
© HepatoBiliary Surgery and Nutrition. All rights reserved. HepatoBiliary Surg Nutr 2022;11(1):103-111 | https://dx.doi.org/10.21037/hbsn-21-379

Introduction

Within the last decade, progress in transplant and surgical 
oncology has been tremendous. In liver oncology alone, 
there has been concurrent technological innovation across 
the different adjunct fields and tiers of oncology related 
to hepatocellular carcinoma (HCC), progressing in quite 
an unprecedented rate. Significant improvements in our 
capacity to diagnose and prognosticate HCC with increasing 
sensitivity, specificity, and predictability is being witnessed. 
We now better understand that staging, treatment and 
prognostication cannot be determined on a static basis 
of tumor burden (i.e., tumor size and number) alone and 
a “one size fits all” management. Careful individualized 
assessment is now mandatory in consideration of intra- 
and intertumoral heterogeneity and tumor biology in 
order to more precisely guide diagnostics and treatment  
options (1). While liver transplantation (LT) remains the 
most effective curative treatment given that it eradicates 
existing tumors and the risk for new tumors, as well as the 
risk for liver failure in cirrhotics, proceeding to LT ideally 
requires patients to fit nationally or institutionally applicable 
and appropriate criteria that takes into consideration not 
only tumor burden, but also tumor biology; living donor 
LT (LDLT) has the advantage of extending the option to 
transplant out-of-criteria patients using more precise and 
patient-centered survival calculators such as the Metroticket 
2.0 model by Mazzaferro et al. (2). Multimodal sequential 
management involving a multidisciplinary team of informed 

liver oncology specialists is critical in decision-making 
particularly for locally advanced HCC (LAHCC) where 
bridging and downstaging therapies for potential curative 
final intent are increasingly becoming available viable 
options (1).

Radiation oncology is rapidly becoming an important 
modality for locoregional therapy of LAHCC, particularly 
where needle- or catheter-directed interventional approaches 
and systemic options are contraindicated or highly risky. 
In the recent years, radiation therapy (RT) in the form 
of stereotactic body radiation therapy (SBRT) has been 
shown to have high local control and response rates in 
LAHCC, especially in cases with portal vein invasion (PVI) 
or portal vein tumor thrombosis (PVTT); many centers 
have incorporated SBRT as an important complementary 
consideration for bridging or downstaging out-of-criteria 
HCC to transplantation (3). Proton beam therapy (PBT), is 
one of the more recent advanced forms of radiation therapy 
that extends management options for patients with LAHCC.

Kaohsiung Chang Gung Memorial Hospital (KCGMH) 
is one of the world’s leaders in LDLT, with one of the 
highest 3-year overall survival rates at 92% (4). Since the 
inception of the KCGMH Proton Center for clinical use in 
2018, the cyclotron (Sumitomo Heavy Industries) and three 
treatment rooms (all with pencil beam scanning system) 
have been used for PBT of over 700 cancer patients, about 
20% of which were for HCC. Given the limited available 
published literature on PBT for HCC, we have thus far 
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only considered its use for downstaging of LAHCC in 
patients with no other suitable locoregional alternatives, 
as well as for bridging therapy before LDLT in order to 
further reduce the risk of post-transplant recurrence.

We herein present two cases of LAHCC who were 
preoperatively treated with PBT, the first as a bridge to 
LDLT, while the second as an attempt to downstage the 
patient to fit the University of California San Francisco 
(UCSF) criteria as mandated by the Taiwan citizens’ health 
insurance policy, or in consideration of an elective LDLT.

Kaohsiung Chang Gung Memorial Hospital 
proton beam therapy protocol 

Planning and preparation

The patient is placed on supine position with a vacuum 
bag and knee supports with arms overhead. Abdominal 
compression pneumatic compression belt is used for 
respiratory control, permitting motion up to 1 cm. Four-
dimensional computed tomography (4DCT) images are 
taken at 1.25 mm intervals. The gross tumor volume (GTV) 
is outlined on an average intensity projections (AIP) set of 
the non-enhanced 4DCT using reference contrast-enhanced 
magnetic resonance (MR) images; the clinical target volume 
(CTV) is defined by the GTV, with a 0–5 mm margin by 
clinical estimation. Another 5 mm is added as margin to 
create an internal tumor volume (ITV) to compensate for 
respiratory motion. Further beam direction-specific margins 
are then generated based on a 3.5% range of uncertainty, 
and a 3 mm setup uncertainty to create a proton planning 
target volume (PPTV) for pencil beam scanning proton 
treatment planning (single-field optimization technique) 
using RayStation treatment planning system (RaySearch 
Laboratories, AB, Stockholm, Sweden).

Proton irradiation

Our institutional protocol was adapted from the Japanese 
protocol (5,6). Depending on the tumor location, 72.6 Gy 
[relative biological effectiveness (RBE)] in 22 fractions or 
66 Gy (RBE) in 10 fractions will be prescribed. The 66 
Gy (RBE) protocol is preferred if the gastrointestinal tract 
is not within 2 cm of the treatment field. The dose to the 
bowel loop is constrained to 50% and 65% of the prescribed 
dose for the 66 and 72.6 Gy protocols respectively. Daily 
cone-beam CT is performed during the treatment course to 
verify treatment positions.

Case presentation

Case 1

The first case was a 60-year-old gentleman with an Eastern 
Cooperative Oncology Group (ECOG) score of 0 who 
had a history of hepatitis C virus (HCV) liver cirrhosis and 
recurrent HCC, status post partial right hepatectomy with 
cholecystectomy eight years prior, and radiofrequency ablation 
(RFA) to a recurrent HCC in the left lateral segment (LLS) 
two years prior to referral. On initial work-up, the patient 
presented with a model for end-stage liver disease (MELD) of 
14, Child-Turcotte-Pugh (CTP) B7 (bilirubin 5.98 mg/dL) with 
alpha-fetoprotein (AFP) 24 ng/mL and CA19-9 491 U/mL. 
Magnetic resonance imaging (MRI)-magnetic resonance 
cholangiopancreatography (MRCP) with gadoxetate 
disodium contrast (Gd-EOB-DTPA) scan revealed a  
3.1 cm segment 8 (S8) HCC that was contiguous with 
the middle hepatic vein (MHV) and compressing against 
the S8 intrahepatic ducts (IHD) resulting in upstream 
dilatation (Figure 1). Positron emission tomography (PET)-
computerized tomography (CT) scan done for this recurrent 
S8 HCC revealed an increased fluorodeoxyglucose (FDG) 
uptake with maximum standard unit value (SUVmax) of 
7.7, and tumor to non-tumor liver uptake ratio (TNR) of 
2.4 (Figure 2). The decision after multidisciplinary team 
(MDT) discussion was to do bridging therapy with PBT 
prior to LDLT with the hope of improving preoperative 
tumor characteristics and hence also recurrence-free 
survival. PBT was therefore delivered to the HCC at a 
dose of 66 Gy (RBE) in 10 fractions (Figure 3). Repeat 
PET scan two weeks after completion of PBT showed 
good response with decreased uptake to SUVmax 4.3 and 
TNR 1.3 (Figure 2C,2D). Repeat liver MRI-MRCP done 
four weeks later showed a residual tumor size of 1.8 cm 
with decreased signal, and significantly improved S8 IHDs 
with a filling defect in the distal common bile duct (dCBD)  
(Figure 1C); AFP decreased to 6.8 ng/mL and CA19-
9 decreased to 13.5 U/mL. The patient subsequently 
underwent LDLT with a right hepatic graft without the 
MHV from his donor son. The final explant histopathology 
revealed a poorly differentiated S8 HCC with at least 50% 
necrosis (Figure 4); final diameter was 1.5cm with note of 
bile duct invasion; histopathology showed an infiltrative 
scirrhous pattern while the dCBD tissue removed was 
identified as completely necrotic HCC. The patient has 
since been maintained on dual-drug immunosuppression 
that included a calcineurin inhibitor (CNI) and a 
mammalian target of rapamycin (mTor) inhibitor, 
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concurrently taken with a tyrosine kinase inhibitor (TKI) 

lenvatinib, and has since been without recurrent disease 

after 18 months of transplantation.

Case 2

The second case was a 59-year-old lady, ECOG 1, 
known case of HCV who had previously been treated 

A B C

Figure 1 Magnetic resonance imaging (MRI)-magnetic resonance cholangiopancreatography (MRCP) (Case 1) showing hepatocellular 
carcinoma (HCC) over S8 of the liver (arrowhead) (A) with regional intrahepatic duct (IHD) dilatation (arrow) before proton beam therapy 
(PBT) (B). Repeat MRCP four weeks after completion of PBT shows marked decrease in IHD caliber (arrow) and identification of a filling 
defect at the distal common bile duct (arrowhead) (C) that was later identified as completely necrotic HCC on histopathology.

Figure 2 Positron emission tomography (PET) scan (Case 1). Coronal (A) and sagittal (B) views before proton beam therapy (PBT) showing 
high FDG uptake of the S8 lesion with maximum SUVmax of 7.7, and TNR of 2.4. Coronal (C) and sagittal (D) views 2 weeks after PBT 
showing decreased FDG uptake to SUVmax of 4.3, and TNR of 1.3.
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with Infliximab for at least six years. She presented with 
a MELD of 20, CTP C12, with multiple HCC (AFP  
3.5 ng/dL and CA19-9 83.4 U/mL) beyond the UCSF 
criteria (S1 0.64 cm, S8 3.8, 1.2, 0.63 cm, S7 3.7 cm, S6 
2.4 cm). PET scan revealed FDG-positivity of the S7 
(SUVmax 9.7, TNR 3.7) and S8 (SUVmax 3.7, TNR 

1.4) HCC foci (Figure 5A,5B). The patient however went 
into a decompensated state of liver cirrhosis (albumin 
2.01 g/dL, bilirubin 7.3 mg/dL, INR 1.73, with hepatic 
encephalopathy, massive ascites) precluding any feasible 
locoregional treatment other than PBT. As with the first 
case, PBT was administered using the same protocol with a 

A B

C D

Figure 3 Proton beam therapy (PBT) of irradiated region (Case 1) shown by the color-washed area in the coronal view (A) and axial view 
(B). MRI (C) performed four weeks after completion of PBT shows clearly demarcated hyperintense area (arrows) coinciding with irradiated 
area. Coronal section of explant (D) showing gross hyperpigmented area with well-demarcated borders (arrows) coinciding with treated 
region and delineation of Bragg peaks. 

Figure 4 Gross explant pathology (Case 1) (A) shows residual S8 hepatocellular carcinoma (HCC) measuring 1.5cm. Final histopathology (B) 
shows a poorly differentiated HCC with at least 50% necrosis and presence of bile duct invasion [hematoxylin and eosin (H&E) stain, ×66 
magnification]; HCC histopathology was consistent with an infiltrative scirrhous pattern. (C) Histopathology of distal common bile duct 
tissue shows complete necrosis of HCC (H&E stain, ×66 magnification).

A B C



107HepatoBiliary Surgery and Nutrition, Vol 11, No 1 February 2022

© HepatoBiliary Surgery and Nutrition. All rights reserved. HepatoBiliary Surg Nutr 2022;11(1):103-111 | https://dx.doi.org/10.21037/hbsn-21-379

planned dose of 66 Gy (RBE) in 10 fractions for targeting 
the S7 and S8 FDG-positive lesions. However, an episode 
of cirrhosis-related esophageal variceal bleeding unrelated 
to PBT occurred during the treatment. The PBT was hence 
discontinued with a completed final dose of 52.8 Gy (RBE) 
administered over 8 fractions (Figure 5C-5F). Reassessment 
2½ weeks after treatment showed tumor downstaging, 
with almost complete metabolic response of the S7 HCC 
(Figure 6A,6B), and a decrease of the S8 SUVmax to 3.0, 
although TNR remained constant; although still out-of-
criteria, tumor biology and tumor burden improved, with 
an acceptable SUVmax and TNR, and one less HCC 
focus detected, respectively. After MDT discussion and 
consultation with the patient and her family regarding the 
5-year predicted HCC-specific survival with transplantation 

calculated at 82.7% based on the Metroticket 2.0 
preoperative calculator, decision was made to proceed. The 
patient underwent LDLT with a right hepatic graft from her 
daughter six weeks after completion of PBT, with explant 
pathology revealing only five moderately differentiated 
residual viable tumors [S7 3.8 cm (10% necrosis), S8  
3.5 cm (5% necrosis), 1.3 and 0.6 cm (100% necrosis), S6 
2.0 cm, S1 1.1 cm]. The patient has also since been on dual 
immunosuppression therapy including a CNI and an mTor 
inhibitor, concurrently taken with lenvatinib, and has been 
recurrence-free ten months since transplantation.

Discussion

The new concept of transplant oncology has promulgated 

Figure 5 MRI (Case 2) axial views of the S7 (3.7 cm) (A) and S8 (3.8 cm) (B) hepatocellular carcinomas (HCCs) during initial presentation, 
both identified as FDG-positive on positron emission tomography (PET) scan. Axial (C,E) and coronal (D,F) views of the S7 and S8 HCCs 
respectively, with PBT-irradiated foci marked accordingly by the color-washed areas.
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the importance and relevance of understanding and 
addressing tumor biology on top of tumor burden in the 
management of HCC; an MDT of experts is necessary in 
order to optimize pre-LT therapy particularly of patients 
in the grey zone of LAHCC, to be able to offer the best 
survival outcomes and quality of life for HCC patients (7).

The current policy for HCC in KCGMH is to offer 
locoregional therapies in order to aggressively downstage 
LAHCC, while also extending recurrence-free and 
patient-specific survival by improving tumor biology and 
maximizing pathologic response prior to LDLT (8,9). We 
had previously published our findings on the prognosis 
of high FDG-avid HCC (SUVmax >5 and TNR >2) and 
found this group of patients as having a significantly poorer 
overall survival compared with recipients with negative or 
low FDG-avid patients (10,11). Therefore, for HCCs with 
atypical imaging or are PET-positive with high avidity, 
we further obtain tissue-proof to exclude unfavorable 
pathologies, and likewise give consideration to bridging 
patients to transplantation. Understanding the potential 
of RT in improving prognostic outcomes in LAHCC, we 
therefore utilized PBT as locoregional therapy in the two 
cases presented.

In both cases, significant and treatment-altering clinical 
responses were observed within a few weeks of PBT. 

Both patients exhibited improvements in tumor biology, 
while the second patient was furthermore downstaged in 
consideration of an elective LDLT. Both have thus far fared 
well postoperatively, although a longer observation period 
will still be needed. 

Timing between PBT and LDLT is critical particularly 
for HCC patients with aggressive disease entities and/or 
impending liver failure. According to a Korean Study (12), 
it takes around six months for the full response of HCC 
to PBT to be observed, with a clinical in-field complete 
response rate of 69.2% according to the modified Response 
Evaluation Criteria in Solid Tumors (mRECIST) criteria. 
Learning from the relatively large experience in the use 
of neoadjuvant RT for locally advanced rectal cancer, 
further improvements in pathologic response from delayed 
surgery (up to eight weeks) does not portend any significant 
oncologic benefit compared to immediate surgery (within 
seven days after RT) (13,14). Conclusively, LDLT was 
therefore performed within 4–6 weeks of PBT for the two 
presented cases after prognostic criteria was satisfied. The 
non-necrotic tumor was likely therefore due to the short 
waiting time to LDLT. Nonetheless, the precise clinical 
significance of greater pathologic response after the PBT is 
still unclear. While an optimal interval between PBT and 
LDLT remains unknown and is worth further investigation, 

A B

Figure 6 Positron emission tomography (PET) scan (Case 2) axial views of S7 hepatocellular carcinoma (HCC) showing tumor downstaging 
from measured SUVmax of 9.7, and TNR of 3.7 prior to proton beam therapy (PBT) (A), to almost complete metabolic response with no 
uptake two weeks after PBT (B).
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an individualized approach in an era of precision oncology 
is at this time certainly the most prudent approach.

While the role of RT in the locoregional therapy of 
LAHCC becomes clearer, SBRT and other traditional 
photon modalities are still mainly limited by the allowable 
radiation dose due to the extent of adjacent organ injury. 
A proton beam has the physical advantage of creating a 
“Bragg peak” with a finite range of energy deposition with 
no exit dose beyond the target (Figure 3D). Therefore, 
compared with photon modalities, it is possible to solely 
irradiate a targeted liver tumor with higher doses using 
PBT while sparing surrounding tissues and organs (15), 
with consequently improved clinical outcomes (16,17). 
Retrospective data have shown promising clinical results for 
PBT. The three-year local control rate ranges from 70% to 
95% (18,19).

Compared with other known locoregional therapies 
including transarterial chemoembolization (TACE) and 
radiofrequency ablation (RFA), RT has the advantage of 
being non-invasive, painless, with very low biliary tract 
or vascular complication rates (20,21). Conventional RT 
has already been demonstrated by the Toronto General 
Hospital group to be safe and efficacious in their initial 
cohort of 10 cases who were unsuitable for or failed 
bridging therapy to LT with TACE and/or RFA (22). It was 
also further demonstrated that stereotactic body RT (SBRT), 
while providing up to 68% pathologic response, was very 
well-tolerated, and could be safely utilized as an effective 
alternative to TACE or RFA for bridging therapy (23,24). 
With vastly improved technological precision, PBT can 
safely deliver higher focused doses of radiation to tumors, 
enhancing its potential for positive tumor control and 
response (25).

Large liver tumors that cannot be optimally treated 
by TACE or RFA can be optimally irradiated by  
PBT (25). While transarterial radioembolization (TARE) 
with Yttrium-90 resins are also effective for PVTT, it has 
been limited to non-occluding PVTT, whereas higher grade 
PVTT up to first-order branches have seen promising 
response rates of 32.6–83% with RT according to various 
studies (26,27). Therapeutically important, investigations 
have also shown that radiation not only improves the 
tumor biology and prognostic outcome, but rather also 
the immune microenvironment; this may have synergistic 
benefit when sequenced appropriately with other newer 
therapies such as immunotherapy (28).

Disadvantages still do exist with PBT. The paramount 
issue with this technology at present is availability as heavy 

investment is needed not only in terms of cost, but also 
space, limiting many institutions from building such a 
facility. Where available, applicability is still constrained by 
the physical property of protons being sensitive to organ 
movement, therefore making conformality and motion 
persistent challenges, albeit the improving techniques being 
developed to counter the problem (29).

Our cases demonstrate the potential of PBT as 
an important locoregional adjunct in LAHCC. It is 
critical nonetheless to recognize at this time that part of 
personalized precision care includes multidisciplinary 
considerations and the increasing role of RT in the form 
of PBT in bridging and downstaging selected high-risk 
patients for LDLT. 

Conclusion

With the rapid pace of innovation in HCC diagnostics 
and therapeutics, the acceptance criteria for LDLT for 
HCC may now be further refined to be based not solely on 
morphology, but also on tumor biology. We have already 
studied how FDG-PET uptake highly correlates with HCC 
histopathology and has predictive value for recurrence 
(10,11). PBT is a newer locoregional modality that shows 
great promise to be utilized for bridging aggressive 
HCC by improving tumor biology, or as a consideration 
for downstaging of LAHCC to within transplantation 
criteria, particularly where other locoregional treatments 
may be contraindicated. In today’s rapidly progressing 
era of transplant and surgical oncology, beyond the mere 
fulfilment of national or institutional criteria for LT, the 
critical challenge for us to explore now would be how best 
to optimize survival outcomes of LT or surgery through 
an individualized yet realistic application of accessible 
locoregional and systemic therapies.
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