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Background: Hepatocellular carcinoma (HCC) exhibits highly variable disease trajectories, posing challenges for longitudinal
monitoring and prognostic assessment. Alpha-fetoprotein (AFP) is widely used in HCC management, but transitions between discrete
AFP states over time have not been explicitly modeled.

Methods: We conducted a retrospective cohort study of 2,750 hospitalized HCC patients between 2016 and 2024, encompassing 17,076 hos-
pitalizations. AFP measurements were categorized into four clinical relevant states (S1-S4, from low to high). A multi-state Markov (MSM)
model was constructed to estimate transition probabilities, transition rates, and sojourn times, and to assess the effects of hepatitis B virus
(HBV) infection, antiviral therapy, and major clinical covariates. Longitudinal AFP transitions were visualized using Sankey diagrams.
Results: Among 2,750 hospitalized HCC patients, AFP-defined disease states S1 and S4 were relatively stable, whereas intermediate
states S2 and S3 exhibited frequent bidirectional transitions. Tenofovir disoproxil fumarate (TDF) therapy was associated with S2—S1
AFP decrease (HR 1.350, 95% CI 1.065-1.710). Elevated alanine aminotransferase (ALT) showed bidirectional effects (S1—S2: HR
1.310, 95% CI 1.011-1.696; S3—S4: HR 1.517, 95% CI 1.130-2.035; S2—S1: HR 1.493, 95% CI 1.191-1.872; S3—S2: HR 1.685,
95% CI 1.295-2.193; S4—S3: HR 1.527, 95% CI 1.153-2.021), while elevated aspartate aminotransferase (AST), and total bilirubin
(TBIL) were associated with lower likelihood of AFP decrease (AST S4—S3: HR 0.664, 95% CI 0.486-0.908; TBIL S3—S2: HR
0.687, 95% CI 0.492-0.958; S4—S3: HR 0.674, 95% CI 0.472—0.965). Shorter sojourn times and higher hospitalization frequencies
indicated clinical instability in intermediate disease states, suggesting a potentially modifiable window for clinical intervention.
Conclusion: This study characterizes dynamic AFP-defined disease state transitions in hospitalized patients with HCC. Intermediate
disease states represent unstable but potentially modifiable phases strongly influenced by antiviral therapy and liver function status. These
findings support the value of longitudinal AFP monitoring beyond single time-point assessment and individualized clinical management.
Keywords: hepatocellular carcinoma, alpha-fetoprotein, multi-state Markov model, disease state transitions

Introduction

Hepatocellular carcinoma (HCC) poses a major public health burden due to its high incidence and mortality rates.' Its
pathogenesis is multifactorial, involving chronic viral hepatitis, liver cirrhosis, metabolic disorders, and a complex tumor
microenvironment.” Despite significant progress in imaging techniques and systemic therapies, the overall prognosis of
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HCC remains suboptima Moreover, HCC is characterized by marked biological heterogeneity and dynamic disease
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progression, with patients often exhibiting variable clinical trajectories over time, including changes in tumor burden,
liver functional reserve, and treatment response.” ' These dynamic processes reflect the interplay between tumor
progression and underlying liver disease and pose persistent challenges for accurate disease monitoring and prognostic
assessment in clinical practice. While longitudinal data have been increasingly used for prognostic modeling,®’ few
studies have formally characterizing transitions between distinct clinical disease states over time. This highlights the need
for approaches that capture the temporal dynamics of HCC.

Alpha-fetoprotein (AFP) is the most widely used serological biomarker for HCC surveillance and prognostic
assessment.'® Previous studies have shown that elevated AFP levels are associated with tumor burden, vascular invasion,
metastatic potential, and overall survival."'"'* Experimental and translational studies further suggest that AFP may be
involved in disease progression by inhibiting apoptosis through the Fas—FADD signaling pathway'> and modulating the
tumor immune microenvironment through suppression of natural killer cell activity.'® Longitudinal changes in AFP
levels may reflect not only tumor burden but also underlying biological activity and microenvironmental dynamics. In
clinical practice, AFP trajectories are heterogeneous, encompassing sustained elevation, gradual decline, or marked
fluctuations, highlighting the complex and dynamic nature of HCC progression. However, its transitions across clinically
relevant states over time have not been well quantified. Thus, clarifying the longitudinal trajectories of AFP and
transition between clinically relevant AFP-defined states may improve the interpretation of AFP monitoring results
and provide evidence to guide clinical monitoring, risk assessment, and individualized management of HCC patients.

However, most previous studies have focused on baseline AFP measurements or group-based trajectory modeling,
without systematically capturing the temporal dynamics and recurrent transitions among clinically relevant AFP-defined
states.'''* The multi-state Markov (MSM) model is capable of providing a statistical framework to analyze transitions
among distinct disease states over time.'” By estimating transition rates, transition probabilities, and mean sojourn times,
MSM models capture the recurrent and intermediate transitions that conventional trajectory analyses cannot fully resolve.

Building on these considerations, this study utilizes real-world longitudinal data from hospitalized HCC patients
between 2016 and 2024. AFP measurements were categorized into clinically relevant disease states, and MSM models
were applied to characterize AFP-defined disease state transition patterns. This study aims to characterize AFP transition
patterns in real-world HCC patients, quantify transition risks between clinically defined states, and explore the influence
of demographic, comorbidity, and biochemical covariates on disease progression. These findings provide quantitative
estimates of dynamic risk that may inform future clinical decision models and support individualized monitoring
strategies.

Materials and Methods
Study Design and Study Population

This retrospective cohort study included all adult hospitalized patients diagnosed with HCC at the Second Affiliated
Hospital of Chongqing Medical University between January 1, 2016, and December 31, 2024. The Second Affiliated
Hospital of Chongqing Medical University is a top tertiary hospital for infectious and liver diseases in China. The
hospital houses the Chongging Medical University Viral Hepatitis Research Institute, a national key discipline and
clinical center for infectious diseases. The hospital has long-standing expertise in the diagnosis and management of
chronic viral hepatitis and related liver diseases. As a high-volume referral hospital, it provides comprehensive care for
patients with chronic viral hepatitis and HCC across a broad spectrum of disease etiologies and clinical stages.
Hospitalized patients were included because laboratory examinations were routinely and systematically performed
during admission, allowing construction of longitudinal AFP trajectories. All data were extracted from the hospital
electronic medical record system (HIS/LIS) and anonymized prior to analysis. Patients aged >18 were included if they
had HCC and if AFP was measured during hospitalization. HCC was diagnosed according to the Guidelines for the
Diagnosis and Treatment of Primary Liver Cancer issued by the National Health Commission of China,'® with diagnosis
confirmed by imaging, histopathology, or comprehensive clinical assessment by experienced physicians. Patients who
had undergone liver transplantation were excluded because transplantation significantly alters AFP dynamics and disease
progression. Patients with fewer than two hospitalizations during the study period were also excluded, as insufficient
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follow-up would limit the evaluation of AFP level transitions over time. For each hospitalization, the value of AFP and
all other laboratory tests was defined as the first measurement recorded within 72 hours of admission.

The study was approved by the Ethics Committee of the Second Affiliated Hospital of Chongqing Medical University
(Approval No. 2025135; approved on June 6, 2025), and the requirement for informed consent was waived due to the
retrospective and anonymized nature of the study. The study was conducted in accordance with the Declaration of
Helsinki. This study was reported in accordance with the STROCSS 2025 criteria.'”

Definition of AFP-Defined Disease States

Serum AFP was measured using chemiluminescent immunoassay (CLIA) in our hospital’s central laboratory. The upper
limit of normal (ULN) was defined as 20 ng/mL, consistent with the Guidelines for the Diagnosis and Treatment of
Primary Liver Cancer.'® Disease activity was classified into four clinically relevant states based on AFP levels (S1-S4,

from low to high), guided by national guidelines and prior literature:'>:'*'®

1. State 1 (S1): AFP < 20 ng/mL

2. State 2 (S2): 20 < AFP < 200 ng/mL
3. State 3 (S3): 200 < AFP < 1000 ng/mL
4. State 4 (S4): AFP > 1000 ng/mL

Given the continuous nature of AFP and the clinically defined thresholds of these states, direct transitions between
nonadjacent AFP levels within a single hospitalization were considered uncommon in routine clinical practice. Therefore,
transitions were constrained to adjacent states by specifying a restricted transition intensity matrix, which improved
model interpretability and numerical stability (Figure S1). The multi-state Markov model was fitted under a continuous-
time framework. Given that disease status was only observed at discrete hospitalization visits, state transitions were
assumed to occur within the intervals between consecutive admissions, and the time scale used for transition intensity
estimation was the elapsed time (in years) between admissions. This approach allows for irregular observation intervals
and enables robust estimation of transition intensities in real-world longitudinal data.

Covariate Selection and Definitions

Covariates were selected a priori based on biological plausibility and previous evidence linking liver function, systemic
inflammation, viral activity, and tumor burden to AFP dynamics and HCC progression. Variables were grouped into the
following categories: 1) HBV infection and antiviral therapy status (HBV&Trearment): patients were categorized into
four groups based on HBV infection and antiviral therapy status: HBV-positive receiving tenofovir (TDF), HBV-positive
receiving other antiviral therapies (Other-AVT), HBV-positive without treatment (Untreated), and HBV-negative
(Uninfected); 2) Demographics: age and sex; 3) Comorbidities: Non-alcoholic fatty liver disease (NAFLD), alcoholic
liver disease (ALD), and HIV infection (HIV); 4) Hematology and inflammatory markers: red blood cell count (RBC),
white blood cell count (WBC), hemoglobin (HGB), platelet count (PLT), lymphocyte count (LYM), monocyte count
(MONO), neutrophil count (NEUT), eosinophil count (EOS), basophil count (BASO), albumin/globulin ratio (AG); 5)
Liver and renal function indices: alanine aminotransferase (ALT), aspartate aminotransferase (AST), y-glutamyl transfer-
ase (GGT), alpha-L-fucosidase (AFU), 5'-nucleotidase (5’-NT), alkaline phosphatase (ALP), cholinesterase (ChE), total
bilirubin (TBIL), direct bilirubin (DBIL), indirect bilirubin (IBIL), total bile acid (TBA), lactate (LAC), estimated
glomerular filtration rate (eGFR), serum creatinine (SCr), prealbumin (PAB), total protein (TP), albumin (ALB), globulin
(GLB), uric acid (UA), blood urea nitrogen (BUN), C-reactive protein (CRP); 6) Electrolytes: sodium (Na), potassium
(K), chloride (Cl), calcium (Ca), magnesium (Mg), phosphorus (P). A complete list of variables and their definitions is
provided in Table S1.

HBYV infection was defined as HBsAg > 0.05 TU/mL, HBV DNA > 20 IU/mL, or a documented history of HBV
antiviral therapy. Patients were classified into two age groups: <65 years (non-elderly) and >65 years (elderly).?**' All
laboratory variables were classified as normal or abnormal (high/low) according to the Chinese Health Industry Standards
WS/T 404 series (National Health Commission of China).?
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Statistical Analysis

Categorical variables were summarized as n (%). The missing data rate for all variables was below 10% and assumed to
be missing at random. Missing values were imputed using a random forest algorithm, which is suitable for handling
nonlinear relationships and mixed data types. We calculated the observed proportions of patients across the four AFP-
defined disease states (S1-S4) for each hospitalization. Sankey diagrams were generated to visualize the dynamic
changes of AFP levels across multiple hospitalizations. State transitions were identified using the state.msm function
from the msm package in R, consistent with the structure of the multi-state Markov model.

Multi-State Markov Model

The MSM model was developed using the R package msm to characterize AFP-defined disease states transitions. The
transition intensity matrix was estimated via maximum likelihood and then used to calculate state transition probabilities,
mean sojourn times, and the effects of covariates on transition rates. Model convergence was assessed using the Hessian
matrix. A positive definite Hessian indicates that the log-likelihood has reached a local maximum, with stable parameter
estimates and computable standard errors, whereas a non-positive definite Hessian suggests model non-convergence.
Model fit was evaluated using the log-likelihood (LL), Akaike Information Criterion (AIC) and Bayesian Information
Criterion (BIC). Covariates were transformed into dummy variables, and variance inflation factors (VIFs) were all below
10, indicating no significant multicollinearity. Furthermore, considering the high correlations among TBIL, DBIL and
IBIL, sensitivity analyses were conducted by replacing TBIL with both DBIL and IBIL.

Three models were constructed to evaluate the effects of covariates on AFP-defined disease states transitions. The
basic model estimated the overall transition intensities and probabilities without adjusting for covariates. Univariate
models were then fitted, in which each covariate was analyzed separately to assess its independent association with
transition rates. Finally, a multivariate model was developed, incorporating all covariates that were statistically significant
in the univariate analyses, to estimate adjusted hazard ratios (HRs) and 95% confidence intervals (CI). To further explore
the effects of HBV infection and antiviral therapy status and other key variables, model-based estimates were obtained by
varying one covariate at a time while keeping all other factors at their baseline (normal) levels. These model-based
estimates were used to quantify adjusted transition rates, mean sojourn times, and transition probabilities across different

covariate levels.

Sensitivity Analysis
To evaluate model robustness and explore the potential differential effects of bilirubin fractions, sensitivity analyses were
performed by replacing TBIL with its individual components, DBIL and IBIL, in separate models. Because TBIL is the
sum of DBIL and IBIL, including them simultaneously in the same model could introduce multicollinearity. This allowed
assessment of the consistency of the results and revealed whether DBIL and IBIL contribute differently to AFP-defined
disease states transitions.

All analyses were performed using R (version 4.3.2). Two-sided tests were used, with p < 0.05 considered statistically
significant.

Results

Study Population

In initial screening, a total of 2,813 hospitalized patients with HCC were identified. After excluding patients with missing
HBYV infection history or prior liver transplantation (n = 63), 2,750 eligible patients were finally included, comprising
17,076 medical records for longitudinal analysis (Figure 1). The median age at first admission was 54 years (IQR:
48-62), 80.3% (2,209) were aged < 65 years, and 87.0% (2,393) of patients were male. Most patients were admitted to
hepatobiliary surgery (42.7%, 1,173) or infectious disease departments (39.0%, 1,073). The median duration of
hospitalization per patient was 4 days (IQR: 2—7) (Table 1).
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2,813 hospitalized HCC patients
age 218 with multiple records

2,750 eligible patients included,
with 17,076 records

Excluded patients with missing
HBV history (n = 63) or history
of liver transplantation (n = 0)

}

}

}

}

AFP<20
(9,094 records)

20=<AFP<200
(3,075 records)

200=<AFP<1000
(1,752 records)

AFP=1000
(3,155 records)

Figure | Flow diagram of patient selection and inclusion.

Abbreviations: AFP, alpha-fetoprotein; HBV, hepatitis B virus.

Association of AFP-Defined Disease States with Hospitalization Duration

To evaluate the association between the four AFP-defined disease states and disease severity, we examined hospitaliza-

tion duration across states. The median length of hospital stays increased progressively across states: S1 (2 [IQR: 1-7]

Table | Demographic and Clinical Characteristics of the Study Population

Characteristics Level Overall (%)
N 2,750 (100.0)
Demographic characteristics
Age, n (%) <65 2,209 (80.3)
265 541 (19.7)
Sex, n (%) Male 2,393 (87.0)
Female 357 (13.0)
Hospitalization characteristics
Hospital admissions, median [IQR], times 412, 7]
* Median length of all stays, median [IQR], days 411, 9]
Sl 2101, 7]
S2 512, 10]
S3 612, 12]
S4 712, 13]
Hospital ward, n (%) Hepatobiliary Surgery | 1,173 (42.7)
Infectious Diseases 1,073 (39.0)
Others 504 (18.3)
Comorbidities
HBVY, n (%) Yes 2,627 (95.5)
No 123 (4.5)
Antiviral therapy status of HBV-infected patients, n (%) Other-AVT 539 (20.5)
TDF 1,471 (60.0)
Untreated 617 (23.5)
NAFLD, n (%) Yes 67 (2.4)
No 2,683 (97.6)
ALD, n (%) Yes 32 (1.2)
No 2,718 (98.8)
HIV, n (%) Yes 3(0.1)
No 2,747 (99.9)

Notes: *The median length of all stays differed significantly across the four AFP-defined disease states (S1-54;
Kruskal-Wallis test, p < 0.001). State | (SI): AFP < 20 ng/mL; State 2 (S2): 20 < AFP < 200 ng/mL; State 3 (S3):
200 < AFP < 1000 ng/mL; State 4 (S4): AFP 2 1000 ng/mL. Post-hoc pairwise comparisons using Dunn’s test
with Bonferroni correction indicated that all group differences were statistically significant (all p < 0.05).

Abbreviations: HBV, hepatitis B virus; TDF, tenofovir disoproxil fumarate; Other-AVT, antiviral therapies
other than tenofovir; Untreated, HBV-positive without antiviral treatment; NAFLD, non-alcoholic fatty liver
disease; ALD, alcoholic liver disease; HIV, human immunodeficiency virus.
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96%)
8%)
69%)

Admission 5

Admission 1 Admission 2 Admission 3 Admission 4

Figure 2 Sankey diagram of patient status transitions across the first five hospital admissions.
Notes: Disease activity was classified into four clinically relevant states based on serum alpha-fetoprotein (AFP) levels: State | (S1): AFP < 20 ng/mL; State 2 (52): 20 < AFP <
200 ng/mL; State 3 (S3): 200 < AFP < 1000 ng/mL; State 4 (S4): AFP = 1000 ng/mL.

days), S2 (5 [2-10]), S3 (6 [2—12]), and S4 (7 [2-13]) (p<0.001; all pairwise comparisons significant by Dunn’s post-
hoc test) (Table 1).

Patient Disease State Distribution and Transition Patterns
The distribution of patients across the four disease states (S1-S4) during the first five admissions was visualized using
a Sankey diagram. At baseline (Admission 1), 38.84% of patients were classified as S1, 21.64% as S2, 12.29% as S3, and
27.24% as S4. Across all hospitalizations, S1 and S4 were relatively stable states, whereas intermediate states S2 and S3
exhibited frequent bidirectional transitions (Figure 2). A total of 14,326 state transitions were observed during the study
period (Table S2). Among these, the majority of within-state transitions reflected disease stability: 93.07% of S1, 62.42%
of S2, 53.12% of S3, and 84.06% of S4 remained in the same state at the subsequent admission.

One-year transition probabilities estimated from the multistate Markov model are presented in Table 2. Overall, patients
in S1 (0.77, 95% CI: 0.76-0.79) and S4 (0.45, 95% CI: 0.42—0.48) showed a high probability of remaining in the same state,
whereas patients in S2 (0.18, 95% CI: 0.17-0.19) and S3 (0.14, 95% CI: 0.13-0.16) were less likely to remain stable.

Table 2 One-Year Transition Probabilities Between AFP-Defined Disease
States Estimated from the Base Multistate Markov Model

State | State 2 State 3 State 4
State | | 0.77 (0.76,0.79) | 0.13 (0.12,0.14) | 0.05 (0.04,0.05) | 0.04 (0.04,0.05)
State 2 | 0.56 (0.53,0.58) | 0.18 (0.17,0.19) | 0.10 (0.09,0.11) | 0.16 (0.15,0.18)
State 3 | 0.37 (0.35,0.40) | 0.19 (0.17,0.20) | 0.14 (0.13,0.16) | 0.30 (0.27,0.32)
State 4 | 0.20 (0.18,0.22) | 0.17 (0.16,0.19) | 0.18 (0.16,0.19) | 0.45 (0.42,0.48)

Notes: AFP: Alpha-fetoprotein. State | (SI1): AFP < 20 ng/mL; State 2 (52): 20 < AFP < 200 ng/mL;
State 3 (S3): 200 < AFP < 1000 ng/mL; State 4 (S4): AFP 2 1000 ng/mL. Values represent one-year
transition probabilities with 95% confidence intervals. Percentages are row-wise. Self-transitions
were permitted in the multistate Markov model.
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Covariate Effects on Transition Probabilities

Variables significantly associated with state transitions in the univariate analysis (Table S3) were subsequently included
in the multivariable Markov model (Table 3). In patients with HBV infection, receipt of TDF was associated with an
increased likelihood of AFP decrease (S2—S1: HR 1.350, 95% CI 1.065-1.710) compared with other-AVT. Untreated
patients had a lower likelihood of AFP decrease (S3—S2: HR 0.666, 95% CI 0.520—0.853). Uninfected patients exhibited
a lower likelihood of both AFP increase (S1—S2: HR 0.357, 95% CI 0.172-0.742) and decrease (S2—S1: HR 0.148,
95% CI 0.056-0.390). NAFLD was associated with a reduced likelihood of AFP decrease from S2 to S1 (HR 0.630, 95%
CI 0.397-0.999). In addition, HIV infection was significantly associated with an increased risk of AFP increase (S1—S2:
HR 8.758, 95% CI 2.372-32.340). However, this estimate is derived from only six HIV-infected individuals (three
baseline and three incident infections) in the cohort and therefore should be interpreted with caution due to limited
statistical stability.

Among liver function indicators, elevated ALT was linked to both increased risk of AFP increase (S1—S2: HR
1.310, 95% CI 1.011-1.696; S3—S4: HR 1.517, 95% CI 1.130-2.035) and higher likelihood of AFP decrease
(S2—S1: HR 1.493, 95% CI 1.191-1.872; S3—S2: HR 1.685, 95% CI 1.295-2.193; S4—S3: HR 1.527, 95% CI
1.153-2.021). Elevated AST and high TBIL were both associated with a lower likelihood of AFP decrease (AST
S4—S3: HR 0.664, 95% CI 0.486-0.908; TBIL S3—S2: HR 0.687, 95% CI 0.492-0.958; S4—S3: HR 0.674, 95%
CI 0.472-0.965). Elevated GGT and low PAB were associated with an increased risk of AFP increase (GGT
S1—S2: HR 1.499, 95% CI 1.194-1.882; PAB S2—S3: HR 1.356, 95% CI 1.008-1.824). In contrast, renal
function indicators were not significantly associated with state transitions. Other laboratory markers showing
significant associations with state transitions are detailed in Table 3.

Model-Based Transition Probabilities and Subgroup Analysis

Model-based transition probabilities were estimated and visualized by subgroup to further illustrate the effects of key
covariates. Overall, the transition probability curves largely corroborated the multivariable findings. For example, patients
receiving TDF showed a higher probability of transitioning from S2 to S1 over time compared with patients receiving non-
TDF therapy (Figure 3), consistent with the increased S2—S1 hazard observed in the multivariable model (HR 1.350, 95%
CI 1.065—-1.710). In contrast, uninfected participants exhibited lower probabilities of disease progression and AFP decrease,
indicating a different transition pattern. Detailed subgroup transition curves are presented in Figures S2—-S12.

Sojourn Times, Total Length of Stay, and Number of Admissions

Patients spent the longest time in the stable state S1 (mean sojourn 2.00 years, 95% CI 1.82-2.18; total length of stay
(TotLOS) 3.57 years, 95% CI 3.47-3.66; mean number of admissions 1.43, 95% CI 1.30-1.57), followed by S4 (sojourn
0.64 years, 95% CI 0.57-0.72; TotLOS 0.44 years, 95% CI 0.40-0.49; admissions 0.83, 95% CI 0.73—-0.94), whereas the
intermediate states S2 (0.25 years, 95% CI 0.23-0.26; TotLOS 0.68 years, 95% CI 0.63—0.73; admissions 2.90, 95% CI
2.70-3.13) and S3 (0.16 years, 95% CI 0.15-0.18; TotLOS 0.31 years, 95% CI 0.28-0.35; admissions 2.01, 95% CI
1.83-2.23) were shorter (Figure 4).

Patterns of TotLOS and number of admissions were generally consistent with sojourn time estimates. Patients in S1
accumulated longer total lengths of stay but experienced fewer hospital admissions over time, whereas patients in
intermediate states had shorter cumulative stays but more frequent admissions. Patients in S4 showed intermediate
patterns, reflecting prolonged hospitalization periods with fewer transitions. Across subgroup analyses, similar trends
were observed for most biochemical and hematologic indicators, with modest differences between categories. Overall,
these utilization patterns were consistent with the estimated transition hazards and transition probabilities, supporting the
robustness of the multi-state model results (Figure 4).

Sensitivity Analyses
Sensitivity analyses replacing TBIL with DBIL and IBIL yielded consistent results. For DBIL, high levels were generally
consistent with the TBIL results, with a significantly lower likelihood of AFP decrease observed in the S2—S1 transition
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Table 3 Multivariable Associations of Clinical Covariates with Transition Hazards Between AFP-Defined Disease States (S1-54)

Covariate Level State |-State 2 State 2-State 3 State 3-State 4 State 2-State | State 3-State 2 State 4-State 3
Age <65 Reference Reference Reference Reference Reference Reference

265 0.910 (0.716-1.158) 0.725 (0.538-0.977)* 1.077 (0.764-1.518) 0.919 (0.721-1.169) 0.786 (0.574-1.075) 1.132 (0.794-1.615)
HBV&Treatment Other-AVT Reference Reference Reference Reference Reference Reference

TDF 0.994 (0.747-1.324) 1.034 (0.751-1.426) 0.925 (0.651-1.315) 1.350 (1.065-1.710)* 1.003 (0.744-1.353) 0.958 (0.687—1.335)

Untreated 0.927 (0.754-1.139) 0.939 (0.739-1.193) 1.292 (0.989-1.687) 0.877 (0.720-1.069) 0.666 (0.520-0.853)* 0.897 (0.688-1.172)

Uninfected 0.357 (0.172-0.742)* 0.565 (0.214-1.490) 2.228 (0.786-6.310) 0.148 (0.056-0.390)* 1.411 (0.517-3.850) 0.896 (0.320-2.508)
NAFLD No Reference Reference Reference Reference Reference Reference

Yes 0.759 (0.468-1.231) 0.907 (0.496—1.658) 1.133 (0.520-2.466) 0.630 (0.397-0.999)* 1.710 (0.900-3.250) 1.799 (0.770-4.202)
HIV No Reference Reference Reference Reference Reference Reference

Yes 8.758 (2.372-32.340)* 0.752 (0.216-2.611) 0.588 (0.141-2.457) 0.734 (0.161-3.350) 0.016 (0.000-138.035) 0.373 (0.044-3.164)
ALT Normal Reference Reference Reference Reference Reference Reference

High 1.310 (1.011-1.696)* 1.082 (0.818-1.432) 1.517 (1.130-2.035)* 1.493 (1.191-1.872)* 1.685 (1.295-2.193)* 1.527 (1.153-2.021)*
AST Normal Reference Reference Reference Reference Reference Reference

High 1.034 (0.813-1.314) 0.925 (0.706—1.212) 0.785 (0.577-1.070) 1.035 (0.824-1.299) 0.849 (0.637-1.131) 0.664 (0.486-0.908)*
GGT Normal Reference Reference Reference Reference Reference Reference

High 1.499 (1.194-1.882)* 1.179 (0.898-1.549) 0.987 (0.722—1.348) 0.955 (0.771-1.183) 1.292 (0.973-1.715) 0.838 (0.604-1.162)
AFU Normal Reference Reference Reference Reference Reference Reference

High 1.242 (0.995-1.551) 0.845 (0.650-1.099) 0.992 (0.755-1.305) 1.031 (0.837-1.271) 1.176 (0.917-1.507) 0.914 (0.702-1.191)
5-NT Normal Reference Reference Reference Reference Reference Reference

High 0.668 (0.519-0.859)* 0.960 (0.733-1.258) 0.696 (0.516-0.938)* 0.676 (0.535-0.854)* 0.711 (0.540-0.937)* 0.675 (0.503-0.906)*
ALP Normal Reference Reference Reference Reference Reference Reference

High 1.195 (0.944-1.512) 0.801 (0.618-1.039) 1.141 (0.863-1.507) 0.827 (0.667-1.027) 0.776 (0.598-1.008) 1.075 (0.802-1.440)

Low 0.901 (0.408-1.988) 0.562 (0.102-3.077) 2.180 (0.403-11.776) 0.379 (0.149-0.962)* 1.497 (0.259-8.661) 1.367 (0.216-8.635)
ChE Normal Reference Reference Reference Reference Reference Reference

High 3.067 (0.792-11.880) 0.759 (0.080-7.188) 2.750 (0.397-19.021) 1.188 (0.356-3.962) 3.857 (1.090-13.650)* 3.120 (0.351-27.749)

Low 1.165 (0.898-1.513) 1.225 (0.915-1.641) 1.007 (0.719-1.410) 1.059 (0.827-1.356) 0.878 (0.643—1.198) 1.138 (0.816—1.587)
TBIL Normal Reference Reference Reference Reference Reference Reference

High 1.181 (0.888-1.571) 1.031 (0.758-1.403) 0.935 (0.677—1.290) I.116 (0.851—-1.464) 0.687 (0.492-0.958)* 0.674 (0.472-0.965)*
TBA Normal Reference Reference Reference Reference Reference Reference

High 0.840 (0.677—1.043) 0.938 (0.729-1.209) 1.199 (0.902-1.593) 0.796 (0.653-0.972)* 1.170 (0.908-1.508) 1.031 (0.787-1.352)
LAC Normal Reference Reference Reference Reference Reference Reference

High 0.973 (0.790-1.197) 1.093 (0.859-1.392) 0.961 (0.727-1.270) 1.189 (0.974-1.452) 1.075 (0.834—1.388) 0.871 (0.663—1.144)
eGFR Normal Reference Reference Reference Reference Reference Reference

Moderate 1.033 (0.776—1.376) 0.894 (0.621-1.287) 0.886 (0.567—1.385) 1.187 (0.907—1.553) 1.015 (0.707-1.456) 1.192 (0.762—1.866)

Severe 1.396 (0.675-2.886) 0.708 (0.294-1.702) 0.778 (0.266-2.274) 1.138 (0.546-2.374) 0.577 (0.224-1.485) 1.781 (0.602-5.264)
SCr Normal Reference Reference Reference Reference Reference Reference

High 1.041 (0.631-1.718) 1.022 (0.551-1.897) 1.109 (0.538-2.288) 1.100 (0.699-1.731) 1.144 (0.607-2.155) 0.966 (0.458-2.038)

Low 0.925 (0.739-1.159) 0.882 (0.687-1.133) 1.139 (0.873-1.485) 0.922 (0.750-1.133) 0.785 (0.607-1.015) 0.798 (0.602—1.056)
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PAB

ALB

GLB

UA

BUN

CRP

RBC

WBC

HGB

PLT

LYM

MONO

EOS

Normal
Low
Normal
Low
Normal
High
Low
Normal
High
Low
Normal
High
Low
Normal
High
Normal
High
Low
Normal
High
Low
Normal
High
Low
Normal
High
Low
Normal
High
Low
Normal
High
Low
Normal
High

Low

Reference

1.000 (0.778-1.287)
Reference

1.229 (0.962-1.571)
Reference

1.458 (1.066—1.995)*
1.204 (0.571-2.538)
Reference

0.877 (0.665-1.156)
0.884 (0.611-1.280)
Reference

1.087 (0.778-1.518)
1.375 (0.895-2.112)
Reference

0.841 (0.461-1.533)
Reference

0.880 (0.319-2.425)
1.239 (0.956—1.605)
Reference

0.473 (0.217-1.028)
0.903 (0.707-1.152)
Reference

1.060 (0.389-2.890)
1.061 (0.817-1.377)
Reference

1.458 (0.675-3.150)
0.914 (0.726-1.150)
Reference

0.367 (0.038-3.513)
1.047 (0.833-1.314)
Reference

0.994 (0.698-1.417)
0.970 (0.469-2.004)
Reference

1.119 (0.730-1.717)
1.569 (1.022-2.410)*

Reference

1.356 (1.008-1.824)*
Reference

1.069 (0.797-1.432)
Reference

0.799 (0.541-1.180)
1.049 (0.447-2.459)
Reference

0.802 (0.572-1.124)
0.882 (0.591-1.317)
Reference

1.342 (0.894-2.013)
0.868 (0.542—1.388)
Reference

0.637 (0.313-1.298)
Reference

0.826 (0.330-2.065)
1.137 (0.852-1.518)
Reference

1.515 (0.743-3.092)
1.026 (0.784-1.345)
Reference

1.600 (0.352-7.279)
0.717 (0.538-0.956)*
Reference

1.080 (0.485-2.404)
0.737 (0.566-0.959)*
Reference

0.872 (0.033-22.914)
1.036 (0.798-1.346)
Reference

0.786 (0.517—1.195)
1.165 (0.492-2.760)
Reference

0.977 (0.573-1.666)
I.161 (0.716-1.884)

Reference

1.179 (0.858-1.620)
Reference

0.888 (0.648-1.216)
Reference

0.920 (0.611-1.384)
0.935 (0.340-2.572)
Reference

0.732 (0.481-1.114)
0.888 (0.595-1.326)
Reference

1.538 (0.980-2.413)
0.803 (0.491-1.315)
Reference

0.622 (0.296-1.310)
Reference

0.258 (0.081-0.821)*
1.158 (0.839-1.599)
Reference

1.586 (0.775-3.245)
1.093 (0.817-1.463)
Reference

6.314 (1.570-25.389)*
0.910 (0.660-1.255)
Reference

0.480 (0.167-1.379)
0.956 (0.710-1.286)
Reference

3.164 (0.311-32.162)
0.730 (0.545-0.980)*
Reference

0.581 (0.362-0.932)*
2.534 (0.925-6.944)
Reference

1.311 (0.690-2.491)
0.558 (0.326-0.953)*

Reference

0.897 (0.707-1.139)
Reference

0.959 (0.762—1.206)
Reference

1.355 (1.008-1.820)*
1.632 (0.885-3.009)
Reference

0.765 (0.583-1.002)
0.995 (0.715-1.385)
Reference

1.312 (0.948-1.815)
0.876 (0.570-1.345)
Reference

0.793 (0.451-1.394)
Reference

1.124 (0.586-2.158)
1.121 (0.889-1.413)
Reference

0.990 (0.567-1.730)
1.272 (1.009-1.603)*
Reference

1.486 (0.627-3.523)
0.898 (0.709-1.137)
Reference

1.011 (0.515-1.987)
0.756 (0.609-0.939)*
Reference

1.049 (0.300-3.671)
0.845 (0.689-1.038)
Reference

1.181 (0.872—1.600)
0.659 (0.247-1.757)
Reference

1.146 (0.761-1.726)
1.232 (0.806—1.883)

Reference

1.148 (0.863—-1.529)
Reference

0.862 (0.650-1.143)
Reference

1.106 (0.779-1.570)
0.877 (0.364-2.113)
Reference

0.810 (0.563—1.165)
0.922 (0.623-1.365)
Reference

1.123 (0.716-1.763)
0.712 (0.445-1.140)
Reference

0.808 (0.425—1.534)
Reference

0.239 (0.085-0.672)*
1.077 (0.778-1.489)
Reference

1.208 (0.641-2.278)
0.776 (0.585-1.028)
Reference

2,619 (0.614-11.167)
1.064 (0.773-1.465)
Reference

0.636 (0.298-1.355)
0.853 (0.651-1.117)
Reference

1.989 (0.269-14.717)
0.818 (0.635-1.055)
Reference

1.086 (0.740-1.596)
1.095 (0.394-3.039)
Reference

0.733 (0.404-1.329)
0.880 (0.518-1.495)

Reference

1.082 (0.783-1.495)
Reference

0.989 (0.720-1.359)
Reference

1.448 (1.039-2.017)*
0.756 (0.224-2.549)
Reference

0.807 (0.532-1.224)
0.863 (0.559-1.332)
Reference

0.915 (0.555-1.509)
0.964 (0.600—1.550)
Reference

0.780 (0.420-1.446)
Reference

0.428 (0.170-1.080)
1.168 (0.836—1.631)
Reference

2.087 (1.101-3.958)*
1.265 (0.917-1.745)
Reference

1.519 (0.413-5.586)
0.651 (0.466—0.908)*
Reference

0.576 (0.245-1.355)
0.942 (0.696—1.275)
Reference

9.610 (0.160-577.036)
0.668 (0.501-0.892)*
Reference

0.518 (0.344-0.782)*
2.138 (0.832-5.494)
Reference

1.551 (0.834-2.885)
0.544 (0.316-0.934)*

(Continued)
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Table 3 (Continued).

Covariate Level State |-State 2 State 2-State 3 State 3-State 4 State 2-State | State 3-State 2 State 4-State 3
AG Normal Reference Reference Reference Reference Reference Reference

High 1.470 (0.774-2.790) 1.277 (0.638-2.558) 0.346 (0.118-1.018) 0.497 (0.210-1.176) 0.278 (0.101-0.765)* 1.132 (0.451-2.845)

Low 1.220 (0.897-1.658) 0.687 (0.477-0.991)* 0.883 (0.579—1.346) 0.837 (0.606—1.155) 0.627 (0.405-0.970)* 0.888 (0.531—1.484)
Cl Normal Reference Reference Reference Reference Reference Reference

High 0.746 (0.450-1.237) 1.256 (0.727-2.168) 1.087 (0.555-2.130) 1.153 (0.712—1.866) 1.447 (0.740-2.830) 1.038 (0.427-2.521)

Low 1.124 (0.751-1.681) 0.771 (0.493-1.205) 1.529 (0.950-2.460) 0.851 (0.590-1.227) 0.811 (0.523-1.257) 1.034 (0.697-1.533)
Ca Normal Reference Reference Reference Reference Reference Reference

High 0.775 (0.287-2.096) 0.161 (0.021-1.219) 1.916 (0.534-6.875) 1.028 (0.527-2.007) 0.926 (0.364-2.355) 1.288 (0.453-3.661)

Low 0.809 (0.601-1.089) 1.077 (0.785-1.478) 0.961 (0.677-1.363) 0.995 (0.747-1.325) 0.877 (0.624—1.232) 1.302 (0.898-1.886)
Mg Normal Reference Reference Reference Reference Reference Reference

High 1.337 (0.926-1.930) 0.876 (0.554—1.386) 1.294 (0.791-2.114) 0.970 (0.673—1.398) 1.000 (0.626—1.598) 1.094 (0.636—1.881)

Low 0.983 (0.742-1.302) 1.280 (0.944-1.736) 0.923 (0.668-1.277) 0.938 (0.712-1.235) 1.163 (0.839-1.611) 0.584 (0.402-0.848)*
P Normal Reference Reference Reference Reference Reference Reference

High 0.508 (0.113-2.278) 3.383 (0.780—14.678) 1.343 (0.418—4.312) 3.183 (0.943-10.746) 0.415 (0.110-1.560) 1.816 (0.673—4.902)

Low 1.146 (0.907-1.449) 1.045 (0.799-1.367) 1.275 (0.939-1.731) 0.855 (0.676—1.083) 0.926 (0.695—1.234) 1.571 (1.137-2.170)*

Notes: State | (SI): AFP < 20 ng/mL; State 2 (S2): 20 < AFP < 200 ng/mL; State 3 (S3): 200 < AFP < 1000 ng/mL; State 4 (S4): AFP = 1000 ng/mL. Values represent hazard ratios (HR) with 95% confidence intervals. *P-value <0.05.
Abbreviations: AFP, Alpha-fetoprotein; HBV, hepatitis B virus; TDF, tenofovir disoproxil fumarate; Other-AVT, antiviral therapies other than tenofovir; Untreated, HBV-positive without antiviral treatment; Uninfected, HBV-negative;
NAFLD, non-alcoholic fatty liver disease; ALD, alcoholic liver disease; HIV, human immunodeficiency virus; RBC, red blood cell count; WBC, white blood cell count; HGB, hemoglobin; PLT, platelet count; LYM, lymphocyte count;
MONO, monocyte count; NEUT, neutrophil count; EOS, eosinophil count; BASO, basophil count; AG, albumin/globulin ratio; ALT, alanine aminotransferase; AST, aspartate aminotransferase; GGT, y-glutamyl transferase; AFU, alpha-
L-fucosidase; 5'-NT, 5'-nucleotidase; ALP, alkaline phosphatase; ChE, cholinesterase; TBIL, total bilirubin; DBIL, direct bilirubin; IBIL, indirect bilirubin; TBA, total bile acid; LAC, lactate; eGFR, estimated glomerular filtration rate; SCr,
serum creatinine; BUN, blood urea nitrogen; UA, uric acid; PAB, prealbumin; TP, total protein; ALB, albumin; GLB, globulin; CRP, C-reactive protein; Na, sodium; K, potassium; Cl, chloride; Ca, calcium; Mg, magnesium; P, phosphorus.
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Figure 3 Estimated transition probabilities between AFP-defined disease states by HBV infection and antiviral therapy status.
Abbreviations: AFP, alpha-fetoprotein; AVT, antiviral therapy; TDF, Tenofovir disoproxil fumarate.

(HR 0.578, 95% CI 0.406-0.823). For IBIL, high levels were not significantly associated with any transitions. These
findings indicate that the main results for TBIL are robust, and that the observed associations are largely driven by DBIL
(Table S4).

Discussion

Using a multi-state Markov model, this study provides a longitudinal and state-based characterization of AFP-defined
disease states among hospitalized patients with HCC. Our findings highlight pronounced heterogeneity in disease
dynamics, with substantial volatility concentrated in intermediate states. While S1 represents a biologically quiescent
state, S4 likely corresponds to an advanced disease phase characterized by persistently elevated AFP and limited short-
term reversibility. Moreover, TDF therapy, HBV infection status, and liver indicators significantly influenced both
progression and reversal.

A key observation of this study is that AFP-defined intermediate states (S2 and S3) exhibited frequent bidirectional
transitions, shorter sojourn times, and higher admission frequencies compared with S1 and S4. Such instability is not
captured by static prognostic models and underscores the value of multi-state approaches for identifying phases of
heightened clinical fluctuation.”*** Compared with S1 and S4, S2 and S3 are more likely to represent transitional stages
in disease progression, during which fluctuations in tumor burden or liver function, increased risk of infection or

complications, and changes in nutritional and inflammatory status can make clinical states prone to both AFP decrease
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Figure 4 Model-based estimates of subgroup-specific outcomes for AFP-defined disease states S1-54 (y-axis square root scaled). (A) Mean sojourn time; (B) Total length of
stay; (C) Mean number of admissions.

Notes: Disease activity was classified into four clinically relevant states based on serum alpha-fetoprotein (AFP) levels: State | (SI): AFP < 20 ng/mL; State 2 (52): 20 < AFP <
200 ng/mL; State 3 (S3): 200 < AFP < 1000 ng/mL; State 4 (S4): AFP = 1000 ng/mL.

Abbreviations: HBV, hepatitis B virus; TDF, tenofovir disoproxil fumarate; AVT, antiviral therapy; NAFLD, non-alcoholic fatty liver disease; HIV, human immunodeficiency
virus; ALT, alanine aminotransferase; AST, aspartate aminotransferase; GGT, gamma-glutamyl transferase; TBIL, total bilirubin; RBC, red blood cell count; WBC, white blood
cell count; HGB, hemoglobin; PLT, platelet count.

and AFP increase in the short term. In addition, shorter sojourn times and higher admission frequencies among patients in
S2 and S3 also indicate clinical instability in intermediate states, emphasizing their relevance for close monitoring and
timely clinical decision-making.

Our findings further demonstrated that HBV infection status and antiviral therapy significantly influence disease state
transitions. Specifically, patients receiving TDF exhibited more favorable transition patterns compared with those treated
with other AVT. The higher probability of AFP decrease from S2 to S1 among TDF users suggested that potent viral
suppression and improved inflammation control can yield short-term clinical benefits. Prior research has shown that TDF
possesses stronger antiviral potency and a higher genetic barrier to resistance.”> >’ Sustained viral suppression may
reduce hepatic inflammatory activity and promote functional recovery, enabling some patients to transition toward more
favorable states.”® Conversely, patients not receiving antiviral therapy exhibited a lower likelihood of AFP decrease from
S3 to S2, indicating that inadequate viral control not only accelerates disease progression but also limits the potential for
reversal. Notably, HBV-negative patients followed a distinct transition pattern characterized by lower AFP increase rates
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but also reduced AFP decrease rates, highlighting etiological differences in disease dynamics. Prior evidence suggested
that liver injury from NAFLD or alcohol-related liver disease often exhibits a more chronic and cumulative pattern,
which may be associated with smaller short-term fluctuations.”’ ' Consistent with this observation, NAFLD was
associated with a reduced likelihood of AFP decrease, suggesting that underlying metabolic liver injury may impede
recovery of AFP-defined disease states. Evidence indicated that NAFLD-related HCC often presents with more advanced
disease, lower response to curative therapy, and poorer prognosis compared with other etiologies. Specifically, NAFLD
can drive chronic hepatic inflammation, steatohepatitis, fibrosis, and eventual malignant transformation.**** These
pathophysiological processes may underlie the reduced transition toward milder disease states observed in patients
with NAFLD in our cohort. These findings underscore that dynamic disease states in HCC are modifiable and that early
and effective antiviral therapy, particularly TDF, can increase the likelihood of AFP decrease while reducing the risk of
further AFP increase, highlighting the value of timely identification and intervention in high-risk HCC patients with HBV
infection. The results also highlight the need for individualized management. HCC patients with HBV infection benefit
most from potent antiviral therapy, whereas those with metabolic or alcohol-related liver disease may require long-term
strategies aimed at mitigating chronic liver injury.

Several routine biochemical and hematological indicators demonstrated significant associations with state transitions.
Elevated AST, GGT, TBIL, and low PAB were generally associated with adverse outcomes, either increasing the risk of
AFP increase or reducing the likelihood of AFP decrease, consistent with their established roles as markers of
cholestasis, tumor activity, or impaired hepatic reserve.** > ALT elevation was associated with both higher and lower
AFP levels, reflecting its dual role as a marker of hepatocellular injury and a sensitive indicator of reversible
inflammatory activity. Although ALT has traditionally been regarded as a marker of hepatocellular injury, recent studies
indicate that its accuracy as a sole indicator for assessing liver disease progression is limited,>’ and its levels are
influenced by multiple factors.’®>° Persistent elevation reflects hepatocellular damage and increases the risk of AFP
increase, whereas short-term inflammatory activation is reversible, so AFP decrease may still occur following interven-
tions or viral suppression. Collectively, these routinely available laboratory indicators, within the multi-state modeling
framework, reflect real-time liver function and inflammatory status and can be used to estimate short-term risk of disease
state transitions. This framework enables identification of individuals at elevated risk of clinical deterioration or
improvement based on current laboratory profiles, thereby supporting more timely and individualized decisions regarding
monitoring intensity and therapeutic management.

Several limitations should be noted in this study. First, the study was based on a hospitalized HCC cohort, which is
inherently enriched for patients with more advanced disease, complications, or treatment needs. This may introduce
selection bias and limit generalizability to the broader HCC population, particularly patients managed in outpatient
setting. Accordingly, the observed disease dynamics should be interpreted as reflecting the progression patterns within
a hospital-based population rather than the full natural history of HCC in the general population. Second, disease states
were defined using AFP level categories derived from routinely collected inpatient laboratory data. While this approach
reflects real-world monitoring practices, it lacks the biological resolution to distinguish between AFP elevations driven
by tumor progression versus those caused by HBV viral flares or other inflammatory events. Future studies incorporating
imaging findings, tumor burden measures, and molecular biomarkers may further refine state definitions and improve
biological interpretability. Third, our analysis only captured hospitalizations occurring within this study hospital.
Admissions at other institutions were not tracked, which may lead to underestimation of total transitions and slightly
bias transition probabilities. Fourth, laboratory variables were categorized rather than modeled continuously due to model
complexity and the large number of covariates, which may result in loss of information and reduced statistical power.
Despite these limitations, this study was designed to characterize clinically observable, hospital-based disease dynamics
rather than reconstruct the complete natural history of HCC. The large sample size, longitudinal inpatient data, and multi-
state modeling framework enable a structured and interpretable characterization of bidirectional disease transitions and
heterogeneous covariate effects across multiple pathways. The analytical framework is computationally tractable,
clinically interpretable, and biologically plausible, providing a practical basis for translation into clinical research and
decision support.
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Conclusions

In conclusion, this study systematically characterized dynamic inpatient disease activity trajectories in hospitalized
patients with HCC. Intermediate disease states stratified by AFP levels were identified as dynamically unstable yet
potentially modifiable phases. The observed associations with antiviral therapy and liver function further indicate that
these intermediate states may represent clinically relevant stages within disease evolution. Incorporating dynamic AFP-
defined states into clinical assessment may therefore support more timely risk stratification and assist clinical risk
stratification and may support consideration of surveillance strategies based on real-time disease dynamics. However,
given the observational nature of the study and the use of AFP as a surrogate biomarker, these findings should be
interpreted as hypothesis-generating. Further prospective and multi-center studies integrating imaging and molecular
biomarkers are needed to validate these dynamic states and to clarify their clinical utility in guiding patient management.
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