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Objective: The purpose of this study was to seek ra-
diation dose responses separately for primary hepatocel-
lular carcinoma (HCC) and metastatic (MET) colorectal
liver tumours to establish tumour control probabilities
(TCPs) for radiotherapy (RT) of liver tumours.

Methods: The records of 36 HCC and 26 MET colorectal
liver tumour patients were reviewed. The median dose
per fraction and total dose were 4 Gy (2-10 Gy) and 52 Gy
(29-83 Gy) for the HCC group and 3.6 Gy (2.0-13.0 Gy)
and 55Gy (30-80Gy) for the MET group, respectively.
Median tumour diameter was 6.6 cm (3.0-18.0cm) and
5.0cm (1.0-13.0 cm) for the HCC and MET groups, respec-
tively. A logistic TCP model was fitted to the response data
for each group using the maximum likelihood method.
Results: 50% and 90% probabilities of 6-month local
control were estimated to be achievable by 2Gy per

Hepatocellular carcinoma (HCC) is the fourth most common
cancer worldwide [1]. The liver is also the most common
site of metastasis from colorectal carcinoma, with the in-
cidence of liver metastases exceeding 25% [2,3]. Although
transplantation and surgical resection offer significant sur-
vival benefits among these two groups [4-7], impaired liver
function, tumour size and the number of lesions can limit
a patient’s eligibility for these treatments. Consequently, there
has been a push to develop alternative locoregional therapies
for treatment of primary and metastatic liver cancer.

Stereotactic body radiotherapy (SBRT) has shown promise
as a new method to safely and non-invasively treat liver
tumours [8—11]. SBRT involves precise image-guided de-
livery of a high dose of radiation to the tumour in a small
number of fractions and usually employs motion suppres-
sion or gating techniques. A positive association between

fraction equivalent doses (a/B=10Gy) of 53Gy and
84 Gy for the HCC group and 70 Gy and 95 Gy for the
MET group, respectively. Actuarial 1-year local control
for the HCC and MET groups was 65% (45-85%) and
32% (6-58%), respectively, whereas median time to
failure was 543 days (374-711 days) and 183 days
(72-294 days), respectively.

Conclusion: Dose-response relationships were found and
modelled for the HCC and MET patient groups, with
a higher dose required to control MET tumours. RT offers
better local control for HCC than for MET colorectal liver
tumours at our institution.

Advances in knowledge: An improved understanding
of radiation dose-response relationships for primary and
MET colorectal liver tumours will help inform future dose
prescriptions.

outcome and dose has previously been reported [11-13].
However, unlike other tumour sites [14—18], there is cur-
rently a paucity of explicit liver tumour dose-response mod-
elling within the literature [11]. An improved understanding
of radiation dose response is necessary to help better inform
future dose prescriptions.

At our institution, patients with liver lesions are prescribed
the highest possible radiation dose while maintaining
=5% normal tissue complication probability (NTCP) with
respect to an end point of radiation-induced liver disease
(RILD) [19]. As a result, patients are treated with dif-
ferent doses depending on their tumour size relative to
the size of remaining healthy liver. This provides for a
valuable opportunity to investigate the dose response and
to determine the radiation dose required to control liver
tumours.
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Here, our primary goal is to retrospectively determine separate
dose—response relationships for patients with HCC and meta-
static (MET) colorectal liver tumours using tumour control
probability (TCP) modelling. Our secondary goal is to evaluate
local control rates between these two groups at our institution.

PATIENTS AND METHODS

Patient data

The records of patients treated with radiotherapy (RT) at our
institution for HCC or MET colorectal liver tumours from 2004
to 2011 were reviewed. Patients who had previous regional or
systemic therapy were included in the analysis as long as their
treatment concluded prior to the start of RT. Patients who un-
derwent additional concurrent therapy were excluded from the
study. Patients who received alternative therapy, post RT, were
included; however, their follow-up data were censored on ini-
tiation of the additional therapy. No limit was placed on the size
or the number of target lesions. A total of 36 patients treated
for HCC and 26 patients treated for MET colorectal liver
tumours were analysed. Follow-up data typically included CT-
based measurements of tumour size and measurements of
a-fetoprotein (AFP) and carcinoembryonic antigen (CEA) bio-
markers. The times of all follow-up observations were reported
with respect to the treatment end date and were typically at
1 month, 3 months, 6 months, 1year and 2 years after treatment.
Patients’ data were collected, quality assured and analysed in
a database approved by our Institutional Review Board (Health
Sciences REB#: 16487E.

Radiotherapy

The clinical target volume (CTV) was defined based on four-
dimensional CT scans. Motion management involved patient
immobilisation (Vac-Lok™; CIVCO Medical Systems, Orange
City, IA) and respiratory gating (Varian® Real-Time Position
Management™; Varian Medical Systems, Inc., Palo Alto, CA) to
minimise internal motion. Depending on patient motion and
residual motion measurements, an additional 2—-10-mm, 3-25-
mm and 3-7-mm planning target volume (PTV) margin was
added to the CTV in the anteriror—posterior, superior—inferior
and lateral directions, respectively. Patients were treated with
three-dimensional conformal RT, intensity-modulated radio-
therapy or tomotherapy.

Diverse dose fractionation regimens were employed in the two
patient groups, including both traditional and hypofractionation
schedules. The dose prescribed to each patient was maximised
while maintaining =5% Lyman—Kutcher NTCP for the re-
maining healthy liver with respect to an end point of Grade 3 or
higher RILD, as defined by the Radiation Therapy Oncology
Group [19]. The NTCP model employed parameter values
reported by Dawson et al [19], who had separate parameter sets
for calculating the probability of liver toxicity between HCC and
MET patient groups. Doses were prescribed to the PTV, such
that 95% of the PTV received at least 95% of the prescribed
dose. The maximum PTV dose was limited to no more than
107% of the prescribed dose. Consequently, the PTV mean dose
was similar to the prescribed dose. The doses received by the
small bowel, lung, heart, stomach, kidneys and spinal cord were
also constrained to prevent toxicity.
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Tumour control probability

A TCP model was used to investigate the relationship between the
radiation dose and the tumour control. 6-month local control was
chosen as the end point for the TCP model as detailed 6-month
local control data were available for the largest number of patients
and were considered clinically important a priori. Patients who
had failed locally or died owing to liver disease progression prior
to the 6-month time point were considered to be uncontrolled at
6 months. Since the patients included in this study were treated
with diverse dose-fractionation regimens, prescription doses were
converted to 2Gy per fraction equivalent doses prior to TCP
modelling to ensure biological comparability. Equivalent doses
were computed using the standard linear quadratic model
(LQM) approach. Currently, there is no strong consensus on
liver tumour «/B ratios with published values ranging from
3.1Gy to 15 Gy [20]. Consequently, a typical tumour value of
a/B =10 Gy was used for this conversion. A sensitivity analysis
was also performed to assess the impact of using other «/f
values on dose-response parameters. A uniform dose distri-
bution within the target was assumed owing to the dose uni-
formity constraints described in the section “Radiotherapy”

To facilitate comparisons with Chang et al [11], we elected to use
the same logistic TCP model [21] to fit the 6-month tumour
control data:

P :; (1)
(1 + [Dso/D]")

where Ds is the dose that would result in a 50% probability of
local control, D is the prescription dose and k controls the slope
of the TCP curve. Similar to other response studies [22,23], the
model was fitted to the data using the maximum likelihood
method, which can provide both the fitted parameters and the
estimates of their standard deviations [24].

In our context, the maximum likelihood method determines the
values of Dsy and k, which maximise the probability of pre-
dicting response within our patient groups using the TCP from
Equation (1). We employed a binary relationship where patients
either respond or do not respond to treatment, which we denote
for the ith patient by R;=1 or R;=0, respectively. Here, response
corresponds to observing local control approximately 6 months
(=1 month) post RT. The probability that patient i responds or
does not respond given a prescribed dose D; is given by

f(DiR) =pf(1—p;)' " (2)

where p; is equal to the TCP defined by Equation (1), evaluated
at D=D,. A constrained minimisation procedure from the
MATLAB® optimisation toolkit (fmincon) (The Mathworks,
Inc., Natick, MA) was used to search for the values of Ds, and k,
which minimise the negative of the log-likelihood function

1= 3 logl (D, R) ®)

where N is the number of patients in the patient group of in-
terest and f(D;, R;) is defined by Equation (2).
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Local control definition

Tumour response was evaluated in the largest treated lesion in
each patient. Local control was defined using radiographic or
tumour biomarker information depending on data availability.
Using radiographic information, local control corresponded to
observing at least stable disease criteria or better using the Re-
sponse Evaluation Criteria in Solid Tumours v. 1.1 [25]. Using
biomarker information, local control corresponded to observing
a =20% increase from baseline measurements of AFP for HCC
patients and CEA for MET patients.

AFP has recently been shown to be a reliable biomarker of ra-
diological response after locoregional therapy for HCC [26,27].
CEA has also previously been used as a biomarker for response
and metastasis after surgical resection and chemotherapy for
colorectal carcinoma [28,29]. Biomarker levels were required to
exceed the normal values either prior to or after RT in order for
them to be included in the definition of local control. The
normal values used for AFP and CEA levels were 6 ngml ™' and
5ngml ™", respectively [30,31]. If a treated lesion met the criteria
for radiographic local control but not biomarker local control
(or vice versa), then the lesion was still considered to be locally
controlled. If a patient did not have follow-up CT data, then
local control was assessed using biomarker data and vice versa.
Data were censored starting at the time of the last follow-up if
a patient was lost to follow-up prior to the loss of local control.

Local control analysis

Local control follow-up data were visualised using what we have
termed “dose—control history plots”. These plots contain hori-
zontal timelines for each patient, which indicate follow-up
history and outcomes. The timelines are displayed in order of
increasing prescription dose. Standard Kaplan—Meier analyses
and log-rank tests were also performed using SPSS® Statistics
v. 19 (IBM Corporation, Armonk, NY) to quantitatively assess
local control as a function of time.

Potential factors affecting local control, such as the radiation
dose and pre-treatment tumour volume, were explored using
plots of patient pre-treatment tumour volume vs the prescribed
equivalent dose, with colour coding indicating time to loss of
local control or time to censor (last follow-up before loss of
patient contact). Two-tailed Spearman rank tests were used to
test for the possible correlations. Censored data (patients lost to
follow-up before loss of local control) were included in correl-
ative analyses, provided the data were censored at least 6 months
post RT. We expect that RT had an effect if the tumour was
controlled for at least 6 months, and, therefore, that time to last
follow-up for censored data may be correlated with the radiation
dose or pre-treatment tumour volume.

RESULTS

Patient and treatment characteristics for the HCC and MET
groups are summarised in Table 1. The median follow-up time
was 197 days (27-1095 days) and 178 days (51-1101 days) for
the HCC and MET groups, respectively.

Sufficient follow-up data were available to assess 6-month local
control for 27/36 (75%) HCC and 19/26 (73%) MET cases. 5/27

HCC and 1/19 MET patients died prior to true observation of
loss of local control. However, in all six cases, patient charts
indicated that there was no extrahepatic progression and that
liver disease progression was the cause of death. Therefore, these
tumours were considered to be uncontrolled at 6 months. 16/27
(59%) and 7/19 (32%) patients were locally controlled at ap-
proximately 6 months post RT in the HCC and MET groups,
respectively.

The logistic TCP model was fitted independently to the response
data for each subgroup using the end point of 6 months of local
control (Figure 1). One outlier within the HCC group was
omitted prior to model fitting (107 Gy, uncontrolled at 6 months)
owing to its severe contradiction with the trends indicated by the
other data. For reference purposes, the observed patient response
data used by the maximum likelihood fitting method are also
indicated in Figure 1 as a function of equivalent dose. These data
were then binned and averaged to generate estimates of the ob-
served TCP at various dose levels and to assist in evaluating the
quality of the model fits. Horizontal whiskers indicate the range of
doses included in each bin.

D5, was determined to be 53 Gy (0=>5.6 Gy) and 70 Gy (0=6.6 Gy),
and the slope parameter k was estimated to be 4.8 (0=2) and 7.1
(0=3.3) for the HCC and MET groups, respectively. 2 Gy per
fraction equivalent doses of 84 Gy and 95Gy are predicted to
result in 90% 6-month local control rates for patients with HCC
and MET colorectal liver tumour, respectively. Uncertainty in the
dose—response curves was illustrated in Figure 1 by plotting the
TCP model using the fitted Dsy parameters plus or minus two
standard deviations while keeping the fitted k parameter constant.
The standard deviations of the parameter estimates serve as sur-
rogates for assessing the quality of the model fits, with higher
values indicating greater parameter uncertainty.

General treatment-related toxicities (e.g. nausea, abdominal pain,
fatigue) were scored using the Common Terminology Criteria
for Adverse Events v. 3.0 (National Cancer Institute, Bethesda,
MD) for the subset of patients included in TCP analysis. For
the HCC group after 6 months, there were 5 asymptomatic
patients, 9 patients with Grade 1, 10 patients with Grade 2 and
2 patients with Grade 3 complications. For the MET group
after 6 months, there were five asymptomatic patients, three
patients with Grade 1, eight patients with Grade 2 and three
patients with Grade 3 complications. Liver-specific toxicities
were scored using the same RILD end point as the NTCP
model used during planning [19]. No instances of Grade 3 or
higher Radiation Therapy Oncology Group RILD were ob-
served among any of the HCC or MET patients.

Figure 2 summarises the local control data acquired for the two
patient groups using dose—control history plots. The plots in-
dicate all the radiographic and biomarker local control data that
were available for each HCC and MET patient. Between the full
HCC (n=36) and MET (n=26) cohorts, local control was deter-
mined by radiographic data for 21/36 (58%) HCC and 13/26 (50%)
MET patients at the time of last follow-up, with local control de-
termined by the AFP and CEA data for the remaining patients. The
median follow-up time was 197 days (range, 27-1095 days) and
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Table 1. Patient characteristics and treatment data
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Characteristics HCC (n=36) MET (n=26) p-value

Age (years) 74 (22-87) 68 (42-90) 0.0634
Gender

Male (%) 29 (81) 16 (62)

Female (%) 7 (19) 10 (38)
Child-Pugh score

Class A (%) 27 (75) 21 (81)

Class B (%) 8 (22) 5(19)

Class C (%) 1(3) 0
Previous treatment

Surgical resection (liver, %) 0 8 (31)

Chemotherapy (%) 5 (14) 23 (88)

TACE (%) 9 (25) 0

RFA (%) 13) 1(4)

Active extrahepatic disease (%) 11 (31) 12(46)

Tumour diameter (cm) 6.6 (3.0-18.0) 5.0 (1.0-13.0) 0.0329

CTV (ml) 186 (8-995) 57 (5-1804) 0.0156
Radiotherapy technique

3D-CRT (%) 25 (70) 21 (81)

IMRT (%) 8 (22) 4 (15)

Tomotherapy (%) 3 (8) 1(4)

Gating (%) 21 (58) 15 (58)

Number of fractions 15 (6-20) 15 (6-21) 0.3657

Dose per fraction (Gy) 4.0 (2.0-10.0) 3.6 (2.0-13.0) 0.2363

Total dose (Gy) 52 (29-83) 55 (30-80) 0.7752

Equivalent dose (Gy) 63 (33-107) 61 (33-154) 0.8753

3D-CRT, three-dimensional radiotherapy; CTV, clinical target volume; HCC, hepatocellular carcinoma; IMRT, intensity-modulated radiotherapy; MET,
metastatic colorectal liver tumours; RFA, radiofrequency ablation; TACE, transarterial chemoembolisation.
All summary statistics are medians with ranges displayed in brackets. p-values were calculated using the Wilcoxon rank sum test.

178 days (range, 51-1101 days) for the HCC and MET groups,
respectively. At the time of last follow-up, 21/36 (58%) HCC and
14/26 (54%) MET patients had lost local control.

Kaplan—Meier analysis was performed on the local control data
for the full HCC (n=36) and MET (n=26) cohorts (Figure 3).
The HCC and MET curves were found to be significantly dif-
ferent (log-rank p=0.03). For the HCC group, actuarial 1- and
2-year local control rates were 65% (45-85%) and 48%
(23-73%), respectively. For the MET group, actuarial 1- and 2-
year local control rates were 32% (6-58%) and 0% (0-42%),
respectively. The median time to failure (loss of local control)
between HCC and MET groups was estimated to be 543 days
[95% confidence interval (CI) 374-711] and 183 days (95% CI
72-294), respectively.

To visualise how the data are distributed about the D5, pa-
rameters, plots of pre-treatment tumour volume vs equivalent

prescribed dose with time to failure/censor colour coding were
generated (Figure 4). Data point radii were also related to time
to failure/censor for improved visualisation.

We performed two-tailed Spearman’s rank correlation tests
on the subset of data included in Figure 4c (n=27/36) and 4d
(n=19/26). Dose was significantly correlated with tumour volume
for both the HCC (p=—0.73, p<<0.001) and the MET groups
(p=—0.62, p=0.005). However, baseline tumour volume was
not significantly correlated with time to failure/censor for either
of the HCC (p=-0.047, p=0.82) or of the MET groups
(p=—0.44, p=0.06). Dose and time to failure/censor were sig-
nificantly correlated for the MET group (p=0.50, p=0.03) but
not for the HCC group (p=0.22, p=0.26).

DISCUSSION

In this study, we have demonstrated 6-month dose-response
relationships for patients treated with RT for HCC or MET
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Figure 1. Tumour control probability curves and patient
response data for the (a) hepatocellular carcinoma and (b)
metastatic colorectal liver tumours patient groups approxi-
mately 6 months post treatment.
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colorectal liver tumour groups. The heterogeneous doses pre-
scribed to the patients within the HCC and MET groups pro-
vided a valuable opportunity to evaluate dose response in
the liver. Although dose-response relationships have previously
been established for HCC [13] and MET [11] patients, currently,
there is a lack of literature on dose response and explicit TCP
modelling for the liver. These data are critical if personalised
radiobiologically guided dose-escalated RT is to be applied to
patients. This study employed the maximum likelihood method
to fit a TCP model to HCC and MET tumour response data,
adding to this body of literature. To our knowledge, this is the
first study to explicitly model TCP for HCC patients and the
second to do so for MET patients [11].

Park et al [13] reported a 77% partial response rate, 4—6 weeks
post RT, among a subset of patients with HCC (n=83) who were
prescribed a radiation dose >50Gy. In the present study, we

found that a 50% response rate at 6 months post RT could be
achievable with a higher dose of 53 Gy (0=>5.6 Gy). This suggests
that dose escalation may improve the durability (duration of
local control) of tumour response that is consistent with the
findings of Park et al [13].

Chang et al [11] reported a Dsy, value of 68 Gy (standard
error=6 Gy) with an end point of 12 months of local control
among patients (n=65) treated with SBRT for MET colorectal
liver tumours in a multicentre pooled analysis. Here, we found
a slightly higher D5, value of 70 Gy (0=6.6 Gy) for an end point
of 6 months of local control among a similar group of patients,
although this difference is within the uncertainties of the two
D5, estimates. If we had similar patient demographics, we would
expect that higher doses should translate to improved local tu-
mour response durability. Therefore, a 12-month response Ds,
value as in Chang et al [11] would be expected to be higher than
a 6-month response value. However, a difference between the
patient population in Chang et al [11] and the MET group is the
median tumour volume that is smaller in Chang et al [11] than
in the present study [30 ml, range=(0.5, 3008) vs 57 ml, range=
(5, 1804)]. A steeper dose-response relationship was found in
our study with a slope parameter of 7.1 (0=3.3) compared with
4.2 (standard error=1.6) as reported by Chang et al.

Prior to TCP modelling, the LQM was used to convert doses to
2 Gy per fraction equivalents. The LQM has been shown to
overestimate cell kill for dose fractionations beyond 8-10 Gy per
fraction [32]. Although some patients within this study received
higher ablative doses, 96% of the HCC patients and 95% of the
MET patients included in the TCP analyses received =8 Gy per
fraction, supporting our use of the LQM. None of the included
patients received doses exceeding 10 Gy per fraction.

Currently, there is no strong consensus on a/@ ratios for HCC,
and, to our knowledge, there are no published data on ratios for
MET colorectal liver tumours. Consequently, a single a/ ratio
of 10 Gy was used to determine the 2 Gy per fraction equivalent
doses for both the HCC and the MET groups prior to dose—
response modelling. Therefore, we investigated the sensitivity of
our Dsg and k dose-response parameter values to the a/@ ratio.
Wigg et al [20] have compiled a short list of reported HCC a/f3
ratios. We used these alternative values to recompute the 2 Gy
per fraction equivalent doses and then recalculate the dose—
response parameter values (Table 2). The parameter variability
for values of a/B =7.2Gy was much smaller than the un-
certainty (standard deviation) in the parameter estimation itself.
Therefore, our reported values should be robust to current o/
uncertainty provided that liver tumours are early responding
tissues.

In this study, our primary aim was to examine whether dose—
response relationships exist for HCC and MET patients. Since
limited research has been done on liver tumour dose response,
we employed the commonly used logistic TCP model to fit the
observed data. This provided a simple way to demonstrate dose
response in the liver and facilitated comparison with the only
other existing literature. In the future, more refined TCP models
will be investigated, which account for non-uniform tumour
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Figure 2. Dose control histories for the (a) hepatocellular carcinoma and (b) metastatic colorectal liver tumours patient groups.
Horizontal lines correspond to individual patient histories and are displayed in the increasing order of the radiation treatment dose.
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doses and tumour volumes. Furthermore, the predictive utility
of the models will then be investigated in independent data sets.

Toxicity among the patients included in the TCP analyses was
comparable to previous liver irradiation studies [10,11,33-35].
The large tumour sizes in the HCC and MET patient groups
may have contributed to marginally higher toxicities. However,
HCC patients who experienced Grade 3 complications post RT
had pre-existing Grade 2 complications before treatment. Sim-
ilarly, for the MET group, one patient with post-RT Grade 3
complications had pre-RT Grade 3 complications and the re-
maining two had pre-RT Grade 1 complications. In addition, no
instances of Grade 3 or higher Radiation Therapy Oncology
Group RILD were observed among either of the two groups.

We found that the dose and time to loss of local control/censor
were correlated for the MET patients but not for the HCC
patients. This could be because of the increased percentage of
patients in the HCC group who were lost during follow-up prior
to observation of loss of local control (18/27, 67% for HCC vs
5/19, 26% for MET). HCC patients tend to lose local control later
than MET patients, and therefore patients are more frequently
lost to follow-up prior to observation of loss of local control.
Although data censored at later times may have a connection to

treatment parameters, inclusion of these data in the analysis may
weaken correlations in the HCC group since time to last follow-
up (or censor) can be related to factors aside from the dose.

Tumour volume was not found to be correlated with time to loss
of local control/censor for both the HCC and MET groups,
which is in agreement with the studies by Andolino et al [10]
and Chang et al [11], respectively. Therefore, although the HCC
tumours were significantly larger than the MET tumours
(Table 1), tumour size could not be used to explain the significant
differences between HCC and MET dose-response parameters or
local control rates. Prescription dose was also not significantly
different between the two groups (Table 1).

However, a key difference between the two demographics was
the heavily pre-treated nature of the MET group. 88% of MET
patients had received previous chemotherapy compared with
only 14% of HCC patients. This is consistent with the pattern of
referral at our institution, whereby MET patients are usually
treated with RT after failing multiple chemotherapy regimens.
Consequently, the MET patients tend to be further along in their
disease than the HCC patients. This may explain why the me-
dian time to loss of local control for the MET group (183 days)
was much lower than for the HCC group (543 days) as well as

Figure 3. Local control Kaplan-Meier curves for the (a) hepatocellular carcinoma and (b) metastatic colorectal liver tumours patient

groups (log-rank p=0.03). Cl, confidence interval.
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Figure 4. Pre-treatment clinical target volume (CTV) vs the prescribed equivalent dose with time to loss of local control/censor
colour coding. (a) and (b) Plots for the hepatocellular carcinoma and metastatic colorectal liver tumours patient groups,
respectively. (¢) and (d) contain the same information except we have omitted the data censored prior to 6 months. Outliers (35 Gy,
1804 ml, 0.3 years), (33 Gy, 1122 ml, 0.14 years) and (154 Gy, 7 ml, 0.14 years) have been omitted from (b) to better visualise trends. Dso
is indicated by the dashed vertical line.
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why higher doses were required to control MET colorectal liver
tumours.

The local control rates determined for the HCC and MET
patients in this investigation may seem low when compared with
the current literature. For example, Andolino et al [10] found
that HCC patients (n=37) who were ineligible for transplant
had a 2-year local control rate of 87% compared with the 48%
(23-73%) rate observed in this study. Similarly for the MET
group, Chang et al [11] reported 1- and 2-year local control rates
of 67% and 55%, respectively, for patients with MET colorectal
liver tumours (n=65) compared with the 32% (6-58%) and 0%
(0-42%) local control rates reported here. Currently, there is
a lack of consensus on whether liver tumour size correlates with

80
Equivalent dose (Gy)

(d)

40 60

radiotherapy outcome [10,11,34,35]. However, a notable dif-
ference between the present and aforementioned studies is tu-
mour size, which will be summarised in the subsequent
paragraph. The lower local control rates observed in this study is
the reason for our choice of a 6-month local control TCP end
point (instead of 1 year), particularly among the MET patient
group whose median time to loss of local control was approxi-
mately 6 months. This ensures that patient response within the
two groups can be maximally stratified as a function of dose.

For Andolino et al [10], the median tumour diameter was
3.5cm [range=(1, 6.5)] compared with 6.6 cm [range=(3, 18)]
for our HCC group. In contrast, Tse et al [33] investigated a group
of HCC and intrahepatic cholangiocarcinoma patients (n=49)

Table 2. Influence of using different a/pB ratios on estimated dose-response parameters

HCC MET
@Ip ) Dsy (Gy) k Dso (Gy) k
3.1 63 (6.7) 4.8 (2.0) 80 (8.4) 6.1 (2.7)
7.2 55 (5.8) 4.9 (2.0) 72 (7.2) 6.8 (3.1)
10 53 (5.6) 4.8 (2.0) 70 (6.6) 7.1 (3.3)
15 51 (5.6) 4.6 (2.0) 67 (6.0) 7.4 (3.5)

Dso, dose that would result in a 50% probability of local control; HCC, hepatocellular carcinoma; MET, metastatic colorectal liver tumours.
The prescription doses were converted to 2 Gy per fraction equivalent doses using each a/B ratio followed by tumour control probability model fitting.
Parameter results for /=10 Gy were included for comparison. Standard deviations are shown in brackets.
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with more comparable tumour sizes and reported a 65% 1-year
local control rate that is similar to the 1-year local control rate
reported here. The median tumour volume in their investigation
was 173 ml [range=(9, 1913)] compared with 186 ml [range=
(8, 995)] for our HCC group. For Chang et al [11], the median
tumour volume was 30 ml [range=(0.5, 3008)] compared with
57 ml [range=(5, 1804)] for the MET group in this study.

In this study, we used a combination of biomarker and radio-
graphic response data to help define local control. However, for
MET patients with untreated metastatic tumour burden, multiple
tumours could be contributing to increased CEA levels that hide
decreases caused by treatment of the target lesion. We attempted
to mitigate this effect by allowing for a <20% increase in bio-
marker levels within the local control definition and by supple-
menting biomarker data with local radiographic information.

CONCLUSIONS
In conclusion, we have found radiation dose-response rela-
tionships for patients with HCC and MET groups. Ds, was

A Lausch, K Sinclair, M Lock et al

determined to be 53 Gy (0=5.6 Gy) and 70 Gy (0=6.6 Gy) and
the slope parameter k was estimated to be 4.8 (0=2) and 7.1
(0=3.3) for the HCC and MET groups, respectively. 2 Gy per
fraction equivalent doses of 84 Gy and 95 Gy are predicted to
result in 90% 6-month local control rates for patients in the
HCC and MET groups, respectively. RT for HCC and MET
results in significantly different local control rates at our in-
stitution, which may warrant an investigation into the effect of
earlier RT referral for patients with MET. Improved un-
derstanding of the dose—response relationships for patients with
primary or metastatic liver cancer will help to inform future
dose prescriptions.
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