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Abstract. Background/Aim: Gastric cancer (GC)
radiotherapy involves irradiation of large tumour volumes
located in the proximities of critical structures. The
advantageous dose distributions produced by scanned-proton
beams could reduce the irradiated volumes of the organs at
risk (OARs). However, treatment-induced side-effects may
still appear. The aim of this study was to estimate the normal
tissue complication probability (NTCP) following proton
therapy of GC, compared to photon radiotherapy. Patients
and Methods: Eight GC patients, previously treated with
volumetric-modulated  arc  therapy (VMAT),
retrospectively planned with scanned proton beams carried
out with the single-field uniform-dose (SFUD) method. A
beam-specific planning target volume was used for spot
positioning and a clinical target volume (CTV) based robust
optimisation was performed considering setup- and range-
uncertainties. The dosimetric and NTCP values obtained
with the VMAT and SFUD plans were compared. Results:
With SFUD, lower or similar dose-volume values were
obtained for OARs, compared to VMAT. NTCP values of 0%
were determined with the VMAT and SFUD plans for all
OARs (p>0.05), except for the left kidney (p<0.05), for
which lower toxicity was estimated with SFUD. Conclusion:
The NTCP reduction, determined for the left kidney with
SFUD, can be of clinical relevance for preserving renal
function after radiotherapy of GC.
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Gastric cancer (GC) has traditionally been treated with surgery,
which remained the sole curative modality for many years.
However, most GC patients are diagnosed in late stages, and
therefore do not present a good prognosis. Different clinical
trials have reported increased overall survival if these patients
received post-operative chemoradiotherapy (CRT) (1) or
perioperative chemotherapy (2).

GC radiotherapy (RT) is generally being performed with
photon beams. The target volumes in these patients are large,
with reported sizes of the planning target volume (PTV) in
the range between 634 and 1,677 cm? (3). The PTVs are also
located in the immediate proximity of several organs at risk
(OARs). Regardless of whether 3D-conformal or arc therapy
is utilized, the treatment remains toxic and it is in most cases
difficult to preserve the function of both kidneys. Compared
to routinely used photon beams, the use of proton beams in
RT have been shown to enable a reduction of volumes of
healthy tissue irradiated, owing to their dose deposition
characteristics. There is also a rising interest in the pencil-
beam scanning (PBS) technique in proton beam therapy
(PBT), with which a greater flexibility in the dose delivery
is made possible. For certain treatments, it may replace the
earlier used passive-scattering technique.

Despite the fact that patients have been treated with PBT
since more than half a century, its clinical benefit for
different tumour sites remains uncertain. Treatment planning
comparisons may then be used for estimating the benefits of
PBS-based PBT, in relation to photon beam techniques, in
for example RT of GC. The dosimetric advantages of using
proton beams for GC treatment, in terms of reduction of
doses given to the OARs, has already been demonstrated for
treatments performed with the passive scattering technique
(4) and with PBS using the single-field uniform dose
(SFUD) method (5). However, it is also relevant to estimate
the advantages of PBS in terms of reduction of the treatment-
related side effects, to determine if there are any important
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clinical gains in changing the therapeutic method. Predictive
models can be employed to estimate the normal tissue
complication probability (NTCP) following RT. This study
aimed to evaluate the potential to reduce the normal tissue
toxicity in the postoperative RT of GC with PBS, compared
to photon beam RT performed with volumetric-modulated
arc therapy (VMAT).

Patients and Methods

Patients and structure delineation. Eight consecutive GC patients
(median age 60 years, range=41-68 years) who were referred to
postoperative CRT, were included in this study. All patients had been
treated with neoadjuvant chemotherapy followed by total (1 patient)
or partial gastrectomy (7 patients). Patients with metastatic disease
were excluded. The planning computed tomography (CT) scans were
performed 4-7 weeks after the surgery. For all patients, the
delineation of structures, performed on the planning CT sets, was
based on the pre- and post-operative diagnostic CT images and on
the results of the pre-operative gastroscopy. The delineation of the
clinical target volume (CTV) was made in accordance with the
CRITICS trial (clinicaltrials.gov NCT00407186) protocol and its
delineation atlas. The CTVs included the gastric bed/gastric remnant,
the anastomoses and lymph node stations. The included lymph nodes
depended on the location of the tumour in the stomach in accordance
with the Maruyama data (6, 7). An isotropic margin of 1.0 cm was
added to the CTV to create the PTV used in the photon beam RT
planning. The OARs delineated were the liver, both kidneys, heart,
the spinal cord and the part of the bowel excluding the PTV (bowel-
PTV). The bowel-PTV included both the large and small bowel from
the diaphragm down to 1.5 cm below the PTV.

Treatment planning. The treatment planning for both the photon-
and proton-beam therapies was performed with the Eclipse
treatment planning system (TPS) version 13.7 (Varian Medical
Systems, Palo Alto, CA, USA). The photon beam treatment
planning was performed with 6 MV photon beams produced by a
Varian linear accelerator (Varian Medical Systems). The VMAT
technique, delivered with two full arcs, was used for the actual
patient treatments. The total prescribed dose was 45 Gy, delivered
in daily fractions of 1.8 Gy (the overall treatment time was 5
weeks). The analytical anisotropic algorithm (AAA) was used for
the photon dose calculation and the plans were optimized with the
objective of covering the PTV with doses between 95% and 107%
of the prescribed dose. Regarding the normal tissue constraints, the
mean liver dose was not allowed to exceed 30 Gy and the permitted
maximum dose given to the spinal cord was set to 45 Gy. In every
treatment plan, efforts were made to spare one of the kidneys as
much as possible. The maximum dose allowed to 2/3 of this kidney
should not exceed 40% of the prescribed dose. Attempts were also
made to minimise irradiation to the heart and bowel-PTV.

In the treatment planning performed with proton beams, PBS
implemented with the SFUD method was used. A two-field
configuration with one frontal and one lateral field (incident from
the left) was chosen. The beam angles were adapted for each patient
with the aim of avoiding unnecessary irradiations of the OARs. Spot-
scanned proton beams with kinetic energies between 60 and 230
MeV, produced by an IBA machine (Ion Beam Applications, S.A.,
Louvain-La-Neuve, Belgium), were used for the PBT planning. A
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range shifter of water equivalent thickness of 3.5 g/cm? was used in
the two proton fields to enable full dose-coverage in the proximal
part of the target volume. The proton dose calculation was done
using the proton convolution superposition algorithm (PSC) and the
robust optimization was performed with the Nonlinear Universal
Proton Optimizer (NUPO) algorithm. To ensure satisfactory target-
dose coverage, beam-specific PTVs (bsPTV) were created for each
beam, using a functionality available in Eclipse TPS, as described
by Park et al. (8). This approach takes into account setup errors,
range uncertainties and heterogeneities along the beam path, to
design a PTV for each individual field. The dose calculation and
CTV-based robust optimization were done on CT sets in which the
air cavities along the beam path and within the target volume had
been replaced with water equivalent material. An isotropic setup
uncertainty of 1.0 cm and a proton range uncertainty of 3.5 % were
considered during the robust optimisation, which resulted in 12
different scenarios with perturbed dose distributions and one nominal
dose distribution (without perturbations). The plans created in this
manner were called the SFUD,,; plans. Further, to evaluate the plan
robustness against possible density changes, the SFUD,, plans were
recalculated based on the original CT sets containing air cavities, to
produce the SFUD,., plans. The planning constraints set for the
OARs in the VMAT planning were used also in the PBT planning.
The robustness criterion for the CTV was set to V¢5>98% for at least
10 out of the 12 simulated scenarios. A generic relative biologic
effectiveness (RBE) of 1.1 was assumed for the proton beams.

Dosimetric evaluation of the treatment plans. A robustness analysis
of the CTV dose coverage in the SFUD,, plans was performed
based on the robustness criterion. For the VMAT plans, the nominal
SFUD,,; plans and the SFUD,, plans, values of D,, Dog, Vg5 and
the homogeneity index (HI) [(D2 - D98)/D,eqcribeal Were registered
for all patients. The dose-volume values for the OARs specified in
the QUANTEC recommendations were also registered (mean dose
and Vg for each kidney, V, for the combined kidneys, D, for
the spinal cord, mean dose and V, for the liver, V,5 for the heart
and Vs for the bowel-PTV).

Estimation of NTCP. The NTCP was estimated using the Lyman-
Kutcher-Burman (LKB) model (9, 10). The LKB model is applicable
under conditions of homogeneous irradiation of the OARs. In order to
accommodate the clinical data, which have been obtained for
inhomogeneous irradiations, the non-uniform dose-volume histograms
(DVHs) were transformed into equivalent DVHs for uniform
irradiations of the OARs with the maximum dose in the DVHs (11).
In addition, the DVHs were converted to equivalent 2-Gy per-fraction
treatment DVHs. The NTCP-model parameters used in the calculations
and the corresponding endpoints are shown in Table I.

The dosimetric and NTCP values obtained with the two SFUD
plans were compared pairwise with the values determined with the
VMAT plans using a Wilcoxon two-sided statistical test with a
significance level of 0.05.

Results

Dosimetric evaluation. For all patients, the robustness
criterion specified for the CTV was fulfilled with the
SFUD,,¢ plans. The planning objectives set for the PTV in
the VMAT plans were also reached. The constraints set for
the OARs in the VMAT- and SFUD-plans were respected for
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Figure 1. Dose distributions obtained in the axial (top) and frontal (bottom) planes for patient #5 with the VMAT (A), SFUD,
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(C) plans. Doses are presented in Gy (IsoE) and the arrows indicate the direction of the proton beam incidence.

Table 1. Lyman-Kutcher-Burman (LKB) model parameters for the organs at risk (OARs).

OAR n m TD50 (Gy) Endpoint o/P (Gy) Source

Kidney 0.7 0.1 28 Clinical nephritis 3a Burman et al. (1991) (9)
Spinal cord 0.05 0.175 66.5 Radiation myelitis 0.87 Burman et al. (1991) (9)
Liver 0.97 0.12 458 Radiation induced liver disease (RILD) 2 Dawson et al. (2002) (21)
Heart 0.636 0.13 50.6 Pericarditis 3b Martel et al. (1998) (22)
Bowel 0.17 0.11 55 Obstruction/Perforation 3a Burman et al. (1991) (9)

aAssumed for these OARs; Pa/f value for the heart was taken from Gagliardi et al. (1996) (23) and for spinal cord was taken from Schultheiss

(2008) (24).

all patients. The dose distributions calculated with the
VMAT-, SFUD,,- and SFUD,-plans are shown in Figure
1 for one representative patient case (patient #5). The median
DVHs obtained for the CTVs and the OARs with the VMAT-
and the two SFUD-plans are shown in Figure 2.

A median HI value of 0.07 (range=0.05-0.11 HI) was
calculated for the CTV with the VMAT plans while median
HI values of 0.02 (range=0.01-0.05 HI) and 0.05 (range=0.02-
0.09 HI) were obtained with the SFUDopt— and SFUD,,,-plans,
respectively. In terms of dose coverage of the CTV, a median
value of V95 of 100 % was determined for the three plans.
However, for one patient a V95 of 95 % was registered with
the SFUDver plan (Table II). Regarding the OARs, both the
SFUD - and SFUD,-plans provided a decrease in the dose-
volume values determined for the kidneys, spinal cord and
liver, p<0.05 (Table II). However, for the heart and bowel-
PTV, no significant differences in the dosimetric values were
obtained with the VMAT and the two SFUD plans (p>0.05).

For all the delineated structures studied, there was no
significant difference between the dosimetric values obtained
with the nominal SFUD,, plans and the recalculated
SFUD,., plans (Table II), which indicated that robustness
against the introduced density changes was achieved.

NTCP evaluation. The calculated NTCPs for the right
kidney, spinal cord, liver, heart and bowel-PTV was 0 %
for all patients with the VMAT-, SFUDopt— and SFUD,,-
plans. On the other hand, for the left kidney, an NTCP-
value of 0% was determined for 3 patients with the VMAT
plans, while for the remaining 5 patients, NTCPs between
7% and 86% were obtained. With the SFUDopt—plans, an
NTCP of 0% was obtained for the left kidney for all
patients and with the SFUD,..-plans, non-zero NTCP
values (14% and 20%) were determined for only 2 patients.
A summary of the calculated NTCP values for the left
kidney is shown in Figure 3.
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Figure 2. Median dose-volume histograms (DVHs) determined for the organs at risk (OARs), for all patients, with the VMAT (full lines), SFUD,
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Discussion

Normal tissue toxicity following photon beam CRT of GC
has been reported in an early clinical trial conducted by
Macdonald et al. (2). In this trial (2), 17 % of the patients
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included could not continue with the treatment due to the
toxicities that were observed. It is, however, relevant to
stress that some of the sequelae observed were not
exclusively RT-related since the patients received
chemotherapy as well. The significantly reduced NTCP
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Table II. Median values (range) of the dosimetric values obtained for
the clinical target volumes (CTV) and the organs at risk (OARs) with
the volumetric-modulated arc therapy (VMAT) and single-field uniform
dose (SFUD) plans.

Structure VMAT SFUD SFUDy,,
CTV

HI 0.07 (0.05-0.11) 0.02 (0.01-0.05) 0.05 (0.02-0.09)

Vos (%) 100 (100-100) 100 (100-100) 100 (95-100)
R Kidney

D pean (GyIsoE)  10.1 (3.2-15.5) 1.6 (0.0-2.5) 2.0 (0.1-3.1)

Vig (%) 7.1 (0-22.8) 0.7 (0-4.4) 2.8 (0-5.6)
L Kidney

Dipean (GyIsoE)  24.1 (9.3-32.0) 9.6 (0.4-17.3) 11.4(2.4-24.4)

V18 (%) 66.0 (11.2-100) 21.2 (3.0-40.0) 26.5 (4.0-63.3)
Combined Kidneys

Voo (%) 335 (14.5-56.7) 10.2 (1.3-23.4) 12.8 (2.6-36.5)
Spinal cord

Dpax (GylsoE)  34.1 (25.9-37.3) 9.2 (0.5-22.8) 9.0 (0.6-22.8)
Liver

Dpean (GyIsoE) 23.6 (19.4-25.6) 8.2 (6.8-129) 9.2 (8.2-13.9)

Voo (%) 52.9 (30.0-61.7) 17.4 (15.0-29.0) 20.1 (17.5-31.0)
Heart

Vo5 (%) 11.3 (3.1-22.7) 9.1 (3.2-27.0)* 9.2 (3.5-27.0)*
Bowel-PTV

Vys (cm3) 2.5(0.0-87.6) 3.3(0.0-47.9* 1.5(0.0-16.7)*

*p>0.05, compared to the values obtained with VMAT.

values calculated in our study for the left kidney with the
SFUD plans could be of clinical relevance to preserve renal
function and to make treatment feasible for patients with
already reduced kidney function. Similar findings were
obtained in studies of sarcoma and pancreatic cancer patients
for whom proton treatments were reported to provide an
improved sparing of the OARs in the urinary tract (12, 13).
The importance of sparing the kidneys in RT-treated GC
patients has also been discussed in a study involving 87 GC
patients, conducted by Trip et al. (14), in which the two-
dimensional photon-planning technique was compared with
three-dimensional conformal RT and intensity-modulated
radiation therapy (IMRT). The authors found that a
significantly lower dose was given to the left kidney with
IMRT. This dose reduction was also found to be of clinical
importance, as the kidney function was reported to decrease
at a lower rate in the IMRT treated patients.

In terms of the dosimetric evaluation carried out in this
study for the OARS, an improved sparing of the kidneys,
spinal cord and liver was achieved with the SFUD method.
However, this did not lead to reductions in the estimated
NTCPs for the spinal cord and the liver, as NTCP values of
0% were obtained with both the VMAT- and the SFUD-
plans. The reason that low toxicity levels were calculated in
this study was related to the low fraction doses given to the
patients and the overall long treatment time. The GC RT
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Figure 3. NTCPs calculated for the left kidney with the VMAT, SFUD,,,,
and SFUD,,, plans, for all patients.

treatments are delivered in combination with chemotherapy
and in a post-operative setting. Therefore, the prescribed
fraction doses are low (1.8 Gy(IsoE)). This indicates the
importance of using not only the dosimetric parameters in
the plan comparison, but also the results from toxicity
predictions. As suggested by Langendijk et al. (15), NTCP
predictions can also be used in treatment-plan evaluations for
selecting patients for which PBT could provide significant
NTCP reductions. In our study, some patients would be
indicated for PBT, based on the kidney sparing possibilities.

The use of PBS in the treatment of tumour sites influenced
by density changes, for example GC, requires that
approaches that guarantee plan robustness should be
implemented. In our study, we used the density override
approach to replace the air cavities in the CT sets used for
dose calculation with water equivalent HUs. This resulted in
increased doses given to the OARs located beyond the distal
edge of the target in the SFUD,,, plans. Nonetheless, the
dosimetric changes in the SFUD,,, plans, compared to the
SFUDOpt plans, were not significant for the patients included
in this study. This showed that robustness against density
changes was achieved. In a study of PBT of GC conducted
by Dionisi et al. (4), the density override approach was
shown to minimise the proton range uncertainties due to
bowel gas movement. Furthermore, beam angles can be
selected to guarantee that the dose distributions are
minimally affected by the inter-fraction density changes
along the beam path. Previous studies, exploring the role of
PBT for treatments in the upper abdominal region, focused
on patients with pancreatic cancer, seminoma, sarcoma and
oesophageal cancer. Typically, a field-setup with a posterior
field in combination with a field entering from the right,
passing through the liver and/or an anterior beam have been
used in these studies in order to avoid the density
heterogeneities related to intestinal gas variations (12, 13, 18,
19). In the SFUD plans prepared for this study, a frontal and
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a lateral field incident from the left of the patient was
chosen. This setup was chosen to avoid irradiation through
the liver and hence to improve the sparing of the liver.

The NTCP assessment performed in this study was made
under the assumption that the NTCP-model parameters,
obtained from patient follow-up studies after photon RT,
were also valid for proton-beam treatments. This assumption
is commonly made in comparative radiotherapy studies due
to the lack of biological-model parameters obtained for
proton beam treatments. However, the increased clinical use
of proton therapy will provide more reliable values of these
model-parameters for the different OARs. Moreover, it is
also important to consider other sources of uncertainties in
the assessment of risks of normal tissue toxicity following
RT. These include, among others, the use of different
algorithms for dose-calculation, which influences the
produced dose distributions, and hence, both the dosimetric
parameters used to determine the tolerance values for
different toxicities (16) and the estimated NTCP values (17).

In previous reports of PBT of GC, the photon-PTV was
used as the target volume also in the PBT planning (4, 5).
This approach does not account for the proton-specific
uncertainties (20). In the present study, CTV-based bsPTV
(8) was used to achieve a satisfactory CTV dose coverage.
A CTV-based robust optimisation, which involved isocenter
shifts and changes in the range of the proton beams, was also
performed. This resulted in plans which were robust in the
presence of density changes, as was observed in this study
for the SFUD,, plans. By implementing specific strategies
for addressing the different uncertainties in PBT, plans which
fulfil the robustness criteria for both the target volume and
the OARSs can be created.

Conclusion

The NTCPs calculated with the proton SFUD method were
similar to those calculated with the photon VMAT technique
for all the OARs studied, except for the left kidney. The
significant reduction of the NTCP estimated for the left
kidneys with the proton plans could be of clinical relevance
for preserving renal function after RT of GC. The use of
robust optimisation in the proton therapy planning for GC
could contribute to improvements of the plan quality, both
in terms of target coverage and normal-tissue sparing.
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