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Purpose: Radiosurgery treatment of liver metastases with photon beams has been an
established method for more than a decade. One method commonly used is the
stereotactic body radiation therapy (SBRT) technique. The aim of this study was to
investigate the potential sparing of the organs at risk (OARs) that the use of intensity-
modulated proton therapy (IMPT), instead of SBRT, could enable.

Patients and Methods: A comparative treatment-planning study of photon-beam and
proton-beam based liver-cancer radiosurgery was performed. Ten patients diagnosed
with liver metastasis and previously treated with SBRT at the Karolinska University
Hospital were included in the study. New IMPT plans were prepared for all patients, while
the original plans were set as reference plans. The IMPT planning was performed with
the objective of achieving the same target dose coverage as with the SBRT plans.
Pairwise dosimetric comparisons of the treatment plans were then performed for the
OARs. A 2-sided Wilcoxon signed-rank test with significance level of 5% was carried out.
Results: Improved sparing of the OARs was made possible with the IMPT plans. There
was a significant decrease of the mean doses delivered to the following risk organs: the
nontargeted part of the liver (P=.002), the esophagus (P = .002), the right kidney (P=
.008), the spinal cord (P = .004), and the lungs (P = .002). The volume of the liver
receiving less than 15 Gy was significantly increased with the IMPT plans (P = .004).
Conclusion: The IMPT-based radiosurgery plans provided similar target coverage and
significant dose reductions for the OARs compared with the photon-beam based SBRT
plans. Further studies including detailed information about varying tissue heterogeneities
in the beam path, due to organ motion, are required to evaluate more accurately whether
IMPT is preferable for the radiosurgical treatment of liver metastases.

Keywords: liver metastases; treatment planning; stereotactic body radiation therapy;
intensity-modulated proton therapy

Introduction

The liver is the most common site of metastatic spread for several malignancies, mainly
primary gastrointestinal tumors [1]. Surgical resection is the treatment of choice for both
primary liver tumors and oligo-liver metastases. Nevertheless, approximately 70% to 90%
of liver metastases are not resectable [2]. A number of noninvasive modalities for
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Table 1. Patient and treatment characteristics.

Target
Modality Abdominal volume
Patient no. (photon RT) Fractionation pressure (cm®) Target location

1 Static fields 15 Gy X 3 Yes 59.6 Central-peripheral

3 VMAT 8 Gy X 7 No 332.3 Posterior/whole liver extent axially

Static fields 7 Gy X 8 No 66.4 Central-periphery

Static fields 15 Gy X 3 No 18.6  Central-periphery

9 Static fields 17 Gy X 3 No 30.2 Central

Abbreviations: RT, radiation therapy; VMAT, volumetric-modulated arc therapy.

treatment of liver malignancies are currently being used in clinics, for example, radiofrequency ablation and radiation therapy,
with promising local control rates [3—5]. Several reports have described the feasibility of dose escalation in radiation therapy of
focal lesions if only a limited part of the healthy liver volume is treated [6, 7]. However, a nonnegligible risk of radiation-induced
side effects after radiation therapy remains, increasing with the volume of the treated tumor. Long-term migration to more
advanced Child-Pugh scores have been reported to cause radiation-induced liver disease, resulting in liver failure foremost in
patients with scores of B and C [8].

Photon-based stereotactic body radiation therapy (SBRT) has emerged as a radiation surgery technique with which high
fraction doses can be delivered to targets of moderate sizes in different parts of the body [7], for example, targets in the liver.
Treatment planning studies of SBRT implemented with proton beams have also been reported [9, 10]. Radiation therapy of
lesions located in the liver is influenced by anatomical changes due to respiratory motion. Thus, high-precision radiation
surgery of liver cancer remains challenging, despite the recent advances made in methods used for patient setup and image-
guided radiation therapy [11]. In order to reduce the treatment delivery uncertainties, methods such as 4-dimensional (4D)-
planning, respiratory gating and abdominal pressure can be used.

In this study, we compared photon-based SBRT with intensity-modulated proton therapy (IMPT)—-based radiosurgery, on a
treatment-planning basis, for the treatment of liver metastases of different sizes and locations. The main objective of the IMPT
planning was to create similar dose coverage of the planning target volume (PTV) as obtained with the SBRT plans. The aim
was thereafter to estimate quantitatively the potential dosimetric advantages of IMPT over SBRT in terms of sparing of the
organs at risk (OARs). Of primary concern was the dose delivered to the healthy part of the liver, which is the main limiting
factor in SBRT of liver malignancies.

Materials and Methods

Patient Selection and Treatment Planning

For this study, 10 patients previously treated for metastases in the liver with SBRT at the Department of Oncology and
Pathology at Karolinska University Hospital were included. These patients were diagnosed with tumors of different volumes
(range, 18.6 to 332.3 cm®) and locations (Table 1).

The static computed tomography (CT) examinations used for the treatment planning contained 3.0-mme-thick slices. The
internal target volume (ITV) was delineated by contouring the gross tumor volume in different breathing phases in the 4D-CT
image study. Expansion margins of 5 mm in the transversal direction and 10 mm in the craniocaudal direction were added to
the ITV to create the PTV.

The SBRT plans were prepared with the Eclipse treatment planning system, version 11.0.42 (Varian Medical Systems, Palo
Alto, California). Beam data obtained for 6 MV photon beams, produced by Varian linear accelerators (Varian Medical
Systems), were used in the planning. Two types of SBRT were used for the patient treatments, that is, a multiple static-field
technique or volumetric-modulated arc therapy (VMAT). The VMAT was mostly used for treatments of large targets or when
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Table 2. QUANTEC recommendations for the threshold values of the dose-volume metrics for the organs at risk and the corresponding clinical endpoints.

Organ Volume segmented Endpoint Dose-volume metric Rate (%)
Liver Whole liver, GTV Classic RILD Dmean <15 Gy (3 fx SRS) <5

>700 cm® of normal liver Classic RILD Vp-15 >700 cm® <5

Lungs Whole organ Symptomatic pneumonitis

Bliiezn <18 Gy

10

Esophagus Whole organ Grade >2 acute esophagitis Va5 <50% <30

Abbreviations: QUANTEC, Quantitative Analyses of Normal Tissue Effects in the Clinic; GTV, gross tumor volume; RILD, radiation-induced liver disease; fx, fraction; SRS,
stereotactic radiosurgery.

Note: Data from Marks LB et al. Use of normal tissue complication probability models in the clinic. Int J Radiat Oncol Biol Phys. 2010;76:S10-9.

critical structures were located in the proximity of the target. The stereotactic body frame was used for all patients.
Furthermore, abdominal pressure was used in those cases when the target motion amplitude was larger than the expansion
margins of the PTV. The dose prescription in the SBRT plans was made at the periphery of the PTV. The central parts of the
PTV received maximum doses in the interval of 145% to 160% of the prescribed dose. The analytical anisotropic algorithm
was used for the photon-beam dose calculation and the progressive resolution optimizer algorithm was used for optimization of
the VMAT plans. Descriptions of the patient setup, the photon-beam SBRT technique used, the prescribed doses and the
sizes of the PTV volumes for each patient are shown in Table 1.

The SBRT plans were set as reference plans, and all patients were then retrospectively planned with IMPT. The Eclipse
treatment planning system was also used for the IMPT treatment planning. To eliminate possible uncertainties specific for the
proton dose calculation, the stereotactic frame was assigned the Hounsfield unit value of air in the planning CT studies before
the treatment planning. A 2-field beam-setup configuration was used to prepare the IMPT plans. The choice of beam angles
varied depending on the target location, the size of the PTV, and the proximity of the OARs. Direct irradiation of the spinal cord
and right kidney was avoided. The proton beam data used in the treatment planning were obtained from the Skandion clinic, a
facility with an IBA (lon Beam Applications S.A., Louvain-La-Neuve, Belgium) proton cyclotron (the range of incident proton
energies was 60 to 230 MeV). The spot-scanning technique combined with multifield optimization, that is, IMPT, was used in
the planning. The proton dose calculation was made using the proton convolution superposition algorithm (version 13.0.28).
The IMPT treatment planning was performed with the objective of making the dose-volume histogram (DVH) for the PTV
coincide with that obtained with the SBRT plan. The optimization objectives were set as follows: 100% of the PTV should
receive 100% of the prescribed dose, and the maximum dose given to the PTV should be in the range from 145% to 160% of
the prescribed dose. In addition, 3 distinct isodose levels (between 70% and 97% of the maximum dose) in the photon plans
were converted into structures and used in the optimization of the proton plans.

Dosimetric Analysis of the Treatment Plans

To quantify the obtained dose conformity around the PTV for the 2 alternative modalities, the conformity index (CI) was
calculated using the definition in Report No. 62 of the International Commission on Radiation Units and Measurements [12],
that is, the quotient of the treated volume (in this study it was the volume enclosed by the prescription [100%)] isodose surface)
and the volume of the PTV. A relative biological effectiveness of 1.1 was assumed for the proton beams, and the produced
doses were reported in isoeffective equivalent dose, Gy (IsoE).

The OARs considered relevant for this study were the normal liver tissue (main risk organ), the esophagus, the right kidney,
the lungs, and the spinal cord. The normal liver was considered to be the part of the liver that is not included in the PTV. The
Quantitative Analyses of Normal Tissue Effects in the Clinic (QUANTEC) guidelines define risk levels for the whole liver,
excluding the gross tumor volume [13]. The dosimetric evaluation was based on pairwise comparisons of the dose-volume
values for the different OARs obtained from the treatment plans prepared with either photon or proton beams. A comparison of
the dosimetric values obtained with those recommended by QUANTEC (Table 2) was also performed. The dose-volume
metrics used for the evaluation were the mean dose in the liver and the volume of the normal liver that received a dose <15
Gy, the mean doses given to the right kidney and the lungs, V35 and the mean dose for the esophagus, and the maximum and
mean doses given to the spinal cord.
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Figure 1. Calculated dose
distributions at the position of
the planning isocenter for (A—
B) patient No. 3 and (C-D)
patient No. 5. (A) A volumetric-
modulated arc therapy based
stereotactic body radiation
therapy (SBRT) plan. (B) A 2-
field intensity-modulated
proton therapy (IMPT) plan.
(C) A static-field SBRT plan.
(D) A 2-field IMPT plan.

A 2-sided Wilcoxon signed-rank test with a significance level of P < .05 was used for the statistical comparisons of the
dosimetric values extracted from the treatment plans.

Results

A visual comparison of the calculated dose distributions in the photon-beam and proton-beam based plans indicates that
larger volumes of healthy tissue were irradiated in the VMAT and the static-field SBRT plans compared with the corresponding
IMPT plans. Planned dose distributions for 2 representative patient cases (patient No. 3 and patient No. 5) are presented in
Figure 1. Patient No. 3 had a large target volume (332.3 cm®) and was planned for VMAT-based SBRT or IMPT, as shown in
Figure 1A and 1B. Patient No. 5 had a small target volume (66.4 cm®) and was planned for static-field SBRT or IMPT (Figure
1C and 1D). The DVHs obtained for the PTVs and the OARs for these 2 patients are displayed in Figure 2. The objective to
produce a similar DVH for the PTV with the IMPT plan as with the SBRT plan was reached, as illustrated in Figure 2. However,
it should be emphasized that the DVHs do not provide spatial information, that is, they do not indicate whether the dose
distributions are matching pairwise from voxel to voxel. The same value of the Cl was obtained with either the SBRT or the
IMPT plans for all patients (0.99), except for patient No. 3, for whom the Cl was 0.93 with the VMAT plan and 0.97 with the
IMPT plan. The important differences between the plans, obtained with the 2 different beam types, could be observed in the
DVHs obtained for the OARs. There was a clear reduction of the irradiated volumes of most OARs in all patients with IMPT.

Clinically relevant dose-volume values for the OARs are presented in Tables 3 and 4. The mean dose given to the normal
liver tissue decreased from an average value of 11.3 Gy in the SBRT plans to 6.9 Gy (IsoE) in the IMPT plans. This decrease
was mainly due to a reduction of the volumes irradiated with low and intermediate doses (Figure 2). The volume of the liver
receiving a physical dose of less than 15 Gy increased from an average value of 1181.5 cm? in the SBRT plans to 1354.7 cm®
in the IMPT plans. The threshold value for the mean dose given to the normal liver, for observing the classic radiation-induced
liver disease, was exceeded for 1 of the 10 patients in the SBRT plan (with 3.8 Gy for patient No. 3). The mean dose given to
the healthy part of the liver was below this threshold value in the IMPT plans for all patients. Patient No. 3 also did not pass the
volume constraint for normal liver (Vp—15 > 700 cm®) with the SBRT plan. However, this constraint was passed for all patients
with the IMPT plans.

The average mean dose given to the right kidney decreased from 3.2 Gy in the photon plans to 1.5 Gy (IsoE) in the proton
plans. For patient No. 3, however, for whom the right kidney was adjacent to the target, higher mean doses were given to the
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right kidney in both the photon and proton plans. For all patients, the mean doses given to the right kidney were below the limit
of 28 Gy for which clinically relevant renal dysfunction may appear. However, the latter threshold value has been determined
for bilateral kidney irradiation. In our study, this value was used for comparison with the dose given to the right kidney only.

For the spinal cord, the maximum doses decreased from an average value of 11.9 Gy in the photon plans to 1.3 Gy (IsoE) in
the proton plans. The mean doses given to the spinal cord also decreased, from 4.9 Gy in the photon plans to 0.0 Gy (IsoE) in
the proton plans. The threshold value above which radiation myelopathy may be observed was exceeded with 1.0 Gy for
patient No. 1 with the SBRT plan. For 2 other patients (patient No. 3 and patient No. 4), the maximum doses given to the spinal
cord were 21.0 Gy and 24.7 Gy, respectively, in the SBRT plans. Both of these values are above the 20.0 Gy threshold.
However, this threshold value for the maximum dose has been determined for hypofractionated treatments given in 3 fractions.
For these 2 patients (No. 3 and No. 4), the doses were given in 7 and 5 fractions, respectively. For all patients, the maximum
doses given to the spinal cord were reduced to below the threshold value in the IMPT plans.

The mean dose given to both lungs, counted as 1 organ, may be considerably lower than the dose given to the right lung,
which is adjacent to the liver. Therefore, the mean doses given to the right lung and to both lungs (counted as 1 organ) were

Table 3. Dosimetric values for the liver, right kidney and spinal cord. Proton doses are given in Gy (IsoE).

Normal liver Right kidney Spinal cord
Mean dose (Gy) Vp-15 (cm®) Mean dose (Gy) Maximum dose (Gy) Mean dose (Gy)
Patient # Photon Proton Photon  Proton % increase = Photon Proton Photon Proton Photon Proton
1 8.1 3.5 1550.6 1787.6 il 0.5 0.0 21.0 1.4 9.3 0.0

3 23.8 14.9 397.6 726.0 45.2 18.6 12.8 24.7 7.8 9.7 0.4

5 11.5 10.4 740.6 733.1 =10 0.5 0.0 5.6 0.0 4.4 0.0

7 5.5 3.6 1017.9 1059.2 3.9 0.0 0.0 0.0 0.0 0.0 0.0

O 6.6 3.3 2239.4  2474.6 OIS 0.5 0.0 6.1 0.0 1.3 0.0

Mean 11.3 6.9 1181.5 1354.7 14.3 3.2 1.5 1 5e) 1.3 4.9 0.0
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Table 4. Dosimetric values for the lungs and esophagus; proton doses are given in Gy (IsoE).

Both lungs, Right lung, Esophagus,
Mean dose (Gy) Mean dose (Gy) Mean dose (Gy)

Patient no. Photon Proton Photon Proton Photon Proton

1 2.2 1.2 3.3 2.2 7.0 1.7

8 9.6 515 11.9 8.9 16.3 0.6

5 1.1 0.2 1.1 0.4 71 0.2

7 0.1 0.0 0.2 0.0 0.3 0.0

9 0.6 0.0 0.6 0.0 0.4 0.0
Mean 2.8 1.2 3.7 2.1 6.0 0.4

separately determined in this study. There was a reduction of the mean doses given to both lungs, from an average value of
2.8 Gy in the photon plans to 1.2 Gy (IsoE) in the proton plans. The average mean dose, given to the right lung only, decreased
from 3.7 Gy in the photon plans to 2.1 Gy (IsoE) in the proton plans. The threshold value for observing symptomatic
pneumonitis was not exceeded in any of the SBRT or IMPT plans.

The mean doses given to the esophagus decreased from an average value of 6.0 Gy in the photon plans to 0.4 Gy (IsoE) in
the proton plans. The V35 of the esophagus was 0% in all treatment plans. The threshold values for observing acute
esophagitis of grades >2 (Va5 <50 %) or 3 (mean dose <34 Gy) were not exceeded in any of the treatment plans.

For all patients, the median of the mean doses given to the OARs were compared (Table 5). The median values of the
percentage decrease of the mean doses given to the OARs with the IMPT—compared with the SBRT—plans are also presented.
There was a significant reduction of the mean doses given to the OARs in the IMPT plans compared with the SBRT plans (P < .05).

Discussion

The results of this study indicate significant dosimetric advantages, in terms of sparing of the OARs, of IMPT compared with
photon-beam based SBRT for the treatment of liver metastases. The potential for an improved normal-tissue sparing was also
indicated in the comparisons of the obtained dose-volume values with the QUANTEC recommendations. Previously published
reports comparing the use of proton and photon beams for conventionally fractionated [14—16] and hypofractionated [9]
radiation therapy of liver malignancies have obtained similar results. Furthermore, clinical trials with proton and carbon-ion
beams for the treatment of hepatocellular carcinoma (HCC) obtained improved local control rates, compared to photon-beam
based radiation therapy, with the same or lower high-grade toxicity [17]. In a previous comparison of IMRT and IMPT plans for
radiosurgery of large metastases in the liver, Petersen et al [9] reported an improved sparing of the normal liver tissue with
IMPT. In the present study, an improved sparing of normal liver tissue with IMPT was observed for both small and large PTVs.

Table 5. Comparison of the median of the mean doses given to the organs at risk for all patients.

Median of mean dose (range), Gy Median of the percentage

Organs at risk Photon plan Proton plan decrease in mean doses (range) P value
Healthy liver 10.2 (5.5 to 23.8) 5.4 (3.3 to 18.3) 42.5 (9.6 to 56.8) .002

Spinal cord 3.9 (0.0 t0 9.7) 0.0 (0.0 to 0.4) 100 (0.0 to 100) .004

Right lung 33(021t011.9) 0.7 (0.0 to 8.9) 67.8 (32.1 to 100) 002

N
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The mean doses given to the normal liver decreased with a median value of 42.5% (range, 9.6% to 56.8%), and the volume of
the normal liver tissue receiving <15 Gy increased with a median value of 11% (range, —1.0% to 45.2%) with IMPT.
Furthermore, for patients with larger targets, we noticed a relative increase in the sparing of the normal liver tissue with IMPT
compared with results obtained for patients with smaller targets.

The choice of beam angles is an important aspect when planning proton-beam treatments of liver cancer. The increased
accuracy of the IMPT technique improves the possibility to spare the functional part of a liver with underlying liver disease, that
is, cirrhosis [18]. Information about the functional parts of the liver can be obtained with, for example, positron emission
tomography—magnetic resonance imaging studies, which then could be used in the IMPT planning.

Radiation therapy of malignancies in the liver is, to a certain degree, influenced by anatomical variations, mainly due to the
breathing motion. In this work, the effects of organ motion have been considered by using 4D-CT image studies and the ITV
concept for the PTV delineation. However, further studies with 4D treatment planning are required to quantify the uncertainties
in the dose delivery and to evaluate the robustness of both the SBRT and IMPT treatments. Petersen et al [9] suggested that
the organ motion uncertainties during liver cancer treatments could be handled with increased PTV margins. However, we
believe that the interplay effect also [19, 20], which is of importance for proton-beam spot scanning of moving targets, must be
considered. In the worst-case scenario, this effect could produce cold spots in the target, which could not be remedied with
increased PTV margins. The treatment delivery uncertainties can be handled by different means, for example, abdominal
pressure, increased spot size, gating, and/or multiple repainting. The development of image-guided radiation therapy [11, 21—
23] may further improve the robustness of proton therapy of tumors located in regions affected by involuntary motion and
fluctuating tissue heterogeneities. Issues related to anatomical variations during proton radiation therapy of liver malignancies
will be investigated in a future project.

In addition, in this work the IMPT treatment planning was performed on CT studies with structures delineated for photon
therapy, maintaining the same target volumes and risk structures without considering the specific range uncertainties for
proton beams. For the clinical implementation of proton therapy, all elements of the treatment planning should be adapted to
the characteristics of proton beams.

Conclusion

In this study, a treatment-planning—based comparison of photon-beam SBRT and IMPT for radiosurgery of liver metastases
was performed. The IMPT treatment was shown to provide significant dosimetric advantages, in terms of sparing of the OARs,
compared with what was achievable with the SBRT technique. This can be expected to lead to a reduction of the number of
observed side effects after radiosurgery of liver metastases. However, further studies with the aim of quantifying the
uncertainties in the treatment delivery due to fluctuating tissue heterogeneities and involuntary organ motion should be carried
out in order to accurately evaluate the advantages of using IMPT instead of SBRT for treating malignancies in the liver.
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