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Abstract: Objective: To compare the effect of 4-week and 6-week transarterial chemoembolization (TACE) intervals 
on tumor response and liver function in patients with unresectable hepatocellular carcinoma (HCC) receiving TACE 
plus programmed death-1 (PD-1) inhibitor combination therapy. Methods: A total of 186 patients with unresect-
able HCC who underwent TACE combined with PD-1 inhibitor therapy were enrolled in this retrospective study. All 
patients were categorized into two groups according to TACE treatment intervals: the 4-week interval group (n=92) 
and the 6-week interval group (n=94). Baseline demographic and clinical data were collected for all participants. 
Hepatic and renal function indicators, including alanine aminotransferase (ALT), aspartate aminotransferase (AST), 
total bilirubin (TBIL), albumin (ALB), creatinine (Cr), and blood urea nitrogen (BUN), as well as serum tumor mark-
ers consisting of alpha-fetoprotein (AFP), carcinoembryonic antigen (CEA), carbohydrate antigen 19-9 (CA19-9) and 
carbohydrate antigen 125 (CA125), were detected at baseline and one month after treatment initiation. Tumor 
response was evaluated at three months post-treatment based on the RECIST 1.1, and the objective response rate 
(ORR) and disease control rate (DCR) were calculated accordingly. Treatment-related adverse events (AEs) were doc-
umented and graded in accordance with the CTCAE v5.0. Overall survival (OS) and progression-free survival (PFS) 
were calculated from the initiation of treatment to death or disease progression, with continuous follow-up until 
the study endpoint. Results: The 186 enrolled patients were well-balanced in baseline clinicopathologic character-
istics between the two groups. Compared to the 6-week group, the 4-week group achieved significantly higher ORR 
(35.87% vs. 22.34%, P=0.042) and DCR (81.52% vs. 67.02%, P=0.024), a more substantial reduction in AFP level, 
and markedly prolonged median OS and PFS (all P<0.001). Nevertheless, the 4-week group presented significantly 
elevated ALT levels (P=0.001) and decreased ALB levels (P=0.012) at one month post-treatment. Multivariate Cox 
regression analysis identified the 4-week interval as an independent favorable prognostic factor for OS (HR=0.692, 
95% CI 0.498-0.961, P=0.029). The overall incidence of AEs was comparable between the two groups. Conclusion: 
For patients with unresectable HCC treated with TACE combined with PD-1 inhibitors, a 4-week TACE interval yielded 
superior tumor response and survival benefits with acceptable hepatic safety compared to a 6-week interval, which 
supports the 4-week interval as an optimal clinical treatment schedule.
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Introduction

Hepatocellular carcinoma (HCC) accounts for 
approximately 75% to 85% of all primary liver 
malignancies worldwide and ranks third am- 
ong the leading causes of cancer-related mor-
tality globally [1, 2]. Despite advances in early 

screening and curative treatments including 
surgical resection, thermal ablation and liver 
transplantation, a large proportion of patients 
are diagnosed with intermediate or advanced 
HCC and thus lose the opportunity for cura- 
tive therapy [3]. For these patients, treatment 
relies mainly on combined locoregional and sys-
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temic therapeutic strategies. Transarterial che-
moembolization (TACE) is the standard first- 
line treatment for Barcelona Clinic Liver Cancer 
(BCLC) stage B HCC and is increasingly com-
bined with systemic agents for advanced HCC 
[4, 5]. However, TACE-induced tumor hypoxia 
and compensatory angiogenesis can impair 
long-term therapeutic efficacy and create a 
pro-tumorigenic microenvironment [6-8].

The emergence of immune checkpoint inhibi-
tors, particularly programmed death-1 (PD-1) 
inhibitors, has revolutionized the systemic tre- 
atment of advanced HCC [9]. By restoring 
T-cell-mediated anti-tumor immune responses, 
PD-1 inhibitors induce durable tumor regres-
sion and improve long-term survival in both 
first-line and second-line treatment settings [9]. 
Preclinical and clinical evidence has confirmed 
the synergistic anti-tumor effect of TACE com-
bined with PD-1 blockade [10-12]. TACE-in- 
duced tumor ischemia and necrosis releases 
tumor neoantigens, which trigger tumor-specif-
ic immune activation [13], while PD-1 inhibitors 
reverse the immunosuppressive microenviron-
ment induced by TACE embolization [14]. Con- 
sequently, TACE combined with PD-1 inhibitor 
has been widely applied in clinical practice, 
with superior objective response rate (ORR) 
and survival outcomes compared to TACE or 
immunotherapy monotherapy [11, 15].

Nevertheless, substantial heterogeneity exists 
in the clinical implementation of combined 
TACE and PD-1 inhibitor therapy, especially re- 
garding the optimal interval between sequen-
tial TACE sessions [16, 17]. In routine clinical 
practice, TACE is conventionally performed at 
fixed intervals of 4 to 8 weeks, depending on 
institutional protocols, physician experience 
and individual patient tolerance [18]. However, 
the biological mechanisms and clinical out-
comes associated with different TACE intervals 
in the context of concurrent immunotherapy 
remain poorly elucidated. A shorter TACE inter-
val may accelerate and intensify tumor de- 
vascularization, thereby promoting neoantigen 
release and amplifying the synergistic effect 
with PD-1 inhibitors. Conversely, frequent TACE 
administration may cause cumulative hepatic 
reserve damage, aggravate systemic inflam- 
matory responses, and increase the risk of 
AEs, ultimately compromising treatment toler-
ance and long-term prognosis [18].

Current guidelines offer no definitive recom-
mendations regarding optimal TACE intervals 
for combination with systemic immunotherapy. 
Given the inherent synergistic potential be- 
tween TACE and PD-1 blockade, optimizing the 
TACE treatment schedule is clinically critical.  
A shorter interval may sustain persistent im- 
mune activation and intratumoral hypoxia but 
may also aggravate hepatic injury, a key deter-
minant of treatment tolerability and long- 
term prognosis. Conversely, a prolonged inter-
val allows hepatic functional recovery yet may 
attenuate synergistic therapeutic efficacy. The- 
refore, this study compared tumor response 
and hepatic function changes between 4-week 
and 6-week TACE intervals in patients receiv-
ing TACE plus PD-1 inhibitors, aiming to iden-
tify the optimal treatment cadence that bal-
ances efficacy and safety.

Patients and methods

Study design and case selection

This retrospective cohort study was conducted 
at Beijing Friendship Hospital, Capital Medical 
University. A total of 186 patients diagnosed 
with unresectable HCC who received combined 
TACE and PD-1 inhibitor therapy between June 
2020 and December 2024 were enrolled, with 
follow-up data collected until December 2025. 
This study aimed to compare tumor response, 
hepatic function changes, and survival out-
comes between 4-week and 6-week interval 
regimens. All clinical data were retrieved from 
electronic medical records.

Inclusion criteria: (1) age ≥18 years; (2) HCC 
diagnosis confirmed by histopathology, cytolo-
gy, or clinical imaging consistent with the gui- 
delines from the American Association for the 
Study of Liver Diseases (AASLD) or the imaging 
criteria outlined by the European Association 
for the Study of the Liver (EASL) [19]; (3) BCLC 
stage B or C disease unsuitable for curative 
resection or ablation, or patients who declined 
radical surgery; (4) presence of at least one 
measurable intrahepatic target lesion per mod-
ified Response Evaluation Criteria in Solid 
Tumors (mRECIST); (5) Child-Pugh class A or B 
(score ≤7); (6) Eastern Cooperative Oncology 
Group performance status (ECOG PS) of 0-2; 
(7) no prior exposure to immunotherapy or anti-
angiogenic agents.
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Exclusion criteria: (1) extrahepatic primary 
metastasis, main portal vein tumor thrombus 
extending to contralateral branches, or inferior 
vena cava tumor thrombus; (2) central ner- 
vous system metastasis or concurrent malig-
nant tumors of other systems; (3) contraindi- 
cations to any study medication; (4) severe 
uncontrolled comorbidities involving the cardi-
ac, cerebral, renal, or pulmonary systems; (5) 
gastrointestinal bleeding within three months 
before treatment initiation; (6) prior local or 
systemic anti-tumor therapy, including radio-
frequency ablation, iodine-125 seed implanta-
tion, or systemic chemotherapy; (7) pregnancy 
or lactation; (8) incomplete clinical or follow-up 
data.

Grouping criteria and treatment methods

Grouping according to TACE interval: TACE 
interval scheduling was determined by a multi-
disciplinary team according to individual tumor 
burden, hepatic reserve, and treatment toler-
ance. Patients were stratified into two groups 
based on the predefined intended TACE interval 
in treatment plans: the 4-week interval group 
(n=92) and the 6-week interval group (n=94). 
Treatment adherence was verified from medi-
cal records. The median (interquartile range, 
IQR) number of TACE sessions was 4 (3-5) in 
the 4-week group and 3 (2-4) in the 6-week 
group.

TACE procedure: All TACE procedures were per-
formed by experienced interventional radiolo-
gists with over ten years of clinical experience. 
Following local anesthesia with 2% lidocaine 
(AstraZeneca, UK), the right femoral artery was 
punctured using the Seldinger technique, and 
a 5F vascular sheath was inserted. A 5F-RH 
catheter (Terumo, Japan) was deployed for 
celiac and superior mesenteric arteriography 
under digital subtraction angiography (DSA) to 
evaluate tumor size, location, feeding arteries, 
and vascular anatomy. A 2.7F microcatheter 
(Progreat, Terumo, Japan) was advanced super-
selectively into the tumor-feeding artery.

Chemoembolization was performed using an 
iodized oil emulsion (Lipiodol; Guerbet, France) 
combined with chemotherapeutic agents, inclu- 
ding oxaliplatin 50-100 mg (Huaxia Shengsheng 
Pharmaceutical, Approval No. H20255933), 
raltitrexed 2-4 mg (Nanjing Zhengda Tianqing 
Pharmaceutical, Approval No. H20090325), or 

epirubicin 30-50 mg (Shandong New Era 
Pharmaceutical, Approval No. H20213436), at 
the operator’s discretion. Subsequent emboli-
zation with gelatin sponge particles (Jiangxi 
Fuchuang Medical Technology, Approval No. 
20263130088) was performed until stasis of 
tumor-feeding arterial blood flow was achieved. 
After procedure completion, the catheter and 
sheath were removed, and hemostasis was 
achieved by manual compression and pres-
sure dressing. All patients remained supine  
for 24 hours to prevent puncture-site com- 
plications.

PD-1 inhibitor treatment: All patients received 
concurrent PD-1 inhibitor therapy combined 
with TACE. PD-1 inhibitors were administered 
intravenously every 3 weeks, with the first dose 
given 2-3 days after the initial TACE procedure. 
Subsequent PD-1 inhibitor administration fol-
lowed a fixed 3-week schedule independent of 
repeat TACE timing. Combination treatment 
was continued until disease progression, in- 
tolerable toxicity, or completion of a minimum 
6-month treatment course.

The selection and dosage of PD-1 inhibitors 
were based on clinical availability and app- 
roved regimens, including pembrolizumab 200 
mg (MSD Ireland, SJ20180019), sintilimab 200 
mg (Innovent Biologics, S20180016), toripalim-
ab 240 mg (Zhonghe Biomedical Technology, 
S20180015), camrelizumab 200 mg (Shengdi 
Biopharmaceutical, S20190027), and tisleli-
zumab 200 mg (BeiGene Pharmaceutical, 
S20190045). All intravenous infusions were 
completed within 30 minutes. Dose delay or 
permanent discontinuation was implemented 
for grade ≥3 immune-related adverse events 
(irAEs) in accordance with drug-specific pre-
scribing guidelines. Re-treatment at standard 
or reduced doses was permitted after recovery 
to grade ≤1 irAEs at the investigator’s discre- 
tion.

Data collection

Baseline demographic and clinical characteris-
tics: Standardized case report forms were used 
to collect baseline demographic and clinical 
data from inpatient and outpatient electronic 
medical records. Collected variables included 
age, gender, body mass index, alcohol con-
sumption history, smoking history, ECOG PS, 
BCLC stage, Child-Pugh grade, tumor size, 
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tumor number, vascular invasion, extrahepatic 
metastasis, etiology of HCC, and total number 
of TACE sessions during treatment.

Laboratory parameters: Peripheral blood sam-
ples were collected at baseline and post-treat-
ment follow-up. Hepatic and renal function in- 
dicators, including alanine aminotransferase 
(ALT), aspartate aminotransferase (AST), total 
bilirubin (TBIL), albumin (ALB), creatinine (Cr), 
and blood urea nitrogen (BUN), were detected 
using enzymatic and colorimetric assays on a 
Roche Cobas® 8000 automatic biochemical 
analyzer (Roche Diagnostics, Switzerland). Ca- 
librators and quality control reagents provided 
by the manufacturer were used to ensure 
detection accuracy.

Serum tumor markers, including alpha-feto-
protein (AFP), carcinoembryonic antigen (CEA), 
carbohydrate antigen 19-9 (CA19-9), and car-
bohydrate antigen 125 (CA125), were mea-
sured by electrochemiluminescence immuno-
assay on the Roche Cobas® 8000 platform, 
with reference ranges defined according to the 
manufacturer’s instructions.

Evaluation of tumor response: Tumor response 
was evaluated at three months after treat-
ment initiation by contrast-enhanced comput-
ed tomography (CT) or magnetic resonance 
imaging (MRI). Imaging examinations were per-
formed using a 64-slice CT scanner (Somatom 
Definition AS, Siemens, Germany) and a 3.0-T 
MRI system (Magnetom Skyra, Siemens, Ger- 
many) with liver-specific gadoxetic acid con-
trast (Primovist, Bayer, Germany). Treatment 
response was assessed per the Response 
Evaluation Criteria in Solid Tumors version 1.1 
(RECIST 1.1) criteria [20]. Complete response 
(CR) was defined as the disappearance of all 
target lesions; partial response (PR) as a ≥30% 
reduction in the sum of target lesion diameters; 
stable disease (SD) as insufficient shrinkage 
for PR or insufficient enlargement for progres-
sive disease (PD); and PD as a ≥20% increase 
in lesion sum diameter or the emergence of 
new lesions. Objective response rate (ORR) was 
defined as the proportion of patients achiev-
ing CR or PR, and disease control rate (DCR) 
as the proportion achieving CR, PR, or SD.

Documentation of adverse events: All AEs 
occurring during combination treatment and 
within 30 days after the final study drug admin-

istration were recorded and graded according 
to the National Cancer Institute’s Common 
Terminology Criteria for Adverse Events (CTCAE) 
version 5.0 [21]. Common AEs associated  
with TACE and PD-1 inhibitor therapy, including 
hand-foot syndrome, diarrhea, abdominal pain, 
decreased appetite, nausea, rash, hypothyroid-
ism, hyperbilirubinemia, and proteinuria, were 
systematically collected. The maximum AE gra- 
de per patient was recorded, and the incidence 
of any-grade AEs was calculated for intergroup 
comparison.

Survival outcomes: Overall survival (OS) was 
defined as the interval from the initiation of 
combined TACE and PD-1 inhibitor therapy to 
all-cause death, with surviving patients cen-
sored at the last follow-up. Progression-free 
survival (PFS) was defined as the time from 
treatment initiation to the first RECIST 1.1- 
defined disease progression or all-cause dea- 
th, whichever occurred first.

Follow-up

Follow-up assessments were initiated 4-10 
weeks after treatment completion and repeat-
ed every 1-3 months thereafter. All patients 
were followed up until December 2025, en- 
suring a minimum 12-month follow-up dura-
tion for all enrolled cases. Follow-up data were 
obtained through outpatient visits, inpatient 
reexaminations, and external medical record 
verification to monitor disease progression and 
survival status.

Ethics statement

This study was conducted in accordance with 
the Declaration of Helsinki and relevant dom- 
estic clinical research regulations. The study 
protocol was approved by the Institutional 
Ethics Committee of Beijing Friendship Hospi- 
tal, Capital Medical University. Given the retro-
spective study design and full anonymization 
of all patient data, the requirement for written 
informed consent was waived. All patient infor-
mation was strictly de-identified to ensure clini-
cal data confidentiality throughout the study.

Data analysis

All statistical analyses were performed us- 
ing SPSS 22.0 (IBM, USA) and R 4.3.1 (R 
Foundation, Austria). The normality of continu-
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Changes in hepatic and renal function one 
month post-treatment

Baseline hepatic and renal function indicators 
were comparable between the two groups (all 
P>0.05, Table 2). One month after treatment, 
the 4-week group showed significantly higher 
ALT elevation (57.36 ± 16.41 vs. 49.83 ± 14.27 
U/L, P=0.001) and more obvious ALB reduc- 
tion (34.27 ± 4.11 vs. 35.83 ± 4.26 g/L, 
P=0.012) than the 6-week group. AST and TBIL 
levels showed marginal inter-group differences 
without statistical significance (P=0.099, P= 
0.062, respectively). No significant differences 
were observed in Cr or BUN levels between the 
two groups (all P>0.05). These findings suggest 
that a shorter TACE interval induces mild early 
hepatic impairment, including aggravated he- 
patocellular injury and decreased hepatic syn-
thetic function, without affecting renal func- 
tion.

Changes in serum tumor markers one month 
post-treatment

Baseline serum levels of AFP, CEA, CA19-9 
and CA125 were similar between the two 
groups (all P>0.05). All tumor markers de- 
creased in both groups one month after treat-
ment. Notably, the 4-week group had a signifi-
cantly lower residual AFP level than the 6-week 
group (412.58 ± 201.34 vs. 558.62 ± 276.19 
ng/mL, P<0.001). No significant differences 
were found in post-treatment CEA, CA19-9, or 
CA125 levels between the two groups (all 
P>0.05, Figure 1). These findings indicate that 
a 4-week TACE interval achieves more robust 
early tumor regression, as reflected by a great-
er AFP decline.

Comparison of 3-month short-term tumor 
response

As shown in Table 3, the 4-week group ex- 
hibited superior short-term tumor control at 3 
months post-treatment. Compared to the 6- 
week group, the 4-week group had significantly 
higher ORR (35.87% vs. 22.34%, P=0.042) and 
DCR (81.52% vs. 67.02%, P=0.024). The CR 
rate was slightly higher in the 4-week group 
(5.43% vs. 3.19%), while the PD rate was mark-
edly lower (19.57% vs. 32.98%). These data 
confirm that shorter TACE intervals enhance 
the short-term anti-tumor efficacy of TACE-PD-1 
inhibitor combination therapy.

ous variables was verified by the Shapiro-Wilk 
test and Q-Q plots. Normally distributed data 
were presented as mean ± standard deviation 
(SD) and compared using independent t-tests; 
non-normal data were expressed as median 
(IQR) and compared using the Mann-Whitney U 
test. Categorical variables were described as 
frequencies and percentages and analyzed 
using the Pearson χ2 test or Fisher’s exact test 
as appropriate.

Kaplan-Meier survival curves and the log-rank 
test were used to analyze OS and PFS differ-
ences between groups. Univariate and multi-
variate Cox proportional hazards regression 
models were applied to screen independent 
prognostic factors for OS. Variables with P< 
0.10 in univariate analysis were included in 
the multivariate forward stepwise regression 
model. The total number of TACE sessions was 
forcibly incorporated into the multivariate mo- 
del to adjust for potential confounding effects. 
Hazard ratios (HRs) with 95% confidence in- 
tervals (CIs) were calculated for all prognostic 
factors. All tests were two-tailed, and P<0.05 
was defined as significant.

A post-hoc power analysis was performed 
based on the primary endpoint of ORR. With 
observed ORRs of 35.87% (4-week group, 
n=92) and 22.34% (6-week group, n=94), the 
two-sided χ2 test achieved a statistical power  
of approximately 82% at α=0.05, indicating  
sufficient statistical power to detect intergroup 
differences. Of note, post-hoc power analysis 
relies on observed effect sizes and should be 
interpreted cautiously; prospective sample size 
calculation is recommended for future valida-
tion studies.

Results

Comparison of baseline demographic and 
clinical characteristics

Baseline demographic and clinicopathologic 
characteristics of the two groups are summa-
rized in Table 1. There were no significant inter-
group differences in age, sex, BMI, ECOG PS 
score, BCLC stage, Child-Pugh grade, tumor 
burden, disease etiology, or number of TACE 
sessions (all P>0.05), indicating well-balanc- 
ed baseline prognostic factors and good com-
parability between the two cohorts.
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Table 1. Comparison of baseline demographic and clinical characteristics

Item 4-week interval 
group (n=92)

6-week interval 
group (n=94) t/χ2 P value

Gender [n (%)] Male 66 (71.74%) 69 (73.40%) 0.065 0.799
Female 26 (28.26%) 25 (26.60%)

Age (years) 63.89 ± 7.74 64.58 ± 7.92 0.602 0.548
BMI (kg/m2) 22.46 ± 2.97 22.62 ± 3.05 0.347 0.729
Employment Status [n (%)] Employed 45 (48.91%) 51 (54.26%) 0.531 0.466

Unemployed 47 (51.09%) 43 (45.74%)
Marital Status [n (%)] Married 75 (81.52%) 80 (85.11%) 0.431 0.806

Single 11 (11.96%) 9 (9.57%)
Divorced 6 (6.52%) 5 (5.32%)

Current Residence [n (%)] Urban 58 (63.04%) 55 (58.51%) 0.401 0.527
Rural 34 (36.96%) 39 (41.49%)

History of Alcohol [n (%)] Yes 50 (54.35%) 54 (57.45%) 0.181 0.670
No 42 (45.65%) 40 (42.55%)

History of Smoking [n (%)] Yes 55 (59.78%) 59 (62.77%) 0.174 0.676
No 37 (40.22%) 35 (37.23%)

ECOG PS Score [n (%)] 0 points 40 (43.48%) 47 (50.00%) 0.933 0.627
1 point 44 (47.83%) 41 (43.62%)
2 points 8 (8.69%) 6 (6.38%)

BCLC Staging [n (%)] B 36 (39.13%) 43 (45.74%) 0.832 0.362
C 56 (60.87%) 51 (54.26%)

Child-Pugh grade [n (%)] Class A 70 (76.09%) 77 (81.91%) 0.953 0.329
Class B 22 (23.91%) 17 (18.09%)

Tumor Size [n (%)] ≤3 cm 15 (16.30%) 18 (19.15%) 0.258 0.612
>3 cm 77 (83.70%) 76 (80.85%)

Tumor Number [n (%)] ≤3 58 (63.04%) 56 (59.57%) 0.236 0.627
>3 34 (36.96%) 38 (40.43%)

Vascular Invasion [n (%)] Present 25 (27.17%) 29 (30.85%) 0.305 0.581
Absent 67 (72.83%) 65 (69.15%)

Extrahepatic Metastasis [n (%)] Present 20 (21.74%) 21 (22.34%) 0.01 0.921
Absent 72 (78.26%) 73 (77.66%)

TACE Sessions [n (%)] ≤3 55 (59.78%) 64 (68.09%) 1.391 0.238
>3 37 (40.22%) 30 (31.91%)

Etiology [n (%)] Hepatitis B 60 (65.22%) 57 (60.64%) 0.499 0.919
Hepatitis C 14 (15.22%) 16 (17.02%)
Alcohol 13 (14.13%) 16 (17.02%)
Others 5 (5.43%) 5 (5.32%)

Note: TACE, transarterial chemoembolization; BMI, body mass index; ECOG PS, Eastern Cooperative Oncology Group perfor-
mance status; BCLC, Barcelona Clinic Liver Cancer.

Safety analysis of treatment-related AEs

The spectrum and incidence of AEs are shown 
in Figure 2. The overall incidence of any-grade 
AEs was similar between the 4-week group  
and the 6-week group (85.87% vs. 80.85%, 
P=0.359). The most common AEs in both 
groups were decreased appetite, abdominal 
pain and nausea. These findings indicate that 

shortening the TACE interval from 6 weeks to  
4 weeks did not increase the overall risk of 
treatment-related AEs, with favorable clinical 
tolerability.

Survival outcome analysis

The median follow-up duration of the entire 
cohort was 17.5 months (range: 1.2-24.0 mon- 
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Table 2. Changes in hepatic and renal function one month post-treatment

Indicator Time 4-week interval group 
(n=92)

6-week interval group 
(n=94) t P value

ALT (U/L) Before 39.72 ± 11.24 40.13 ± 11.58 0.25 0.803
After 57.36 ± 16.41 49.83 ± 14.27 3.343 0.001

AST (U/L) Before 46.83 ± 13.27 47.21 ± 13.62 0.196 0.845
After 62.94 ± 19.56 58.47 ± 17.11 1.658 0.099

TBIL (μmol/L) Before 16.38 ± 4.52 16.14 ± 4.39 0.369 0.713
After 21.67 ± 6.81 19.93 ± 5.74 1.88 0.062

ALB (g/L) Before 38.14 ± 3.89 38.52 ± 3.97 0.666 0.506
After 34.27 ± 4.11 35.83 ± 4.26 2.539 0.012

Cr (μmol/L) Before 71.26 ± 10.53 70.89 ± 10.31 0.248 0.805
After 74.83 ± 12.17 73.41 ± 11.86 0.806 0.421

BUN (mmol/L) Before 5.27 ± 1.14 5.21 ± 1.09 0.38 0.704
After 5.89 ± 1.36 5.68 ± 1.28 1.089 0.278

Note: ALT, alanine transaminase; AST, aspartate transaminase; TBIL, total bilirubin; ALB, albumin; Cr, creatinine; BUN, blood 
urea nitrogen.

Figure 1. Changes in Serum Tumor Markers One 
Month Post-Treatment between the 4-week and 
6-week TACE interval groups. A. Cancer antigen 125 
(CA125, μg/L); B. Carbohydrate antigen 19-9 (CA19-
9, μg/L); C. Alpha-fetoprotein (AFP, ng/L); D. Carci-
noembryonic antigen (CEA, μg/L). Ns, No significant 
difference; ***P<0.001.

ths). During follow-up, 98 patients (52.7%)  
died (OS events), and 112 patients (60.2%) 
experienced disease progression or death (PFS 
events). In the 4-week group, 46 patients 
(50.0%) had censored OS data and 38 pa- 
tients (41.3%) had censored PFS data; in the 
6-week group, 42 patients (44.7%) had cen-
sored OS data and 36 patients (38.3%) had 
censored PFS data. Kaplan-Meier survival an- 
alysis showed that the 4-week group had sig-
nificantly longer median OS (18.42 ± 4.28 vs. 
15.71 ± 4.13 months, P<0.001) and median 
PFS (8.71 ± 2.69 vs. 7.24 ± 2.58 months, P< 
0.001) than the 6-week group (Figure 3).

Univariate and multivariate Cox regression 
analysis of independent prognostic factors 
for OS

Multivariate Cox regression analysis incorpo-
rating ALBI grade, baseline NLR, post-progres-
sion systemic therapy and actual TACE session 
count confirmed that 4-week TACE interval  
was an independent protective prognostic fac-
tor for OS (HR=0.692, 95% CI: 0.498-0.961, 
P=0.029). Other independent risk factors for 
poor OS included BCLC stage C (HR=1.758, 
P=0.002), Child-Pugh grade B (HR=2.091, 95% 
CI: 1.478-2.958, P<0.001), elevated baseline 
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Figure 2. Distribution and Incidence of treatment-induced toxicities by the 
4-week and 6-week TACE interval groups [n (%)]. Note: The adverse reaction 
was classified using CTCAEv5. 0; The sum indicates those who experienced 
one or more adverse events of all grades. ns, No significant difference; 
TACE, transarterial chemoembolization.

AFP (HR=1.281, P=0.003), tumor diameter >3 
cm (HR=1.439, P=0.047), vascular invasion 
(HR=1.671, 95% CI: 1.179-2.365, P=0.004). 
ALBI grade 2/3 (HR=1.854, P<0.001) and 
baseline NLR ≥3.0 (HR=1.412, P=0.029). Post-
progression systemic therapy was an inde- 
pendent protective factor for OS (HR=0.731, 
P=0.033). The actual number of TACE sessions 
showed no significant correlation with OS by 
the multivariate model (HR=1.124, P=0.342). 
See Table 4.

Discussion

This study compared the clinical efficacy and 
safety of two TACE intervals (4 weeks versus  
6 weeks) in patients with unresectable HCC 
receiving combined PD-1 inhibitor therapy. The 
results demonstrated that a shorter 4-week 
TACE interval contributed to more prominent 
early declines in tumor markers, superior 

lirubin levels showed consistent changing 
trends. These observations indicate that more 
frequent transarterial embolization may aggra-
vate acute hepatocellular injury and transiently 
impair hepatic synthetic function [22, 23]. 
Consistent with our results, Liu et al. [24] re- 
ported cumulative hepatic damage in patients 
receiving intensive TACE regimens, and Miksad 
et al. [22] confirmed that shorter inter-proce-
dural TACE intervals delay albumin recovery. 
The underlying mechanism is presumably at- 
tributed to repeated ischemic injury to non-
tumorous liver parenchyma, especially in pa- 
tients with underlying liver cirrhosis [25, 26]. 
Notably, no intergroup differences in renal 
function were observed, indicating that the 
hepatic changes were procedure-specific rath-
er than a manifestation of systemic dete- 
rioration.

In contrast, the 4-week interval group achieved 
a substantially greater reduction in serum AFP 

Table 3. Changes in serum tumor markers one month post-treat-
ment [n (%)]

Marker 4-week interval 
group (n=92)

6-week interval 
group (n=94) χ2 P value

ORR 33 (35.87%) 21 (22.34%) 4.13 0.042
DCR 75 (81.52%) 63 (67.02%) 5.106 0.024
    CR 5 (5.43%) 3 (3.19%)
    PR 28 (30.43%) 18 (19.15%)
    SD 42 (45.65%) 42 (44.68%)
    PD 17 (19.57%) 31 (32.98%)
Note: ORR, Overall Response Rate; DCR, Disease Control Rate; CR, Complete 
Remission; PR, Partial Remission; SD, Stable Disease; PD, Progression Disease.

short-term tumor responses, 
and prolonged progression-
free and OS, accompanied by 
mild early hepatic dysfunction 
without a corresponding in- 
crease in the overall burden  
of adverse events. These pre-
liminary findings suggest that 
TACE frequency can modulate 
both therapeutic efficacy and 
hepatic functional reserve dur-
ing concurrent immunothera-
py. After adjustment for mul- 
tiple prognostic factors, in- 
cluding ALBI grade, baseline 
NLR, post-progression treat-
ment, and the actual number 
of TACE sessions, the 4-week 
interval remained independen- 
tly associated with improved 
OS, further validating the reli-
ability of our core findings.

In terms of hepatic function, 
patients receiving TACE at 4- 
week intervals exhibited signifi-
cantly elevated alanine amino-
transferase levels and marked 
reductions in serum albumin 
one month after treatment, 
compared to those treated at 
6-week intervals. Aspartate 
aminotransferase and total bi- 
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Figure 3. Kaplan-Meier curves of overall survival (A) and progression-free survival (B) stratified by TACE interval 
groups. Note: OS, Overall survival; PFS, Progression-free survival; TACE, transarterial chemoembolization.

Table 4. Univariate and multivariate Cox regression analysis of factors affecting overall survival in 
patients receiving TACE combined with PD-1 inhibitors

Variable
Univariate COX analysis Multivariate COX analysis
HR (95% CI) P HR (95% CI) P

TACE interval (short-cycle vs. long-cycle) 0.726 (0.538-0.986) 0.036 0.692 (0.498-0.961) 0.029
Age (per 1 year increase) 1.024 (1.006-1.042) 0.045 1.014 (0.995-1.033) 0.162
Sex (male vs. female) 1.187 (0.794-1.774) 0.427 - -
BCLC stage (C vs. B) 1.891 (1.346-2.671) <0.001 1.758 (1.231-2.509) 0.002
Child-Pugh grade (B vs. A) 2.214 (1.580-3.092) <0.001 2.091 (1.478-2.958) <0.001
ALBI grade (2/3 vs. 1) 2.103 (1.512-2.924) <0.001 1.854 (1.312-2.618) <0.001
AFP (per log unit) 1.315 (1.120-1.535) 0.001 1.281 (1.087-1.503) 0.003
Tumor size (>3 cm vs. ≤3 cm) 1.539 (1.087-2.170) 0.017 1.439 (1.005-2.058) 0.047
Vascular invasion (present vs. absent) 1.764 (1.261-2.464) 0.001 1.671 (1.179-2.365) 0.004
Baseline NLR (≥3.0 vs. <3.0) 1.538 (1.148-2.061) 0.004 1.412 (1.036-1.924) 0.029
Post-progression systemic therapy (yes vs. no) 0.702 (0.531-0.928) 0.013 0.731 (0.549-0.974) 0.033
Actual TACE sessions (>3 vs. ≤3) 1.209 (0.963-1.518) 0.102 1.124 (0.884-1.429) 0.342
Note: HR, hazard ratio; CI, confidence interval; BCLC, Barcelona Clinic Liver Cancer; AFP, alpha-fetoprotein; ALBI, albumin-biliru-
bin; NLR, neutrophil-to-lymphocyte ratio; TACE, trans-arterial chemoembolization. Variables with P<0.10 in univariate analysis 
were entered into the multivariate Cox model. The number of TACE sessions was forced into the model to assess confounding.

at the one-month follow-up. Although postope- 
rative levels of CA125, CA19-9, and CEA were 
comparable between the two groups, the dis-
tinct AFP reduction in the short-interval group 
indicated enhanced early tumor cytoreduction 
with condensed TACE cycles. AFP serves not 
only as a biomarker for HCC diagnosis and the- 
rapeutic monitoring but also as an indicator of 
aggressive tumor biological behavior. Xia et al. 
[27] verified that a rapid AFP response after 
locoregional therapy correlated with favorable 
survival outcomes in HCC patients, and Rizzo  

et al. [28] found that a more profound AFP 
decline augmented the therapeutic benefit of 
subsequent immunotherapy. The pronounced 
AFP reduction observed in this study may result 
from frequent cycles of ischemia-induced tumor 
necrosis, which promotes extensive tumor anti-
gen release and potentially initiates systemic 
anti-tumor immune responses. This interpreta-
tion is supported by preclinical models, in which 
sequential embolization enhances dendritic cell 
activation and T-cell priming when combined 
with immune checkpoint blockade [29].
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The superior short-term tumor response in the 
4-week group, characterized by higher objec-
tive response rate and disease control rate, 
validates the hypothesis that intensified tem- 
poral coordination of TACE and PD-1 blockade 
optimizes their synergistic anti-tumor efficacy, 
with a particularly notable difference in pro-
gressive disease rates between groups. Our 
findings are consistent with previous research 
by Wang et al. [12], who demonstrated supe-
rior tumor responses with 4-week rather than 
8-week intervals in combination with lenvatinib 
and PD-1 inhibitors. Similarly, Zou et al. [30] 
reported that patients receiving TACE every 
4-5 weeks achieved better radiologic respons-
es than those with prolonged treatment inter-
vals, despite their cohort not uniformly receiv-
ing concurrent immunotherapy. The biological 
rationale for this synergistic effect is twofold: 
first, repeated TACE procedures sustain the re- 
lease of tumor-associated antigens and dam-
age-associated molecular patterns, which act 
as endogenous immune adjuvants [31]; sec-
ond, PD-1 blockade exerts optimal therapeutic 
effects during the peak period of T-cell infil- 
tration after embolization [31]. Accordingly, a 
shorter TACE interval enables precise tempo-
ral matching of these two immunotherapeutic 
events.

Notably, survival analysis revealed that the 
4-week interval was associated with prolonged 
overall and PFS. Multivariate Cox regression 
analysis further confirmed TACE interval as an 
independent prognostic factor for OS, even 
after adjustment for established confounding 
variables, including BCLC stage, Child-Pugh 
classification, baseline AFP level, tumor size, 
and vascular invasion status. The prognostic 
value of TACE interval was comparable to that 
of other well-recognized survival predictors in 
HCC. Our results align with the findings of Lee 
et al. [32], who identified TACE frequency as 
an independent survival indicator in a mixed 
HCC cohort, and Wang et al. [12], who con-
firmed improved clinical outcomes with short-
ened TACE intervals in the context of combined 
immunotherapy. Collectively, these data indi-
cate that the early radiologic and biomarker 
advantages conferred by 4-week TACE inter- 
vals translate into substantial survival benefits 
for patients.

Encouragingly, the overall incidence and spec-
trum of adverse events were comparable be- 

tween the two groups. The most common tre- 
atment-related toxicities, including decreased 
appetite, abdominal pain, and nausea, are typi-
cal adverse reactions of both TACE and PD-1 
inhibitor therapy, and their consistent inci-
dence across groups confirmed that shorten- 
ing the TACE interval does not compromise 
treatment tolerability. This finding has impor-
tant clinical implications, as concerns about 
cumulative treatment toxicity frequently hinder 
clinicians from adopting intensive TACE regi-
mens. It should be noted that this study ana-
lyzed only selected adverse events and did not 
systematically evaluate patient quality of life or 
patient-reported outcomes. Nevertheless, the 
safety profile observed in our study was con- 
sistent with previous reports [33, 34], which 
demonstrated no increase in grade ≥3 ad- 
verse events when TACE intervals were short-
ened in combination with sorafenib, despite  
the distinct therapeutic regimen from the PD-1 
inhibitor combination adopted in our research. 
Additionally, this study incorporated multiple 
PD-1 inhibitors with varying pharmacokinetic 
and pharmacodynamic properties. Although all 
included agents are approved for HCC treat-
ment [35, 36], subtle differences in their syner-
gistic effects with TACE cannot be excluded 
from a mechanistic perspective. PD-1 inhibi- 
tors differ significantly in Fc region function: for 
example, camrelizumab has a canonical IgG4 
backbone, while toripalimab is an IgG4κ mono-
clonal antibody with a modified Fc region that 
reduces FcγR binding affinity [37, 38]. Such 
structural variations may alter antibody-depen-
dent cell-mediated cytotoxicity and Fc receptor 
binding, thereby reshaping the tumor immune 
microenvironment [39, 40]. Furthermore, dif-
ferences in receptor occupancy rate, half-life, 
and off-target effects may theoretically modu-
late the degree of T-cell reactivation following 
TACE-induced tumor antigen release [41, 42]. 
However, head-to-head comparative studies of 
different PD-1 inhibitors combined with locore-
gional therapy remain scarce. Given the limited 
sample size of this study, subgroup analyses 
comparing the efficacy and safety of individual 
PD-1 inhibitors were not performed. Large-
scale prospective studies are warranted to ex- 
plore drug-specific effects and the underlying 
immunological mechanisms.

These findings carry important clinical signifi-
cance. If validated in prospective trials, the 
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4-week TACE interval will serve as a simple and 
clinically feasible strategy to enhance the effi-
cacy of PD-1 inhibitor combination therapy 
without inducing unacceptable hepatic toxicity. 
For patients with preserved hepatic reserve 
and good performance status, this intensified 
interval regimen can be prioritized. In contrast, 
a 6-week TACE interval may be preferable for 
patients with marginal hepatic function or a his-
tory of hepatic decompensation, to preserve 
residual liver function while achieving effective 
disease control. Our results do not support a 
one-size-fits-all TACE interval, but highlight the 
necessity of individualized treatment schedul-
ing based on baseline hepatic function, tumor 
burden, and therapeutic goals. Furthermore, 
this study underscores the urgent need for  
prospective trials to optimize TACE frequency 
specifically for the immunotherapy era, rather 
than relying on empirical evidence from single-
agent TACE treatment.

Several limitations of this study should be 
acknowledged. First, this is a single-center ret-
rospective study. Despite rigorous statistical 
adjustment, unmeasured residual confound- 
ing factors could not be completely excluded. 
Second, patient allocation to the two interval 
groups was non-randomized, with treatment 
schedules determined by multidisciplinary clini-
cal assessment, which may have introduced 
subtle selection bias, although baseline char-
acteristics were well balanced between groups. 
Propensity score matching was not adopted 
here to avoid further reduction in sample size 
and statistical power; multivariate Cox regres-
sion was used instead to adjust for major 
established prognostic confounders. Third, the 
follow-up period was restricted to one year, 
leaving long-term survival outcomes and late-
onset treatment toxicities unassessed. Fourth, 
group allocation was based on predefined in- 
tended TACE intervals rather than verified 
cycle-to-cycle interval adherence; although the 
total number of TACE sessions was adjusted  
for by multivariate analysis, minor scheduling 
variability could not be fully accounted for. 
Fifth, biomarker evaluation was limited to AFP 
alone, without comprehensive immune profil-
ing or circulating tumor DNA detection, which 
constrains in-depth exploration of the under- 
lying immunological mechanisms. Lastly, the 
sample size was adequate for hypothesis-gen-
erating analysis but insufficient to support ro- 
bust stratified subgroup comparisons.

Future research should prioritize prospective 
randomized controlled trials to validate our 
findings and compare fixed TACE intervals with 
response-guided or individualized on-demand 
TACE strategies. Integrating translational end-
points, including dynamic circulating tumor  
cell changes, T-cell receptor repertoire shifts, 
and tumor mutational burden dynamics, will 
help further clarify the immune-dependent 
mechanisms linking TACE interval frequency  
to therapeutic efficacy. Additionally, incorporat-
ing patient-reported outcomes and cost-effec-
tiveness analyses can provide comprehensive 
evidence for the clinical applicability of inten- 
sified 4-week TACE regimens. Pending further 
prospective validation, this study establishes 
TACE interval as a modifiable prognostic factor 
for clinical outcomes in patients with unresect-
able HCC receiving TACE plus PD-1 inhibitor 
combination immunotherapy.

Conclusion

A 4-week TACE interval confers superior short-
term tumor responses, greater AFP reduction, 
and prolonged survival compared to a 6-week 
interval in unresectable HCC patients treated 
with TACE combined with PD-1 inhibitors. The 
intensified schedule induces only mild, tran-
sient early hepatic impairment without increas-
ing overall adverse event burden, and TACE 
interval was validated as an independent prog-
nostic factor for overall survival. These findings 
support that shortened TACE cycles optimize 
synergistic anti-tumor efficacy with concurrent 
immunotherapy, reinforcing the value of in- 
dividualized interval scheduling tailored to 
patients’ baseline hepatic reserve, tumor bur-
den, and treatment goals. Further prospective 
randomized controlled trials are warranted to 
define the optimal TACE frequency for modern 
immunotherapy-combined HCC treatment re- 
gimens.
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