
Following the discussion of the clinical value of PIVKA-II, it 
is essential to compare it directly with other established and 
emerging biomarkers to more comprehensively evaluate its 
potential across diverse clinical contexts. AFP remains the 
most widely used biomarker for HCC; however, its sensi-
tivity in early-stage disease is limited, with approximately 
30%–40% of patients testing negative for AFP.78 In such 
cases, PIVKA-II serves as a valuable complementary marker. 
Unlike PIVKA-II, AFP performs poorly in HCC arising from 
alcoholic liver disease or NAFLD,35 and its levels are easily 
confounded by non-tumor factors, which reduces diagnos-
tic accuracy and limits its utility for monitoring therapeutic 
response.79 AFP-L3, a glycosylated isoform of AFP, achieves 
approximately 95.05% specificity when AFP is only mildly 
elevated; however, its sensitivity remains inferior to that 
of PIVKA-II.80 Persistently high AFP-L3 levels are strongly 
associated with recurrence and poor prognosis after cura-
tive treatment; however, its dynamic changes are heavily 
influenced by overall AFP concentrations, making it more 
suitable as an auxiliary indicator.81 Glypican-3 (GPC3), a 
tumor-associated antigen, demonstrates high sensitivity at 
the tissue level and reflects tumor burden. Nonetheless, its 
specificity is relatively low (29.2%),82 which limits its ability 
to distinguish malignant from benign lesions as precisely as 
PIVKA-II, and its diagnostic value for early or small tumors 
remains inadequate. Circulating GPC3 is, therefore, more of-
ten used as an adjunct to imaging rather than a stand-alone 
screening tool. For instance, stratifying patients into high- 
and low-risk groups using a serum threshold of 0.124 ng/mL 
yields three-year overall survival rates of 38.0% and 62.9%, 
respectively (P = 0.011), underscoring its ability to reflect 
tumor biology but not other key prognostic determinants, 
such as liver function or treatment modality.36 The neutro-
phil-to-lymphocyte ratio (NLR), though not tumor-specific, 
represents a simple, inexpensive, and reproducible marker of 
systemic inflammation with prognostic value in HCC.83 It has 
demonstrated clinical utility in preoperative risk stratification 
and postoperative management of patients undergoing liver 
resection.84 Importantly, across multiple etiological contexts, 
including alcoholic liver disease, NAFLD, and HBV infection, 
NLR has been shown to dynamically reflect disease activity 
in unresectable HCC.85 Taken together, AFP and PIVKA-II re-
main the cornerstones of routine screening and surveillance; 
AFP-L3 enhances specificity in patients with intermediate AFP 
levels; GPC3 provides supplementary diagnostic and thera-
peutic insights; and NLR offers complementary prognostic in-
formation. Through this head-to-head comparison, PIVKA-II 
demonstrates relative advantages in early detection, applica-
bility across diverse etiological backgrounds, and monitoring 
of treatment responses, thereby reinforcing its central role in 
the clinical management of HCC.

Nevertheless, several important challenges remain. The 
diagnostic performance of PIVKA-II varies across tumor 
sizes, disease etiologies, and geographic populations, high-
lighting the absence of consensus on optimal thresholds and 
assay standardization. Its limited specificity in distinguishing 
HCC from ICC further underscores the need for composite 
diagnostic models. At the mechanistic level, the reasons why 
PIVKA-II is selectively elevated in HCC but less so in ICC re-
main unclear, thereby constraining efforts to refine biomark-
er-based classification strategies. From a clinical standpoint, 
harmonized cut-off values, standardized assay methodolo-
gies, and validation across diverse populations are urgently 
required. In summary, PIVKA-II has evolved from a serologi-
cal anomaly into a cornerstone biomarker for the diagnosis, 

prognosis, and monitoring of HCC. However, it should not 
be regarded as a stand-alone indicator; its greatest value 
lies in integration with complementary serum markers, imag-
ing modalities, and clinical parameters to advance precision 
oncology. Future efforts integrating biological insights with 
clinical validation will determine whether PIVKA-II remains 
a supportive biomarker or emerges as a transformative ele-
ment in HCC management.

Shortcomings and future prospects

Detection method
In 1985, Motohara pioneered an enzyme-linked immuno-
sorbent assay (ELISA)-based method for PIVKA-II detec-
tion, achieving a sensitivity of 0.13 U/mL2. Currently, im-
munoassay techniques remain the cornerstone of PIVKA-II 
quantification, encompassing ELISA, chemiluminescent en-
zyme immunoassay (CLEIA), and electrochemiluminescent 
immunoassay. Guariglia compared a novel ELISA platform 
(AssayGenie) and the conventional CLEIA system (Fujirebio), 
revealing a strong correlation in serum PIVKA-II measure-
ments among HCC patients. Both assays also demonstrated 
independent prognostic value for patient survival. Notably, 
ELISA exhibited superior cost-effectiveness, making it more 
suitable for routine clinical application.75,86 In parallel, Jabor 
assessed the biological variability of PIVKA-II in healthy in-
dividuals using an automated electrochemiluminescent im-
munoassay platform (Roche Elecsys) and verified that its 
analytical performance met established clinical standards.87 
Nonetheless, conventional PIVKA-II assays remain suscep-
tible to confounding factors such as vitamin K deficiency, 
anticoagulant therapy (e.g., warfarin), and underlying liver 
conditions (e.g., cirrhosis), which may result in false-positive 
or false-negative findings. Additionally, inter-method vari-
ability poses interpretative challenges. For instance, median 
PIVKA-II concentrations measured by CLEIA (197 mAU/mL) 
were markedly higher than those obtained by ELISA (118 ng/
mL), potentially affecting clinical decision-making and diag-
nostic accuracy.86 To overcome these limitations and further 
improve the sensitivity and specificity of PIVKA-II detection, 
the development of advanced sensor technologies and next-
generation assay platforms represents a promising direction 
for future research, with the potential to enhance serological 
support for diagnosis, prognosis, and therapeutic monitoring.

PIVKA-II in non-HCC diseases
PIVKA-II, although well established as a biomarker for HCC, 
can also be affected by a spectrum of non-HCC conditions, 
including hepatic disorders, gallbladder cancer, pancreatic 
cancer, and chronic kidney disease. These findings suggest 
the potential to define novel diagnostic thresholds and prog-
nostic associations beyond HCC. Honda et al. reported that 
in patients with non-HCC liver diseases such as hepatitis 
B, hepatitis C, and autoimmune hepatitis, serum PIVKA-II 
levels correlated significantly with Child-Pugh scores, bone 
metabolism (e.g., low-carboxylated osteocalcin), and mus-
cle function assessed by the SARC-F score. These findings 
imply that multisystemic diseases may indirectly modulate 
PIVKA-II concentrations through alterations in vitamin K me-
tabolism and suggest that PIVKA-II assessment could aid in 
evaluating both disease severity and bone–muscle metabolic 
status in liver disease.88 Maruyama further demonstrated 
that hepatic hemangiomas were associated with elevated se-
rum PIVKA-II levels, which correlated with both lesion size 
and coagulation abnormalities. This elevation was attributed 
to increased production of prothrombin precursors, driven by 
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enhanced coagulation-fibrinolysis activity within the heman-
gioma.89 Hsu et al. further reported that although abscess 
size was not correlated with PIVKA-II levels, the biomarker 
may have predictive value for treatment response in sup-
purative liver abscesses, which is an association warranting 
further validation.90

With the continued advancement of clinical research, the 
application of PIVKA-II testing has expanded beyond hepatic 
pathology, demonstrating promising diagnostic and prognos-
tic utility in a range of extrahepatic malignancies and non-
hepatic diseases, including renal disorders. This broadening 
scope not only enhances the clinical value of PIVKA-II but 
also introduces novel molecular targets and research direc-
tions for multidisciplinary diagnostic and therapeutic strate-
gies. Liu et al. reported that patients with gallbladder cancer 
had significantly higher serum PIVKA-II levels than those 
with benign gallbladder disease or healthy controls, with 
concentrations positively correlating with both TNM stage 
and tumor differentiation. These findings support its role as a 
biomarker for tumor burden and aggressiveness.91 Kudo re-
ported a case of gastric cancer with co-expression of PIVKA-
II and AFP, suggesting that certain gastrointestinal tumors 
may secrete PIVKA-II through mechanisms of ‘liver-like dif-
ferentiation’.92 Expanding on this, Wang demonstrated that 
PIVKA-II, when combined with CA19-9 and CEA, achieved 
a high positive detection rate (94.59%) for pancreatic can-
cer, indicating its potential value in complementing conven-
tional markers.93 Tartaglione further confirmed that PIVKA-II 
levels were significantly higher in patients with pancreatic 
ductal adenocarcinoma than in those with benign pancreatic 
conditions and that its diagnostic performance surpassed 
CA19-9, the current standard marker.94 Farina extended 
these findings, showing that elevated PIVKA-II in patients 
with pancreatic ductal adenocarcinoma was associated with 
epithelial-mesenchymal transition, thereby implicating it in 
tumor progression and metastatic potential.95 Beyond ma-
lignancy, Nyvad reported that chronic kidney disease is fre-
quently accompanied by elevated PIVKA-II levels, attributed 
to disruptions in vitamin K metabolism.96 Similarly, Caluwé 
documented widespread vitamin K deficiency in patients with 
end-stage renal disease, resulting in concomitant elevations 
of both PIVKA-II and desphospho-uncarboxylated matrix Gla 
protein, thereby underscoring the systemic impact of vitamin 

K-dependent biomarker dysregulation in renal pathology.97 
Aleksiev observed elevated PIVKA-II levels in patients with 
pleural effusion; however, its diagnostic specificity for distin-
guishing benign from malignant etiologies remains limited, 
thereby constraining its utility in pleural disease stratifica-
tion.98 A high prevalence of vitamin K deficiency has also 
been reported in ICU patients, significantly influencing PIV-
KA-II levels. As highlighted in the review by Paulus, vitamin 
K deficiency leads to increased PIVKA-II concentrations, re-
inforcing its role as a sensitive indicator of vitamin K status 
in critically ill populations.99 Miyamoto further established 
PIVKA-II as a highly sensitive biomarker for diagnosing elas-
tic pseudohypoparathyroidism, a rare disorder characterized 
by multiple coagulation factors, in which vitamin K supple-
mentation may provide therapeutic benefit.100 In obstetric 
complications, Ouchi demonstrated that dynamic monitoring 
of vitamin K deficiency via PIVKA-II, combined with timely vi-
tamin K supplementation, may contribute to preventing fetal 
complications associated with severe hyperemesis gravidar-
um, underscoring its clinical relevance beyond hepatic and 
oncologic contexts (Fig. 3).101

In clinical practice, accurate interpretation of PIVKA-II 
levels requires a comprehensive, multidisciplinary assess-
ment that integrates patient history, imaging findings, and 
additional tumor biomarkers. Dynamic monitoring of serum 
PIVKA-II is essential to evaluate temporal trends and should 
be conducted in parallel with liver function tests and, when 
indicated, pathological biopsy results. Such an integrative 
approach is critical to exclude potential confounding factors, 
including disturbances in vitamin K metabolism, biliary tract 
disorders, chronic hepatic injury, and other non-malignant 
conditions that may contribute to elevated PIVKA-II levels. 
This strategy significantly mitigates the risk of misdiagnosis 
or missed diagnosis stemming from isolated abnormal test 
results, thereby enhancing the diagnostic precision and clini-
cal reliability in the context of HCC detection and manage-
ment.

Future prospects
The rapid evolution of information technology has facilitated 
the integration of PIVKA-II with artificial intelligence (AI) 
and deep learning, offering novel strategies to address long-
standing challenges in the early diagnosis and prognostic as-

Fig. 3.  PIVKA-II in non-HCC diseases. PIVKA-II, protein induced by vitamin K absence or antagonist-II; HCC, Hepatocellular carcinoma.
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sessment of HCC. Zhu et al. introduced a diagnostic platform 
based on electro-hydrodynamic dielectric digital microfluidics 
capable of quantitatively detecting serum biomarkers, in-
cluding PIVKA-II, thereby providing a rapid, cost-effective, 
and clinically accessible tool for early HCC detection, particu-
larly in primary healthcare settings.102 Building on this, Wang 
et al. developed a machine learning-based risk prediction 
model incorporating PIVKA-II and other serum markers to 
enhance diagnostic accuracy.103 Similarly, Yang et al. created 
an online predictive calculator using PIVKA-II for HCC detec-
tion in patients with chronic hepatitis B, supporting timely 
clinical intervention.104 Li further advanced the field by de-
signing a non-invasive diagnostic model powered by an AI 
neural network system, integrating PIVKA-II as a key feature 
to distinguish early-stage HCC from cirrhosis with high fideli-
ty.105 Collectively, these AI-driven approaches have improved 
both the sensitivity and specificity of early HCC diagnosis and 
facilitated more personalized treatment strategies. The in-
tegration of PIVKA-II into next-generation digital platforms 
represents a transformative step toward biomarker-driven 
early warning and precision diagnostics for HCC.

Despite substantial advances in PIVKA-II quantification 
through immunoassays, several challenges persist. Analyti-
cal variability across platforms, susceptibility to confounding 
factors—such as vitamin K deficiency, anticoagulant therapy, 
and chronic liver diseases—and inconsistent cut-off stand-
ardization continue to limit diagnostic reliability. Moreover, 
elevated PIVKA-II levels in non-HCC conditions complicate 
interpretation and emphasize the need for multidisciplinary 
assessment integrating clinical history, imaging, and comple-
mentary biomarkers. These limitations caution against reli-
ance on PIVKA-II as a stand-alone marker but also suggest 
the potential for novel applications in assessing multisys-
temic disease severity and prognosis. Looking forward, in-
corporation of PIVKA-II into AI- and machine learning-based 
diagnostic models, together with next-generation biosensing 
technologies, holds promise for improving sensitivity, speci-
ficity, and early detection of HCC. However, mechanistic un-
derstanding of its regulation in both hepatic and extrahe-
patic contexts, standardization across diverse populations, 
and rigorous clinical validation remain unresolved challenges. 
Addressing these issues will be essential to fully realize the 
role of the biomarker in precision oncology and broader clini-
cal applications.

Conclusions
PIVKA-II has emerged as a pivotal serum biomarker with sig-
nificant translational potential in both fundamental research 
and clinical management of HCC. Mechanistic studies have 
elucidated the role of PIVKA-II in tumorigenesis, including its 
interactions with the tumor microenvironment, promotion of 
angiogenesis, and modulation of immune responses, offer-
ing critical insights into early diagnostic strategies and the 
development of targeted therapies. A growing body of clinical 
evidence has substantiated the utility of PIVKA-II in diverse 
aspects of HCC care, including population-based screening, 
diagnosis, staging, prognosis evaluation, and postoperative 
surveillance. Particularly noteworthy is its diagnostic superi-
ority in AFP-NHCC cases and its ability to differentiate HCC 
from ICC, thereby augmenting diagnostic precision in clini-
cal settings. Despite considerable progress, current research 
on PIVKA-II has not fully addressed its role in the immune 
microenvironment and metabolic reprogramming of HCC. In 
addition, its clinical validation remains limited in non-HBV-
related populations. Key areas requiring further investigation 
include inter-population variability in diagnostic sensitivity 

and specificity, optimization of biomarker panels for combi-
natorial use, and deeper exploration of the role of PIVKA-II in 
the context of immunotherapies and molecularly targeted in-
terventions. Future research should prioritize the integration 
of multi-omics profiling, AI-assisted diagnostic frameworks, 
and large-scale, multicenter clinical validation to enhance 
generalizability and clinical utility. The convergence of AI and 
deep learning with dynamic PIVKA-II profiling holds the po-
tential to revolutionize early detection, pathological grading, 
and individualized therapeutic strategies for HCC. Monitoring 
the dynamic changes of PIVKA-II within intelligent diagnostic 
platforms may not only broaden its clinical applicability but 
also catalyze the expansion of the molecular biomarker rep-
ertoire for comprehensive disease monitoring and precision 
oncology.
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