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Abstract. Limited treatment options are available for patients 
with advanced stages of hepatocellular carcinoma (HCC), 
which is a major global health challenge. The present system‑
atic review and meta‑analysis examined the therapeutic 
potential of the combination of immune checkpoint inhibitors 
(ICIs) and radiotherapy (RT) for advanced (a)HCC or unre‑
sectable HCC. The PubMed, Embase, Cochrane Library and 
Web of Science databases were searched to identify studies 
examining the therapeutic efficacy of the ICI‑RT combination 
for aHCC published until August 31, 2024. The following 
clinical outcomes were analyzed: Objective response rate 
(ORR), median progression‑free survival (mPFS) and median 
overall survival (mOS). Additionally, targeted subgroup 
analyses were performed based on tumor thrombus presence 
and the use of transarterial chemoembolization (TACE) and 
stereotactic body RT. The present single‑arm meta‑analysis, 
encompassing 16 studies involving 633 patients with aHCC 

or unresectable HCC, revealed that the ICI‑RT combination 
exhibits potent therapeutic efficacy. The pooled ORR of 
patients in the ICI‑RT combination group was 54.4% [95% 
confidence interval (CI), 46.8‑62.0%]. The mPFS and mOS of 
patients treated with the ICI‑RT combination were 10.1 (95% 
CI, 7.2‑12.9) and 18.3 months (95% CI, 14.6‑21.9), respectively. 
The ORR of patients in the TACE combination subgroup was 
53.8% (95% CI, 44.6‑62.9%). Meanwhile, the ORR and mOS 
of patients with Barcelona Clinic Liver Cancer stage C tumors 
were 55.6% (95% CI, 44.3‑66.9%) and 21.2 months (95% CI, 
13.5‑29.0), respectively. These findings suggest that ICI and RT 
exert synergistic effects. The ICI‑RT combination, a promising 
therapeutic regime for aHCC, is associated with potent efficacy 
and favorable ORR and survival outcomes. Further studies are 
needed to optimize treatment strategies and identify patient 
subgroups who can benefit from this approach. The findings of 
the present study contribute to advances in aHCC treatment. 
The protocol for the present systematic review was registered at 
PROSPERO (registration no. CRD42024583148) and is avail‑
able in full on the Health Technology Assessment website of 
the National Institutes of Health (http://www.hta.ac.uk/2283).

Introduction

Globally, hepatocellular carcinoma (HCC) is a leading 
cause of cancer‑associated mortalities, accounting for 
~760,000 mortalities each year (1). The high mortality rates 
of HCC can be attributed to its resistance to conventional 
therapies (2). The combination of immune checkpoint inhibi‑
tors (ICIs) and radiotherapy (RT) has emerged as a promising 
therapeutic strategy for patients with HCC, especially for those 
with advanced (a)HCC or unresectable HCC (3).

Advances in treatment modalities have not markedly 
improved the clinical outcomes of patients with aHCC. The 
emergence of immunotherapy has transformed cancer treat‑
ment. The objective response rates (ORRs) and median overall 
survival (mOS) duration of patients undergoing combination 
therapy with ICIs and targeted therapies are 23.9‑29.8% and 
16‑21.2 months, respectively (4‑7). The efficacy of ICI‑targeted 
therapy combinations is higher compared with that of sorafenib. 
However, this combination does not address all clinical needs. 
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For example, the IMbrave 150 trial demonstrated that 50% 
of patients with aHCC exhibited disease progression within 
7 months of initiating atezolizumab‑bevacizumab therapy (4). 
Thus, there is an urgent need to develop effective combination 
therapies to improve patient outcomes.

The immunomodulatory effects of RT can be harnessed 
to potentiate the efficacy of immunotherapy in aHCC (8‑10). 
Early‑phase clinical trials have yielded promising results for 
the ICI‑RT combination. For example, a phase II trial reported 
that the ORR and 1‑year OS rate of patients with unresectable 
HCC undergoing stereotactic body RT (SBRT)‑camrelizumab 
combination treatment were 60 and 52.4%, respectively (11). 
Another study reported that the ORR, complete response 
rate and 3‑year OS rate of patients undergoing combination 
treatment with SBRT and immunotherapy were 88, 50 and 
92%, respectively (12).

Several clinical trials have demonstrated the therapeutic 
potential of the ICI‑RT combination in aHCC. A recent search 
of ClinicalTrials.gov identified 38 ongoing studies evaluating 
the efficacy and safety of the ICI‑RT combination, including 
two phase III trials (NCT04709380 and NCT04167293). 
This research activity reflects the increasing interest in 
RT‑immunotherapy combination as a novel treatment paradigm. 

However, the efficacy and safety of the ICI‑RT combina‑
tion in aHCC have not been comprehensively reviewed. The 
present systematic review and meta‑analysis aimed to evaluate 
the therapeutic potential and safety profile of the ICI‑RT 
combination for aHCC or unresectable HCC. The available 
evidence was thoroughly examined to assess the clinical 
application of the ICI‑RT combination. The findings of the 
present study can guide clinicians in optimizing treatment 
strategies and identifying patient subgroups who can benefit 
from this novel approach.

Subjects and methods

Search strategy. The relevant studies published until August 
31, 2024, were searched for in the PubMed, Embase, Cochrane 
Library, and Web of Science databases. The following 
Medical Subject Headings terms and free‑text words were 
used: (‘radiotherapy’ OR ‘radiation therapy’) AND (‘immuno‑
therapy’ OR ‘immune checkpoint inhibitors’ OR ‘Programmed 
Death‑1 (PD‑1) inhibitors’ OR ‘Programmed Death‑Ligand 1 
(PD‑L1) inhibitors’ OR ‘Cytotoxic T‑Lymphocyte Associated 
Protein 4 (CTLA‑4) inhibitors’ OR ‘immune modulation’ OR 
‘immunotherapy’) AND (‘Liver cancer’ OR ‘Hepatocellular 
Carcinoma’ OR ‘Hepatoma’ OR ‘HCC’). Only studies in the 
English language were searched. The references in the included 
studies were reviewed to identify further relevant studies. 

Selection criteria. The inclusion criteria were as follows: 
i)  Studies on patients diagnosed with aHCC; ii)  studies 
on patients treated with the combination of ICIs and 
RT/chemo‑RT; iii) prospective interventional research, retro‑
spective analyses or randomized controlled trials (RCTs); 
iv) studies that reported the target clinical tumor outcomes, 
including ORR, 1‑year progression‑free survival (PFS), 1‑year 
OS and adverse events (AEs); v) studies that evaluated tumor 
responses using the Response Evaluation Criteria in Solid 
Tumors (version 1.1) (13); and vi) studies that evaluated the 

incidence and severity of toxic effects using the Common 
Terminology Criteria for Adverse Events. The exclusion 
criteria were as follows: Animal studies, cell studies, reviews, 
meta‑analyses, duplicates, case reports or letters.

The articles were screened by two investigators inde‑
pendently based on the inclusion and exclusion criteria. Any 
disagreements were resolved through discussion between the 
two investigators or with the involvement of a third investigator. 

Data extraction and quality assessment. The data were 
extracted independently by two investigators from all included 
studies and their quality was evaluated. The following data 
were extracted from the included studies: Author's name, 
publication year, study type, sample size, intervention, tumor 
stage, median follow‑up time, EGFR mutation status and 
reported endpoints. Clinical and safety outcomes were evalu‑
ated based on the ORR, OS, PFS, AEs and grade ≥3 AEs. The 
quality of the RCTs, retrospective studies and non‑controlled 
trials were assessed using the Jadad scale, the Joanna Briggs 
Institute (JBI) Critical Appraisal Checklist for Patient Series 
and the Newcastle‑Ottawa Scale (NOS), respectively.

Statistical analysis. The present meta‑analysis was performed 
using STATA 14 software (StataCorp LP). Heterogeneity 
among studies was assessed using the χ2 test and I2 statistic. 
Differences were considered statistically significant at P<0.05. 
A random effects model was used in cases of significant vari‑
ability (P<0.1 and I2>50%), whereas a fixed effects model 
was used in cases of decreased variability. Furthermore, 
the robustness and reliability of the findings were evaluated 
using sensitivity analyses. Publication bias was assessed using 
Begg's and Egger's tests.

Results

Study selection. A literature search in the PubMed, Embase, 
Cochrane Library and Web of Science databases revealed 
5,595 relevant studies. After screening and full‑text review, 
16 high‑quality studies, encompassing 633  patients, that 
satisfied the inclusion criteria were used for the present 
meta‑analysis (11,12,14‑27). The study selection process is 
shown in Fig. 1. The detailed study characteristics are listed in 
Table I. These studies used diverse RT techniques, including 
three‑dimensional conformal RT (3D‑CRT), external beam 
RT (EBRT), SBRT and proton therapy. The total radiation 
doses were in the range of 24‑60 Gy. A broad spectrum of 
ICIs, including nivolumab, ipilimumab, sintilimab, avelumab, 
toripalimab, atezolizumab, pembrolizumab, camrelizumab 
and tislelizumab, were used in the included studies. Thus, 
a comprehensive landscape was available for evaluating the 
efficacy of combination therapy in aHCC.

Quality assessment. The methodological quality of retro‑
spective studies (n=9) and prospective studies (n=5) was 
evaluated using the Joanna Briggs Institute's Case Series 
Critical Assessment Checklist in 10 areas, including case 
selection, description of illness or health issues and clarity in 
presenting case details. The quality of two single‑arm studies 
was determined using the NOS, which analyzes studies across 
the following three domains with eight specific criteria: 
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Selection of the study groups, comparability of the groups 
and ascertainment of the outcome for cohort studies or the 
exposure for case‑control studies. The details of these quality 
assessments are provided in Table II.

NOS for non‑randomized studies. The improved 
NOS comprises the following eight items (Q1 to Q8): Q1, 
representative of the exposed cohort; Q2, representative of 
the non‑exposed cohort; Q3, ascertainment of exposure; Q4, 
representative of the presence of the outcome of interest at 
the start of the study; Q5, representative of the cohorts based 
on the design or analysis; Q6, representative of the cohort 
assessment; Q7, duration for outcomes to occur; and Q8, 
adequacy of follow‑up of cohorts.

JBI critical assessment checklist for patient series, 
including retrospective studies. JBI involves the following 10 
queries: Q1, have the criteria for inclusion in the case series 
been clearly defined? Q2, have all participants in the case series 
been consistently and reliably evaluated? Q3, have reliable 
methods been used to identify the status of all participants in 
the case series? Q4, does the case series continuously include 
participants? Q5, have the participants been included in the 
case series? Q6, is the demographic report of the research 
participants clear? Q7, has the clinical information of the 
participants been reported? Q8, is the case result or subsequent 
discovery recorded? Q9, is the demographic information of 
the display location/clinic recorded? Q10, is statistical analysis 
performed properly? 

Tumor response. The present meta‑analysis evaluated the 
therapeutic efficacy of the ICI‑RT combination in aHCC. The 
ORRs reported in the studies varied from 46.8 to 62.0%. A 
random effects model was applied as the inter‑study hetero‑
geneity was high (I2=72.4%; P<0.001). The pooled ORR was 
54.4% [95% confidence interval (CI), 46.8‑62.0%; Fig. 2].

Survival. Some studies did not meet the predetermined 
endpoints. The present meta‑analysis included 14  studies 
reporting mPFS and 9  studies reporting mOS of patients 
receiving concurrent ICIs and RT. The pooled mPFS and 
mOS were 10.1 (95% CI, 7.2‑12.9; I2=91.2%; P<0.001) 
and 18.3 months (95% CI, 14.6‑21.9; I2=80.0%; P<0.001), 
respectively (Fig. 3A and B).

Analysis of heterogeneity. The present study hypothesized 
that the observed heterogeneity in ORR is due to variations 
in research methodologies, including the combination of 
SBRT and transarterial chemoembolization (TACE), the 
incidence of portal vein tumor thrombosis (PVTT) and 
the proportion of patients with liver function classified 
as grade C. A meta‑regression analysis was performed to 
evaluate these factors (Table SI). The regression coefficients 
for ORR suggest that these factors when considered individu‑
ally do not directly account for the heterogeneity observed in 
ORR. Therefore, the source of this heterogeneity may involve 
multiple factors.

Figure 1. Flow diagram for the inclusion/exclusion of studies in the present meta‑analysis.

https://www.spandidos-publications.com/10.3892/ol.2025.15206
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Subgroup analysis comparing different RT modalities. 
Subgroup analysis examined the impact of PVTT, TACE, 
SBRT, the majority of patients with Barcelona Clinic Liver 
Cancer (BCLC) stage C tumors, RT metrology (groups 
exposed to >5 Gy/dose and groups exposed to <5 Gy/dose) 
and treatment sequence (synchronous treatment; RT followed 

by ICI therapy; ICI therapy followed by RT) and biomarkers 
(PD‑1 or PD‑L1) on the ORR, PFS and OS.

The ORRs of patients with emboli, cases receiving TACE, 
cases receiving SBRT and patients with BCLC stage C tumors 
were 47.1 (95% CI, 37.8‑56.5%; I2=61.4%; P=0.017; Fig. 4A), 
53.8 (95% CI, 44.6‑62.9%; I2=46.6%; P=0.154; Fig. 4B), 58.4 
(95% CI, 51.8‑65.0%; I2=0%; P=0.542; Fig. 5A) and 55.6% 
(95% CI, 44.3‑66.9%; I2=75.5%; P<0.001; Fig. 5B), respec‑
tively. Meanwhile, the ORRs of patients exposed to >5 Gy and 
<5 Gy were 62.5 (95% CI, 51.2‑73.8%; I2=52.8%; P=0.060) and 
46.0% (95% CI, 30.5‑61.6%; I2=63.8%; P=0.063) (Fig. 6A), 
respectively. Furthermore, the ORR of patients receiving 
synchronous therapy was 53.4% (95% CI, 37.2‑69.7%; 
I2=75.1%; P=0.007). Meanwhile, the ORR of patients receiving 
RT followed by ICI therapy was 60.0% (95% CI, 47.5‑72.5%; 
I2=70.4%; P=0.005), while that of patients receiving ICI therapy 
followed by RT was 50.0% (95% CI, 38.2‑61.8%; I2=69.2%; 
P=0.006) (Fig. 6B). The ORRs of patients exhibiting PD‑1 and 
PD‑L1 expression were 52.1 (95% CI, 44.0‑60.2%; I2=72.7%; 
P=0.001) and 69.8% (95% CI, 58.2‑81.4%; I2=0.0%; P=0.610), 
respectively (Fig. 7).

The mPFS and mOS of patients with PVTT were 11.1 (95% 
CI, 7.0‑15.3; I2=85.3%; P<0.001) and 18.9 months (95% CI, 
14.7‑23.1; I2=52.8%; P=0.096), respectively (Fig. 8A and B). 
The mPFS and mOS of patients in the SBRT subgroup were 9.0 
(95% CI, 2.4‑15.7; I2=96.5%; P<0.001) and 16.8 months (95% 

Table II. Quality assessment of the studies included in the present meta‑analysis.

A, Joanna Briggs Institute Critical Appraisal Checklist for Case Series for included retrospective studies and prospective studies

First author, year	 Q1	 Q2	 Q3	 Q4	 Q5	 Q6	 Q7	 Q8	 Q9	 Q10	 Total	 (Refs.)

Ning, 2023 	 2	 0	 2	 2	 2	 0	 2	 2	 2	 2	 16	 (20)
Wang, 2024 	 2	 0	 2	 2	 2	 0	 2	 2	 2	 2	 16	 (22)
Kim, 2023 	 2	 0	 2	 2	 2	 0	 2	 2	 2	 2	 16	 (17)
Chiang, 2024 	 2	 0	 2	 2	 2	 0	 2	 2	 2	 2	 16	 (12)
Chiang, 2021 	 2	 0	 2	 2	 2	 0	 2	 2	 2	 2	 16	 (14)
Ning, 2023 	 2	 0	 2	 2	 2	 0	 2	 2	 2	 2	 16	 (19)
Zhang, 2022 	 2	 0	 2	 2	 2	 0	 2	 2	 2	 2	 16	 (26)
Li, 2022 	 2	 0	 2	 2	 2	 0	 2	 2	 2	 2	 16	 (18)
Xiang, 2022 	 2	 0	 2	 2	 2	 0	 2	 2	 2	 2	 16	 (23)
Juloori, 2022 	 2	 0	 2	 2	 2	 0	 2	 2	 2	 2	 16	 (16)
Tai, 2021 	 2	 0	 2	 2	 2	 0	 2	 2	 2	 2	 16	 (21)
Chiang, 2023 	 2	 0	 2	 2	 2	 0	 2	 2	 2	 2	 16	 (15)
Zhu, 2024 	 2	 0	 2	 2	 2	 0	 2	 2	 2	 2	 16	 (27)
Lin, 2022 	 2	 0	 2	 2	 2	 0	 2	 2	 2	 2	 16	 (25)

B, Improved Newcastle‑Ottawa Scale for non‑randomized studies	

First author, year	 Q1	 Q2	 Q3	 Q4	 Q5	 Q6	 Q7	 Q8			   Total	 (Refs.)

Yu, 2024 	 1	 0	 1	 1	 0	 1	 0	 1			   5	 (24)
Li, 2022 	 1	 0	 1	 1	 0	 1	 0	 1			   5	 (11)

Figure 2. Forest plot of the pooled objective response rate. ES, effect size; CI, 
confidence interval. 
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CI, 1.1‑32.5; I2=94.0%; P<0.001), respectively (Fig. 9A and B). 
The mPFS and mOS of patients with BCLC stage C tumors 
were 10.7 months (95% CI, 6.23‑15.20; I2=92.0%; P<0.001) 
and 21.2 months (95% CI, 13.5‑29.0; I2=75.6%; P=0.003), 
respectively (Fig. 10A and B).

Toxicities. Subsequently, the present study analyzed the 
safety profile of the ICI‑RT combination in aHCC (Table III). 
The side effects in most patients were mild to moderate. 
The incidence rate of grades 1‑2 AEs was 79.9% (95% CI, 
68.4‑91.5%; I2=88.8%; P<0.001), and these AEs were generally 

Figure 3. Forest plots of the pooled mPFS and mOS. (A) mPFS and (B) mOS of treatment regimen. ES, effect size; CI, confidence interval; mPFS, median 
progression‑free survival; mOS, median overall survival.

https://www.spandidos-publications.com/10.3892/ol.2025.15206
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well‑tolerated. Meanwhile, the incidence rate of severe AEs 
(grade ≥3) was 20.0% (95% CI, 13.8‑26.2%; I2=67.5%; 
P<0.001) (Fig. 11A and B).

The three most prevalent AEs across all grades were 
elevated aspartate transaminase (AST)/alanine transami‑
nase (ALT) levels (39.5%; 95% CI, 19.8‑59.2%; I2=97.6%; 
P<0.001), decreased leukocyte counts (31.4%; 95% CI, 
17.8‑45.0%; I2=89.3%; P<0.001) and increased bilirubin 
levels (27.1%; 95% CI, 13.2‑41.0%; I2=93.2%; P<0.001) 
(Table III). These findings indicate the importance of regular 
liver function monitoring and hematological assessments 
during treatment.

The incidence of grade ≥3 AEs was within an accept‑
able range, indicating a manageable safety profile of this 

combination therapy. The most frequently observed grade 
≥3 AEs were elevated AST/ALT levels (6.2%; 95% CI, 
2.1‑10.4%; I2=50.5%; P=0.04), thrombocytopenia (5.0%; 95% 
CI, 0.0‑11.1%; I2=0.0%; P=0.105) and increased bilirubin 
levels (4.4%; 95% CI, 0.6‑8.3%; I2=0.0%; P=0.023). Although 
serious AEs occurred, they were infrequent and were manage‑
able with appropriate clinical oversight.

In the CheckMate 459 trial, the AE rates varied between 
the combination therapy (SBRT and PVTT) and nivolumab 
monotherapy groups (Table IV). The most common AEs were 
upregulated AST and ALT levels (51.9, 40.7 and 44.2% in the 
SBRT, PVTT and BCLC stage C tumor groups, respectively). 
The incidence rate of AST/ALT upregulation in the CheckMate 
459 trial was 10.6%. Other AEs included nausea and fatigue. 

Figure 4. Forest plots of the pooled ORR. (A) ORR of the subgroup with tumor thrombus. (B) ORR of the subgroup treated with transarterial chemoemboliza‑
tion. ES, effect size; CI, confidence interval; ORR, objective response rate.



ONCOLOGY LETTERS  30:  460,  2025 9

However, the AEs were not significantly different between the 
combination therapy and monotherapy groups (P>0.05). 

Sensitivity analysis. To perform sensitivity analysis, one study 
was excluded at a time to assess its impact on the combined 
results. The pooled results and their 95% CI values remained 
unchanged regardless of which study was excluded (Fig. S1). 

Publication bias. To ensure the robustness of the meta‑analysis 
findings, potential publication bias was determined using the 

Egger's and Begg's tests. The P‑values for Egger's and Begg's 
tests for different parameters were as follows: ORR, 0.46 and 
0.75, respectively; mPFS, 0.07 and 0.23, respectively; mOS, 
0.48 and 0.92, respectively; AEs, 0.22 and 0.06, respectively; 
AE grade ≥3, 0.01 and 0.01, respectively. The analysis of AE 
grade ≥3 suggested indications of publication bias. After 
correcting publication bias using the trim‑and‑fill method, 
three studies were imputed after five iterations, resulting in 
17 bias‑free studies. The pooled effect was 1.16 (95% CI, 
1.11‑1.24), reversing prior results. This indicates unstable 

Figure 5. Forest plots of the pooled ORR. (A) ORR of the subgroup treated with stereotactic body radiotherapy. (B) ORR of the subgroup treated with 
Barcelona Clinic Liver Cancer stage C. ES, effect size; CI, confidence interval; ORR, objective response rate.

https://www.spandidos-publications.com/10.3892/ol.2025.15206
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Figure 6. Forest plots of the pooled ORR. (A) ORR of the subgroup of RT metrology (groups >5 Gy and groups <5 Gy). (B) ORR of the subgroup of treatment 
sequence (synchronous treatment; RT sequential ICIs therapy; ICIs sequential RT therapy). ES, effect size; CI, confidence interval; ORR, objective response 
rate; RT, radiotherapy; ICIs, immune checkpoint inhibitors.
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outcomes for grade ≥3 AEs in some meta‑analyses with the 
potential for new data to alter the conclusions. Contributing 
factors may include differences in definitions, evaluation 
criteria and treatment protocols for grade ≥3 AEs across 
studies, insufficient data comparability and small sample 
sizes or short follow‑up periods in some studies that did not 
completely capture delayed or cumulative toxicity.

Discussion 

HCC, especially aHCC or unresectable HCC, is a major global 
health challenge. The development of various monotherapies and 
combination strategies in the past decade has increased the treat‑
ment options for patients with HCC. The present meta‑analysis 
of 16 studies (633 patients) evaluated the therapeutic potential 
of ICI‑RT combination for aHCC. Subgroup analyses identi‑
fied strategies for optimal patient selection. The present study 
directly addresses a clinical need in aHCC treatment, offering 
valuable guidance for future therapeutic strategies. The studies 
included were published until August 2024, capturing recent 
advancements in this rapidly evolving field and enhancing its 
relevance for ongoing clinical practice and research initiatives.

The SHARP trial established sorafenib as the standard 
first‑line therapy (28). The mOS of patients in the sorafenib 
group (10.7 months) was higher compared with that of patients 
in the placebo group (7.9  months)  (29). The efficacy of 
lenvatinib was similar to that of sorafenib in the REFLECT 
trial (mOS=13.6 months) (30). Several studies (4,5,6,31) have 
examined the efficacy of various combination approaches in 
improving the clinical outcomes of patients. The TACTICS 
trial investigated the efficacy of the TACE‑sorafenib combi‑
nation. The PFS of patients in the combination treatment 
group (25.2 months) was notably higher compared with that 
of patients in the TACE alone group (13.5  months)  (32). 
Anti‑angiogenic therapy is a promising therapeutic strategy for 
HCC. The CELESTIAL trial demonstrated that cabozantinib, 
a multi‑kinase inhibitor, is effective as a second‑line therapy. 
The mOS of patients in the cabozantinib group (10.2 months) 

was higher compared with that of patients in the placebo group 
(8.0 months) (33). Similarly, the REACH‑2 trial revealed that 
ramucirumab, an anti‑VEGFR2 antibody, improved the OS 
of patients exhibiting upregulated a‑fetoprotein levels (34). 
These trials have expanded the therapeutic arsenal for 
aHCC. However, the overall prognosis of patients with aHCC 
continues to be suboptimal. Thus, there is a need to develop 
effective treatment strategies with long‑term beneficial effects 
to a broad patient population.

Immunotherapy has revolutionized oncology treatment 
paradigms, including those for HCC. For example, the 
CheckMate 459 trial, which investigated nivolumab as a 
first‑line monotherapy for aHCC, reported that the ORR and 
mOS of patients in the nivolumab group (15% and 16.4 months, 
respectively) were higher compared with those of patients in 
the sorafenib group (7% and 14.7 months, respectively) (35). 
The KEYNOTE‑224 study reported that the ORR of patients 
treated with pembrolizumab who were previously treated with 
sorafenib was 17% (36). However, the efficacy of single‑agent 
immunotherapy in aHCC is limited with only 30% of patients 
benefiting from the treatment (37). 

To maximize the synergistic antitumor effects of immune 
checkpoint blockade, various combination strategies have been 
explored, including the combination of ICIs with locoregional 
therapies, tyrosine kinase inhibitors, other ICIs or anti‑VEGF 
therapies. For example, the IMbrave 150 trial demonstrated 
that the mOS of patients in the atezolizumab‑bevacizumab 
combination group (19.2 months) was higher compared with 
that of patients in the sorafenib group (13.4 months) (8). The 
COSMIC‑312 study reported that the PFS of patients in the 
cabozantinib‑atezolizumab combination group was higher 
compared with that of patients in the sorafenib group (4,38). 
The HIMALAYA trial explored the dual checkpoint inhibition 

Figure 7. Forest plot of the objective response rate of the subgroup of 
biomarkers (PD‑1 or PD‑L1). ES, effect size; CI, confidence interval; PD‑1, 
programmed cell death protein 1; PD‑L1, programmed death‑ligand 1.

Table III. AEs of the studies included in the present meta‑
analysis.

	 All grades	 Grade ≥3
	 ‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑	 ‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑
AEs	 ES, % 	 I2, %	 ES, % 	 I2, %

AST/ALT upregulation	 39.5 	 97.6 	 6.2 	 50.5 
Nausea and vomiting	 15.9 	 65.7 	 0.0 	 0.0 
Fever	 15.4 	 80.5 	 0.0 	 0.0 
Weight loss	 9.6 	 18.7 	 0.0 	 0.0 
Pain	 17.9 	 48.1 	 0.0 	 0.0 
Fatigue	 22.0 	 82.4 	 3.7 	 0.0 
Diarrhea	 10.9 	 56.8 	 0.8 	 0.0 
Hypertension	 12.8 	 0.0 	 1.5 	 0.0 
Pruritus	 23.9 	 79.9 	 3.2 	 0.0 
Rash	 16.4 	 75.2 	 2.8 	 0.0 
Bilirubin upregulation	 27.1 	 93.2 	 4.4 	 0.0 
Appetite loss	 11.6 	 64.1 	 0.0 	 0.0 
Thrombocytopenia	 26.3 	 87.0 	 5.0 	 0.0 
Decreased leukocyte count	 31.4 	 89.3 	 2.6 	 0.0

AE, adverse event; AST, aspartate transaminase; ALT, alanine trans‑
aminase; ES, effect size.

https://www.spandidos-publications.com/10.3892/ol.2025.15206
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strategy with tremelimumab and durvalumab and reported an 
mOS of 16.4 months (6). However, these improvements are 
suboptimal for the management of aHCC. 

Previously, the potential synergistic effects of RT on the 
immune system have piqued the interest of the scientific 
community. Previous studies  (39,40) have examined the 
efficacy of the RT‑immunotherapy combination in aHCC 
to further enhance treatment efficacy and outcomes. The 
enhanced efficacy of the ICI‑RT combination approach can be 
attributed to the immunomodulatory effects of RT, which may 
augment the antitumor activity of ICIs. RT induces immuno‑
genic cell death, promoting antigen presentation and T‑cell 
activity in the tumor (41‑43). Additionally, RT can upregulate 

the expression of PD‑L1 on the tumor cell surface, increasing 
the tumor susceptibility to PD‑1/PD‑L1 blockade (44). The 
synergistic effects of RT and immunotherapy may overcome 
some ICI monotherapy‑associated resistance mechanisms 
in HCC (45). The radiation‑induced changes in the tumor 
microenvironment, including increased T‑cell infiltration 
and enhanced antigen presentation, can aid in overcoming 
these barriers and increase the proportion of patients who 
benefit from immunotherapy  (46‑48). Ongoing and future 
clinical trials are expected to provide notable evidence for the 
effectiveness and safety of the RT‑ICI combination in aHCC 
(Table V). These studies are critical for future clinical practice 
and reshaping the prospect of aHCC treatment.

Figure 8. Forest plots of the pooled mPFS and mOS. (A) mPFS of the subgroup with tumor thrombus. (B) mOS of the subgroup with tumor thrombus. ES, effect 
size; CI, confidence interval; mPFS, median progression‑free survival; mOS, median overall survival.
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The present meta‑analysis included 16 studies involving 
633 patients to evaluate the efficacy and safety of the ICI‑RT 
combination in aHCC. Compared with previous meta‑anal‑
yses (49‑52), the present meta‑analysis focused on evaluating 
the efficacy of RT‑immunotherapy combination for aHCC and 
unresectable HCC and has several strengths. Firstly, it is the 
first systematic review on the ICI‑RT‑immunotherapy combi‑
nation for aHCC or unresectable HCC, addressing a critical 
knowledge gap not covered by broader ICI meta‑analyses. 
Rigorous systematic review and meta‑analysis methods were 
used to ensure the reliability and robustness of the research 
results. Additionally, the present study performed subgroup 
analyses based on PVTT status, TACE application, SBRT 

application (ORR=55.6%), tumor staging, RT metrology 
(>5 Gy/dose was associated with enhanced outcomes), treat‑
ment sequencing (OS for sequential approach=21.2 months) 
and ICI types. The subgroup analysis provided useful insights 
for identifying patients who are most likely to benefit from 
this combination therapy. Furthermore, the present study 
demonstrated that patients with aHCC, which is associated 
with poor prognosis and limited treatment options, can 
benefit from the RT‑immunotherapy combination with a 
pooled ORR of 54.4%. 

The mPFS and mOS of patients in the combination therapy 
group were 10.1 and 18.3 months, respectively, indicating 
that the efficacy of the combination therapy was higher 

Figure 9. Forest plots of the pooled mPFS and mOS. (A) mPFS of the subgroup undergoing SBRT. (B) mOS of the subgroup undergoing SBRT. ES, effect size; 
CI, confidence interval; mPFS, median progression‑free survival; mOS, median overall survival; SBRT, stereotactic body radiation therapy.

https://www.spandidos-publications.com/10.3892/ol.2025.15206
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compared with that of known ICI monotherapy approaches. 
For example, the CheckMate 459 trial, which investigated 
nivolumab as a first‑line monotherapy in aHCC, reported that 
the ORR and mOS of patients in the nivolumab group (15% 
and 16.4 months, respectively) were higher compared with 
those of patients in the sorafenib group (7% and 14.7 months, 
respectively). Similarly, the KEYNOTE‑224 study revealed 
that the ORR and mOS of patients in the pembrolizumab 
group were 17% and 12.9 months, respectively. The higher 
ORR (54.4%) and improved mOS (18.3 months) reported in 
the present study indicate that RT and immunotherapy exert 

synergistic growth‑inhibitory effects on aHCC compared 
with those treated with currently used monotherapies. The 
findings of the present study provide evidence supporting 
the clinical application of the RT‑ICI combination for patients 
with aHCC. 

The present study revealed differential efficacies of various 
combination treatment approaches. The ORR of patients in the 
TACE‑immunotherapy‑RT combination subgroup (53.8%) 
was notably higher compared with that of patients in the 
CheckMate 459 trial (15%). This suggests that incorporating 
TACE into radio‑immunotherapy regimens may markedly 

Figure 10. Forest plots of the pooled mPFS and mOS. (A) mPFS with Barcelona Clinic Liver Cancer stage C subgroup. (B) mOS with stage C subgroup. ES, 
effect size; CI, confidence interval; mPFS, median progression‑free survival; mOS, median overall survival. 
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enhance treatment efficacy. The observed benefit could be 
attributed to the synergistic effects of TACE‑mediated local‑
ized tumor control and immunotherapy‑induced systemic 
immune stimulation. However, the PFS and OS outcomes of 
patients in the TACE subgroup were not superior to those 

reported in the TACTICS trial. This may be because of 
several factors, including a small sample size and potential 
differences in patient selection criteria. The TACTICS trial, 
which examined a large cohort and used different patient 
characteristics, may have captured a comprehensive overview 

Figure 11. Forest plots of the pooled AEs. (A) All grades of AEs. (B) AEs of grade ≥3. ES, effect size; CI, confidence interval; AEs, adverse events.

https://www.spandidos-publications.com/10.3892/ol.2025.15206
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of long‑term outcomes. Additionally, differential treatment 
protocols, follow‑up durations and definitions of progression 
between studies can explain these different efficacies. Thus, 
there is a need to validate the findings of the present study 
and improve the understanding of the long‑term benefits of 
combining TACE with radio‑immunotherapy in HCC. Future 
studies should address these limitations by performing large 
RCTs with standardized protocols and long follow‑up periods.

The prognosis of patients in the SBRT subgroup was supe‑
rior to that of those in the non‑SBRT subgroup (ORR=58.4%). 
This can be attributed to the ability of SBRT to precisely 
deliver high doses of radiation to the tumor with minimal 
damage to surrounding healthy tissues. The enhanced local 
control achieved through SBRT can amplify the immunomod‑
ulatory effects of radiation and provide improved outcomes 
when combined with immunotherapy.

In addition to being associated with poor prognosis, PVTT in 
patients with aHCC has limited treatment options, contributing 
to poor outcomes. In the present study, the RT‑ICI combina‑
tion improved the outcomes of patients with PVTT. In patients 
with PVTT, the ORR and mPFS of patients with PVTT after 
treatment with the RT‑ICI combination (47.1% and 11.1 months, 
respectively) were higher compared with those after treatment 
with conventional therapies. Additionally, the mOS of patients 
with PVTT undergoing radio‑immunotherapy combination 
treatment was 18.9 months. Thus, the mOS of patients in the 
PVTT group undergoing radio‑immunotherapy combination 
treatment was >2‑fold higher compared with that of patients 
with macrovascular invasion undergoing sorafenib treatment in 
the SHARP trial (8.1 months) (28). These results suggest that the 
synergistic effects of immunotherapy and RT may be beneficial 
for patients with aHCC exhibiting PVTT.

The combination therapy of RT‑ICI improved the prognosis 
of BCLC C‑stage aHCC patients compared with the subgroup 

without ICI combination (ORR=55.6%; mPFS=10.7 months; 
mOS=21.2). Although the combination therapy exhibited 
enhanced efficacy, this strategy must be further optimized to 
maximize its therapeutic benefits.

The optimization of the ideal synergy between immuno‑
therapy and RT is a key challenge. The optimal RT dosing 
and fractionation schedules for this approach have not been 
conclusively established. The present analysis included studies 
employing a wide range of RT protocols. The studies employed 
total radiation doses ranging from 24 to 60 Gy and diverse 
delivery techniques, such as 3D‑CRT, EBRT, SBRT and proton 
therapy. This heterogeneity in dosing and delivery methods may 
influence both treatment outcomes and AE profiles. Studies 
utilizing SBRT, such as those performed by Zhu et al (27) and 
Chiang et al (14) reported interesting outcomes with doses of 
36‑60 Gy delivered in 3‑5 fractions. In the present study, dose 
stratification analysis of RT revealed that the ORR of patients 
receiving >5  Gy/dose (62.5%) was higher compared with 
that of patients receiving <5 Gy (46.0%). This suggests that 
high doses of RT may be associated with improved treatment 
responses. Thus, hypofractionated regimens in combination 
with immunotherapy can promote immunogenic cell death 
and tumor antigen presentation. However, these findings must 
be validated through extensive and rigorous clinical investi‑
gations to establish the most effective RT parameters in this 
combination approach for aHCC.

Furthermore, the optimal timing and sequencing of RT rela‑
tive to immunotherapy administration are crucial factors. In the 
present study, the ORR of patients treated with RT followed by 
ICI was 60.0%, indicating excellent therapeutic efficacy. Previous 
studies have demonstrated that the efficacy of administering ICI 
after RT against other tumors is higher compared with that of 
administering ICI before RT (53). This can be attributed to the 
immunostimulatory effect of RT that can enhance the efficacy 

Table IV. AEs for subgroups and CheckMate 459.

	 All grade, ES %
	 ‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑
AEs	 SBRT	 PVTT	 Stage C	 CheckMate 459	 P‑value

AST/ALT increased	 51.9	 40.7	 44.2	 10.6	 0.5
Nausea and vomiting	 15.5	 17.0	 16.9	 4.6	 0.7
Fever	 13.4	 24.1	 11.0	 NA	 NA
Weight loss	 5.7	 21.2	 9.2	 1.1	 0.8
Pain	 15.1	 29.7	 15.9	 NA	 NA
Fatigue	 25.0	 15.6	 29.2	 15.3	 0.7
Diarrhea	 5.7	 7.4	 5.9	 8.4	 0.7
Hypertension	 15.4	 13.2	 13.4	 0.8	 0.7
Pruritus	 19.6	 37.1	 24.7	 10.6	 0.8
Rash	 14.0	 17.8	 15.3	 12.5	 0.9
Bilirubin increased	 16.3	 42.5	 32.5	 NA	 NA
Appetite lost	 8.4	 27.3	 9.7	 6.0	 0.7
Thrombocytopenia	 61.1	 43.7	 44.8	 NA	 NA
Leukocytes reduction	 23.4	 39.0	 33.1	 NA	 NA

AEs, adverse events; ES, effect size; SBRT, stereotactic body radiation therapy; PVTT, portal vein tumor thrombosis; AST, aspartate transami‑
nase; ALT, alanine transaminase.
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Table V. Ongoing trials of RT + ICIs in HCC.

					     Target	 Primary
Trial, NCI ID	 Phase	 Type of RT	 Type of ICI	 Design	 enrollment	 endpoint

NCT05625893	 II	 Proton RT	 Atezo‑bev (anti‑PD‑L1/	 Atezolizumab + 	 63	 PFS
			   anti‑VEGF)	 bevacizumab q3w; 		
				    Proton Beam Therapy 		
				    initiated 1 week 		
				    (±7 d) after cycle 2		
NCT06040177	 II	 SBRT	 Cadonilimab	 Renvatinib SBRT → 	 30	 ORR
			   (anti‑PD‑1/CTLA‑4)	 cadonilimab		
NCT04913480	 II	 SBRT	 Durvalumab	 Durvalumab 	 37	 PFS at 1 year
			   (anti‑PD‑L1)	 commences 1 week 		
				    pre‑SBRT		
NCT03942328	 I/II	 EBRT	 Autologous dendritic 	 EBRT (1‑3 weeks) → 	 54	 DLT
			   cells + atezo‑bev 	 autologous dendritic 		  PFS at 2 years
			   (anti‑PD‑L1/anti‑VEGF)	 cells + atezo‑bev		
NCT05286320	 I/II	 SBRT	 Pembrolizumab +	 Pembrolizumab +	 27	 Phase 1, DLT; 
			   lenvatinib	 lenvatinib SBRT 		  Phase 2, ORR
			   (anti‑PD‑1/TKI)	 during C2 of 		
				    pembrolizumab		
NCT04988945	 II	 SBRT	 Durva‑treme	 TACE and SBRT → 	 33	 Downstaging
			   (anti‑PD‑L1/CTLA‑4)	 durva‑treme		  for resection 
						      rate
NCT05488522	 I	 SBRT	 Atezo‑bev (anti‑PD‑L1/	 Atezo‑bev SBRT on	 18	 DLT
			   anti‑VEGF)	 week 2		
NCT06133062 	 II	 Proton RT	 Atezo‑bev (anti‑PD‑L1/	 Proton RT with 	 45	 PFS
			   anti‑VEGF)	 atezo‑bev		
NCT03316872	 II	 SBRT	 Pembrolizumab	 Pembrolizumab 	 30	 ORR
			   (anti‑PD‑1)	 SBRT on C1D2 of 		
				    pembrolizumab		
NCT04430452	 II	 RT	 Durva‑treme	 Hypofractionated	 21	 ORR
			   (anti‑PD‑L1/CTLA‑4)	 RT → durvalumab or		
				    durva‑treme		
NCT05396937	 II	 SBRT	 Atezo‑bev (anti‑PD‑L1/	 Atezo‑bev SBRT 	 42	 ORR
			   anti‑VEGF)	 1‑2 weeks after C1 		
				    atezo‑bev		
NCT05809869	 II	 Yttrium‑90	 Durva‑treme 	 Durva‑treme 	 25	 ORR
			   (anti‑PD‑L1/CTLA‑4)	 radioembolisation on		
				    week 2		
NCT04547452	 II	 SBRT	 Sintilimab (anti‑PD‑1)	 SBRT + sintilimab 	 84	 PFS
				    or sintilimab		
NCT05377034	 II	 SIRT	 Atezolzumab	 SIRT‑Y90 + 	 176	 BORR
			   (anti‑PD‑L1)	 atezolizumab + 		
				    bevacizumab		
NCT02837029	 I	 SIRT	 Nivolumab (anti‑PD‑1)	 SIRT‑Y90 + nivolumab	 27	 ORR
NCT04785287	 I/II	 SBRT	 Nivolumab (anti‑PD‑1)	 SBRT + BM5986218 ±	 13	 IAE
			   and BMS986218 	 nivolumab		
			   (anti‑CTLA‑4)			 
NCT04709380	 II	 RT	 Toripalimab (anti‑PD‑1)	 (RT + toripalirab) vs.	 85	 TTP
				    sorafenib		
NCT05530785	 II	 RT	 Sintilmab (anti‑PD‑1)	 RT + sintilimab and	 35	 ORR
				    bevacizumab biosimila		
NCT05010434	 II	 RT	 Sintilimab (anti‑PD‑1)	 RT + sintilmab + 	 46	 ORR
				    bevaczumab		

https://www.spandidos-publications.com/10.3892/ol.2025.15206
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of immunotherapy (54‑56). Juloori et al (16) initiated ICI treat‑
ment 14 days after completing SBRT, utilizing the peak period of 
antigen release and immune cell infiltration 1‑2 weeks after RT 
to amplify the immunogenicity of RT. However, further studies 
are needed to validate the efficacy of this regimen. The potential 
advantages of sequential approaches have not been determined 
in aHCC. Future studies must examine the comparative effi‑
cacy of concurrent and sequential strategies and determine 
the ideal therapeutic window for combining these modalities. 
Theoretically, a concurrent approach may leverage the immediate 
immune‑stimulating effects of radiation, whereas a sequential 
approach can allow for effective priming of the immune system 
or enhanced tumor debulking before immunotherapy initiation. 
However, these hypotheses require rigorous testing through 
well‑designed clinical trials to determine the most effective 
strategy for integrating RT and immunotherapy in aHCC.

The safety profile of the RT‑immunotherapy combina‑
tion in aHCC must also be considered. The present study 
compared AEs associated with the combination approach and 
conventional monotherapies. These results align with prior 
studies (17,21,24) suggesting that combining RT and immuno‑
therapy does not markedly exacerbate toxicity compared with 
monotherapy, even in high‑risk populations such as patients 
with PVTT patients. Notably, transient liver enzyme elevations 
observed here are consistent with the known safety profile of 
ICIs in aHCC (4,57). While these findings support the feasi‑
bility of combining ICIs with RT to enhance efficacy without 
compromising short‑term safety, larger RCTs remain critical 
to confirm long‑term tolerability and address potential rare or 
delayed toxicities in diverse aHCC cohorts.

To achieve long‑term benefits of RT combined with 
immunotherapy for advanced HCC, it is necessary to clarify 
the synergistic mechanism and establish a precise patient 
stratification system. Next‑generation sequencing (NGS), 
with its multidimensional omics analysis capabilities, can 
comprehensively analyze tumor genomic features [such as 
tumor mutational burden (TMB) and high‑frequency muta‑
tions] and dynamic changes in the immune microenvironment, 
providing a establishing a robust foundation for precision 
therapeutic strategies for personalized treatment (58). Studies 
have shown that TMB is positively associated with the efficacy 
of PD‑1/PD‑L1 inhibitors (assessed in lung cancer, bladder 
cancer and head and neck cancer) (59), while TP53/catenin 
b1 mutations in HCC may drive immune microenviron‑
ment remodeling (60). In addition, NGS can also predict the 

response rate and radiation sensitivity of patients to immuno‑
therapy by analyzing the expression characteristics of immune 
genes, T cell receptor pool, inflammation related gene expres‑
sion and microbial community composition (61‑64). Based 
on these multidimensional omics data, a predictive model 
can be constructed to optimize the combined strategy of RT 
dose/timing and immunotherapy and achieve dynamic adjust‑
ment of treatment plans (65). Prospective clinical studies are 
needed to evaluate the clinical application value of biomarkers 
and explore the potential of circulating tumor DNA in efficacy 
monitoring and drug resistance mechanism analysis.

Studies included in the present meta‑analysis exhibited 
heterogeneity. In particular, the ORR analysis revealed marked 
variability (I2=72.4%). Thus, a random effects model was used. 
To elucidate potential sources of heterogeneity, subgroup analyses 
were performed examining factors, such as PVTT, TACE, SBRT, 
BCLC stage C tumors, RT metrology, treatment sequence and 
biomarkers. The ORRs ranged from 47.1% in patients belonging 
to the PVTT group to 58.4% in patients belonging to the SBRT 
group. The heterogeneity can be attributed to differences in 
study designs, patient populations and treatment protocols across 
the included studies. For example, the total radiation doses 
varied from 24 to 60 Gy, while a diverse spectrum of ICIs was 
employed, potentially impacting treatment outcomes. 

The present study demonstrated that the ORR of patients 
in the PD‑L1 inhibitor group (69.8%) was significantly higher 
compared with that of patients in the PD‑1 inhibitor group 
(52.1%). This indicates that biomarkers can predict therapeutic 
efficacy. However, the conclusions are limited due to the lack of 
systematic biomarker detection and stratification. Future studies 
must include key biomarkers for stratified analysis to identify 
subgroups that can benefit from combination therapy and assist 
in individualized precision treatment. Variations in follow‑up 
duration and outcome definitions may also have contributed to 
the observed heterogeneity. The results of sensitivity analyses, 
which were performed by systematically excluding one study at 
a time, supported the robustness of the findings. However, the 
high heterogeneity suggests that caution must be exercised in 
generalizing the results. Future studies must use meta‑regression 
techniques to investigate the sources of heterogeneity, although a 
limited number of available studies may constrain such analyses. 
The findings of the present study provide valuable insights into 
the therapeutic potential of ICI‑RT combinations for aHCC, 
highlighting the need for standardized protocols and imple‑
menting homogeneous study designs in future clinical trials.

Table V. Continued.

					     Target	 Primary
Trial, NCI ID	 Phase	 Type of RT	 Type of ICI	 Design	 enrollment	 endpoint

NCT04611165	 II	 EBRT	 Nivolumab (anti‑PD‑1)	 Nivolumab → EBRT	 50	 PFS
NCT04850157	 II	 lMRT	 Tislelizumab (anti‑PD‑1)	 Tislelizumab + IMRT	 30	 RFS

This information is available on clinicaltrials.gov/ (accessed on 7 October, 2024). BORR, best overall response rate; ORR, overall response 
rate; RFS, relapse‑free survival; lMRT, intensity modulated radiation therapy; EBRT, external beam RT; TTP, time to progression; IAE, 
incidence of adverse events; PFS, progression‑free survival; DLT, dose‑limiting toxicity; PD‑1, programmed cell death protein‑1; PD‑L1, 
programmed death‑ligand 1 CTLA‑4, cytotoxic t‑lymphocyte associated protein 4; ICI, immune checkpoint inhibitor; atezo‑bev, atezolizumab + 
bevacizumab; durva‑treme, durvalumab + tremelimumab NCI ID, National Cancer Institute identifier.
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The present study has several limitations. The AE rates 
were not significantly different between the combination 
therapy and monotherapy approaches. Thus, the comparative 
safety profiles are not conclusive, especially for high‑risk 
patients with PVTT. Heterogeneity in sample sizes, follow‑up 
durations and study designs across included trials may affect 
the evidence quality and consistency, skewing the overall 
results. The strength of the evidence generated in the analysis 
is limited due to the absence of RCTs directly comparing 
RT‑immunotherapy combinations with standard‑of‑care treat‑
ments. Although observational studies and single‑arm trials 
are valuable for hypothesis generation, they are associated 
with selection bias and do not rigorously control confounding 
factors. Furthermore, potential publication bias may lead to 
an overestimation of treatment effects. The lack of validated 
biomarkers to predict the response of patients with aHCC to 
RT‑immunotherapy combination therapies hinders the optimi‑
zation of patient selection and the personalization of treatment 
strategies. The studies included in the meta‑analysis are mainly 
retrospective and single‑arm trials with small sample sizes and 
large differences. Thus, these studies can be potentially associ‑
ated with selection bias and confounding factors and lack strict 
controls, limiting the generalizability and evidence strength of 
the results. These limitations indicate the need for performing 
well‑designed RCTs and biomarker studies to further elucidate 
the role of RT‑immunotherapy in aHCC management.

In conclusion, the present meta‑analysis demonstrated the 
therapeutic potential of the ICI‑RT combination for aHCC. 
The synergistic effects of the ICI‑RT combination enhanced 
the response rates and survival outcomes, offering new hope 
for patients with aHCC. The ICI‑RT combination exhibited 
enhanced efficacy in high‑risk subgroups and a favorable 
safety profile. The findings of the present study challenge 
current treatment paradigms and may aid in the development 
of personalized, multimodal therapies for aHCC. The elucida‑
tion of the synergistic mechanisms of the immunotherapy‑RT 
combination can aid in improving the outcomes of patients 
with aHCC who have limited treatment options.
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