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Background and Aims: The combination of transarterial chemoembolization (TACE) with molecular targeted therapy and/or
immune checkpoint inhibitors (ICIs) has emerged as a cornerstone treatment for intermediate-to-advanced hepatocellular carcinoma
(HCC). However, the risk of hepatotoxicity associated with these multimodal regimens remains inadequately characterized. This study
aimed to evaluate the incidence, severity, and independent predictors of hepatotoxicity, and to develop a clinically practical prediction
model.

Materials and Methods: This retrospective study analyzed data from 200 HCC patients treated at Shandong First Medical
University Affiliated Cancer Hospital between October 2021 and July 2024. Patients received either TACE plus tyrosine kinase
inhibitors (TKIs) (n=120) or TACE plus TKIs and ICIs (n=80). Hepatotoxicity was graded according to CTCAE v5.0 criteria.
Multivariate logistic regression was employed to identify independent risk factors and construct a predictive nomogram.

Results: The overall hepatotoxicity incidence was 38.00%, predominantly mild-to-moderate (Grade 1: 63.16%; Grade 2: 23.68%;
Grade 3: 13.16%). No Grade 4 events occurred, and no significant difference was observed between treatment groups (P=0.637).
Multivariate analysis identified four independent predictors: liver cirrhosis (OR=1.684), ALBI Grade 2/3 (OR=6.436), elevated total
bilirubin (OR=1.040), and decreased prothrombin activity (OR=0.968). The resulting TCAP (Total bilirubin, Cirrhosis, ALBI grade,
Prothrombin activity) nomogram demonstrated robust discriminatory performance (AUC=0.855) with a sensitivity of 82.00% and
specificity of 79.10% at the optimal cut-off value of 0.419.

Conclusion: The TCAP nomogram provides a reliable, evidence-based tool for individualized hepatotoxicity risk stratification in
HCC patients undergoing TACE-based combination therapy.

Keywords: hepatocellular carcinoma, transarterial chemoembolization, tyrosine kinase inhibitors, immune checkpoint inhibitors,

hepatotoxicity, nomogram

Introduction

Hepatocellular carcinoma (HCC) represents a major global health burden, ranking as the sixth most common malignancy
and the third leading cause of cancer-related mortality worldwide.' In China, the disease poses an even greater challenge,
with approximately 410,000 new cases and 390,000 deaths reported in 2020 alone, accounting for approximately 45% of
the global HCC burden.” The overwhelming majority of HCC cases (85%~90%) arise in the context of chronic liver
disease, predominantly hepatitis B virus (HBV) infection and cirrhosis in endemic regions. Owing to the insidious nature
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of the disease and inadequate surveillance programs, the majority of patients present with intermediate-to-advanced stage
disease, precluding potentially curative surgical interventions and resulting in historically poor 5-year survival rates
below 20%.”

The therapeutic landscape for HCC has undergone a paradigm shift in recent years. Transarterial chemoembolization
(TACE) has long served as the standard-of-care locoregional therapy for intermediate-stage HCC, functioning through
dual mechanisms of tumor-feeding artery embolization and localized chemotherapeutic delivery.* However, the efficacy
of TACE monotherapy is often constrained by tumor heterogeneity, the development of collateral circulation, and
progressive deterioration of hepatic functional reserve. The landmark IMbravel50 trial established the combination of
atezolizumab and bevacizumab as a new first-line standard for advanced HCC, demonstrating superior overall survival
compared with sorafenib (median OS: 19.2 vs. 13.4 months; HR=0.58).> Subsequently, the HIMALAYA trial validated
the efficacy of tremelimumab plus durvalumab (STRIDE regimen), further expanding the therapeutic armamentarium.®
In parallel, recent reviews have highlighted both the therapeutic potential and the safety concerns of immunotherapy in
HCC, particularly with respect to liver-related adverse events and patient selection in complex clinical settings.”® The
TACTICS trial demonstrated that combining TACE with sorafenib significantly improved progression-free survival
compared with TACE alone, establishing a rationale for multimodal approaches.’

These advances notwithstanding, the synergistic efficacy of combination regimens is accompanied by compounded
hepatotoxicity risks. The ischemia-reperfusion injury inherent to TACE procedures, the metabolic hepatotoxicity of tyrosine
kinase inhibitors (TKIs), and immune-mediated hepatitis associated with ICIs represent distinct but potentially overlapping
mechanisms of liver injury.'®!" Recent literature has further emphasized the expanding role of immunotherapy in HCC
while also underscoring the need for careful evaluation of hepatic safety and treatment tolerance in patients with impaired
underlying liver reserve.'>'? Importantly, these mechanisms may differ in their temporal patterns and pathophysiological
characteristics. Acute liver injury following TACE is primarily related to ischemia—reperfusion damage and embolization-
induced hypoxia in the surrounding liver parenchyma, which typically manifests within several days after the procedure. In
contrast, immune-related hepatitis induced by ICIs is mediated by immune activation and inflammatory infiltration of
hepatic tissue and may present later during systemic therapy. Recognizing these mechanistic and temporal differences is
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important when interpreting early hepatotoxicity events and provides a rationale for the short-term liver function monitoring
window adopted in this study. Previous studies have reported hepatotoxicity incidence rates ranging from 15% to 50% in
patients receiving systemic therapy for HCC, with the risk further amplified when combined with locoregional
interventions.'*!*> Severe hepatotoxicity necessitating treatment interruption or discontinuation can significantly compro-
mise therapeutic efficacy and overall survival, underscoring the critical importance of hepatic functional reserve preserva-
tion in treatment planning.

Despite the clinical significance of this issue, there remains a paucity of validated predictive tools specifically
designed to assess hepatotoxicity risk in patients undergoing TACE combined with systemic therapy. The albumin-
bilirubin (ALBI) grade, developed by Johnson et al as an objective measure of liver function in HCC patients, has
demonstrated superior prognostic performance compared with the traditional Child-Pugh classification.'® Building upon
this foundation, the modified ALBI (mALBI) grading system has shown enhanced sensitivity in detecting subtle
deteriorations in liver function.'” However, comprehensive risk prediction models incorporating multiple clinical
parameters for hepatotoxicity assessment in the context of combination therapy remain lacking.

To address this knowledge gap, the present study retrospectively analyzed clinical data from 200 HCC patients who
underwent TACE combined with TKIs and/or ICIs at our institution. Our primary objectives were to: (1) characterize the
incidence and severity profile of hepatotoxicity; (2) identify independent risk factors through multivariate analysis; and
(3) develop and validate a clinically practical nomogram prediction model to facilitate individualized risk stratification
and guide clinical decision-making in this era of multimodal HCC therapy.

Materials and Methods

Study Design and Patient Selection

This retrospective cohort study analyzed clinical data from patients with HCC treated at Shandong First Medical
University Affiliated Cancer Hospital between October 2021 and July 2024. The study protocol was conducted in
accordance with the principles of the Declaration of Helsinki and approved by the Institutional Ethics Committee. Given
the retrospective nature of the analysis, the requirement for written informed consent was waived.

Inclusion Criteria: @ Age >18 years; 2 Histologically or radiologically confirmed HCC diagnosis according to the
2022 Chinese Guidelines for the Diagnosis and Treatment of Primary Liver Cancer;'® 3 Barcelona Clinic Liver Cancer
(BCLC) stage B or C, or CNLC stage Ib-IIIb; ® Eastern Cooperative Oncology Group (ECOG) performance status 0—1;
(® Child-Pugh class A or B liver function; (® Treatment with TACE combined with TKIs for >2 months and/or ICIs for
>3 cycles; @ Complete baseline and follow-up laboratory data.

Exclusion Criteria: @ ECOG performance status >2; @ Complete main portal vein thrombosis with inadequate
collateral circulation; 3 Severe cardiac, pulmonary, or renal dysfunction; ® Incomplete clinical data or loss to follow-up.

Data Collection and Assessments

Demographic and clinical variables collected included age, sex, viral etiology, cirrhosis status, tumor characteristics (size,
number, vascular invasion, extrahepatic metastasis), and tumor staging according to the China Liver Cancer (CNLC)
staging system.'® Laboratory parameters assessed included complete blood count, liver function tests (albumin [Alb],
total bilirubin [TBil], alanine aminotransferase [ALT], aspartate aminotransferase [AST]), coagulation profile (prothrom-
bin time [PT], prothrombin activity [PTA]), and alpha-fetoprotein (AFP).

All laboratory assessments were performed within one week prior to treatment initiation and 3—7 days following each
treatment cycle using standardized automated analyzers. The upper limits of normal (ULN) for transaminases were
defined as ALT 50 U/L and AST 40 U/L for males, and ALT 40 U/L and AST 35 U/L for females, in accordance with
institutional reference ranges.

The modified albumin-bilirubin (mALBI) grade was calculated using the formula: ALBI score = 0.66 % logl0 (TBil,
pmol/L) — 0.085 x (Alb, g/L). All total bilirubin measurements were standardized and recorded in pmol/L, and albumin
levels were reported in g/L, consistent with the conventional ALBI calculation method. Patients were subsequently stratified
into four grades: Grade 1 (<-2.60), Grade 2a (>—2.60 to —2.27), Grade 2b (>—2.27 to —1.39), and Grade 3 (>—1.39).]4
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Treatment Protocols

TKI Administration

All TKIs were administered orally according to standard dosing regimens. Lenvatinib (n=130) was administered at
8-12 mg once daily (body weight-adjusted dosing), donafenib (n=55) at 200 mg twice daily, and apatinib (n=15) at
250 mg once daily. Dose modifications were implemented according to manufacturer guidelines based on individual
tolerability.

ICI Administration

ICIs were administered via intravenous infusion every three weeks. The agents utilized included camrelizumab (n=115,
200 mg/cycle), sintilimab (n=38, 200 mg/cycle), tislelizumab (n=35, 200 mg/cycle), and atezolizumab (n=12, 1200 mg/
cycle).

TACE Procedure

TACE procedures were performed in accordance with the Chinese Clinical Practice Guidelines for Transarterial
Chemoembolization in Hepatocellular Carcinoma (2021 Edition)."” Under local anesthesia, femoral artery access was
established using the Seldinger technique. Following diagnostic angiography to assess portal vein patency and identify
tumor-feeding arteries, superselective catheterization of the tumor-feeding vessels was achieved using a coaxial micro-
catheter system. Embolization was performed using a mixture of iodized oil (Lipiodol) and chemotherapeutic agents
(epirubicin, cisplatin, or their combination) or drug-eluting beads, with the endpoint being complete cessation of arterial
flow to the tumor.

Assessment of Hepatotoxicity
Hepatotoxicity was evaluated and graded in accordance with the Common Terminology Criteria for Adverse Events
(CTCAE) version 5.0.° The primary assessment timepoint was 3—7 days following combination therapy initiation.
Hepatotoxicity was defined as: (1) new-onset elevation of liver function parameters above ULN in patients with normal
baseline values, or (2) significant worsening of pre-existing hepatic dysfunction (=1 grade increase from baseline)
following treatment.

For this analysis, patients were categorized into two outcome groups: those with any hepatotoxicity (CTCAE Grade
>1) and those without hepatotoxicity.

Statistical Analysis

Statistical analyses were performed using SPSS version 25.0 (IBM Corp., Armonk, NY, USA) and R software version
4.0.3 (R Foundation for Statistical Computing, Vienna, Austria). Continuous variables were assessed for normality using
the Shapiro-Wilk test and expressed as mean + standard deviation (SD) or median (interquartile range [IQR]) as
appropriate. Categorical variables were reported as frequencies (percentages).

Comparisons between groups were performed using the Student’s #-test or Mann-Whitney U test for continuous
variables and the chi-square test or Fisher’s exact test for categorical variables, as appropriate. Univariate and
multivariate logistic regression analyses were conducted to identify independent risk factors for hepatotoxicity.
Variables with P<0.10 in univariate analysis were entered into the multivariate model using a forward stepwise
selection procedure.

Based on the identified independent predictors, a nomogram was constructed using the “rms” package (version 6.2—0)
in R software version 4.0.3. Model discrimination was evaluated using the area under the receiver operating characteristic
(ROC) curve (AUC) with 95% confidence intervals (CI). The optimal cut-off value was determined using the maximum
Youden index. Model calibration was assessed using the Hosmer-Lemeshow goodness-of-fit test and calibration curves.
Internal validation was performed using bootstrap resampling with 1000 iterations. Decision curve analysis (DCA) was
conducted to evaluate the clinical utility of the model. All statistical tests were two-sided, and P<0.05 was considered
statistically significant.
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Results

Patient Demographics and Baseline Characteristics
A total of 200 eligible HCC patients were enrolled in this study. The mean age was 59.6 = 9.3 years, with a male
predominance (n=169, 84.50%). Chronic HBV infection was the predominant etiology (n=178, 89.00%). Liver cirrhosis
was present in 200 patients, with compensated cirrhosis in 105 (52.50%) and decompensated cirrhosis in 95 (47.50%).
According to the CNLC staging system, patients were distributed as follows: stage Ib (n=74, 37.00%), stage Ila
(n=21, 10.50%), stage IIb (n=55, 27.50%), stage Illa (n=27, 13.50%), and stage I1Ib (n=23, 11.50%). Portal vein tumor
thrombosis was present in 42 patients (21.00%), and extrahepatic metastases were identified in 23 patients (11.50%).
Regarding treatment stratification, 120 patients (60.00%) received TACE combined with TKIs (Targeted Therapy
group), while 80 patients (40.00%) underwent TACE combined with TKIs and ICIs (Combination group). The baseline
mALBI grade distribution was as follows: Grade 1 (n=44, 22.00%), Grade 2a (n=49, 24.50%), Grade 2b (n=97, 48.50%),
and Grade 3 (n=10, 5.00%). Detailed baseline characteristics are summarized in Table 1.

Table | Baseline Clinical Characteristics
of 200 Patients with Primary Liver Cancer

Characteristics n (%)
Sex
Male 169 (84.50)
Female 31 (15.50)
Age (years), mean+SD 59.6%9.3
Etiology
HBV infection 178 (89.00)
HCV infection 14 (7.00)
HBV+HCV co-infection 4 (2.00)
Primary biliary cholangitis 4 (2.00)
Cirrhosis
Compensated 105 (52.50)
Decompensated 95 (47.50)
mALBI grade
Grade | 44 (22.00)
Grade 2a 49 (24.50)
Grade 2b 97 (48.50)
Grade 3 10 (5.00)
CNLC stage
Ib 74 (37.00)
lla 21 (10.50)
IIb 55 (27.50)
llla 27 (13.50)
llib 23 (11.50)
Portal vein tumor thrombosis
Present 42 (21.00)
Absent 158 (79.00)
Sites of metastasis
Lung 16 (8.00)
Bone 4 (2.00)
(Continued)
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Table | (Continued).

Characteristics n (%)
Lymph node 8 (4.00)
Peritoneum 2 (1.00)
Colon 2 (1.00)
Treatment regimen

TKIs+TACE 120 (60.00)
TKIs+ICIs+TACE 80 (40.00)

Abbreviations: HBV, hepatitis B virus; HCV, hepatitis
C virus; PBC, primary biliary cholangitis; mALBI, mod-
ified albumin-bilirubin grade; CNLC, China Liver
Cancer Staging; TACE, transarterial chemoemboliza-
tion; TKiIs, tyrosine kinase inhibitors; ICls, immune
checkpoint inhibitors.

Incidence and Severity of Hepatotoxicity

Based on CTCAE v5.0 assessment criteria, the overall incidence of hepatotoxicity was 38.00% (n=76). The severity
distribution demonstrated a predominance of mild hepatotoxicity, with Grade 1 accounting for 48 cases (63.16%), Grade
2 for 18 cases (23.68%), and Grade 3 for 10 cases (13.16%). Notably, no Grade 4 (life-threatening) hepatotoxicity events
were observed in the study cohort. Temporal assessment indicated that the majority of hepatotoxicity events occurred
within the early 3—7 day post-treatment window, while a smaller proportion of patients exhibited delayed biochemical
abnormalities during subsequent follow-up evaluations.

Subgroup analysis stratified by treatment regimen revealed comparable hepatotoxicity profiles between groups. In the
TKI + TACE group, the incidence rates of Grade 1, 2, and 3 hepatotoxicity were 23.33%, 8.33%, and 5.00%,
respectively. Similarly, in the TKI + ICI + TACE group, the corresponding rates were 25.00%, 10.00%, and 5.00%.
Statistical analysis demonstrated no significant difference between the two treatment groups with respect to either the

overall incidence or severity distribution of hepatotoxicity (x*=1.299, P=0.637). Detailed results are presented in Table 2.

Risk Factor Analysis

Univariate analysis identified several clinical variables significantly associated with hepatotoxicity occurrence (P<0.05),
including advanced age (>65 years), elevated baseline TBil (>17 pmol/L), presence of cirrhosis, poor mALBI grade
(Grade 2b/3), decreased PTA (<75%), and history of multiple TACE sessions (>2). Conversely, sex, tumor burden
parameters (tumor size and number), and baseline ALT, AST, and albumin levels showed no significant association with
hepatotoxicity risk.

A significant dose-response relationship was observed between hepatotoxicity severity and baseline biochemical
markers. Progressive elevation of baseline TBil and deterioration of PTA were significantly correlated with increasing
hepatotoxicity grade (both P<0.01). Additionally, higher mALBI grades were significantly associated with a greater
proportion of moderate-to-severe hepatotoxicity (P=0.005). The detailed baseline characteristics stratified by hepatotoxi-
city severity are presented in Table 3.

Table 2 Incidence of Early Liver Injury by Treatment Regimen and CTCAE Grade

Treatment Group | n | Grade | n (%) | Grade 2 n (%) | Grade 3 n (%) | Total n (%)

TKIs+TACE 120 | 28 (23.33) 10 (8.33) 6 (5.00) 44 (36.67)
TKIs+ICls+TACE 80 20 (25.00) 8 (10.00) 4 (5.00) 32 (40.00)
Total 200 | 48 (24.00) 18 (9.00) 10 (5.00) 76 (38.00)

Abbreviations: CTCAE, Common Terminology Criteria for Adverse Events; TKlIs, tyrosine kinase inhibitors; ICls,
immune checkpoint inhibitors; TACE, transarterial chemoembolization.
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Table 3 Baseline Factors Associated with Liver Injury Severity Among Patients with
Liver Injury (n=76)

Variables Grade | Grade 2 Grade 3 ZIFIZ | P value
Male, n 40 15 8 0.754 0.822
Age (years) 58 (52, 62) 61 (55, 68) 57 (51, 65) 3.652 0.157
mALBI grade 14.941 0.005
Grade | 8 0

Grade 2a 14 0

Grade 2b 22 10 6

Grade 3 4 4 4

TBil (umol/L) | 18.5 (15.2, 22.8) | 28.6 (21.4, 35.2) | 52.3 (38.5, 68.4) | 28.460 | <0.001
Alb (g/L) 36.8+4.2 34.5+4.8 31.2+3.9 12.062 0.088
PT (s) 13.2+1.2 145%1.6 17.2+2.5 20.297 | <0.001
PTA (%) 88.5 (82.0, 95.0) | 78.0 (70.5, 85.0) | 58.0 (52.0, 68.0) | 27.241 <0.001

Note: Values are reported as mean+SD or median (QI, Q3) as appropriate.
Abbreviations: mALBI, modified albumin-bilirubin grade; TBil, total bilirubin; Alb, albumin; PT, prothrombin
time; PTA, prothrombin activity.

Construction and Validation of the TCAP Prediction Model
Multivariate logistic regression analysis identified four independent predictors significantly associated with hepatotoxi-
city: pre-treatment cirrhosis status (OR=1.684, 95% CI: 1.006~2.817, P=0.047), ALBI Grade 2/3 (OR=6.436, 95% CI:
3.730~11.103, P<0.001), total bilirubin level (OR=1.040, 95%CI:1.011~1.069, P=0.007), and prothrombin activity
(OR=0.968, 95% CI: 0.952~0.984, P<0.001). The detailed regression results are summarized in Table 4.

Based on these four independent risk factors, a nomogram prediction model (designated TCAP: Total bilirubin,
Cirrhosis, ALBI grade, Prothrombin activity) was constructed (Figure 1).

The prediction equation is expressed as:

logit(P) = 0.947 + 0.521 x Cirrhosis + 1.862 x ALBI Grade + 0.039 x TBil — 0.033 x PTA

Model Performance Evaluation

The TCAP nomogram demonstrated excellent discriminatory performance, with an AUC of 0.855 (95% CI:
0.812-0.898) (Figure 2A). At the optimal cut-off value of 0.419, determined by the maximum Youden index, the
model achieved a sensitivity of 82.00% and a specificity of 79.10%. Calibration analysis demonstrated excellent
agreement between predicted and observed probabilities of hepatotoxicity (Figure 2B). The Hosmer-Lemeshow good-
ness-of-fit test indicated adequate calibration (P=0.1145). Internal validation using 1000 bootstrap resamples confirmed
the model’s stability, with a bias-corrected AUC of 0.843 and a mean absolute error (MAE) of only 0.008, indicating

minimal optimism and robust internal validity.

Table 4 Logistic Regression Analyses for Predictors of Early Liver Injury (CTCAE 21)

Variables Univariate Analysis | P value | Multivariate Analysis | P value
OR (95%Cl) OR (95%Cl)

Cirrhosis (yes) 2.156 (1.285-3.618) 0.004 1.684 (1.006-2.817) 0.047

ALBI grade (2/3) | 8524 (4.862-14.942) | <0.001 6.436 (3.730-11.103) <0.001

TBil (umol/L) 1.058 (1.032-1.085) <0.001 1.040 (1.011-1.069) 0.007

PTA (%) 0.948 (0.932-0.964) <0.001 0.968 (0.952-0.984) <0.001
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Figure | Nomogram for predicting hepatotoxicity risk in hepatocellular carcinoma patients receiving TACE combined with systemic therapy. The TCAP model incorporates
four independent predictors: Total bilirubin (TBil), Cirrhosis status, ALBI grade, and Prothrombin activity (PTA). To calculate the predicted probability, identify the value for
each predictor on its respective axis, draw a vertical line to the “Points” axis to determine the points contribution, sum all points, and locate this total on the “Total Points”
axis to read the corresponding “Risk of Hepatotoxicity” probability.
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Figure 2 Performance evaluation of the TCAP hepatotoxicity risk prediction model. (A) Receiver operating characteristic (ROC) curve demonstrating the discriminatory
performance of the model. The area under the curve (AUC) was 0.855 (95% Cl: 0.812-0.898). At the optimal cut-off value of 0.419, the model achieved a sensitivity of
82.00% and a specificity of 79.10%. (B) Calibration curve demonstrating the agreement between predicted and observed probabilities of hepatotoxicity. The apparent and
bias-corrected curves closely approximate the ideal diagonal line, indicating excellent calibration. Internal validation using 1000 bootstrap resamples confirmed model
stability with a mean absolute error (MAE) of 0.008.

Discussion

This study provides a comprehensive characterization of hepatotoxicity patterns in HCC patients undergoing TACE
combined with contemporary systemic therapies. Our findings demonstrate that while hepatotoxicity remains a common
treatment-related adverse event (overall incidence: 38.00%), the clinical presentation is predominantly mild-to-moderate,
with severe (Grade 3) hepatotoxicity occurring in only 13.16% of patients and no Grade 4 events observed. Importantly,

8 https: Journal of Hepatocellular Carcinoma 2026:13



Ma et al

the addition of ICIs to the targeted therapy-TACE regimen did not significantly increase the hepatotoxicity risk,
supporting the overall safety of triplet combination approaches when properly managed.

The observed hepatotoxicity incidence in our cohort aligns with previously published data. Li et al reported a 47.62%
hepatotoxicity rate in patients receiving similar combination regimens,?’ while other studies have documented rates
ranging from 15% to 50% depending on the specific agents used and patient population characteristics.”* The absence of
a significant difference in hepatotoxicity between dual and triplet therapy groups corroborates findings from systematic
reviews by Sangro et al*® regarding the hepatic safety profile of ICIs in patients with underlying liver disease. These
observations suggest that with careful patient selection and vigilant monitoring, the safety profile of combination therapy
remains clinically manageable.

Our multivariate analysis identified ALBI Grade 2/3 as the most potent independent predictor of hepatotoxicity
(OR=6.436). The ALBI grade, developed by Johnson et al'® represents a significant advancement over the traditional
Child-Pugh classification by eliminating subjective parameters (ascites, encephalopathy) and relying solely on objective
biochemical markers (albumin, bilirubin). This objectivity enhances reproducibility and facilitates standardized assess-
ment across different clinical settings. Multiple studies have validated the superior prognostic performance of the ALBI
grade in various HCC treatment contexts, including surgical resection, ablation, TACE, and systemic therapy.”**> The
mALBI grading system, which further subdivides ALBI Grade 2 into 2a and 2b categories, has demonstrated enhanced
sensitivity in detecting subtle functional deteriorations following locoregional interventions.’®?” Our data strongly
support prioritizing the ALBI grade-either as a replacement for or supplement to the Child-Pugh score-when formulating
treatment strategies for HCC patients.

The identification of underlying liver cirrhosis as an independent risk factor (OR=1.684) underscores the mechanistic
complexity of hepatotoxicity in this patient population. Cirrhosis-associated pathophysiological changes-including
hepatic sinusoidal capillarization, portal hypertension, and microcirculatory dysfunction-may amplify the ischemia-
reperfusion injury induced by TACE beyond what is radiographically apparent.”® Furthermore, the diminished regen-
erative capacity of cirrhotic hepatocytes compromises the liver’s ability to compensate for drug-induced cytotoxicity and
procedural injury, potentially accelerating the progression from transient biochemical abnormalities to clinically sig-
nificant hepatic decompensation.*’

Total bilirubin and prothrombin activity serve as complementary biomarkers reflecting distinct aspects of hepatic
parenchymal function-metabolic clearance capacity and synthetic reserve, respectively. The inclusion of both parameters
in our TCAP model provides a multidimensional assessment of hepatic functional integrity. Mechanistically, elevated
TBil indicates compromised bilirubin conjugation and excretion, signaling the transition from compensated to decom-
pensated liver function, while declining PTA reflects exhaustion of coagulation factor synthesis capacity.>*' The
integration of these parameters with cirrhosis status and ALBI grade creates a comprehensive risk assessment framework.

In addition, because TBil and PTA are laboratory-based variables, the potential influence of assay variability should
be considered when interpreting the model’s broader applicability. In the present study, all biochemical and coagulation
measurements were performed in a single institutional laboratory using standardized automated analyzers under routine
internal quality-control procedures, which likely minimized inter-assay variability and contributed to the internal
consistency of the TCAP model. Nevertheless, differences in assay platforms, calibration standards, reagent systems,
and pre-analytical sample handling across institutions may introduce measurement heterogeneity, potentially affecting the
reproducibility of absolute threshold-based risk stratification. Therefore, standardized laboratory testing and cross-
platform validation will be important for confirming the generalizability and clinical utility of this model in external
cohorts.

The TCAP nomogram demonstrated robust predictive performance with an AUC of 0.855, indicating excellent
discrimination between patients who will and will not develop hepatotoxicity. The calibration analysis confirmed good
agreement between predicted probabilities and observed outcomes, supporting the model’s reliability for clinical
application. A distinctive strength of this model lies in its exclusive reliance on readily available clinical parameters;
by obviating the need for sophisticated or costly diagnostic tests, it ensures high health-economic viability and facilitates

seamless implementation across diverse healthcare settings.
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The clinical utility of the TCAP model extends beyond passive risk prediction to active treatment optimization. For
patients identified as high-risk (predicted probability >0.419), clinicians may consider implementing a more conservative
intervention strategy, including: (1) limiting the extent of single-session embolization; (2) extending the interval between
TACE procedures; (3) intensifying hepatoprotective and antiviral therapies; (4) increasing the frequency of liver function
monitoring; and (5) establishing lower thresholds for treatment modification or discontinuation. Conversely, patients
classified as low-risk may proceed with standard combination therapy protocols with routine monitoring. This risk-
stratified approach aligns with the principles of prioritizing hepatic reserve and dynamically monitoring liver function
advocated in current treatment guidelines.’”

Several limitations merit consideration. First, the retrospective design and single-center cohort of 200 patients may
introduce selection bias and limit generalizability, although bootstrap internal validation mitigated overfitting risks.
Second, the heterogeneity of systemic agents employed-encompassing various tyrosine kinase inhibitors (eg., sorafenib,
lenvatinib) and immune checkpoint inhibitors (eg., atezolizumab, durvalumab)-could influence hepatotoxicity profiles, as
different combinations may exhibit varying pharmacokinetic interactions and toxicity spectra. For instance, anti-
angiogenic TKIs may exacerbate ischemic effects post-TACE, while ICIs could potentiate immune-mediated liver injury,
though our analysis did not detect significant differences between treatment groups (P=0.637). Future studies should
stratify by specific regimens to refine risk predictions. Third, while the TCAP nomogram demonstrated robust internal
performance (AUC=0.855), reliance on bootstrap resampling underscores the need for external validation in multicenter,
prospective cohorts to confirm its accuracy and calibration across diverse populations before broad clinical adoption.
Additionally, unmeasured confounders such as genetic polymorphisms in drug metabolism (eg., UGT1A1l variants

affecting bilirubin handling) were not assessed and warrant exploration in larger datasets.

Conclusion

In conclusion, the combination of TACE with targeted therapy alone or with targeted-immune combination therapy
demonstrates a manageable hepatic safety profile in patients with hepatocellular carcinoma, with the majority of
hepatotoxic events being mild-to-moderate and self-limiting. Underlying liver cirrhosis, poor ALBI grade (Grade 2/3),
elevated total bilirubin, and decreased prothrombin activity were identified as independent risk factors for hepatotoxicity.
Based on these factors, the TCAP nomogram provides a quantitative approach for individualized hepatotoxicity risk
assessment in patients undergoing TACE-based combination therapy. However, the predictive performance of the model
was evaluated using internal bootstrap validation within a single-center retrospective cohort. Therefore, prospective
studies and external validation in independent populations are required to further confirm the generalizability and clinical
applicability of the model.
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