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Abstract

Primary and metastatic liver cancer is an increasingly
common and difficult to control disease entity. Radiation
offers a non-invasive treatment alternative for these
patients who often have few options and a poor prognosis.
However, the anatomy and aggressiveness of liver
cancer poses significant challenges such as accurate
localization at simulation and treatment, management
of motion and appropriate selection of dose regimen.
This article aims to review the options available and
provide information for the practical implementation
and/or improvement of liver cancer radiation programs
within the context of stereotactic body radiotherapy and
image-guided radiotherapy guidelines. Specific patient
inclusion and exclusion criteria are presented given the
significant toxicity found in certain sub-populations
treated with radiation. Indeed, certain sub-populations,
such as those with tumor thrombosis or those with larger
lesions treated with transarterial chemoembolization,
have been shown to have significant improvements in
outcome with the addition of radiation and merit special
consideration. Implementing a liver radiation program
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requires three primary challenges to be addressed: (1)
immobilization and motion management; (2) localization;
and (3) dose regimen and constraint selection. Strategies
to deal with motion include simple internal target volume
(ITV) expansions, non-gated ITV reduction strategies,
breath hold methods, and surrogate marker methods
to enable gating or tracking. Localization of the tumor
and organs-at-risk are addressed using contrast infusion
techniques to take advantage of different normal liver
and cancer vascular anatomy, imaging modalities, and
margin management. Finally, a dose response has
been demonstrated and dose regimens appear to be
converging. A more uniform approach to treatment in
terms of technique, dose selection and patient selection
will allow us to study liver radiation in larger and, hopefully,
multicenter randomized studies.

Key words: Hepatocellular carcinoma; Liver metastases;
4DCT; Image-guided radiotherapy; Stereotactic body
radiation therapy

© The Author(s) 2017. Published by Baishideng Publishing
Group Inc. All rights reserved.

Core tip: Primary and metastatic liver cancer patients
are a growing population seen in cancer centers. This
population often has few options and a poor prognosis.
Radiation offers a safe non-invasive treatment option,
but those implementing a liver radiotherapy program
must address specific challenges not always seen in
other disease sites. A growing and large number of
papers have investigated a wide range of strategies.
Our objective is to consolidate this literature to provide a
concise review of options to allow a pragmatic selection
of management strategies.
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INTRODUCTION

Liver cancer is a major area of investigation as it is
increasingly common and remains one of the deadliest
diseases where clinicians have few options. According
to Surveillance, Epidemiology, and End Results (SEER)
statistics, the estimated numbers of cases of liver cancer
(including intrahepatic bile duct cancers) will be 35660
in 2015 representing the second largest annual increase
in incidence amongst all cancers in the United States'"!.
Liver remains the most frequent site of metastatic
disease for patients with colorectal cancer. Approximately
50%-60% of patients with colorectal cancer (CRC) will
develop liver metastases and one third will die from liver
failure from progressive disease™. In patients with only
limited liver metastases, aggressive local treatment
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with surgical extirpation could result in 5-year overall
survival rates of 25%-40%".. Likewise, the mainstay of
treatment for primary liver cancer is surgical resection
or liver transplantation. Unfortunately, only 15%-25% of
patients are eligible for curative resection or transplant at
the time of diagnosis.

Traditionally, radiotherapy has not been routinely
given to patients with liver tumors primarily due to the
relatively low liver tolerance to radiation. With the advent
of advanced radiation technology, it is how possible
to deliver potentially curative radiation doses to liver
tumors safely. Investigators from Sweden and Japan
pioneered the use of stereotactic body radiotherapy
(SBRT), a spin-off of intracranial stereotactic radiosurgery
(SRS) for extracranial targets®®. SBRT has also been
applied for the treatment of liver tumors and the early
results are promising. Following these results, advanced
technologies such as protons have also been used to
deliver radiotherapy to liver tumors with good results™,

Despite the availability of advanced radiotherapy
technologies and evidence of efficacy, the use of radio-
therapy for liver has not become standard™. This may be
due to the fact that there are several difficult challenges for
radiotherapy of liver lesions and a myriad of approaches
to deal with these challenges. Clinicians must select an
appropriate patient population, a safe and effective dose
regimen, image guidance methods for tumor localization,
methods to deal with respiratory motion, and methods to
avoid radiation-induced complications. This overview will
provide a practical review of the challenges and options
for the treatment of primary and secondary liver tumors.
This will assist the practical selection and implementation
of options for a high-quality program that follows the
guidelines on SBRT.

APPROPRIATE PATIENT SELECTION AND
ACHIEVABLE CLINICAL OUTCOMES

Hepatocellular carcinoma

There have been significant advances in the options
available for hepatocellular carcinoma beyond surgery
with level 1 evidence of an overall survival benefit for
sorafenib, radiofrequency ablation and transarterial
chemoembolization (TACE)™. Patient selection for sorafenib
is limited to patients with hepatocellular carcinoma
(HCC), that earlier treatments options are not suitable,
or patients who have progressed on other treatments.
This tends to be patients with extensive disease within
or outside the liver, including patients with portal vein
invasion based on two randomized controlled trials®?,
TACE has been shown in two randomized controlled
trials and one metaanalysis to improve survival at two
years!'®*?, Subsequent metaanalysis has added to the
controversy indicating no improvement!®!, However, there
are no prospective randomized studies to inform clinical
practice beyond radiofrequency ablation, sorafenib, TACE
and surgery. This makes selection of appropriate patients
subject to interpretation of the evidence. For radiotherapy
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there is no prospective randomized trial, and we must rely
on interpretation of multiple studies reporting case series
data with variable patient inclusion, treatment and length
of follow-up (Table 1). However, the literature suggests
that one subgroup can be identified: Unresectable, locally
advanced disease without extrahepatic metastasis, Child-
Pugh class A or B, and occupying less than 2/3 of the
liver. Several guidelines already include radiation for this
subgroup™***), This is based on a growing body of level II
evidence (retrospective and prospective case series data);
this data indicates a 1-year overall survival of 48%-100%,
a 1-year local control rate of 64%-100%, and a grade
3 or greater toxicity of 0%-36% (Table 1). Yet, the role
of radiation for hepatocellular carcinoma can span early
curative presentations to palliative treatment also based on
retrospective data!’®. For tumors near luminal structures,
conventional radiotherapy may be recommended
over SBRT depending on the dose selection method
and planning constraints applied. For the subgroup of
recurrences or incomplete responses post chemotherapy
or chemoembolizations, the data also suggest that
radiation is a strong option. In the landmark trial by Shim,
the 2-year overall survival for those receiving radiation
was 37% compared to 14% for those who did not receive
radiation"”), This trial also highlighted the importance of
tumor size in predicting success of TACE and the possible
value of adding for certain patients. For tumors greater
than 8 and 10 cm, no patients lived beyond 2-years with
TACE. However, if external beam radiation was added, the
survival was 50% and 17% for the 8 and 10 cm groups,
respectively. Combination therapy, particularly in those
with larger lesions where TACE is indicated, the addition of
radiation may play a significant role.

Lastly, another group with a very poor outcome are
those with portal vein thrombosis. Radiotherapy may be
particularly useful for tumor thrombosis where current
median survivals remain at 2-4 mo without radiation.
To date there have been twelve retrospective™®??! and
1 prospective case™” series demonstrating a median
survival improvement of two to five times historical
cohorts. The larger studies used older radiotherapy tech-
niques, including the largest from Yoon et a**.. Despite
a relatively low median dose of 40 Gy in 2-5 fractions,
the study achieved an impressive 43% one year overall
survival and an acceptable 10% grade 3 or greater toxicity
rate™. Randomized trials to address the value of radiation
for patients with thrombosis are warranted given the
possible survival benefit.

Liver metastases

There is growing interest in radiation for oligometastatic
disease and palliation. Hoyer et a/®" reviewed five
retrospective and seven prospective trials to determine
which patients should be considered for liver SBRT.
This review of the literature by a subcommittee of the
American Society of Radiation Oncology (ASTRO) including
members from the European Society for Therapeutic
Radiology and Oncology (ESTRO), the Canadian Asso-
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ciation of Radiation Oncology (CARO) and the Trans-
Tasman Radiation Oncology Group (TROG), concluded that
the ideal radiotherapy candidate would have an ECOG 0-1,
possess adequate hepatic function, have no extrahepatic
disease, and have an uninvolved liver volume of 700
mL or greater. This would result in local control rates
ranging from 56%-100% at 2 years. Table 2 summarizes
prospective trials of SBRT for liver metastases. For a large
proportion, extra-hepatic progression develops after local
treatment. Though no threshold dose has been found, this
group recommended liver metastases receive 48 Gy in
three fractions based on the available evidence.

TECHNICAL IMPLEMENTATION
CHALLENGES

Immobilization and motion management

Surveys demonstrate that there is no universal standard
for liver SBRT™?, but there are recommendations from
large SBRT groups. This includes the CARO Scope of
Practice guidelines that were published to ensure safe
practice in the major SBRT sites™ ¥, In conventional
treatments, a larger margin for interal target volume (ITV)
may be acceptable as multiple fractions averaged the dose
errors caused by inaccurate organ localization, motion or
set up error. SBRT relies on the delivery of accurate high
doses to the target and errors in localization could result
in increased toxicity, geometric tumor miss and cannot be
easily “corrected” in later fractions. Therefore, the use of
techniques or devices to localize the radiation to the tumor,
minimize margins and optimize on-treatment quality
assurance is critical. Furthermore, with the use of IMRT,
improved motion management results in fewer unplanned
hot and cold spots due to the interplay of the motion of
anatomical structures and MLC leaf motion>*.

The primary motion with liver SBRT is respiratory
motion which can be controlled with fixed immobilization,
breath hold and/or tracking. For immobilization, vacuum-
bag systems or fixed body immobilizers are used where
arms are kept up and out of field. A simple margin
expansion to account for ITV is then applied based on
a 4DCT scan, fluoroscopy and/or slow CT scanning to
capture the full range of motion. These are categorized
as ITV methods or motion encompassing methods. An
additional margin for set-up motion is added for planning
target volume (PTV) with recommendations ranging
between 2 and 5 mm®.. These methods in isolation
necessitate larger treated volumes, greater normal tissue
inclusion and a lower chance for dose escalation. Shallow
breathing may be sufficient in many patients especially if
patients are compliant and can maintain regular breathing
motions. The American Association of Physicists in Medicine
(AAPM) Task Group 76 emphasizes that some method
of respiratory assessment be applied and a step-wise
algorithm be applied to determine the amount of respiratory
management required®. However, in a large proportion
of patients, additional motion management techniques
are necessary to achieve greater dose escalation and
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Table 1 Summary of hepatocellular carcinoma radiotherapy studies

Ref. No. of Percent of Median tumor Dose (range)/No. of Median 1-yr 2-yr LC Toxicity
patients Child-Pugh diameter fractions follow-up (o)
B patients (range), cm interval, mo
Scorsetti et al®, 2015 43 36% <6cm 48-75 Gy/3 (51%) and 8 77.9% 64.4% = gr3:0
36-60 Gy/6 (49%)
Yamashita et al'*”, 2015 79 11% 2.7 cm 48 Gy (40-60)/4-10 21 53% at 40% gr3-4:4.6% gr2: 2.3%
2yr
Huertas et al”, 2015 77 14.3% 24 cm 45Gy/3 12 81.8 99% 14.9%
Zhong et al”, 2014 72 26% 13.1 cm 35.6 Gy/12 18 56% NR grl-2: 5.6% liver
grl-2:9.8%
gastrointestinal
Lo et al™, 2014 53 NR 43 cm 40 Gy/4-5 131 70.1% RILD 9.4%
Van de Voorde et al”, 2014 5 NR NR 93.6 Gy (62.5-150)/3-10 21 85.4% NR 0
Sanuki et al™, 2014 63 16% 2.6 cm 35-40 Gy/5 311 100% 95% gr3:
early: 16%
late: 21%
gr4-5: 0%
Park et al”™, 2013 26 27% 2.8 cm 40-50 Gy; 4-5 Gy per 20.2 88.5% 87.6% gr3:4%
fraction grd-5: 0%
Bujold et al®, 2013 102 0% 9.9 cm 24-54 Gy (36)/6 314 75% 74% gr3: 21% grd: 2.9% gr5:
6.9%
Yoon et al”™, 2013 93 26% 2cm 45 Gy (30-60)/3-4 25.6 86.0%  94.8%" (2 yr) 2r3:4.3%
grd: 1.0%
gr5: 1.0%
Jang et al®, 2013 108 10% 3.0cm 51 Gy (33-60)/3 30 83%" 87% gr3: 6.5%
grd: 1.9%
gr5: 0%
Jung et al”, 2013 922 26% Vol: 8.6 cc 45 Gy (30-60)/3-4 257 86.9%  92.1% (3 yr) gr =3:7%
Bibault et al”, 2013 75 11% 3.7 cm 40-45 Gy/3 10 78.5% 89.8% gr3: 4%
grd: 1.3%
gr5: 0%
Honda et al™, 2013 30 23% 16 cm 48 Gy/4 12.3 100% 95%" gr3:10%
gr4-5: 0%
Yuan et al®”, 2013 22 45% 43 cm 45 Gy (39-54)/3-8 53.4 73% 92.9% gr2: 31.8%
Sanuki et al'™, 2013 185 15% CP-A: 27 cm CP-A:40 Gy /5 24 9%  93% (2yr) gr5: 1.1%
CP-B: 24 cm CP-B: 35 Gy/5
Xi et al™, 2013 41 0%  Mean GTV vol: 30-48 Gy (36) 10 50.3% NR gr3:2.4%
65.4 cc (SD: 47.9) grd-5: 0%
Huang et al'™, 2012 36 NR 1.1-12.3 cm 37 Gy (25-48)/4-5 14 64% at 98% gr2: 3%
2yr
Kang et al®, 2012 47 13% 2.9 cm 42-60 Gy/3 17 83%" 94.6% gr3: 6.4%
grd: 4.3%
gr5: 0%
Ibarra et al™, 2012 21 NR GTVvol:334.2 30 Gy (18-50)/1-10 12.9 87%  57%' (2yr) 2r3: 4.8%
cc grd: 4.8%
gr5: 0%
Price et al®, 2012 26 46% Median GTV 42 Gy (24-48)/3-5 13 77% NR NR
vol: 33.9 cc
Andolino et al®, 2011 60 40% 3.1cm CP-A: 30-48 Gy/3 27 82%'  90% (2yr) g13: 35%
CP-B: 24-48 Gy/5 grd: 1.7%
gr5: 0%
Chan et al”, 2011 11 25% 3cm 45Gy/10 24 62% NR gr =322%
Louis et al'®!, 2010 25 12% 45cm 45Gy/3 12.7 79% 95% gr3:
early 8%
late 4%
Kwon et al™, 2010 42 10% Vol: 15.4 cc 30-39 Gy/3 287 92.9% 67.5% gr3: 0%
grd: 2%
gr5: 0%
Cardenes et al™™, 2010 17 65% <6cm CP-A:48Gy/3 24 75% 100% gr3: 13 instances
CP-B: 42 Gy/3 then grd: 11.8%
40/5 gr5: 0%
Son et al™, 2010 47 8% 18.3 cm 36 Gy (30-39)/3 NR NR NR gr2: 33%
Goyal et al™, 2010 6 NR 9.3 cm 34 (24-45 Gy)/1-3 10 83% 100% at 9 mo 0%
Seo et al™, 2010 38 11% Vol: 40.5 cc 33-57 Gy/3-4 15 68.4%  66.4% (local gr3:3%
PES) gr4-5: 0%
Choi et al™", 2008 22 14% Vol: 23,5 cc 36 Gy (30-39)/3 115  88.1% NR gr3: 4.5%
grd-5: 0%
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Tse et al'™”, 2008 31 0% 173 cc 36 Gy (24-54)/6 17.6 48% NR 813: 29% grd-5: 0%
Méndez Romero et al™, 8 25% 32cm <4.cm:37.5Gy/3 129 75%  75% (22 mo) gt5: 12.5% RILD
2006 = 4 cm: 25 Gy/5 or 30

Gy/3

"Estimated from survival curve. CP-A: Child-Pugh class A; CP-B: Child-Pugh class B; gr: Grade; GTV: Gross tumor volume; LC: Local control; OS: Overall
survival; NR: Not reported; PFS: Progression-free survival; RILD: Radiation induced liver disease; vol: Volume.

Table 2 Prospective metastatic liver stereotactic body radiotherapy studies

Ref. No. of patients Dose (Gy/fraction) Median follow-up (mo) 2-yr local control (%)
Herfarth et al®, 2001 37 14-26 Gy/1 5.7 81>
Hoyer et al”, 2006 44 45Gy/3 51.6 79
Kavanagh et al™, 2006 36 60 Gy/3 19 93
Ambrosino et al””', 2009 27 Median 36 (25-60) Gy/3 13 74 crude”
Rusthoven et al™, 2009 47 36-60, 60 Gy/3 16 92
Lee et al™, 2009 68 Median 41.8 Gy/6 10.8 71°
Méndez Romero et al™”, 2006 17" 30-37.5 Gy/2 86
Stintzing et al®, 2010 36' 24 Gy/1 21.3 87°
Goodman et al"", 2010 26 18-30 Gy/1 17 77"
Rule et al®, 2011 27 30 Gy/5 20 56

50 Gy/5 89

60 Gy/5 100
Janoray et al"™, 2014 56 45 Gy/3-60 Gy/3 12.5 64>

"Included hepatocellular patients; *12-18 mo local control percentage.

safety. The AAPM suggests a cut-off of 5 mm after which smaller than initially reported. Updated data from Eccles
respiratory management is recommended. The options reported in 2011 that the decrease in motion averaged
can be categorized into three types: (1) non-gated ITV 2.3 mm and 0.6 mm in the CC and AP direction; 28%
reduction strategies; (2) active or passive breath hold saw an increase in motion with abdominal compression
techniques; and/or (3) surrogate markers. These are so this option does come with caveats™*”. Motion of other

applied uniformly based on institutional practice or after important structures such as the kidney do not appear
a trial assessment of patients who are then assigned to to be improved with the use of this type of device™".
one or more additional motion control methods. Furthermore, not all patients require or can tolerate

abdominal compression. Patients with abdominal aortic
Non-gated ITV reduction strategies: Abdominal aneurysm also may not be suitable for abdominal com-

compression was one of the earliest motion management pression. Therefore, other motion correction methods
strategies and was first used in Karolinska Hospital for have been tested such as using the mean respiratory
lung and liver lesions in the 1990's™”). A compression position for planning™?. This strategy determines the
plate was applied to the abdomen to reduce abdominal diaphragm’s mean cranio-caudal position in the respira-
motion caused by respiration. Early data, primarily tory cycle or selects a mid-ventilation CT data set. Velec
from lung cancer patients, has shown accuracy and was able to show that this simple method resulted in
reproducibility with median reductions of 7 mmt, a 34% lower irradiated volume due to the significantly
Recent papers using fiducial markers to track motions smaller PTV compared to standard full-motion ITV-
have provided direct data on reproducibility and extent based and dose probability PTVs. However, this group

of motion reduction in liver patients using abdominal demonstrated that rigid motion correction still results
compression. Essentially, a motion minimization method, in an 8% and 7% change in dose accumulation for the
Wunderink and Méndez Romero™ demonstrated reduced tumor and normal tissues, respectively™®?. These changes

median excursion by 62% and essentially all residual were found in a majority of patients and suggest the
excursions were reduced to less than 5 mm. Reproducibility need for some additional form of respiratory control and
was excellent between planning and treatment. Predating further investigation of adaptive SBRT to deal with organ
much of the 4D respiratory strategies, the appeal of this deformation.
method includes better localization; this is due to more
projection data from the entire breath cycle being available Breath hold methods: The second category of motion
leading to better image quality than only a portion of management techniques are the breath hold methods. The
the 4DCT data set. Another advantage of abdominal simplest application is deep inspiration breath hold (DIBH).
compression is the minimal technology requirements Initially pioneered at the Memorial Sloan-Kettering Cancer
compared to more complicated strategies such as gating. Center™, DIBH has shown reproducibility within a margin
However, the magnitude of improvement may be of 2.2 £ 2.0 mm™. Voluntary DIBH can reduce internal
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motion from 12.9 to 2.8 mm™!, Additional margins for
set-up error (typically 2-5 mm) and assessment of intra-
and inter-fraction motion is required”®®. The addition of
assisted or active breath hold, such as Active Breathing
Control (ABC), reduces variability further. ABC was
commercialized by Elekta, Inc. and uses a spirometer
that monitors the phase of breathing. Usually after
two preparatory breaths, a valve is closed at expiration
thereby “holding the patient’s breath”. Issues with this
strategy include concerns regarding reproducibility, cost
of non-reusable components, time required, maintenance
and patient tolerance. Reproducibility assessments have
demonstrated good intrafraction absolute offsets of 3 mm
or less. However, interfraction errors > 3 mm are found
in 46% of cases further emphasizing the need for image
guidance™”. Alternatively, shallow breathing and voluntary
breath hold can be monitored using the spirometry
system; planning margins, treatment activation, and
reproducibility of set up can be determined using the
same equipment. This is useful as not all patients can
tolerate active breath hold. While it has its own limitations,
voluntary breath hold has many advantages compared
to gating including no marker/tumor motion lag issues,
about half the treatment time required, less specialized
equipment, less training and software, plus more efficient
simulation™,

Surrogate markers to enable gating or tracking:
The third variation in motion management is the use of
surrogate markers to enable gating. Depending on the
surrogate, this overlaps with tumor localization strategies.
Surrogates are used to assess the degree of motion
which leads to individualization of motion management.
Compared to breath hold techniques alone, this method
is better tolerated and may represent a more accurate
anatomical picture than deep inspiration or expiration.
External respiratory surrogates include the Varian 3D
infrared marker (Real-time Positioning Management or
RPM) system, the Siemens respiratory strain gauge belt,
and 3D laser surface respiratory assessment systems
(C-RAD Sentinel). Internal surrogates include the
diaphragm/lung interface, radiotransmitters (Calypso),
and radio-opaque markers (including surgical clips, stents,
lipiodol or anatomical calcifications). Internal markers
provide the best surrogates, but usually are invasive
to insert, risk complications and have a higher relative
cost in time and money. Various gating options can by
chosen based on the information from these surrogates.
Respiratory gating can be grouped into three major
categories: First, phase gating consists of treating the
patient during a particular phase such as end-expiration.
The advantage is that this portion of the breathing cycle
is often the most stable with the least motion. Second,
amplitude gating selects a certain portion of the respiratory
cycle defined by a percentage of the amplitude of each
cyde. As phase gating may result in binning errors due to
breath to breath variations in slope, length of cycles and
amplitudes, detractors suggest better sorting with fixed
amplitude gating™. Third, gating may be based on the
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surrogate marker at breath hold. In addition to motion
assessment, these markers may be used during treatment
for synchronizing treatment delivery. For example, simply
gating the treatment beam when the surrogate indicates
the tumor is in a certain position, or synchronizing the
aperture via dynamic multileaf collimator (DMLC), or
moving beam to the location of the lesion (Cyberknife)
are valuable strategies*”. A method to select an
appropriate clinical target volume (CTV) to PTV margin
has been developed by Keall and Vedam based on three
challenges: (1) selection of amplitude vs phase gating;
(2) accounting for phase shifts between markers and the
lesion; and (3) the management of intrafraction motion
vs increased delivery time™”. Typical GTV to PTV margins
are 5 mm axially and 10 mm craniocaudally™'. Periodic
monitoring during treatment is still necessary to confirm
reproducibility of the motion compared to planning. Patient
training plus visual or verbal prompting may allow better
reproducibility and margins™.

Localization

At simulation, IV contrast is considered standard particularly
for hepatocellular carcinoma. However, this does introduce
fusion errors as the contrast infusion must be captured
over several respiratory cycles. Various protocols are in
place such as the MD Anderson standardized protocol®"! or
those that individualize™ binning by visualizing contrast
in specific vessels. The later method accounts for patient
differences in the time contrast reaches and leaves the
lesion, anatomical location of the tumor relative to the
start of the scan, body weight, time-density curves and
cirrhosis (Figure 1). Figure 1 demonstrates the time-
density intravenous contrast enhancement called Dynamic
Contrast Enhanced CT (DCECT). Images are binned
by location in respiratory cycle and when the contrast
density within a vessel (such as the aorta or portal vein)
signifies the arterial, portal venous, and delayed phase.
Images are specific to each patient and individualized
contrast enhanced images (Figure 2) offer the possibility
of improved delineation without additional equipment or
technology, but methods to eliminate motion during the
long acquisitions are required™***,

MRI and PET are becoming a standard part of manage-
ment for liver lesions due to improved sensitivity and
specificity™. MRI is particularly useful for small tumors,
cirrhotic patients or those who are unable to tolerate
IV contrast. MRI may play a greater role as experience
with 4DCT, gated MRI and cine MRI accumulates™®”.
Functional imaging assessments are useful for follow-
up, and to determine the necessity to add additional
treatments post radiation™, However, both MRI and
PET have long acquisition times and require strategies to
account for motion. Strategies such as multiple breath
holds, parallel imaging for rapid acquisition and respiratory
correlated PET are being investigated. Even if accurate
localization is possible with the elimination of respiratory
motion, strategies to register the MRI and/or PET to the
CT image are then required. Additional margins will be
required after deformable or rigid image registration in
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HU (relative)

Figure 1 Image of a time-density intravenous contrast enhancement called Dynamic Contrast Enhanced computerized tomography. Images are binned by
location in respiratory cycle and when the contrast density within a vessel (such as the aorta and portal vein) signifies the non-contrast, arterial and wash-out phase.

Time is measured in seconds and density is measured in Hounsefield units (HU).

Figure 2 Arterial and portal-venous phase images.

the range of 2.2 to 21.3 mm". Therefore, the value of
more accurate localization must be balanced against the
additional margin, time, and cost.

Oral contrast is useful to localize luminal structures,
which often represent the most critical organs at risk. The
contrast is assigned a CT number for tissue equivalence
prior to planning. Lastly, calcifications, vessels and other
anatomical landmarks can be extremely useful. If possible,
contouring these structures provides information to the
therapists; communication with therapists to indicate
which critical structures to localize, priorize and/or avoid is
a practical and valuable routine to incorporate.

At treatment, localization of the tumor in the liver is
sometimes not possible in contrast to other sites such
as lung cancer where the tumor location is often very
clear. Internal and/or external surrogate markers or
structures may be used as described earlier. At treatment
the consistency of correlation with respiratory motion or
breath hold ability at time of simulation must be verified.
A commonly used structure is the diaphragm. Vedam
has shown a strong linear correlation between the dia-
phragm and the external marker; a superior-inferior CTV-
PTV margin of 0.8 cm provided sufficient coverage over
multiple sessions with or without training®”. Static images
are acceptable, but real-time or near-real-time options
exist. Some systems have the ability to acquire images in
fluoroscopy or cine-mode and new systems now enable
almost real-time dose accumulation to enable adaptive
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treatment. However, with fewer fractions used in SBRT,
the opportunity to correct dosing errors is limited and
localization prior to and during each treatment remains
the primary goal. Non-radiographic dependent internal
tumor markers such as Calypso can track motion during
treatment to provide a more accurate assessment of
tumor motion. This real-time tracking has significant
advantages over other motion control strategies including
the ability to adjust beam delivery via synchronized
aperture tracking methods or by directly following the
lesion motion with the radiation beam.

Dose selection and constraints

An optimal dose for primary and secondary liver cancer
has not been identified. Essentially there are two types
of research approaches in the literature for dose finding:
Radiobiologically-guided dose escalation and step-wise
dose escalation. The first approach, such as the pioneering
work of Tse et al®, uses radiobiological calculation of
risk to provide individualized dose recommendations.
The second relies on maximally tolerated dose (MTD)
techniques used successfully in drug trials. In many
cases, the dose has been determined by normal tissue
constraints. Furthermore, patient tolerance of radiation
may vary due to underlying hepatic insufficiency, and
previous or concurrent treatments (resections, chemo-
therapy). Despite the varied approaches and dose
regimens, a convergence of dose recommendations may
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be occurring (Table 1, summary of studies for HCC; and
Table 2, summary of SBRT studies of metastatic cancer).
For hepatic metastases, work published by Rusthoven
demonstrated that 60 Gy in 3 fractions resulted in a local
control rate of 92% at 2 years®®. Similarly, Timmerman
and Rule suggest that a 60 Gy in 5 fraction regimen is
appropriate, particularly for tumors adjacent to critical
structures™®. Based on three dose escalation cohorts,
the actuarial 24 mo local control was 100%. The authors
state that a maximum tolerated dose was not reached;
MTD was defined as the dose below which the dose
limiting toxicity rate was = 33%. Both groups used a
critical volume model with at least 700 mL of normal
liver receiving less than 15 Gy and 21 Gy for the 3 and 5
fraction regimen, respectively. However, in both studies
tumors were highly selected with a median tumor size
of less than 3 cm and few patients had centrally located
lesions. Therefore, the excellent results may not be
generalizable to a wider population especially those with
larger lesions. However, for patients who can meet the
trial constraints, the 100% local control rate is a strong
argument that the optimal dose for hepatic metastases is
60 Gy in three or five fractions.

For primary liver cancer, a dose response relationship
has been found™, but outcomes and regimens remain
somewhat more varied than with metastatic disease
(Table 1). HCC patient population is very heterogeneous
with important parameters such as size of lesion, liver
dysfunction, previous treatments received, presence of
vascular invasion and number of lesions all influencing
outcome. This heterogeneity increases the difficulty
in generalizing data. Modeling suggests that a 90%
probability of 6-mo control could be achieved with 84 Gy
in 2 Gy equivalent doses™’; much higher than the 53
Gy in 2 Gy equivalent required for metastatic disease.
Review of trials reporting 2-year outcomes of greater
than 90%, suggests that a dose of 45 Gy in 3-4 fractions
or 35-40 Gy in 5 fractions need to be achieved (Table
1). A critical dose threshold likely exists for both local
control and overall survival. In one of the larger SBRT
studies, Jang et af*> demonstrated that above 54 Gy in 3
fractions, local control and survival was 100% and 71%
at 2-years, respectively. However, if less than 45 Gy was
achieved, the local control and overall survival dropped to
64% and 30%, respectively.

Unlike patients with liver metastases, a significant
proportion of patients with HCC have underlying cirrhosis
and/or other insufficiency. This factor has been a con-
sistent parameter influencing dose selection, patient
selection and outcome. Most commonly measured using
the Child-Pugh score, groups have consistently found this
issue to influence treatment and prognosis. Cardenes et
al®®, from Indiana University conducted a phase I dose
escalation trial of SBRT for HCC, where 17 Child-Pugh
classes A or B patients with 25 tumors were included.
The initial dose level was 36 Gy in 3 fractions and there
was a 2-Gy per fraction increment. Patients received
a maximum of two treatments per week. The protocol
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required 700 cc of normal liver would receive < 15 Gy.
They were able to escalate the dose to 48 Gy in 3
fractions for Child-Pugh class A patients without causing
dose-limiting toxicities. However, two Child-Pugh class B
patients developed grade 3 liver toxicities when the dose
was escalated to 42 Gy in 3 fractions. This observation
has led these investigators to change the regimen for
Child-Pugh class B patients, from 40 Gy in 3 fractions to
40 Gy in 5 fractions. This was considered the MTD and
no further dose escalations are recommended. The most
important factor associated with grade 3 or higher liver
toxicities was a Child- Pugh score of = 8. Based on their
experience, the group has recommended that the dose
to one-third of the uninvolved liver should be restricted to
< 10 Gy (3.3 Gy/fraction) and = 500 cc of uninvolved
liver should receive < 7 Gy (2.3 Gy/fraction) for Child-
Pugh class A patients; for Child-Pugh class B patients, the
dose to one-third of the uninvolved liver is restricted to
< 18 Gy, (3.6 Gy/fraction) and = 500 cc of uninvolved
liver should receive < 12 Gy (2.4 Gy/fraction)®®. A
summary of suggested constraints based on recent
randomized clinical trials with accepted fraction regimens
is summarized in Table 3.

FUTURE TRENDS

Patients with primary or secondary liver cancer are growing
in incidence and have a rising mortality rate!l. Current
management with RFA, TACE, sorafenib and surgery often
are not possible or result in moderate improvements®”,
Therefore, patients and their physicians must seek
alternatives or combination of treatments. In addition to
external beam radiation, work in the use of radionuclides,
radiosensitizers (such as inhibitors of autophagy), epigenetic
agents, liquid biopsies to better select patients, and
immune modulation are exciting avenues of investigation.
As for external beam radiotherapy, our review suggests
that radiotherapy can be implemented safely and with
high local control rates. In the future, we will continue to
refine our technique and patient selection, but appropriate
multidisciplinary randomized trials need to be completed
before radiation can become a standard of care.

CONCLUSION

Radiation plays an important role in the treatment of
primary and metastatic liver cancer. Control rates can
be high and toxicity is minimal in well-selected patients.
Indeed it may play a primary role in subgroups such
as large tumors and those with thrombosis. The wide
ranging outcomes, differing techniques and varied dosing
strategies make specific treatment recommendations
difficult, but the literature is converging on a short list of
important components of a high quality liver radiation
program. This article aims to provide a practical review of
options to provide the best care possible in this evolving
field.

May 18,2017 | Volume 9 | Issue 14 |



Table 3 Summary of dose constraints by number of fractions
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Organ at risk

3 fraction (RAS trial’®?") 5 fraction (RTOG 1112y QUANTEC (1.8-2 Gy per fraction)!'®"!

Toxicity

Liver excluding CTV 700 mL <15 Gy V10 <70%

Esophagus D1mL <21Gy D 0.5 mL <32 Gy
Stomach D1mL<21Gy D 0.5 mL <30 Gy
Kidney D 35% <15 Gy D mean <10 Gy
Bowel and duodenum D1mL <21Gy D 0.5 mL <30 Gy
Spinal cord Dmax <18 Gy D 0.5 mL <25 Gy
Heart D1mL, 30 Gy D30 mL <30 Gy

D mean < 30 Gy Radiation induced liver
dysfunction
V 35 <50% Esophagitis
D 100 < 35 Gy Ulceration
D mean < 28 Gy (1.8-2 Gy per fraction) Renal dysfunction
D 45 <195 cc Enteritis/ fistula
Dmax =45 Myelopathy
V25<10% Pericarditis

CTV: Clinical target volume.
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