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To the Editor,

The liver is a common site of metastases from many
solid organ malignancies. In patients with oligometa-
static liver disease, systemic therapy, generally in
combination with surgical resection, is considered
standard of care. In colorectal cancer, this combined
approach has improved five-year survival rates to
50-60% [1]. However, only 10—25% of patients will
be initially appropriate for surgery, due to unfavour-
able disease distribution or co-morbidities [2]. For
the remainder, a number of non-surgical invasive
and non-invasive ablative techniques may be used
as alternative modalities to achieve local control. Of
these, partial liver irradiation (PLI), (also known
as stereotactic body radiation therapy, SBRT) repre-
sents an attractive non-invasive option, with a rapidly
expanding body of evidence supporting its use. High
rates of LC (60-90% at two years), together with an
acceptable toxicity profile (<10% G3 toxicity) have
led to it being increasingly integrated into the thera-
peutic pathway [3,4]. Here it competes with alterna-
tive local options such as radiofrequency ablation
(RFA), cryotherapy, microwave, selective internal
radiation therapy (SIRT) and trans-arterial chemoem-
bolisation (TACE).

Small, favourably located lesions may be success-
fully ablated by a number of these techniques with
similar local control outcomes, as demonstrated in a
recent matched pair analysis of RFA compared to
SBRT [5]. More challenging is the management of
large volume lesions, often situated adjacent to criti-
cal structures, where many of these techniques are
unsuitable or are known to result in inferior L.C
results. In this sub-group significantly less reported
experience exists, both in the use of PLI and alterna-
tive strategies.

We have approached the safe treatment of large
lesions with SBRT by individualising the radiation

dose, using a normal tissue complication probability
(NTCP) model. This effectively allows individualisa-
tion of tumour dose according to the modelled risk
of radiation-induced liver disease (RILD) for each
patient, a toxicity of particular concern when treating
large lesions. The prescribed dose is dependent on
the volume of normal liver tissue exposed to radia-
tion and has been previously described [6].

This report evaluates the safety and efficacy of a
biologically driven prescription method for moder-
ately hypofractionated RT strategy, in a heavily pre-
treated group of patients with, in general, larger
volume liver metastases.

Patients and methods
Patient selection

This was an institutionally approved retrospective
review of patients who had undergone PLI between
December 2006 and December 2011 at The Royal
Marsden Hospital. Eligible patients were retrospec-
tively identified from the hospital electronic patient
record system. Due to heterogeneity in the dose and
fractionation schedules used during this time period,
we chose to limit this analysis to patients receiving
PLI in a 10 fraction regime, reflecting the most
commonly utilised fractionation for treating larger
volume lesions.

Patient suitability for PLI was confirmed in a
Hepatobiliary Multidisciplinary meeting (MDM).
All patients had technically unresectable disease or
were deemed unsuitable for surgery, either due to
co-morbidities or the presence of extrahepatic disease
(EHD). The initial cohort of patients were treated
within the context of a single centre Phase 1 trial, with
the aim of establishing the safety of PLI in CRC
patients who had exhausted all standard systemic
therapeutic options. Subsequently, this protocol was
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expanded to include the treatment of patients with
MLD from any primary site. Any prior therapy was
allowed, although in general patients were referred
with treatment refractory disease or if further chemo-
therapy was felt inappropriate. Patients undergoing
PLI for primary hepatobiliary tumours were excluded
from this analysis. Data on prior systemic and hepatic
directed therapies prior to PLI was recorded.

Eligible patients had =700 cm? of uninvolved
liver and adequate baseline organ function. No more
than three discrete lesions were permitted with no
upper limit on tumour size, if the planning con-
straints could be met. Patients were required to have
a performance status =2 at baseline and an esti-
mated life expectancy >3 months.

Radiotherapy planning and treatment

Radiotherapy was computed tomography (CT)
planned using a highly conformal multi field tech-
nique (Supplementary Figure 1, to be found online
at http://informahealthcare.com/doi/abs/10.3109/
0284186X.2013.862595). Active Breath Control
(ABC) or four-dimensional (4D) CT was used to
account for respiratory motion. An isotropic 5 mm
margin was added to the gross tumour volume
(GTV) to form the clinical target volume (CTV).
The CTYV to planning target volume (PTV) margin
was patient specific dependent on the immobilisa-
tion device (minimum 5 mm). The organs at risk
(OAR) defined and normal tissue planning con-
straints are listed in Supplementary Table I (to be
found online at http://informahealthcare.com/doi/
abs/10.3109/0284186X.2013.862595).

The prescribed dose was individualised accord-
ing to the effective liver volume irradiated, V¢, using
a Lyman-Kutcher-Burman (LKB) N'TCP model, as
previously described by other authors [7]. Dose was
prescribed to the 100% with a minimum of 90%
of the prescribed dose covering the PTV. Treatment
was delivered on a consecutive day regime, treating
5 fractions per week. For the purposes of analysis,
a biologically effective dose (BED) was calculated
using the formula BED = (Prescription dose)*
[1+ (dose per fraction/0/B)] assuming an o/ ratio
of 10 and no time factor correction.

Follow-up, study end-points and statistical analysis

Follow-up consisted of clinical, radiological, and bio-
chemical assessments every 3—6 months. Treatment
response was determined using standard RECIST
criteria (version 1.1) [8]. If more than one lesion was
treated per patient, each lesion was evaluated inde-
pendently. Kaplan-Meier analysis for local control
(LC), progression free survival (PFS) and overall
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survival (OS) was performed using SPSSv21. Median
follow-up was calculated using the inverse Kaplan-
Meier method.

Cox regression univariate analysis was performed
to identify factors predictive for improved local con-
trol (lesion-based analysis) and OS. Spearman’s rank
correlation co-efficient was calculated to assess the
relationship between GTV size and BED (total GTV
volume per patient if multiple lesions). Toxicities
were assessed according to the Common Terminol-
ogy Criteria for Adverse Events (CTCAE) v4.0 [9].

Results
Patient characteristics

Thirty-four patients with 46 discrete lesions (range
1-3 per patient) were treated in the time period.
The baseline patient characteristics are summarised
in Supplementary Table II (to be found online at
http://informahealthcare.com/doi/abs/10.3109/
0284186X.2013.862595) The median age was
71 years (range 44-85). Forty percent had received
liver-directed intervention and the majority of
patients (80%) had received prior chemotherapy,
with a median of two lines of systemic therapy prior
to PLI (range 0—4). The seven patients who did not
receive prior systemic therapy were considered to be
medically unfit. The commonest primary site was
colorectal cancer (n = 27) followed by breast (n = 4).
Thirty-five percent of patients had extra-hepatic
diseae present at the time of PLI.

Lesion characteristics

Forty-six discrete lesions were treated in 42 GTV
volumes (in four patients, two adjacent lesions were
combined into a single GTV for the purposes of
radiotherapy planning). The median GTV volume as
measured in cubic centimetres (cm?®) on the
planning scan was 73.1 (range 2.0-614.0). Median
GTYV size as measured in any axis was 5.1 cm (range
2.1-13.5). Lesion characteristics are summarised in
Supplementary Table III (to be found online at http://
informahealthcare.com/doi/abs/10.3109/0284186X.
2013.862595).

Dose

All patients were treated in a 10 fraction regime. The
prescribed dose ranged from 30 Gy (BED10 = 39)
to 60 Gy (BED10 =96).

Toxiciry

Overall the treatment was well tolerated with little
toxicity recorded. A single patient had an acute
(defined as =3months) Grade 3 toxicity in the
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Figure 1. To demonstrate local control post SBRT (dotted lines
show 95% confidence intervals).

form of an asymptomatic increase in activated par-
tial thromboplastin time (APTT). This resolved
with conservative management within four weeks
of treatment. This patient had been heavily pre-
treated, having previously undergone a right hemi-
hepatectomy, three RFA procedures, and two lines
of systemic chemotherapy. Acute grade 1 toxicity
was common, being experienced by 70% of patients,
most commonly fatigue (n=11) followed by an
asymptomatic alkaline phosphatase rise (n = 5) and
nausea (n=4). No late toxicity was observed.

Chlinical outcomes

Local control, progression free survival and overall
survival. At a median follow-up of 15 months (range
1.9-70.6), 21 of 46 (45.7%) lesions had progressed
locally. Median time to local progression on a lesion-
based analysis was 19.8 months (range 1.4-52.3).
One- and two-year local control rates were 61.8%
(95% CI46.3-77.3) and 45.0% (95% CI126.6-63.4),
respectively (Figure 1). On a patient-based analysis,
local control results were similar with a one- and
two-year local control of 64.0% (95% CI 48.5 —79.5)
and 45.0% (95% CI 26.6-63.4), respectively. Overall
16/34 patients experienced local progression during
the period of follow-up.

In total 26/34 (76%) patients had experienced
distant progression at last follow-up. The commonest
sites of progression were lung (n=13) followed by
out-of-field progression in the liver (n =9). However,
the majority of patients (59%) were fit enough to
go onto receive further active treatment, most
commonly in the form of palliative chemotherapy
(n=19). Median time to distant progression was 4.8
months (range 1.2-52.3). Overall PFS was 29.4%
95% CI 14.1-43.7) and 16.1% (95% CI 3.2-29.0)
at one and two years, respectively, reflecting the high
rates of distant progression. Median OS was 14.5
months (range 1.2-52.3). One and two year OS rates

were 59.8% (95% CI 42.9—76.7) and 38.0% (95%
CI 20.1-55.8), respectively (Supplementary Figure 2,
to be found online at http://informahealthcare.com/
doi/abs/10.3109/0284186X.2013.862595).

Univariate analysis of predictive factors for LC and OS.
On univariate analysis for local control, GTV size
=60 cm?® and BEDI10 >50 were predictive for
improved time to local failure. GTV size =60 cm?
and the absence of extra hepatic disease were predic-
tive for improved OS, as summarised in Table I.
BED >50 was of borderline statistical significance
(p=0.056) for improved OS.

There was a significant negative correlation between
GTYV size and BED using a Spearman’s rank test (cor-
relation co-efficient —0.38, p=0.01). However, the
difference in mean BED in those with a single largest
GTV volume >60 cm® compared to those with a
GTV=60 cm? did not reach statistical significance
using an independent samples t-test (p =0.061).

Discussion

Achieving local control in patients with large volume
liver metastases remains a challenging clinical prob-
lem. Many local therapies are technically unsuitable
for treating large lesions. Radiofrequency ablation
(RFA), currently the most established local therapy
option, results in significantly inferior LC rates in
lesions >3 cm [10]. Similarly microwave and cryo-
therapy use is reserved for small lesions. This study
demonstrates that SBRT, using this approach of
individualised dose PLI, is a well-tolerated and effec-
tive option for achieving L.C in this patient group.

Published local control rates in the literature
for liver SBRT vary from 57— 100% at 1-2 years
[11-19]. The one-year LLC rate of 61.8% in this
series compares to the 67% one year LC in a recent
pooled meta-analysis of 65 patients (102 lesions) with
MULD from colorectal cancer treated with SBRT [20].
The observed LLC whilst being at the lower end of the
published range is likely to reflect a combination of
relatively conservative BED and larger lesion size. The
median GTV volume was larger than in most reported
series with only one previous series reporting such
high median tumour volumes [15]. On univariate
analysis, GTV size =60 cm® and BED>50 were
found to correlate with improved LLC. Multivariate
analysis was not performed due to the relatively small
sample size. However, these factors are likely to be a
function of one another, rather than independent vari-
ables, with the statistically significant correlation
between GTV size and BED to be expected given the
methodology used for dose prescription.

It is now established that dose is an important
determinant of L.C, with a dose response relationship
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Table I. Univariate analysis of predictive factors for local control and overall survival. Figures in bold represent hazard ratios with statistically

significant p-values (p <0.05).

Number of Hazard ratio for Number of Hazard ratio for
Prognostic factor lesions (n = 46) LC (95% CI) p-value patients (n=34) OS (95% CI) p-value
Synchronous 21 1.00 0.47 15 1 0.83
vs. metachronous disease 25 1.42 (0.54-3.72) 19 0.91 (0.38-2.17)
Extrahepatic disease 19 1.00 0.24 22 1 <0.01
vs. noextrahepatic disease 27 0.55 (0.20-1.50) 12 0.27 (0.11-0.66)
Performance status =1 39 1.00 0.44 29 1 0.41
vs. =2 7 1.63 (0.47-5.68) 5 0.69 (0.29-1.67)
BED =50 26 1 0.01 17 1 0.05
vs. BED >50 20 0.19 (0.58-0.68) 17 0.40 (0.16-1.02)
*GTV volume =60 cm? 28% 1 0.03 20 1 <0.01
vs. GTV volume > 60 cm? 14 2.77 (1.09-7.08) 14 4.45 (1.88-10.57)

*for OS analysis the single largest GTV volume per patient in patients with multiple GTV volumes was analysed; ¥in four patients adjacent

lesions treated as combined GTV volume (n=42).

being observed by several authors [20-23]. Indeed,
in the pooled meta-analysis reported by Chang
et al., GTV volume, as a factor independent of dose,
was not predictive of local control on
multivariate analysis [20], a finding recently con-
firmed by Scorsetti et al. [24]. This suggests that if
a threshold dose can be safely delivered without
exceeding normal tissue tolerances, tumour size
alone may not lead to inferior outcomes. It has been
proposed using modelling data, that the dose
required to achieve >90% local control at one year
is a BED=117 (assuming an o/f ratio of 10),
significantly higher than the maximum BED of 96
used in our series [20]. However, delivering a BED
of this magnitude to large lesions without exceeding
normal tissue tolerances is often not achievable,
despite the use of advanced radiotherapy techniques.
Further work to improve our understanding of the
biological response to SBRT and causative mecha-
nisms underlying local failure is therefore needed.
The predictive effect of tumour size on LC in
response to SBRT is not clear. Several authors have
found local control rates to be inferior in larger
volume lesions [14,15]. Potential causative mecha-
nisms include the presence of chemoresistant clono-
gens which in turn are more likely to be radioresistant,
as well as regions of hypoxia within large lesions
[25]. In colorectal cancer, tumour hypoxia has been
demonstrated to be present heterogeneously through-
out resected specimens [26]. Furthermore, van
Laarhoven et al. have demonstrated in resected liver
metastases with a mean size of 43.9*+25.3 mm
(range 10-100 mm) [27], areas of chronic hypoxia
close to areas of proliferation, raising the possibility
of high oxygen consumption alongside limited oxygen
supply. The mean pimonidazole-positive fraction
was 0.146 and this appears to be higher than in cer-
vix and head and neck malignancies. The use of a
more protracted dose fractionation regime may
therefore have several radiobiological advantages

when treating large lesions. The smaller dose per
fraction reduces the risk of late normal tissue dam-
age for a given biological dose. Additionally, the
extended treatment time provides a window of time
in which to both evaluate, and potentially then mod-
ify, the tumour microenvironment during radiation.
The two-week treatment period provides an opportu-
nity to integrate novel functional imaging techniques,
such as F-MISO and FLT PET, into the treatment
pathway. Imaging during the first few fractions of treat-
ment may potentially help us to characterise better the
tumour environment, and identify individual factors,
so intervention in terms of biological modulation (i.e.
using a hypoxia modifying or anti-proliferative agent)
or adaptive dose boost deposition can be applied. This
would allow PLI to be personalised, not only dosi-
metrically, but also biologically according to the indi-
vidual tumour microenvironment. Staehler et al. has
demonstrated that this approach is feasible [28]. This
alternative strategy to improve L.C rates is particularly
relevant in the treatment of large volume metastases,
where dose escalation is not feasible.

Conclusion

Partial liver irradiation is a safe and effective treat-
ment for the management of bulky metastatic liver
disease, in a heavily pre-treated patient population.
In patients with large volume metastases, efficacy
is limited by the inability to safely deliver sufficient dose,
without exceeding normal tissue tolerances. Further
evaluation of strategies to improve the therapeutic index
in such patients, such as combining PLI with radio-
sensitising drugs, are warranted.
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