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Abstract
The incidence of primary liver cancers continues to increase in the United States and worldwide. The majority of patients with
primary liver cancer are not candidates for curative therapies such as surgical resection or orthotopic liver transplantation due to
tumor size, vascular invasion, or underlying comorbidities. Therefore, while primary liver cancer is the sixth-most common
cancer diagnosis worldwide, it represents the second leading cause of cancer-related deaths. Radiotherapy traditionally played a
limited role in the treatment of primary liver cancer due to concerns over hepatic tolerance and the inability to deliver a
tumoricidal dose of radiotherapy while still sparing normal hepatic parenchyma. However, the development of modern radio-
therapy techniques has made liver-directed radiotherapy a safe and effective treatment option for both hepatocellular carcinoma
and intrahepatic cholangiocarcinoma. An increasing body of literature has demonstrated the excellent local control and survival
rates associated with liver-directed radiotherapy. These data include multiple radiotherapy techniques and modalities, including
stereotactic body radiotherapy (SBRT), intensity modulated radiotherapy (IMRT), and charged particle therapy, including proton
therapy. In this review, we discuss the development of liver-directed radiotherapy and evidence in support of its use, particularly
in patients who are not candidates for resection or orthotopic liver transplantation. We also discuss future directions for its role
in the management of primary liver cancers.
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Introduction

The incidence of primary liver cancer continues to increase in

the United States and worldwide. In the United States, it is

estimated that there were 39 230 diagnoses and 27 170 deaths

from liver and intrahepatic bile duct cancer in the year 2016.1

Worldwide, hepatocellular carcinoma (HCC) is the sixth most

common cancer diagnosis but is the second leading cause of

cancer-related deaths, with approximately 745 000 deaths each

year2 and 5-year overall survival (OS) of less than 12%.3 These

outcomes are due in large part to the fact that many patients

present with advanced disease and are therefore not candidates

for curative treatment modalities such as surgical resection,

orthotopic liver transplantation, or radiofrequency ablation.

In intrahepatic cholangiocarcinoma (ICC), surgical resection

is considered the only curative treatment modality. However,

only patients with early-stage disease, such as solitary tumors

without vascular invasion or nodal or distant metastases, are

candidates for resection. Even in those patients who undergo

resection, survival is poor, with a median 5-year OS of 25% to

35%.4-6 Nearly 70% of patients are not candidates for resection.

Median survival is dismal in this population, ranging from 2.3

to 9 months.7

Treatment options for patients with advanced primary liver

cancer who are not candidates for curative therapies include
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systemic therapy, arterially directed therapies, and radiother-

apy.8 Liver-directed radiotherapy traditionally had a limited

role in the treatment of liver cancer due to concerns over the

risk of radiation-induced liver disease (RILD). However, with

the development of modern radiotherapy techniques, liver-

directed radiotherapy has emerged as an intriguing and effec-

tive treatment modality for both HCC and ICC. In this review,

we will discuss the development of liver-directed radiotherapy,

current evidence in support of its use, and future directions for

its role in the management of primary liver cancer.

Hepatic Tolerance to Radiotherapy

Prior to the development of modern conformal radiotherapy,

liver-directed radiotherapy often required treatment of the entire

liver due to concerns over organ motion and target identification.

Treatment of the entire liver was in turn associated with an

increased risk of RILD, even at relatively low doses. For example,

Radiation Therapy Oncology Group (RTOG) 84-05, a dose esca-

lation study of a trial of whole-liver radiotherapy for patients with

solitary or multiple hepatic metastases, closed after 10% of

patients treated with 33 Gy in 1.5 Gy twice-daily fractions devel-

oped grade 3 radiation hepatitis.9 There were no cases of radiation

hepatitis among patients treated to 27 to 30 Gy, but dose escala-

tion to higher, potentially tumoricidal doses was not feasible.

Classical RILD is characterized by the development of ascites,

anicteric hepatomegaly, and elevated alkaline phosphatase with

minimal increase in bilirubin and may present as early as 2 weeks

or as late as 4 months after the delivery of radiotherapy. The

pathologic features of RILD were first described by Reed and

Cox in 196610 and include veno-occlusive damage with fibrin

deposition in central veins. Although the precise mechanism

underlying its development is not known, radiation-induced

fibrosis is thought to occur in the setting of increased transforming

growth factor b expression after radiotherapy, which in turn

increases fibroblast migration and collagen deposition.11

The risk of developing RILD is also known to vary based on

hepatic function, with an increased risk seen in patients with

underlying impaired hepatobiliary function. Patients receiving

liver-directed radiotherapy for HCC have been found to have

an increased risk of RILD when compared with patients receiv-

ing the same dose of radiotherapy for liver metastases.12 Retro-

spective series have also demonstrated an increased risk of

grade �2 RILD among patients with Child-Pugh (CP) score

B cirrhosis as compared to those patients with CP A cirrhosis.13

Although many patients recovered from RILD with supportive

care, some experienced persistent hepatic damage. Therefore,

given the risk of RILD and the resulting inability to deliver a

tumoricidal dose of radiotherapy, liver-directed radiotherapy

was primarily restricted to the palliative setting.

Development of Modern Radiotherapy
Techniques

The development of conformal radiotherapy planning and

delivery techniques enabled not only delivery of escalated

doses of radiotherapy but also precise measurement of the

radiotherapy dose delivered to both a tumor and surrounding

dose-limiting normal structures. These data in turn facilitated

better understanding of the interaction between dose and toxi-

city. The Emami’s report first described guidelines for hepatic

tolerance based on literature reports of toxicity.14 Later studies

provided a more refined, prospective assessment of the inter-

action between radiotherapy dose, the irradiated volume of

uninvolved parenchyma, and risk of hepatotoxicity. The Uni-

versity of Michigan conducted a series of dose escalation pro-

tocols of hyperfractionated conformal radiotherapy with

concurrent hepatic arterial chemotherapy and based the total

radiotherapy dose on a maximum 10% to 15% risk of RILD as

per a normal tissue complication probability (NTCP) model.12

The NTCP model included several parameters designed to

assess the interaction between tumor dose and volume, such

as the effective liver volume (Veff), which in turn enabled

comparison between radiotherapy treatment plans and model-

ing of toxicity risks. The median radiotherapy dose was 61.75

Gy in twice-daily 1.5-Gy fractions. Total radiotherapy doses

�75 Gy were found to be associated with improved OS (23.9 vs

14.9 months, P < .01). Of the total cohort of 128 patients, 35

had HCC and 46 had ICC, with median OS of 15.2 and 13.3

months, respectively.

With the development of conformal radiotherapy, it was

also possible to deliver tumoricidal doses of radiotherapy to

patients who were not candidates for curative treatments due to

underlying hepatobiliary function. A prospective phase II trial

of three-dimensional (3D) conformal radiotherapy in Lyon,

France,15 enrolled 27 patients with CP Class A and B cirrhosis

with either 1 tumor nodule measuring �5 cm or 2 nodules

measuring �3 cm. Patients were treated to a total dose of 66

Gy in 2-Gy fractions. Response rates were impressive, with a

complete response rate of 80% and a partial response rate of

12%. At a median follow-up of 29 months, local control was

78%. There were no instances of grade 4 toxicity in patients

with CP A cirrhosis. Among patients with CP B cirrhosis, 2

(22%) of 11 had grade 4 toxicity, all of whom had grade 3

abnormalities at the time of enrollment. These results demon-

strated the feasibility of liver-directed radiotherapy in patients

with cirrhosis.

Intensity-Modulated Radiotherapy and Stereotactic
Body Radiotherapy

The development of highly conformal radiotherapy tech-

niques, such as intensity-modulated radiotherapy (IMRT) and

stereotactic body radiotherapy (SBRT), enabled further dose

escalation. These are highly precise forms of radiotherapy

which uses multiple beams to deliver high doses to a target

with rapid dose falloff, thereby minimizing dose received by

adjacent normal tissues. Intensity-modulated radiotherapy is

typically administered on a conventional or hypofractionated

schedule. By contrast, SBRT is delivered over the course of a

few fractions, as opposed to daily treatments over several

weeks. In addition to traditional methods of radiotherapy-
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induced cell death with DNA damage, SBRT is also thought

to have an ablative impact, potentially through vascular

injury.16-22 Given the high doses delivered with both IMRT

and SBRT, precise tumor identification, motion management,

and advanced treatment delivery systems are essential to

ensure safe and effective delivery of treatment.

Radiotherapy Treatment Planning and Delivery

Accurate target identification is essential to ensure maximal

dose is delivered to the tumor while also minimizing dose

delivered to adjacent normal structures. The classical enhance-

ment patterns of both HCC and ICC have been previously

described, with HCC demonstrating rapid arterial enhancement

with washout on delayed phases23,24 and ICC typically show-

ing delayed enhancement.25-27 However, enhancement patterns

for both HCC and ICC can vary significantly on both computed

tomography (CT) and magnetic resonance imaging (MRI) due

to tumor size and vascular involvement.24,25,28,29 Multiphasic

CT and/or MRI at the time of treatment planning is therefore

essential to accurately define the target volume. The RTOG

consensus guidelines for HCC recommend contouring the

gross tumor volume (GTV) as the union of GTVs from each

phase of contrast.30 Target identification is particularly chal-

lenging in patients with tumor vascular involvement or more

infiltrative lesions. For example, significant interobserver

variability was found among 11 gastrointestinal radiation

oncologists when defining the GTV in a patient with portal

venous invasion.30 At our institution, we found that intravenous

contrast enhancement patterns varied across lesions and that

there was no one optimal phase for tumor visualization.25 Sim-

ilar results were demonstrated in patients with ICC.25 Magnetic

resonance imaging–based simulation for radiotherapy planning

may be especially helpful in target definition in patients with

more infiltrative lesions not easily identified on CT scans.

Immobilization is critical to ensure patients remain in a

consistent and reproducible position for both treatment plan-

ning and treatment delivery. Target and organ motion must be

also assessed at the time of treatment planning. A four-

dimensional CT, with individual CT scans obtained throughout

the respiratory cycle, facilitates precise target identification.

Use of a free-breathing CT is not recommended as this may

result in a marginal miss and/or overtreatment of uninvolved

hepatic parenchyma. Fiducial markers are typically placed

prior to radiotherapy planning. In addition to facilitating

assessment of motion,31-33 fiducial markers are also an integral

component of patient setup and treatment delivery and are

often more precise than aligning to bony anatomy. For those

patients with significant target motion, abdominal compression

may be employed to decrease organ and target motion.34-37

Active breathing control,36 or respiratory gating, wherein

radiotherapy is only delivered during certain portions of the

respiratory cycle, may also be used to decrease radiotherapy

received by normal hepatic parenchyma. Of note, details of

patient immobilization and assessment of intrafraction motion

also vary based on the brand of linear accelerator used by a

given center. CyberKnife uses real-time orthogonal X-ray

tracking of implanted fiducial markers, whereas the Varian

Trilogy and the Elekta Synergy use on-board cone-beam CTs.

Outcomes of Modern Liver-Directed
Radiotherapy

Prospective phase I and II trials of liver-directed SBRT at

Princess Margaret Cancer Centre demonstrated the safety and

efficacy of liver-directed radiotherapy in HCC. In the initial

phase I series,38 41 patients with unresectable HCC (n ¼ 31) or

ICC (n ¼ 10) were treated with liver-directed SBRT, with

radiotherapy dose based on the maximum allowed Veff and

NTCP model detailed above. Dose was escalated within 3

strata of 5%, 10%, and 20% risk of toxicity. The maximum

tolerated dose was not reached, and median dose delivered was

36 Gy (range: 24-54 Gy). There were no cases of RILD or

grade �4 toxicity at 3 months. Median survival was 13.4

months, and 1-year local control was 65%. A subsequent pub-

lication of phase I and II trials39 conducted at Princess Mar-

garet Cancer Centre included 102 patients with locally

advanced HCC, the majority of whom had underlying cirrhosis

(38% hepatitis C-related, 28% hepatitis B-related, 25% alco-

hol-related). Patients were treated to a median dose of 36 Gy

(range: 24-54 Gy) in 6 fractions. All patients had CP A cirrho-

sis with at least 700 mL of uninvolved liver. The majority of

patients (55%) also had tumor venous thrombosis. Median OS

was 17 months, with 1-year local control of 87%. There was

30% rate of grade�3 toxicity, but no classic episodes of RILD.

Seven patients died within a year after treatment, 2 of whom

experienced liver failure in the setting of tumor venous throm-

bus progression.

Numerous prospective single-arm trials and retrospective

series have demonstrated impressive results with liver-

directed radiotherapy, with 1-year OS rates ranging

from 48% to 100% and local control of 64% to 100%38-50

(Table 138-41,43-46,48-61). These results are especially encoura-

ging, considering that many series include patients with

advanced disease, patients with underlying cirrhosis, and

patients who failed prior therapies.

The utility of radiotherapy is especially evident in advanced

HCC. Although ablative techniques such as radiofrequency

ablation and microwave ablation can be used as definitive

therapy in patients with smaller tumors,63-65 the efficacy

declines in larger lesions.66,67 Arterially directed therapies,

including transarterial chemoembolization (TACE), can pro-

vide palliation and improve outcomes for patients with

advanced HCC compared with supportive care,68-70 but sur-

vival and local control remain poor. Radiotherapy therefore

initially gained increasing use as a salvage treatment after

arterially directed therapies. For example, a series of 398

patients treated with 3D conformal radiotherapy included

312 patients who previously received TACE. Median OS was

12 months. Although 88 (22.1%) patients had CP B cirrhosis,

there was no case of grade 3 or higher toxicities.71 The

encouraging results associated with liver-directed
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radiotherapy suggest that many patients, particularly those

with larger tumors, may benefit from earlier use of radiother-

apy or integration of radiotherapy with arterially directed

therapies. For example, in a series of 72 patients with tumors

�10 cm who received TACE followed by SBRT, the objec-

tive response rate was 76.1% and the median survival was

12.2 months. There were no cases of grade �3 toxicities.72

Of note, although there are no completed randomized trials

of radiotherapy versus arterially directed therapy, the interim

analysis of a randomized controlled trial of proton therapy

versus TACE for patients with HCC within the Milan or San

Francisco criteria reported encouraging results.52 In addition to

a decrease in hospitalization days and needed for retreatment

with proton therapy, there was also an improvement in both 2-

year local control (88% vs 45%, P ¼ .06) and progression-free

survival (48% vs 31%, P ¼ .06) with proton therapy, suggest-

ing that with longer follow-up, a statistically significant differ-

ence may emerge. This trial is discussed in greater detail in the

section “Charged Particle Therapy.”

In patients with early-stage HCC, liver-directed radiother-

apy is associated with especially impressive outcomes. Two

series from Japan of tumors measuring 0.8 to 5 cm treated to

30 to 40 Gy in 5 fractions reported 1-year OS rates of 99% to

100% and 1-year local control rates of 95% to 100%.40,41 A

retrospective comparison of gross total resection versus radio-

therapy in 26 patients with HCC found similar rates of OS at 3

years (69.2% vs 57.1%, P ¼ .49).41 These results are important

as some patients with smaller tumors may not be optimal can-

didates for resection or ablation due to tumor location. For

example, proximity of lesions to blood vessels may hamper the

efficacy of ablation as blood vessels may allow convection of

heat away from the lesion.73 Tumors located in the dome of the

liver or adjacent to the porta hepatis are also challenging targets

for ablative therapies. For these patients, liver-directed therapy

represents a safe and effective treatment modality.

The optimal dose and fractionation for liver-directed radio-

therapy remains a subject of research. Retrospective series have

reported improvement in outcomes with dose escalation, partic-

ularly in patients with larger tumors. For example, in a series of

82 patients with HCC with tumors measuring up to 7 cm, total

radiotherapy dose �54 Gy was associated with a 100% local

control rate and 68% OS rate at 4.5 years. There were no epi-

sodes of RILD.46 A retrospective series of liver-directed confor-

mal radiotherapy from South Korea also demonstrated an

improvement in survival rates with increasing radiotherapy

doses, with tumor response rates measuring 29.2% in patients

treated with total doses <40 Gy, 68.6% in patients treated with

total doses of 40 to 50 Gy, and 77.1% in patients treated to total

doses >50 Gy.74 Although control is improved with larger doses

of radiotherapy, particularly in larger lesions, smaller total doses

of radiotherapy may be sufficient, particularly in patients with

smaller primary tumors or those with CP B cirrhosis. This is

particularly important as many patients with HCC and ICC have

compromised hepatobiliary function and would therefore espe-

cially benefit from increased sparing of uninvolved hepatic par-

enchyma. For example, a retrospective series of 185 patients

with HCC with tumors measuring 0.8 to 5 cm treated to 30 to

40 Gy in 5 fractions reported 3-year local control of 91% and OS

of 70%.40 Further prospective study is needed.

Hepatocellular Carcinoma With Tumor
Venous Thrombosis

Management of patients with tumor venous thrombosis is par-

ticularly challenging. These patients are not candidates for tra-

ditional curative therapies and have especially poor outcomes,

with reported median survival of less than 4 months.75 Arte-

rially directed therapies have traditionally been the cornerstone

of management in patients with advanced HCC who are not

candidates for resection or ablation. However, in patients with

portal tumor vein thrombosis (TVT), arterially directed thera-

pies are associated with increased risk of mortality and are

often contraindicated.76 In addition to the inherent risks asso-

ciated with arterial embolization in a patient with portal vein

thrombosis, the presence of a TVT has also been shown to alter

the vasculature in HCC. This in turn interferes with effective

localization of arterially directed therapies such as TACE or

selective internal radiation therapy. Unlike arterially directed

therapies, external beam radiotherapy does not rely on pre-

served hepatic vasculature for efficacy.

Multiple series of liver-directed radiotherapy have included

patients with HCC with tumor venous thrombosis. For exam-

ple, in the prospective trials from Princess Margaret Cancer

Centre discussed above, 55% of patients had tumor venous

thrombosis. Median OS ranges from 3.8 to 22 months in pub-

lished series, with response rates of TVT of 50% to

79%.39,47,77-82 Of note, in some series, radiotherapy was typi-

cally directed only to the tumor thrombus instead of both the

thrombus and intrahepatic disease due to concerns over toxi-

city. Although the tumor venous thrombus represents a signif-

icant acute risk of morbidity, management of the full extent of

intrahepatic disease is also critical. Sugahara et al reported a

series of 31 patients with TVT treated with proton beam ther-

apy with a median OS of 22 months. Although patient numbers

were low, those patients who received radiotherapy to the full

extent of intrahepatic disease in addition to the area of TVT had

a significant improvement in survival compared with patients

who only received radiotherapy to the area of TVT, with a 2-

year OS of 20% versus 0% (P ¼ .019).77

Some series have explored liver-directed radiotherapy in

conjunction with arterially directed therapies, particularly in

those patients who do not have extensive TVT precluding

TACE. In a retrospective series of 412 patients with HCC

with TVT, patients were treated to a median dose of 40 Gy

in 2 to 5 fractions directed to the thrombosis in conjunction

with TACE. At 1 year, OS was 42.5% and progression-free

survival was 85.6%.47

Of note, although radiotherapy has been safely delivered in

patients with CP B cirrhosis, we do not recommend treating

patients with CP C cirrhosis off-study. Radiotherapy has not

shown a survival benefit in these patients in a retrospective

series, and TACE is contraindicated.
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Intrahepatic Cholangiocarcinoma

Intrahepatic cholangiocarcinoma is associated with particularly

poor survival rates, even in patients who are able to undergo

resection.83,84 The data are complicated in that many series are

heterogeneous and comprised of patients with extrahepatic

cholangiocarcinoma, ICC, or gallbladder cancer. For example,

a meta-analysis by Horgan et al85 of 20 institutional and reg-

istry series on the role of adjuvant therapy in cholangiocarci-

noma included only one series of patients with intrahepatic

tumors. There was a significant improvement in outcomes in

patients who received adjuvant therapy in the setting of

involved lymph nodes (odds ratio [OR]: 0.49, 95% confidence

interval [CI]: 0.3-0.8) or positive resection margins (OR: 0.36,

95% CI: 0.19-0.68).85 Retrospective series also support the role

of adjuvant therapy in this population.4,86 For example, a series

from Fudan University of 90 patients with resected ICC with

involved lymph nodes reported an improvement in OS with the

use of radiotherapy (19.1 vs 9.5 months).86

Nearly 70% of patients are unresectable at diagnosis due to

nodal or distant metastases, vascular invasion, or tumor extent.7

For patients with unresectable disease, median survival is 2.3 to

9 months,7 and chemotherapy is the mainstay of treatment. The

ABC-02 trial, which included patients with metastatic or

locally advanced cholangiocarcinoma, gallbladder cancer, or

ampullary cancer, demonstrated an improvement in OS in

patients who received cisplatin and gemcitabine over gemcita-

bine alone, with a median OS of 11.4 versus 8.1 months (HR:

0.64, 95% CI: 0.52-0.80, P < .0001).87 A meta-analysis of

ABC-02 and BT-22, a randomized trial conducted in Japan,

also demonstrated an improvement in survival with gemcita-

bine and cisplatin compared with gemcitabine monotherapy.88

Although there are no randomized data on radiotherapy in

this population, single-arm prospective and retrospective series

do show an improvement in local control and survival with

radiotherapy. A phase I dose escalation study of SBRT for

primary liver cancers included 10 patients with ICC. Median

OS was 15 months.38 A retrospective series of 84 patients with

unresectable ICC also reported an improvement in outcomes

with radiotherapy, with 1-year OS of 38.5% in patients who

received radiotherapy versus 16.4% in patients who did not

receive radiotherapy.89 A SEER analysis of 3839 patients with

ICC also found an improvement in survival with the use of

radiotherapy.90 Although there are several caveats associated

with SEER data, including the lack of information on che-

motherapy and comorbidities, it does provide some evidence

of improved outcomes in those patients who are able to receive

radiotherapy. Several retrospective series of SBRT and IMRT

for primary liver tumors have also included patients with

ICC,43,91,92 with encouraging outcomes (Table 289,91-97).

Similar to HCC, the optimal radiotherapy dose for ICC is

not yet known. There is suggestion of improvement in out-

comes with dose escalation, particularly in patients with larger

tumors. A retrospective series from MD Anderson Cancer Cen-

ter reported improvements in both local control and OS in

patients treated to a higher biologic equivalent dose (BED).93

A total of 79 patients with unresectable ICC were treated with

sequential chemotherapy followed by IMRT or proton therapy

with passive scattering to a median dose of 58.05 Gy in 15

fractions. In some patients with larger tumors, the GTV was

treated with a simultaneous integrated boost to 75 Gy in 15

fractions or 100 Gy in 25 fractions. Care was taken to achieve

hepatic normal parenchyma and surrounding normal organ

dose constraints. In patients who were treated to doses corre-

sponding to BED >80.5 Gy, both OS and local control were

improved at 3 years. Specifically, 3-year OS was 73% in

patients treated with BED >80.5 Gy versus 38% in patients

treated with BED <80.5 Gy (P ¼ .017); 3-year local control

was 78% with BED >80.5 Gy versus 48% with BED <80.5 Gy

(P ¼ .04). Despite the escalated doses delivered, there were no

cases of RILD. Five patients were hospitalized within 90 days

of the completion of treatment, 3 with cholangitis due to stent

failure or tumor progression, 1 due to gastric bleeding, and 1

with radiation pneumonitis. A total of 7 patients developed

biliary stenosis, although at least 4 of these patients had evi-

dence of disease progression contributing to stenosis. This

report demonstrated both the feasibility and efficacy of dose-

escalated radiotherapy in ICC. These results are especially

encouraging as the majority of patients with ICC are unable

to undergo resection due to disease extent.

Charged Particle Therapy

Background

Charged particle therapy, including proton beam therapy and

carbon ion therapy, has been assessed in both retrospective and

prospective trials in primary hepatic malignancies. Unlike

photon-based radiotherapy, which is absorbed exponentially

in tissue, particle-based radiotherapy is characterized by rapid

energy deposition at the end of range followed by sharp dose

falloff. These properties in turn enable delivery of increasing

doses of radiotherapy to a given target while still minimizing

dose received by surrounding normal parenchyma, making

charged particle therapy a particularly intriguing treatment

modality for both HCC and ICC. A retrospective comparison

of proton and photon treatment plans found that proton therapy

was associated with increased sparing of normal tissues, with

lower mean hepatic doses, lower maximum spinal cord dose,

and lower dose to the stomach.98 A comparison of carbon ion

therapy also showed improvements in normal tissue sparing

when compared with photon radiotherapy.99 This may facili-

tate the use of liver-directed radiotherapy in patients with

tumors �10 cm. Of note, as in photon radiotherapy, target

identification and motion management are critical elements

in treatment planning and delivery for charged particle therapy.

Outcomes of Charged Particle Therapy

The largest series of proton radiotherapy for primary liver can-

cer included 318 patients with HCC treated at the University of

Tsukuba from 2001 through 2007.53 One-year OS was 89.5%,

6 Cancer Control 24(3)
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and 5-year OS was 44.6%. Underlying hepatobiliary function

had a significant impact on outcomes, with OS significantly

increased in patients with CP A cirrhosis compared with those

patients with CP B cirrhosis (1-year OS 93.9% vs 55.9%, P <

.01). There were 5 cases of grade �3 toxicity. Proton therapy

has also been shown to be effective in patients with larger

primary tumors—in a phase II study of 76 patients with HCC

treated at Loma Linda University, 54% of patients had tumors

outside of Milan criteria. Median progression-free survival was

36 months. There were no cases of grade�3 toxicities. Of note,

18 patients in this trial subsequently underwent liver transplan-

tation, 6 of whom were found to have had a pathologic com-

plete response.54 The properties of proton beam therapy may

facilitate dose escalation while minimizing associated toxicity.

For example, a retrospective series61 of hypofractionated pro-

ton beam therapy reported on 51 patients with tumors located at

least 2 cm from the hilum who were treated at 66.6 GyE in 10

fractions. At 3 years, local control was 94.5% and OS was

49.2%. There were only 3 cases of grade �2 toxicities and

no treatment-related deaths.

As previously noted, a randomized controlled trial of proton

therapy versus TACE for patients with HCC within the Milan

or San Francisco criteria has demonstrated encouraging results

in a planned interim analysis.52 The interim analysis reported

on 69 patients who were randomized to proton therapy (n¼ 33)

to a total dose of 70.2 Gy in 15 daily fractions versus TACE (n

¼ 36). Within the proton therapy cohort, 23 patients were

within Milan criteria and 10 patients were within San Francisco

criteria; while within the TACE cohort, 29 patients were within

Milan criteria and 7 were within San Francisco criteria. Patients

randomized to TACE received additional courses of TACE for

persistent disease, with 58% receiving 1 chemoembolization

and 42% receiving up to 4 chemoembolizations. By contrast,

of the 33 patients randomized to protons, 27 (82%) received

one course of proton therapy, while the remaining 6 patients

received additional proton therapy to other sites of disease.

Days of hospitalization was reported as a surrogate for treat-

ment toxicity; there was an increase in the number of patients

hospitalized within 30 days of treatment and the overall num-

ber of hospitalization days in TACE patients as compared to

patients receiving proton therapy (166 vs 24 days, P < .001).

This result does include postprocedure hospitalization days.

There was no significant difference in median OS, with a 2-

year OS rate of 59% and median OS of 30 months for the entire

study cohort. There was an improvement in 2-year local control

(88% vs 35%, P ¼ .06) and progression-free survival (48% vs

31%, P ¼ .06) with proton therapy, which trended toward

statistical significance. It is possible that with increased

follow-up, a significant difference may emerge. Of note, this

trial also included patients who were awaiting liver transplan-

tation. A total of 22 patients underwent orthotopic liver trans-

plantation (12 from the proton therapy arm and 10 from the

TACE arm). There was a clinically but not statistically signif-

icant difference in the rate of pathologic complete response,

with a rate of 10% after TACE versus 25% after proton therapy

(P ¼ .38). As the authors noted, this is an interim analysis and

the final results are needed, but the results thus far are encoura-

ging and demonstrate the feasibility and efficacy of liver-

directed radiotherapy in this cohort.

As in photon radiotherapy, dose and fractionation must be

tailored based on proximity to normal structures and to max-

imize sparing of uninvolved hepatic parenchyma. A phase II

multi-institutional trial of hypofractionated proton radiother-

apy enrolled 92 patients with biopsy-proven, unresectable HCC

or ICC. Median tumor dimension was 5.0 cm (range: 1.9-12.0

cm) for patients with HCC and 6.0 cm (range: 2.2-10.9 cm) for

patients with ICC. A total of 29.5% of patients with HCC and

28.2% of patients with ICC had tumor vascular thrombosis.

Radiotherapy dose was selected based on tumor proximity to

the porta hepatis as well as the mean liver dose.51 Specifically,

peripheral tumors, which were defined as tumors located more

than 2 cm from the porta hepatis, received up to 67.5 GyE in 15

fractions, while central tumors received up to 58.05 GyE in 15

fractions. Both dose schemas were further tailored to ensure

that mean liver dose remained less than or equal to 24 GyE.

Two-year OS rates were 63.2% for HCC and 45.8% for ICC,

and 2-year local control rates were 94.8% for HCC and 93.1%
for ICC. Treatment was well tolerated with this risk-adjusted

dosing approach. Only 3 (3.6%) patients had a decline in CP

score from CP A to CP B, and only 4 (4.8%) patients had grade

�3 toxicity.

Conclusion

As demonstrated in the multiple prospective and retrospective

series discussed above, modern liver-directed radiotherapy is a

safe and effective treatment option for patients with HCC and

ICC, including patients who were previously relegated to pal-

liative treatments.

Further prospective study is needed to determine the optimal

role of liver-directed radiotherapy in the management of HCC

and ICC. Tumor characteristics, underlying hepatobiliary func-

tion, and performance status must all be carefully assessed to

ensure each patient is presented with the optimal treatment

recommendations. At our institution, all patients with primary

liver tumors are discussed at a weekly multidisciplinary tumor

board including medical oncologists, hepatobiliary and trans-

plant surgeons, radiation oncologists, and interventional radi-

ologists. We recommend consideration of liver-directed

radiotherapy in patients with early-stage disease who are not

candidates for resection, orthotopic liver transplantation, or

ablation. For patients with larger tumors, radiotherapy should

also be considered if there is a sufficient volume of uninvolved

liver. We favor trial enrollment whenever possible.

Patients with advanced disease may benefit from a combi-

nation of liver-directed radiotherapy with either systemic treat-

ment or arterially directed therapies. RTOG 1112

(NCT01730937) is a currently accruing randomized phase III

trial of sorafenib with or without SBRT in patients with unre-

sectable BCLC stage B or C HCC. Patients are to be stratified

by vascular invasion, etiology of cirrhosis, and extent of HCC

volume relative to overall hepatic volume. Dose level is to be

8 Cancer Control 24(3)



based on the mean liver dose, with constraints applied to unin-

volved liver and surrounding organs at risk. It is important to

note that patients with TVT are eligible for enrollment on

RTOG 1112, as this is a population that has often been

excluded from trials.

In unresectable ICC, prospective series are also focusing on

the optimal integration of liver-directed radiotherapy with sys-

temic therapy. NRG GI001, a phase III trial of cisplatin and

gemcitabine with or without focal hypofractionated radiother-

apy, is currently enrolling patients.100 Patients are randomized

to chemotherapy alone, consisting of cisplatin and gemcitabine

for 5 cycles, versus chemoradiotherapy consisting of 1 cycle of

cisplatin and gemcitabine followed by radiotherapy followed

by an additional 4 cycles of cisplatin and gemcitabine. Patients

are to be stratified by tumor size and the presence or absence of

satellite lesions. Radiotherapy dose is based on the mean liver

dose and proximity of the target to the porta hepatis.
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