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Background: Patients with hepatocellular carcinoma (HCC) with portal vein tumor thrombosis (PVTT) have poor outcomes and 
limited treatment options. Clinical data specifically evaluating the effects of intensity-modulated proton therapy (IMPT) for this 
population remain scarce. We reported the outcomes of patients with HCC with PVTT treated with IMPT.
Material and Methods: We retrospectively reviewed the data of 83 patients with nonmetastatic HCC with PVTT treated with IMPT 
between March 2019 and June 2023. Survival outcomes were analyzed with Kaplan–Meier analysis, and prognostic factors were 
identified via multivariable Cox regression. Treatment responses were assessed with the modified Response Evaluation Criteria in 
Solid Tumors. Toxicities, including liver dysfunction and gastrointestinal events, were documented.
Results: The median overall survival (OS) was 32.4 months, with 1- and 2-year OS rates of 82.6% and 61.0%, respectively. The 
2-year local control rate was 88.8%, and the objective response rate was 91.5%. Complete response after IMPT was independently 
associated with improved OS and liver control, whereas an albumin-bilirubin (ALBI) grade of 2 predicted a greater risk of liver 
dysfunction. Grade 3 gastrointestinal toxicities occurred in 4.8% of patients, and radiation-induced liver disease occurred in 9.3%. 
IMPT facilitated curative-intent surgery in 8.4% of patients after treatment.
Conclusion: IMPT offers excellent local control and a favorable safety profile in patients with HCC and PVTT, with the potential to 
downstage tumors for curative interventions. These findings, though limited by the retrospective design and heterogeneity of systemic 
therapies, support the integration of IMPT into multidisciplinary treatment strategies and highlight the need for prospective studies to 
clarify its role alongside systemic therapy.
Keywords: HCC, IMPT, PVTT, retrospective

Introduction
Hepatocellular carcinoma (HCC) is the third leading cause of cancer-related mortality globally. Up to 44% of patients 
with advanced HCC will develop portal vein tumor thrombosis (PVTT), which significantly worsens their outcomes.1,2 
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Although systemic therapies remain the standard first-line approach for advanced HCC, the median overall survival (OS) 
remains disappointing, ranging from only 9.7 to 14.2 months. Furthermore, patients with advanced PVTT, particularly 
those with Vp4 (thrombosis in the main trunk of the portal vein) involvement, are frequently excluded from pivotal 
clinical trials.3–5 Effective management of patients with HCC with PVTT thus requires a multidisciplinary approach that 
carefully balances the liver reserve, tumor extent, and performance status of the patient.

Radiation therapy (RT) has emerged as an effective locoregional treatment modality for HCC patients with PVTT, 
particularly when high doses are delivered.6–8 However, gastrointestinal (GI) toxicity and radiation-induced liver disease 
(RILD) remain significant barriers, restricting the ability to increase the radiation dose and thus often limiting RT to a palliative 
role. Compared with conventional photon-based RT, proton therapy, which utilizes the Bragg peak phenomenon, provides 
improved dose conformality, potentially improving therapeutic outcomes while reducing the effects to the normal tissue.9,10 

Previous research has focused primarily on passive scattering proton therapy (PSPT) in the treatment of HCC, whereas 
intensity-modulated proton therapy (IMPT), which represents a more advanced approach, allows precise optimization of the 
dose delivered to the tumor and increased sparing of adjacent normal liver parenchyma.11 This advanced dose distribution 
capability may allow dose escalation, thereby improving local tumor control while significantly reducing the risk of RILD, 
a critical advantage for managing intrahepatic malignancies such as HCC with PVTT.12,13 Theoretically, this dosimetric 
superiority suggests that IMPT could be an ideal modality to safely deliver ablative radiation doses, which may translate into 
improved clinical outcomes for this high-risk population. Despite these potential advantages, the optimal management 
strategy for HCC complicated by PVTT remains controversial, particularly in patients with Vp3 or Vp4 involvement, who 
are consistently underrepresented in pivotal systemic therapy trials. In this context, radiotherapy—particularly advanced 
proton-based techniques—may offer a promising approach by achieving high local tumor control with limited hepatic 
toxicity.14 However, prospective or large-scale retrospective evidence specifically evaluating the efficacy of IMPT in this 
patient population, particularly for those with advanced PVTT, remains lacking and is urgently needed.

In this study, we describe the largest single-institution experience in evaluating the outcomes of patients with 
nonmetastatic HCC and concurrent PVTT treated with IMPT, representing the complete and updated analysis of 
a cohort whose preliminary findings were previously reported.15 We hypothesized that IMPT provides superior disease 
control with minimal toxicity over other treatment modalities, potentially facilitating subsequent curative treatments. Our 
findings aim to challenge the current systemic therapy-only approach recommended for patients classified with Barcelona 
Clinic Liver Cancer (BCLC) stage C disease by evaluating the potential of IMPT as a curative-enabling modality.

Materials and Methods
Patients
We conducted a retrospective review of the data of 104 patients diagnosed with HCC complicated by PVTT who 
underwent proton therapy at the Proton Therapy Center of our medical center between March 2019 and June 2023. 
Patients with nodal metastases (n=10), distant metastases (n=9), incomplete radiotherapy (n=1), or a history of prior liver 
irradiation (n=1) were excluded, resulting in a final cohort of 83 patients. As all patients were required to have a good 
performance status to be eligible for proton therapy, all included patients had an Eastern Cooperative Oncology Group 
(ECOG) score of 0 or 1. Both treatment-naïve patients and patients with recurrent tumors were included. The Japanese 
classification system was used to denote the extent of PVTT.16 The diagnosis of tumoral PVTT was based on 
a combination of clear radiological features on dynamic contrast-enhanced magnetic resonance imaging (MRI). These 
features included: (1) direct continuity with the primary tumor (ie, no skip lesions), (2) the presence of arterial phase 
hyper-enhancement and/or venous phase washout within the portal vein thrombus, and (3) findings consistent with tumor 
on diffusion-weighted imaging and apparent diffusion coefficient mapping. Furthermore, all diagnoses were confirmed 
by an experienced radiologist, and any ambiguous cases were resolved through multidisciplinary team discussion. The 
study was approved and exempted from written informed consent by the Institutional Review Boards of the Chang Gung 
Medical Foundation at Taipei, Taiwan (permit number: 202400637B0). All patient data were fully anonymized and 
handled with strict confidentiality before analysis. The study was conducted in compliance with the Declaration of 
Helsinki and other ethical guidelines.
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Radiation Planning and Treatment
All patients underwent respiratory evaluation and received respiratory training before simulation. Treatment planning 
involved both four-dimensional computed tomography (4D-CT) and Primovist-enhanced MRI to accurately delineate the 
tumor and PVTT volumes. All the MRI images were reviewed by an experienced radiologist to ensure precise target 
delineation. Before October 2021, abdominal belt compression was used to restrict diaphragmatic and tumor motion to 
within 1 cm. Subsequently, gated IMPT was implemented with an Anzai Gating System (Anzai Medical Co., Ltd., Tokyo, 
Japan). Patients exhibiting stable respiratory patterns were instructed to use breath holding or were managed with 
respiratory gating techniques at the end-expiratory phase to limit tumor motion to 0.5–1 cm. Abdominal compression was 
performed for patients unable to maintain a stable breathing pattern. The gross tumor volume encompassed the primary 
liver tumor(s) and the associated PVTT. Crucially, only the portions of the portal vein thrombus demonstrating tumoral 
signals on MRI were included in the GTV. The clinical target volume was defined as the gross tumor volume with an 
additional margin of 0–0.5 cm, and the internal target volume (ITV) was determined on the basis of 4D-CT analysis.

The IMPT treatments included a total dose of either 72.6 Gy (relative biological effectiveness [RBE]) delivered in 22 
fractions or 66 Gy (RBE) delivered in 10 fractions. The choice of fractionation was based on institutional guidelines and 
guided by the proximity of the tumor to critical structures such as the gastrointestinal (GI) tract or porta hepatis (the 22-fraction 
regimen was favored for tumors within 2 cm of these structures).17 Dose constraints restricted the maximum bowel dose to less 
than 65% (47.19 Gy) of the prescribed dose for the 22-fraction regimen and less than 50% (33Gy) for the 10-fraction regimen. 
The heart doses were constrained to below 90% and 65%, respectively, of these prescribed doses. Additionally, the 
unirradiated liver volumes receiving less than 1 Gy were maintained above 300 cc for patients with Child‒Pugh class 
A disease and at 450 cc for those with Child‒Pugh class B disease. The IMPT plans were generated with RayStation 
(RaySearch Laboratories, Stockholm, Sweden) software using robust optimization accounting for a 3–5 mm setup uncertainty 
and 3.5% range uncertainty, as validated via Monte Carlo simulation. Proton therapy was delivered using pencil beam 
scanning technology (Sumitomo Heavy Industries). Key dosimetric and volume parameters from the achieved treatment plans 
were retrospectively collected and analyzed, including dose-volume histogram (DVH) parameters for the target volumes 
(CTV, ITV) and organs at risk (OARs) such as the liver and gastrointestinal tract. The detailed dosimetric data, stratified by 
fractionation regimen, are presented in Supplementary Table 1. Daily imaging guidance via orthogonal X-rays, fluoroscopy, or 
cone-beam CT and adaptive replanning every 2–4 weeks were conducted to ensure precise treatment delivery.

Systemic Agents
Systemic therapy remains the standard-of-care for patients with BCLC stage C patients, especially for newly diagnosed 
patients. Following the landmark IMbrave150 trial, immune-based combination therapies were recommended starting in 
2020.18 However, at the time of patient enrollment in this study, these immune-based therapies were not reimbursed by 
Taiwan’s National Health Insurance system. Consequently, the choice and order of targeted therapies or immunotherapies 
in combination with IMPT were individualized. While concurrent therapy was generally encouraged by the multi
disciplinary team, there was no standardized protocol; the final decision and timing were determined collaboratively by 
medical oncologists or gastroenterologists, following a detailed discussion with the patient regarding the potential pros 
and cons of each option, including the financial implications of self-funded therapies. This individualized decision- 
making method considers factors such as patient performance status, treatment-related adverse effects, previous treatment 
exposure, and patients’ financial considerations.

Endpoints and Follow-up
Patients were evaluated weekly by radiation oncologists throughout the IMPT treatment period. Following treatment 
completion, patients underwent regular follow-up visits. The first follow-up for response assessment, including clinical 
examination, laboratory tests, and liver MRI, was scheduled 3 months post-IMPT, and every 3 months thereafter. Chest 
CT scans or additional imaging studies were conducted on the basis of clinical indications determined by the attending 
physician.
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Treatment responses were evaluated according to the Modified Response Evaluation Criteria in Solid Tumors 
(mRECIST).19 The objective response rate (ORR) was defined as the proportion of patients who achieved either 
a complete response (CR) or partial response (PR). Gastrointestinal (GI) toxicities were graded using the Common 
Terminology Criteria for Adverse Events, version 5.0. Posttreatment liver dysfunction was defined as an increase in the 
Child‒Pugh score by ≥2 points within three months following the completion of treatment. RILD was diagnosed if liver 
dysfunction occurred in the absence of intrahepatic disease progression outside the irradiated area.20

Statistical Analysis
Survival outcomes were analyzed with the Kaplan–Meier method, and differences between survival curves were assessed 
with the Log rank test. Multivariable analysis was conducted with the Cox proportional hazards model to identify 
independent prognostic factors of survival. All the statistical tests were two-sided, and statistical significance was 
identified if the p value was less than 0.05. Data analyses were performed using SPSS statistical software (version 
25.0; IBM Corp., Armonk, NY, USA).

Results
The data of 83 patients with nonmetastatic HCC complicated by PVTT were analyzed. The median follow-up duration 
for the surviving patients was 17 months (range, 4.0–52.2 months). Details of the demographic and clinical character
istics are summarized in Table 1. The median age was 62 years (range, 34–93 years), and most patients were male 

Table 1 Patient Demographics and Clinical 
Characteristics

Characteristic Value

Age, median (range) 62 (34–93)

Sex (%)

Male 70 (84.3)
Female 13 (15.7)

Child‒Pugh Class, n (%)

A 74 (89.2)
B 9 (10.8)

ALBI Grade, n (%)

1 48 (57.8)
2 35 (42.2)

Number of Tumors, n (%)

Single 56 (67.5)
Multiple 27 (32.5)

Total Tumor Size, n (%)

Median 8.0 cm
<5 cm 21 (25.3)

≥5 and <10 cm 28 (33.7)

≥10 cm 34 (41.0)
PVTT Classification, n (%)

Vp2 20 (24.1)

Vp3 43 (51.8)
Vp4 20 (24.1)

Alpha-Fetoprotein Level, n (%)

<20 ng/mL 31 (37.3)
≥20 and <400 ng/mL 20 (24.1)

≥400 ng/mL 31 (37.3)

(Continued)
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(84.3%) and classified as having Child‒Pugh class A disease (89.2%). A substantial proportion of patients (42.2%) 
presented with an albumin‒bilirubin (ALBI) grade of 2. Approximately one-third (32.5%) of the patients had multiple 
liver tumors, and 41% had tumors measuring ≥10 cm in size (median, 8 cm). The thrombosis involved the main trunk or 
first-order branches of the portal vein (Vp3/4) in 75.9% of patients. Additionally, nearly half (51.8%) of the patients had 
recurrent HCC, and 32.5% received IMPT as monotherapy without concurrent systemic therapy. At baseline, 28 patients 
(33.7%) were known to have gastroesophageal varices, five of whom had already received endoscopic ligation prior to 
IMPT. No patient had portal vein cavernous malformation (PVCM) at baseline.

Systemic therapy was administered either concurrently with radiotherapy or in the adjuvant setting. Patients in the 
targeted therapy group (n=43) received lenvatinib or sorafenib; among them, 21 patients (48.8%) received concurrent 
treatment and 22 (51.2%) received adjuvant treatment. The immunotherapy group (n=13) included patients treated with 
atezolizumab plus bevacizumab or monotherapy with immune checkpoint inhibitors (one patient received nivolumab and 
another pembrolizumab); in this group, 7 patients (53.8%) received concurrent treatment and 6 (46.2%) received 
adjuvant treatment. A total of 27 patients (32.5%) received proton therapy alone without concurrent or adjuvant systemic 
treatment. The remaining patients did not receive systemic therapy due to factors such as poor performance status, 
financial constraints, or personal refusal.

Dosimetric details of the delivered IMPT plans are summarized in Supplementary Table 1. In brief, for the 75 patients 
(90.4%) in the 72.6 Gy/22 fractions group, the median CTV D95 was 5406 cGy (RBE) and the median maximum dose to 
the gastrointestinal tract was 4617 cGy (RBE). For the 8 patients (9.6%) in the 66.0 Gy/10 fractions group, the median 
CTV D95 was 4782 cGy (RBE) and the median maximum dose to the gastrointestinal tract was 3385 cGy (RBE). The 
median unirradiated liver volumes (receiving < 1 Gy) were 432 mL and 677 mL in the respective fractionation groups.

The median OS of the entire cohort was 32.4 months, and the 1- and 2-year OS rates were 82.6% and 61.0%, 
respectively. The local control (LC) rates remained consistently high, reaching 88.8% at both one and two years. The 
intrahepatic 1- and 2-year recurrence-free survival rates were 49.2% and 30.7%, respectively, whereas the corresponding 
distant metastasis-free survival rates were 63.6% and 51.1%, respectively (Figure 1).

Table 1 (Continued). 

Characteristic Value

Hepatitis Type, n (%)

B 48 (57.8)
C 19 (22.9)

Both 6 (7.2)

None 10 (12.0)
Treatment Naïve, n (%)

Yes 40 (48.2)

No 43 (51.8)
Systemic Therapy Type, n (%)

Targeted therapy 43 (51.8)

Immunotherapy 13 (15.7)
None 27 (32.5)

Fractionation, n (%)

72.6 Gy (RBE) in 22 fractions 75 (90.4)
66.0 Gy (RBE) in 10 fractions 8 (9.6)

Motion Management, n (%)

Abdominal Compression 52 (62.7)
Respiratory Gating 24 (28.9)

End-Expiratory Breath-Holding 7 (8.4)

Abbreviations: ALBI, albumin-bilirubin; PVTT, portal vein tumor throm
bosis; RBE, relative biological effectiveness.
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Both univariable and multivariable analyses revealed that ALBI grade of 2 and advanced PVTT (Vp3/4) were 
independently associated with worse survival outcomes (Table 2). Notably, concurrent systemic therapy in addition to 
IMPT did not yield a significant survival advantage over IMPT alone (median OS: 34.6 vs 32.4 months; p = 0.795). 
Subgroup analyses in terms of PVTT classification and the use of systemic therapies were performed, but no significant 
differences in OS or progression-free survival (PFS) were observed (Table 3 and Figure 2).

Further subgroup analyses comparing patients with Vp3 and Vp4 PVTT revealed no statistically significant differ
ences in median OS (31.7 vs 37.8 months, p = 0.461), median PFS (8.5 vs 5.6 months, p = 0.147), median intrahepatic 
PFS (9.7 vs 4.8 months, p = 0.133), or median local PFS (45.1 vs 32 months, p = 0.332).

One patient was excluded from the disease response analysis because they died early from esophageal variceal 
rupture. The rates of mRECIST-defined CR and PR were 37.8% and 53.7%, respectively, resulting in an ORR of 91.5%. 

Figure 1 Kaplan–Meier analysis of survival outcomes in all patients treated with IMPT. (a) Overall survival; (b) intrahepatic recurrence-free survival; (c) distant metastasis- 
free survival. 
Abbreviation: LIMPT, intensity-modulated proton therapy.
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Table 2 Survival Outcomes and Prognostic Factors for Overall Survival

Variable n OS Median 
Survival 
(Months)

Log-rank 
p

Univariable Analysis Multivariable Analysis

1-year 2-year HR 95% CI p Value HR 95% CI p value

All 83 83% 61% 32.4

Age

<65 44 85% 60% 34.6 Ref

≥65 39 80% 62% 31.7 0.960 0.982 0.476–2.024 0.960

Sex

Female 13 91% 80% NR Ref

Male 70 81% 57% 32.4 0.124 2.481 0.749–8.219 0.137 2.537 0.704–7.894 0.164

Child‒Pugh Class

A 74 86% 65% 37.8 Ref

B 9 56% 33% 12.8 0.001 3.811 1.605–9.048 0.002 2.056 0.736–5.744 0.169

ALBI Grade

1 48 90% 77% NR Ref

2 35 71% 40% 14.3 0.000 4.310 1.989–9.343 0.000 2.989 1.262–7.078 0.013

Number of Tumors

Single 56 90% 71% 32.4 Ref

Multiple 27 68% 43% 16.4 0.027 2.205 1.076–4.521 0.031 1.897 0.874–4.115 0.105

Total Tumor Size

<10 cm 49 86% 70% 32.4 Ref

≥10 cm 34 78% 50% 23.6 0.115 1.769 0.862–3.628 0.120 1.482 0.691–3.179 0.312

PVTT Classification

Vp2 20 100% 77% NR Ref

Vp3/4 63 76% 54% 31.7 0.019 3.813 1.145–12.693 0.029 3.731 1.074–12.964 0.038

Alpha-Fetoprotein Level

<400 ng/mL 51 89% 69% 34.6 Ref

≥400 ng/mL 31 70% 47% 16.0 0.032 2.173 1.049–4.499 0.037 2.024 0.946–4.333 0.069

Hepatitis Type

None 10 90% 68% NR Ref

B 48 86% 61% 32.4 1.235 0.281–5.433 0.780

C 19 84% 71% 37.8 0.927 0.189–4.535 0.925

Both 6 40% 0% 11.5 0.089 4.017 0.733–22.018 0.109

Treatment Naïve

Yes 40 83% 62% 34.6 Ref

No 43 82% 60% 31.7 0.647 0.864 0.413–1.733 0.647

(Continued)
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Specifically, when assessing response of with primary liver tumors, the CR and PR rates were 48.8% and 43.8%, 
respectively, whereas for the portal venous tumor thrombi, the CR and PR rates were 45.1% and 40.2%, respectively. 
Consequently, the ORRs were 92.5% for the liver tumors and 85.4% for the tumor thrombi (Table 4).

Figure 3 displays the Kaplan–Meier survival curves for patients with different treatment responses (CR vs non-CR 
groups). Compared with those who did not achieve CR, patients who achieved CR had a significantly improved OS, and 
the corresponding hazard ratio (HR) was 2.57 (95% CI, 1.13–5.85; p = 0.020). Additionally, the liver control outcomes 
were significantly better in the CR group than in the non-CR group (HR, 1.95; 95% CI, 1.03–3.68; p = 0.037). Although 
distant metastasis-free survival tended to be better in the CR group (HR, 1.84; 95% CI, 0.75–4.54), the difference was not 
statistically significant (p = 0.177).

Treatment-related toxicities included posttreatment liver dysfunction in 15 patients (18.1%). Among these patients, 8 
experienced intrahepatic tumor recurrence, while the other 7 (9.3%) were classified as having RILD. Three patients 
(3.6%) eventually died due to liver decompensation in the absence of disease recurrence. Multivariable logistic 
regression analysis was performed to identify predictors of liver dysfunction. We identified ALBI grade of 2 as 
a significant predictor of post-IMPT liver dysfunction (Table 5). The discriminative performance of ALBI grade 2 was 
further supported by receiver operating characteristic (ROC) curve analysis, which yielded an area under the curve 
(AUC) of 0.842 (95% CI, 0.734–0.950; p < 0.001; Figure 4). Grade 3 GI toxicities occurred in four patients (4.8%). One 
patient developed an antrum ulcer four months post-IMPT and was treated with endoscopic Argon Plasma Coagulation. 
A 92-year-old patient presented with bloody and tarry stool (suspected lower GI bleeding) at six months; this patient 
refused invasive procedures and was subsequently stabilized with conservative medication and blood transfusion. A third 
patient was diagnosed with a duodenal bulb ulcer at 11 months, with concurrent suspicion of tumor recurrence invading 
the site, and underwent transarterial embolization for hemostasis. The fourth patient developed a duodenal bulb ulcer at 
12 months and was managed with endoscopic treatment, including bosmin injection and hemoclipping. No Grade 4 or 5 
GI toxicities were observed, and none of these Grade 3 events were fatal. Regarding portal hypertension complications, 

Table 2 (Continued). 

Variable n OS Median 
Survival 
(Months)

Log-rank 
p

Univariable Analysis Multivariable Analysis

1-year 2-year HR 95% CI p Value HR 95% CI p value

Systemic Therapy Type

None 27 76% 68% 34.6 Ref

Targeted therapy 43 90% 59% 32.4 1.001 0.453–2.214 0.998

Immunotherapy 13 73% 49% 12.3 0.511 1.863 0.578–5.992 0.297

Notes: Bold text indicates statistical significance (p < 0.05). 
Abbreviations: OS, overall survival; HR, hazard ratio; CI, confidence interval; ALBI grade, Albumin-bilirubin grade; PVTT, portal vein tumor thrombosis; Ref, reference; 
NR, not reached.

Table 3 Stratified Kaplan-Meier Analysis of Overall Survival and Progression-Free Survival According to 
Systemic Therapy Status in Vp2 and Vp3/4 Subgroups

PVTT 
Group

Systemic 
Therapy

N Median OS 
(Months)

Log- 
Rank p

Median PFS 
(Months)

Log- 
Rank p

Vp2 None 10 Not reached 19.1 (5.9–32.2)

Targeted therapy 10 Not reached 0.126 13.1 (7.2–19.0) 0.521
Vp3/4 None 17 12.8 (0–35.4) 8.5 (0–16.9)

Targeted therapy 33 32.4 (9.1–55.7) 9.3 (5.7–12.9)

Immunotherapy 13 12.3 (NA*) 0.403 4.8 (1.0–8.6) 0.133

Notes: * CI not estimable due to insufficient number of events. 
Abbreviations: PVTT, portal vein tumor thrombosis; OS, overall survival; PFS, progression-free survival.
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one patient (1.2%) experienced a fatal esophageal variceal rupture early after treatment (as noted previously). During 
follow-up, an additional three patients (3.6%) received prophylactic endoscopic ligation for high-risk varices, but no 
other variceal bleeding events were recorded in the cohort.

Seven patients (8.4%) underwent curative-intent surgery following IMPT, including five living donor liver transplan
tations (LDLTs) and two hepatectomies. Two patients developed recurrent disease after undergoing LDLT and subse
quently died, while another patient died from pancreatic cancer following LDLT. The remaining four patients were 
disease free at the time of the study analyses.

Figure 2 Subgroup analysis of overall survival and progression-free survival stratified by systemic therapy in patients with different PVTT classifications. Kaplan–Meier 
survival curves are shown for: (a) overall survival and (b) progression-free survival of patients with Vp2 PVTT, comparing IMPT alone (black line) versus IMPT with targeted 
therapy (green line), and (c) overall survival and (d) progression-free survival of patients with Vp3/4 PVTT, comparing IMPT alone (black line), IMPT plus targeted therapy 
(green line), and IMPT plus immunotherapy (red line). 
Abbreviations: PVTT, portal vein tumor thrombosis; IMPT, intensity-modulated proton therapy.
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Discussion
In this retrospective study, IMPT resulted in excellent locoregional control and favorable survival outcomes in patients 
with nonmetastatic HCC with PVTT. The median OS was 32.4 months, and the 2-year LC rate reached 88.8%. A CR 
after IMPT was independently associated with better OS and liver control, while ALBI grade of 2 predicted post- 
treatment liver dysfunction. Importantly, IMPT enabled curative-intent surgery in a subset of patients, highlighting its 
potential as a downstaging modality. These findings demonstrate that IMPT can be an effective and well-tolerated 
therapeutic option for this difficult-to-treat population.

HCC with PVTT is associated with poor prognosis and limited treatment options. Systemic therapy remains the 
standard first-line approach, yet outcomes are disappointing, particularly for patients with advanced PVTT, who are often 
excluded from pivotal clinical trials. For example, only 38% of patients in the IMbrave150 trial had macrovascular 
invasion, and the HIMALAYA trial excluded patients with Vp4 PVTT altogether. In our cohort, 24.1% of patients had 
Vp4 involvement, and despite this, we observed favorable outcomes that compare favorably with prior reports of RT in 
similar populations. Previous photon-based RT series reported LC rates of 50–88% and median survival durations of 
10–24 months, whereas our study demonstrated superior control and extended survival (Table 6).

RT has shown promise in improving outcomes for patients with advanced HCC. Randomized trials such as the 
Korean study comparing RT plus TACE to sorafenib, and the RTOG1112 trial evaluating SBRT plus sorafenib, 
demonstrated the superiority of combined approaches over systemic therapy alone.6,30 Meta-analyses further support 
the integration of local therapy with systemic agents.31 However, patients with Vp4 PVTT remain underrepresented in 
these studies, and their outcomes with standard systemic therapy alone remain poor. For instance, in the IMbrave150 
trial, patients with Vp4 involvement had a median OS of only 7.6 months, compared with 21.1 months in those without.32 

In contrast, our study showed a median OS of 37.8 months for Vp4 patients treated with IMPT, suggesting that achieving 
effective local control can translate into improved survival, even in this high-risk subgroup. Furthermore, our subgroup 
analysis revealed no significant difference in OS between Vp3 and Vp4 patients (31.7 vs 37.8 months, p=0.461), 
reinforcing the potential of IMPT to overcome the traditionally poor prognosis associated with main trunk involvement.

IMPT offers dosimetric advantages over photon-based RT by sparing normal liver tissue while delivering ablative 
doses to tumors. This is particularly important for HCC patients with limited hepatic reserve, in whom the risk of RILD 
is high. Our findings confirm previous studies showing lower rates of RILD with proton therapy.9,10 Furthermore, our 
results strongly corroborate the findings of Sanford et al.9 Despite our cohort comprising 100% PVTT patients (compared 
to 27% with tumor thrombus in their study), we achieved a comparable median overall survival (32.4 months vs 31 
months) and a similar 2-year local control rate (88.8% vs 93%). Critically, both studies independently validated the 
baseline ALBI score as a significant prognostic factor for OS, underlining the robustness of our findings. The incidence 
of RILD in our cohort was 9.3%, which is substantially lower than the ~30% reported with photon RT in similar 
populations.25 The use of IMPT, with its enhanced dose conformality and motion management strategies, likely 
contributed to this favorable toxicity profile.

Another noteworthy finding is the association between CR and survival. Patients achieving CR had significantly 
improved OS and liver control, emphasizing the importance of achieving a robust radiographic response. This aligns with 

Table 4 Treatment Efficacy as Evaluated by the mRECIST

Response Overall (n=82) Liver Tumor (n=80) PVTT (n=82)

Overall response rate 75 (91.5%) 74 (92.5%) 70 (85.4%)
Complete response 31 (37.8%) 39 (48.8%) 37 (45.1%)

Partial response 44 (53.7%) 35 (43.8%) 33 (40.2%)

Stable disease 5 (6.1%) 6 (7.5%) 10 (12.2%)
Progressive disease 2 (2.4%) 0 2 (2.4%)

Notes: One patient was excluded because of early death due to gastroesophageal varices rupture; two 
additional patients had PVTT only, reducing the number of evaluable liver tumors to 80. 
Abbreviations: mRECIST, modified Response Evaluation Criteria in Solid Tumors; PVTT, portal vein 
tumor thrombosis.
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prior studies demonstrating that early tumor response to RT is a prognostic marker in HCC.33 However, this finding 
requires prospective validation to confirm the long-term benefit of achieving CR with IMPT and to identify which 
patients are most likely to achieve this optimal response. Future studies identifying tumor- or patient-specific predictors 
of CR could help optimize patient selection and personalize treatment.

In our cohort, baseline liver function was a critical determinant of both survival and toxicity. ALBI grade 2 was not 
only an independent negative prognostic factor for overall survival (HR 2.989, p=0.013), as shown in Table 2, but it was 
also the only significant predictor of post-treatment liver dysfunction (Adjusted OR 24.812, p=0.003), as detailed in 
Table 5. Three patients with ALBI grade 2 died from liver decompensation despite no evidence of recurrence. These 

Figure 3 Kaplan–Meier survival curves according to treatment response (CR vs non-CR). (a) Overall survival, (b) intrahepatic recurrence-free survival, and (c) distant 
metastasis-free survival for patients who achieved a complete response (CR, red line) versus those who did not achieve a complete response (non-CR, blue line) after IMPT. 
Abbreviations: CR, complete response; IMPT, intensity-modulated proton therapy.
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findings highlight the critical need for pre-treatment risk stratification using ALBI grade. This result provides potential 
clinical decision-making guidance, suggesting that patients with ALBI grade 2 may require modified treatment strategies, 
such as more conservative dosing, enhanced liver-sparing techniques, or more intensive post-treatment follow-up to 
mitigate the risk of severe liver dysfunction.

Importantly, IMPT facilitated tumor downstaging in a subset of patients, enabling curative-intent interventions such 
as liver transplantation or resection. Seven patients (8.4%) underwent curative-intent surgery after IMPT, four of whom 
remained disease-free at the time of analysis. This supports the concept that proton therapy, like other liver-directed 
treatments, can be used in a bridging or downstaging strategy to expand curative opportunities for initially unresectable 
patients.34–36 Although data are limited, our results add to growing evidence supporting this approach.

In our study, the addition of systemic therapy did not demonstrate a statistically significant OS or PFS benefit. 
However, this finding must be interpreted with caution and should not be taken as evidence against combination therapy. 
This lack of statistical significance is likely attributable to small subgroup sizes, heterogeneity in systemic regimens, and 
limited access to reimbursed immunotherapy during the study period. These factors introduce significant selection bias 
and severely limit our power to detect a true synergistic effect. Theoretically, the dose-sparing advantages of IMPT may 
reduce toxicity and permit safer concurrent administration of systemic agents. Furthermore, emerging data suggest proton 
therapy may reduce radiation-associated lymphopenia, potentially enhancing the efficacy of immune checkpoint 
inhibitors.37 Therefore, the lack of observed benefit in our cohort should not discourage the integration of IMPT and 
modern systemic therapies; rather, it highlights the urgent need for multicenter randomized prospective trials to define the 
optimal combination and sequencing.

Table 5 Multivariable Logistic Regression Analysis of Predictors of Liver Dysfunction

Variable Univariable Multivariable

OR (95% CI) p value Adjusted OR (95% CI) p value

Age ≥ 65 years 1.364 (0.445–4.185) 0.587

Male sex 3 (0.359–25.053) 0.310
Child‒Pugh class B 4.582 (1.061–19.778) 0.041 1.379 (0.288–6.597) 0.687

ALBI grade 2 31.333 (3.864–254.080) 0.001 24.812 (2.881–213.665) 0.003
Multiple tumors 0.711 (0.204–2.483) 0.593
Tumor size≥10 cm 1.050 (0.336–3.284) 0.933

Vp3/4 2.340 (0.480–11.397) 0.293

Early hepatic recurrence* 3.357 (1.059–10.645) 0.040 2.020 (0.543–7.518) 0.294

Notes: *Occurring within 6 months after the completion of proton therapy. Bold text indicates statistical significance (p < 0.05). 
Abbreviations: OR, odds ratio; ALBI, albumin-bilirubin.

Figure 4 Multivariable logistic regression and ROC curve analysis for predictors of post-IMPT liver dysfunction. (a) Forest plot showing the adjusted odds ratios from 
multivariable logistic regression for liver dysfunction after IMPT. (b) ROC curve for ALBI grade 2 as a predictor demonstrated strong discriminative ability, with an AUC of 
0.842 (95% CI: 0.734–0.950). 
Abbreviations: ALBI, albumin-bilirubin; ROC, receiver operating characteristic; AUC, area under the curve; IMPT, intensity-modulated proton therapy.
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Table 6 Clinical Outcomes of Radiotherapy for HCC with PVTT (Publications From the Past 10 years [Post-2014])

Author (Year) Study 
Type

n Median Follow 
Up (months)

Treatment 
Modality

Dose/ 
Fractionation

Tumor Size Vp Status 
(%)

LC (%) OS (% or 
Months)

Toxicities≥ Gr3 (%)

Present Study R 83 17 IMPT ± 
Systemic 
Therapy

72.6 Gy/22 Fx 
or 66 Gy/10 Fx

≥ 5/10 cm (%): 
74.7/41, 
Median: 8 cm

Vp3/4: 51.8/ 
24.1

1/2y: 88.8/ 
88.8

1/2y: 82.6/61, 
Median 32.4

GI: 4.8, RILD: 9.3

Ishida et al 
(2024)21

R 63 33.5 PSPT 60-74 Gy/15-37 
Fx

NR Vp3/4: 65.1/ 
34.9

1/3/5y: 
95.8/90.1/ 

85.1

1/3/5y: 64.8/40.3/ 
25.1, 

Median 24.0

GI: 1.6, Cholecystitis: 1.6

Kim (2017)22 R 41 15.2 PSPT ± 

Sorafenib

66 or 60 or 50 

Gy/10 Fx

≥5 cm (%): 61, 

Median 5.8 cm

Main/Branch: 

53.7/46.3

2y LPFS: 

88.1

2y: 51.1, Median 

34.4

0%

Lee (2014)23 R 27 13.2 PSPT ± 

Sorafenib

50–66 Gy/20-22 

Fx;

Median 7 cm Main/Branch: 

59.3/40.7

66.7% 1/2y: 55.6/33.3, 

Median 13.2

0%

Ji (2023)24 R 37 39.6 SBRT + 

Lenvatinib

45-55 Gy/5-10 Fx ≥5/10 cm (%): 

81.1/29.7

Vp3/4:45.9/ 

8.1

91.9 Median 19.3 Total: 18.9

Munoz- 

Schuffenegger 

(2021)25

R 128 10.7 SBRT ± 

Sorafenib

27.5–54 Gy/5-6 

Fx

Median 5.6 cm 

(Largest)

Vp3/4: 46.8/ 

18.7, IVC: 4.6

1y: 87.4 Median 18.3 RILD: 27.6

Li (2021)7 R 133 31 SBRT ± TACE 30-50 Gy/3-5 Fx Median 8.1 cm Vp3/4: 30.1/0 1/2/5y: 

64.8/54.6/ 
54.6

1/2/5y: 46.5/29.3/ 

11.3, Median 10

GI: 2.9, RILD: 11.8

154 31 IMRT ± TACE 30-60 Gy/7-20 Fx Median 9 cm Vp3/4: 27.9/ 
3.2

1/2/5y: 
62.6/58.1/ 

52.7

1/2/5y: 48.1/25.1/ 
10.7, Median 10

GI: 3.9, RILD: 14.7

Choi (2021)26 R 24 8.4 SBRT ± TACE 39-45 Gy/3-4 Fx ≥30 cc: 58.3% Vp3/4: 33.3/ 

41.7

1/2y: 69.3/ 

69.3

1/2y: 67.5/48.2, 

Median 20.8

Hepatic: 25, RILD: 37.5

Shen (2018)27 R 26 12.2 SBRT + TACE 30-42 Gy/6 Fx ≥5 cm (%): 76.9, 

Median 7.7 cm

Vp3+4: 

38.5%

NR 1/3/5y: 81.8/ 49.4/ 

35.3, Median 24.2

Liver Enzyme: 3.8, Bil: 3.8, 

Leukocyte: 11.5, Plt: 11.5

Abouchaleh 

(2018)28

R 185 NR Yttrium 90 ≥5 cm (%): 73 Main/lobar: 

42/35

NR Median 13.3 (for 

CP-A)

Bil: 10, Alb: 3 (for CP-A)

Kokabi (2015)29 P 30 Yttrium 90 Mean 9.2 cm Main/ branch: 

20/80

Median 

TTP 9 

months

Median 13 Biliary: 38, bil: 10

Abbreviations: HCC, hepatocellular carcinoma; PVTT, portal vein tumor thrombosis; LC, local control; OS, overall survival; R, retrospective; IMPT, intensity-modulated proton therapy; GI, gastrointestinal; RILD, radiation-induced liver 
disease; PSPT, passive scattering proton therapy; NR, not reported; SBRT, stereotactic body radiation therapy; IVC, inferior vena cava; TACE, transarterial chemoembolization; IMRT, intensity modulated radiation therapy; Bil, bilirubin; Plt, 
platelet; LPFS, local progression free survival; Alb, albumin; CP-A, Child-Pugh class A; P, prospective; TTP, time to progression.
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To our knowledge, this study includes the largest single-center cohort to date for specifically evaluating the efficacy of 
IMPT in patients with HCC complicated by PVTT. However, several limitations inherent to its retrospective design must 
be acknowledged. Firstly, the relatively short follow-up duration for some patients may underestimate late recurrences or 
toxicities. Secondly, there was no standardization of systemic therapy regimens, and the limited use of contemporary 
immunotherapy combinations due to reimbursement restrictions hinders our ability to assess synergistic effects with 
IMPT. Thirdly, while our diagnostic criteria for tumoral PVTT were stringent, relying on definitive MRI features, the lack 
of pathological confirmation remains a limitation. Although current international guidelines primarily depend on such 
imaging findings for diagnosis, the theoretical possibility of misclassifying rare cases of bland thrombus cannot be 
entirely excluded without histology.38 Relatedly, serum D-dimer was not routinely collected, as it is not a primary 
diagnostic criterion in guidelines and its utility is questionable, as elevated levels may correlate with tumor thrombosis 
itself.39 In this context, our finding of zero baseline PVCM cases is noteworthy. While PVCM is associated with chronic 
obstruction, recent evidence suggests it is less common in HCC.40 The absence of PVCM in our cohort is likely 
attributable to our stringent MRI criteria excluding chronic bland thrombus and relatively early treatment initiation, 
limiting time for its development. This zero finding of PVCM, along with the fact that no patients were suspected of 
having concurrent non-tumoral thrombosis or received anticoagulation therapy, strongly supports that our cohort 
represents active, tumoral PVTT. Finally, selection bias related to the self-funded nature of IMPT and the homogeneous 
good performance status of our cohort may limit the generalizability of our findings to the broader BCLC C population. 
These limitations underscore the need for prospective randomized control trials.

The integration of advanced radiotherapy techniques with emerging systemic therapies, including immunotherapy and 
targeted agents, holds significant promise for improving outcomes in this challenging population. Prospective studies are 
urgently needed to optimize patient selection and treatment sequencing and develop multidisciplinary strategies to further 
increase the proportion of HCC patients eligible for potentially curative approaches. Ongoing studies, such as NRG- 
GI003, are expected to provide high-level evidence regarding the comparative effectiveness of proton versus photon 
therapy for HCC and may shape future treatment paradigms.

Conclusion
In summary, IMPT demonstrated excellent local control, a favorable safety profile, and potential to enable curative-intent 
treatments in patients with nonmetastatic HCC with PVTT. A complete response was associated with improved survival, 
while ALBI grade 2 identified patients at higher risk of liver toxicity. While these findings are based on a retrospective 
analysis and must be interpreted with caution given the limitations of selection bias and systemic therapy heterogeneity, 
they support the integration of IMPT into multidisciplinary care for selected patients with advanced HCC. Future 
prospective studies are warranted to validate these observations and further explore optimal treatment strategies, such 
as the combined strategy of IMPT with immunotherapy and patient stratification based on predictive biomarkers, to refine 
patient selection and maximize therapeutic gains.

Abbreviations
ALBI, Albumin-bilirubin; AUC, Area under the curve; BCLC, Barcelona Clinic Liver Cancer; CR, Complete response; 
CT, Computed tomography; 4D-CT, Four-dimensional computed tomography; GI, Gastrointestinal; HCC, Hepatocellular 
carcinoma; HR, Hazard ratio; IMPT, Intensity-modulated proton therapy; LC, Local control; LDLT, Living donor liver 
transplantation; MRI, Magnetic resonance imaging; ORR, Objective response rate; OS, Overall survival; PFS, 
Progression-free survival; PSPT, Passive scattering proton therapy; PVCM, Portal vein cavernous malformation; 
PVTT, Portal vein tumor thrombosis; RBE, Relative biological effectiveness; RILD, Radiation-induced liver disease; 
ROC, Receiver operating characteristic; RT, Radiation therapy.
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