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Purpose: Many patients with metastatic cancer live years beyond diagnosis, and
there remains a need to improve the therapeutic ratio of metastasis-directed radiation
for these patients. This study aimed to assess a process for delivering cost-effective
palliative proton therapy to the spine using diagnostic scan—based planning (DSBP)
and prefabricated treatment delivery devices.

Materials and Methods: We designed and characterized a reusable proton aperture
system that adjusts to multiple lengths for spine treatment. Next, we retrospectively
identified 10 patients scan treated with thoracic proton therapy who also had a diag-
nostic computed tomography within 4 months of simulation. We contoured a T6-T9
target volume on both the diagnostic scans (DS) and simulation scans (SS). Using
the aperture system, we generated proton plans on the DS using a posterior—anterior
beam with no custom range compensator to treat T6-T9 to 8 Gy X 1. Plans were
transferred to the SS to compare coverage and normal tissue doses, followed by
robustness analysis. Finally, we compared normal tissue doses and costs between
proton and photon plans. Results were compared using the Wilcoxon signed-rank
test.

Results: Median Dgs¢, on the DS plans was 101% (range, 100%—102%) of the
prescription dose. Median Dy,,x Was 107% (range, 105%—108%). When transferred
to SS, coverage and hot spots remained acceptable for all cases. Heart and esoph-
agus doses did not vary between the DS and SS proton plans (P >.2). Robustness
analysis with 5 mm X/Y/Z shifts showed acceptable coverage (Dgso, > 98%) for all
cases. Compared with the proton plans, the mean heart dose was higher for both
anterior—posterior/posterior—anterior and volumetric modulated arc therapy plans
(P < .01). Cost for proton DSBP was comparable to more commonly used photon
regimens.

Conclusion: Proton DSBP is technically feasible and robust, with superior sparing of
the heart compared with photons. Eliminating simulation and custom devices increases
the value of this approach in carefully selected patients.
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Introduction

Many patients with metastatic cancer are living years beyond their diagnosis, with recent data for metastatic breast cancer
demonstrating 5-year survival rates of 30% to 40% [1, 2]. These numbers will likely continue to improve for many
malignancies with the expanded use of targeted therapies [3-5] and immunotherapies [6]. At the same time, the role of
radiation therapy for definitive treatment of metastatic sites has been called into question, and recently released results of the
NRG BR-002 trial failed to demonstrate improvement in progression-free or overall survival with the addition of ablative local
therapy to metastatic sites in breast cancer patients [7]. These results will likely lead insurers to decline stereotactic body
radiation therapy coverage for breast cancer metastases.

With stereotactic body radiation therapy unavailable, many cancer patients will receive palliative radiation with less precise
2- or 3-field photon techniques, often with associated toxicity, including nausea and diarrhea in the short term [8, 9] and
potentially pneumonitis and cardiac events in the long term [10, 11]. Furthermore, the frequency and severity of these
adverse events may be amplified by systemic therapies [12—14], and for many newer drugs, the safety of concurrent
radiation delivery is not well-established.

One way to reduce the dose to normal tissues from palliative radiation therapy is to use proton therapy. This technique
is especially well-suited for treating spine metastases as dose to anterior structures can be essentially eliminated.
Historically, proton therapy has not been used in the palliative setting because of the inherent cost and time needed for
planning. It has been previously demonstrated that radiation treatment planning using a patient’s existing diagnostic scans
in lieu of a formal simulation scan (a process known as diagnostic scan-based planning [DSBP]) can increase efficiency of
photon-based treatment planning [15]. To our knowledge, this process has not yet been assessed for passive-scatter
proton therapy, a technique that carries the added complexity of patient-specific treatment delivery devices (eg, apertures
and compensators) that contribute to planning time and cost. Therefore, the current study aimed to assess a process for
delivering efficient and cost-effective palliative proton therapy by using a combination of DSBP and prefabricated
treatment delivery devices.

Materials and Methods

Aperture System

For the first part of this study, we designed, built, and characterized a reusable proton aperture system capable of adjusting
to multiple field sizes for thoracic spine treatment. We designed a series of interchangeable inserts with a fixed aperture
width of 7 cm and optional lengths of 8, 12, 16, and 20 cm. We selected a 7-cm fixed-width insert based on average thoracic
vertebrae size and confirmed at the time of planning (detailed below) that this width would allow for the inclusion of the entire
vertebrae within the aperture for all cases. Optional lengths were then selected based on common clinical scenarios and
average vertebrae heights; for example, an 8-cm length allows for coverage of 4 vertebrae with the 95% isodose line. The
maximum length was limited to 20 cm, which was the longest that could be achieved while still allowing enough mating
surface to physically secure the aperture system to the snout. The aperture system was designed so that the different
aperture lengths could be assembled with 2 prespecified inserts overlapping with slanted surfaces at the junction to minimize
leakage (Figure 1). Once in place, the inserts are secured with the aperture ring.

Once the design was finalized, .decimal fabricated the prototype plug-and-base aperture system for dosimetric
characterization and radiation leakage testing. Leakage testing was performed using radiochromic films placed on blank
apertures to ensure that the interlocking between the base plate apertures and the inserts was sufficiently tight to prevent any
leakage of protons through the seams. The results demonstrated that the prototype system was as effective in blocking
radiation as clinical apertures.

A preliminary clinical treatment workflow was tested using an anthropomorphic thoracic phantom. We demonstrated that it
is possible to acquire posterior—anterior (PA) X-rays through the devices while the patient is in the treatment position. The
process is similar to acquiring a conventional port film on a linear accelerator. First, a wide-open PA image is obtained
without the inserts to allow for visualization of the surrounding anatomy to confirm vertebral body level. We then place the
inserts and obtain the smaller image defined by the treatment aperture.
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Figure 1. Computer-aided design rendering (top) and actual photo
(bottom) of the reusable proton aperture plug-and-base system capable
of adjusting to multiple field sizes for spine treatment. The design
comprises an inner fixed opening with 2 inserts (lavender and blue). For
this set of apertures, the width is fixed at 7 cm, and optional lengths range
from 8 to 20 cm, depending on the combination of inserts used.

Case Selection and Treatment Planning

For the second part of this study, we retrospectively identified 10 patients previously treated with proton therapy for thoracic
malignancies who also had a diagnostic computed tomography (CT; either dedicated CT or positron-emission tomography/
CT) of the thorax within 4 months of the simulation. The relevant diagnostic and simulation scans were exported from the
treatment planning system, anonymized, and reimported for the selected cases. The diagnostic CT scans were then
corrected for rotation, roll, and pitch to simulate a flat, head-first, supine treatment position. The magnitude of geometric
corrections (translational and rotational) was different for every case based on the manual fusion of the diagnostic scans
(DS) image with the simulation scans (SS) image. The spine anatomy was used as the basis for fusion. For each case,

1 physician (CWS) contoured T6-T9 as the target volume on both the diagnostic and simulation scans.

Respecting the parameters of the reusable proton aperture system described above, we generated passive-scatter proton
plans on each patient’s diagnostic scan using a single PA beam with no custom range compensator. The target was T6-T9,
inclusive, and the dose was 8 Gy X 1. The dose was prescribed such that at least 95% of the target (Dgs-.) received 100% of the
dose. We employed our own dose range calculation uncertainty criteria of 3% -+ 3 mm on the DS image dataset to develop an
appropriate beam range for each case. When this range was used on the SS image dataset, we noticed that the target was
appropriately covered for all cases. Therefore, moving forward, we used the same 3% + 3—-mm criteria on the DS images without
including this criterion in the robustness analysis (detailed below) because the main clinical concern is setup uncertainty.

All plans were evaluated by a physician and found to be clinically acceptable. The approved treatment plans were then
transferred to the corresponding simulation scans using 2-dimensional mid-plane projection to model treatment setup and
delivery. We then compared target coverage, dose heterogeneity, and doses to normal tissues, specifically mean and
maximum heart dose and mean and maximum esophagus dose. Finally, to provide a dosimetric comparison to a commonly
used palliative treatment approach, we created an anterior—posterior/PA (AP/PA) photon plan on the simulation scan for
each case and recorded the same dosimetric data points described above. In addition, we created a volumetric modulated
arc therapy (VMAT) plan (also on the simulation scan) for each case to assess organs at risk (OARs) sparing compared with
the proton plans. Results were compared using the Wilcoxon signed-rank test.

Robustness Analysis

We performed robustness analysis with = 5 mm X, Y, and Z shifts for each passive-scatter proton plan transferred from the
diagnostic scan to the simulation scan. For each subplan (a total of 6 plans per patient), we recorded the Dgss, and D,ax, With
the primary goal of screening for outliers that would not be clinically acceptable.

Swanick et al (2023), Int J Particle Ther 87

202 Alenuer 0z uo 1senb Aq |'G0000-€2-LdrI/8EE YL 0L/Pd/Iop/woo ssaiduajie" uelpLawy/:djy WOy papeojumod



e ’ DSBP for proton therapy

of PARTICLE
THERAPY

Figure 2. Box and whisker plot for target D95% 115.0
coverage and max dose on diagnostic scan (DS)
proton plans, simulation scan (SS) proton plans, and

110.0 %
105.0

SS photon anterior—posterior/posterior—anterior (AP/
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PA) plans.
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Financial Analysis

To assess the cost-efficiency of the process described above, we looked at technical and professional costs associated with
single-fraction proton treatment without the need for simulation or custom treatment delivery devices. This was then
compared with single-fraction photon treatment without simulation (essentially modeling cost for a DSBP approach for
photons) and the more common palliative regimen of 10-fraction 2-field photon treatment with simulation. For completeness,
we also assessed single-fraction VMAT costs with and without simulation. All costs were calculated using Centers for
Medicare & Medicaid Services reimbursement rates.

Results

Coverage and Heterogeneity

For the DS passive-scatter proton plans, the median Dgse, was 101% (range, 100%—102%) of the prescription dose (8 Gy)
using the same 12 cm (L) X 7 cm (W) aperture for each case. The median Dy, was 107% (range, 105%—108%). When the
plans were transferred to the simulation scans, coverage remained excellent and hot spots were acceptable for all cases with
a median Dgsq, of 101% (range, 100%—102%) and a median D, 0f 106% (range, 105%—106%). The comparison AP/PA
photon plans resulted in similar coverage to the proton plans but demonstrated a clinically meaningful increase in dose
heterogeneity with a median Dy,ax of 110% (range, 109%—112%) (Figure 2). Representative axial and sagittal images of the
proton plans from an example case are presented in Figure 3.

Organ at Risk Doses

OAR doses across techniques are presented in Table 1. Heart and esophagus mean and maximum doses did not vary
significantly between the diagnostic and simulation scan proton plans (P > .2 for all). Compared with the proton plans, the
mean heart dose was significantly higher for the AP/PA photon plans (median 4.7 Gy vs 0.4 Gy, P < .01) and VMAT plans
(median 1.8 Gy vs 0.4 Gy, P < .01). Compared with proton plans, mean esophagus dose was also significantly higher for the
AP/PA photons plans (median 7.1 Gy vs 4.9 Gy, P < .01) but not significantly different for VMAT plans (median 4.8 Gy vs
4.9 Gy, P> .05). Heart and esophagus max doses were not significantly different between the proton and photon plans

(P > .05); however, heart and esophagus max doses were lower for VMAT plans compared with proton plans (P < .05 for
both).

Robustness Analysis

Robustness analysis with = 5 mm X, Y, and Z shifts showed that coverage remained clinically acceptable with Dgse, > 98%
for all cases with no outliers. A heat map depicting Dgs¢, coverage for each passive-scatter proton subplan is presented in
Figure 4.
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Figure 3. Example case for passive-scatter proton
plan generated on diagnostic scan (DS) (panels A
[axial view] and B [sagittal view]) and then transferred
to simulation scan (SS) (panels C [axial view] and D
[sagittal view]). Each plan used a single posterior—
anterior (PA) beam with a 12 cm (L) X 7 cm (W)
aperture and no custom range compensator. The
dose-volume histogram for the DS proton plan, the
SS proton plan, the SS photon anterior—posterior
(AP)/PA plan, and the volumetric modulated arc
therapy (VMAT) plan for this patient’s case is
depicted in panel E.

Syl

—aA— DS Proton —m— SS Proton —— SS Photon AP/PA —e—— SSVMAT

Financial Analysis

For single-fraction proton treatment without simulation or custom devices, we calculated a technical cost of $3151.18 and a
professional cost of $705.63 for a total cost per patient of $3856.81. By contrast, a single-fraction photon regimen without
simulation was $1895.99, and a 10-fraction photon regimen with simulation was $4364.17 (Table 2). Single-fraction VMAT
treatment without simulation was similar to our proton approach, with a total cost of $3442.45.

Discussion

In this study, we demonstrated that using a patient’s existing imaging and prefabricated treatment devices can generate a
clinically acceptable and robust palliative proton treatment plan with significantly decreased normal tissue doses compared

Table 1. Dosimetry comparison of median OAR doses across techniques.

Metric DS proton SS proton SS AP/PA SS VMAT

Heart mean dose (Gy), Median (range) 0.4 (0.1-1.1) 0.4 (0.1-0.5) 4.7 (2.3-6.6) 1.8 (0.9-3.0)
Heart max dose (Gy), Median (range) 8.2 (5.8-8.4) 8.1(7.3-8.4) 8.2 (8.0-8.4) 5.5 (4.1-8.3)
Esophagus mean dose (Gy), Median (range) 3.7 (0.4-6.2) 4.9 (2.0-5.5) 7.1 (5.3-7.6) 4.8 (4.1-5.6)
Esophagus max dose (Gy), Median (range) 8.3 (3.4-8.4) 8.4 (7.4-8.4) 8.2 (8.0-8.3) 8.2 (6.7-8.4)

Abbreviations: OAR, organ at risk; DS, diagnostic scan; SS, simulation scan; AP/PA, anterior—posterior/posterior—anterior; VMAT, volumetric modulated arc therapy.
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with a commonly used photon regimen. This proof of concept is an important first step toward expanding the use of proton
therapy in the palliative setting, particularly for patients expected to live years beyond their diagnosis.

We also found that using our approach for a single-fraction proton therapy treatment course was less costly than the
commonly used 10-fraction photon course and only slightly more costly than a single-fraction VMAT course. Cost is arguably
the most significant barrier to using proton therapy in this setting, and the cost savings from eliminating simulation and
custom treatment devices increases the overall value of this approach in carefully selected patients.

Proton therapy is an especially attractive option for the palliative treatment of breast cancer patients, as 5-year survival
rates for de novo metastatic breast cancer are similar to those for malignancies more commonly treated with definitive proton
therapy, such as locally advanced lung cancer, hepatobiliary cancers, and primary brain tumors [16—18]. In addition, patients
with metastatic breast cancer frequently receive treatment with novel systemic therapies, many of which are known to
potentiate the toxicities of radiation therapy [13, 19]. With stereotactic body radiation therapy likely falling out of favor for
these patients due to the results of NRG BR-002, exploring novel strategies to reduce normal tissue doses in this population
is warranted.

Multiple studies have suggested that the risk of cardiac death increases with mean heart dose [10, 11, 20, 21], and this
risk is often realized within just a few years of treatment. In a retrospective study of over 748 patients treated with radiation
therapy for non—small cell lung carcinoma, Atkins et al [20] found that a mean heart dose of > 10 Gy was associated with a
significantly increased risk of a major cardiac adverse event in patients with no preexisting coronary artery disease, and this
difference was detected with a median follow up of just 20.4 months. Of note, the Atkins study included patients treated with
standard fractionation, and therefore, a mean heart dose of 10 Gy translated to a biologically effective dose of 11 Gy
(assuming 30 fractions of treatment with an alpha/beta of ~3 for the heart [22]). This would compare with a biologically
effective 12.1-Gy heart dose for the cases in this study treated with a single fraction of AP/PA photons, suggesting that
patients treated with this approach may be at significant risk for short-term cardiac complications. By contrast, the proton
plans in this study delivered a median mean heart dose of 0.4 Gy or a biologically effective dose of 0.5 Gy.

In addition to long-term toxicity from large, single-fraction doses, short-term toxicities, such as nausea and vomiting, are
common in patients receiving palliative treatment near the upper abdomen [23, 24]. In our practice, physicians often choose
5- or 10-fraction palliative regimens for patients requiring large treatment fields to reduce the likelihood of gastrointestinal
adverse effects. In the current study, we evaluated the dose to the esophagus as this was the relevant OAR for the study
target (T6-T9) and found that mean esophagus dose was markedly higher with AP/PA photon plans versus the
corresponding proton plan. Of note, the stomach dose was not assessed in our study as it was not a relevant OAR, but other

Table 2. Cost data estimated from Centers for Medicare and Medicaid Services reimbursement rates.

Technique Technical Professional Total

Proton, no sim, no devices, 1 fraction $3,151.18 $ 705.63 $ 3,856.81
Photon 2D, with sim, 10 fractions $ 3,430.92 $933.25 $4,364.17
Photon VMAT, with sim, 1 fraction $2,544.56 $982.48 $ 3,527.04

Abbreviations: 2D, 2-dimensional; VMAT, volumetric modulated arc therapy.
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studies have clearly demonstrated the benefit of proton therapy in reducing acute nausea and vomiting in patients receiving
spine treatment [25].

Our study builds on previous work that demonstrated the feasibility of DSBP for treating critically ill patients with emergent
photon radiation therapy [15], an approach that we are now using in our clinic for appropriately selected patients. The current
proton-based approach offers a few advantages over the photon-based approach. First, as previously discussed, the dose to
normal tissues and attendant side effects are expected to be less. In addition, proton-based planning with a single PA beam
would be more robust in patient position and anatomy changes than photon planning with multiple beams. For example, in
the time between the diagnostic scan used for planning and the time of treatment, a patient could experience a weight
change, develop ascites or abdominal distention, all of which could change attenuation and affect coverage for a multifield
photon plan but would not significantly affect coverage from a single PA proton beam. Finally, we expect to see increased
craniospinal treatment for patients with leptomeningeal disease now that randomized data demonstrate improved survival in
patients with breast and lung cancer [26]. Although our study addresses treatment to a fraction of the spinal column, we hope
to apply the same concept to craniospinal treatment of symptomatic inpatients for whom treatment must be expedited.

Our study had several limitations. We only assessed a small portion of the spinal column, and additional studies will be
needed to ensure that this methodology can be safely applied in the cervical and lumbosacral regions. However, we
purposely selected the thoracic spine levels with the greatest kyphosis to ensure that distal coverage of the target over a
12-cm length could be achieved without a custom compensator, which was in fact the case for these patients. An additional
limitation of our study is the small sample size of 10 patients, although we did determine that for this group of 10 consecutive
clinical cases, there were no outliers in terms of acceptable target coverage or dose heterogeneity. We also recognize that
without a custom range compensator, the distal edge of the beam is nonconformal, and in some cases, the distal edge of the
beam ranges into the adjacent OARs. Although there are certainly clinical settings in which the biological consequences of
the elevated linear energy transfer at the distal edge must be carefully considered, we do not think it is particularly relevant
for single-dose palliative treatment with 8 Gy.

Of note, our study examined only passive-scatter proton therapy, as this technology is currently available for clinical use at
our institution. We acknowledge that many modern proton therapy centers offer pencil beam scanning (PBS) only and that
clinically acceptable plans can be generated using a single PA PBS beam. In fact, we would expect PBS plans to be more
conformal than the passive-scatter plans presented here, and there would be no need for an aperture at all. However, PBS
would require time for planning optimization followed by patient-specific quality assurance, thereby reducing the overall
efficiency of the process. This study aimed to establish an efficient, broadly applicable approach that we believe is more
readily achieved with passive-scatter planning.

Palliative proton DSBP is technically feasible and robust, and the superior sparing of normal tissues compared with
standard photon plans can reduce the risk of short- and long-term toxicity. The careful elimination of cost-related barriers
associated with proton therapy could allow clinicians to leverage the dosimetric advantages of this technique to improve the
therapeutic ratio for palliative treatment of patients expected to live years after their treatment.

ADDITIONAL INFORMATION AND DECLARATIONS

CRediT: Cameron W. Swanick: conceptualization, data curation, formal analysis, funding acquisition, investigation,
methodology, project administration, supervision, validation, visualization, writing — original draft, writing- review and editing;
Michael H. Shang: data curation, formal analysis, validation, visualization, writing — original draft, writing — review and editing.;
Kevin Erhart: data curation, software, writing — review and editing; Jonathan Cabrera: visualization, writing — review and
editing; James Burkavage: data curation, investigation, methodology, software, writing — review and editing; Tomas Dvorak:
data curation, formal analysis, investigation, visualization, writing — review and editing; Naren Ramakrishna: resources,
writing — review and editing; Zhiqiu Li: data curation, software, visualization, writing — review and editing; Amish Shah:
conceptualization, resources, supervision, writing — review and editing; Sanford L. Meeks: conceptualization, resources,
supervision, writing — review and editing; Omar A. Zeidan: conceptualization, data curation, funding acquisition, investigation,
methodology, project administration, resources, supervision, validation, visualization, writing — review and editing; Patrick
Kelly: conceptualization, data curation, formal analysis, funding acquisition, investigation, methodology, project
administration, resources, supervision, validation, visualization, writing — original draft, writing — review and editing.

Conflicts of Interest: Patrick Kelly reports financial support for research outside this work from Mevion Medical Systems,
ViewRay, Inc. and Varian Medical Systems, Inc. Omar Zeidan reports that he is a member of Mevion Technical Advisory

Swanick et al (2023), Int J Particle Ther 91

202 Alenuer 0z uo 1senb Aq |'G0000-€2-LdrI/8EE YL 0L/Pd/Iop/woo ssaiduajie" uelpLawy/:djy WOy papeojumod



& ) DSBP for proton therapy
e

Board. Kevin Erhart reports that he is employed by .decimal, LLC. Sanford Meeks reports that he is employed by Varian
Medical Systems, Inc.

Funding: Grant funding provided by Mevion Medical Systems (Littleton, MA).

Ethical Approval: All patient date were collected under an institutional review board—approved protocol.

References

1.

10

11.

12.

13.

Iwase T, Shrimanker TV, Rodriguez-Bautista R, Sahin O, James A, Wu J, Shen Y, Ueno NT. Changes in overall survival
over time for patients with de novo metastatic breast cancer. Cancers (Basel). 2021;13:2650.

Taskindoust M, Thomas SM, Sammons SL, Fayanju OM, DiLalla G, Hwang ES, Plichta JK. Survival outcomes among
patients with metastatic breast cancer: review of 47,000 patients. Ann Surg Oncol. 2021;28:7441-9.

Modi S, Jacot W, Yamashita T, Sohn J, Vidal M, Tokunaga E, Tsurutani J, Ueno NT, Prat A, Chae YS, Lee KS, Niikura N,
Park YH, Xu B, Wang X, Gil-Gil M, Li W, Pierga JY, Im SA, Moore HCF, Rugo HS, Yerushalmi R, Zagouri F, Gombos A,
Kim SB, Liu Q, Luo T, Saura C, Schmid P, Sun T, Gambhire D, Yung L, Wang Y, Singh J, Vitazka P, Meinhardt G,
Harbeck N, Cameron DA; DESTINY-Breast04 Trial Investigators. Trastuzumab deruxtecan in previously treated
HER2-low advanced breast cancer. N Engl J Med. 2022;387:9-20.

Lu YS, Im SA, Colleoni M, Franke F, Bardia A, Cardoso F, Harbeck N, Hurvitz S, Chow L, Sohn J, Lee KS,
Campos-Gomez S, Villanueva Vazquez R, Jung KH, Babu KG, Wheatley-Price P, De Laurentiis M, Im YH, Kuemmel S,
El-Saghir N, O’'Regan R, Gasch C, Solovieff N, Wang C, Wang Y, Chakravartty A, Ji Y, Tripathy D. Updated overall
survival of ribociclib plus endocrine therapy versus endocrine therapy alone in pre- and perimenopausal patients with
HR+/HER2- advanced breast cancer in MONALEESA-7: a phase Ill randomized clinical trial. Clin Cancer Res. 2022;28:
851-9.

Slamon DJ, Neven P, Chia S, Fasching PA, De Laurentiis M, Im SA, Petrakova K, Bianchi GV, Esteva FJ, Martin M,
Nusch A, Sonke GS, De la Cruz-Merino L, Beck JT, Pivot X, Sondhi M, Wang Y, Chakravartty A, Rodriguez-Lorenc K,
Taran T, Jerusalem G. Overall survival with ribociclib plus fulvestrant in advanced breast cancer. N Engl J Med. 2020;382:
514-24.

Cortes J, Cescon DW, Rugo HS, Nowecki Z, Im SA, Yusof MM, Gallardo C, Lipatov O, Barrios CH, Holgado E, Iwata H,
Masuda N, Otero MT, Gokmen E, Loi S, Guo Z, Zhao J, Aktan G, Karantza V, Schmid P; KEYNOTE-355 Investigators.
Pembrolizumab plus chemotherapy versus placebo plus chemotherapy for previously untreated locally recurrent
inoperable or metastatic triple-negative breast cancer (KEYNOTE-355): a randomised, placebo-controlled, double-blind,
phase 3 clinical trial. Lancet. 2020;396:1817-28.

. Chmura SJ, Winter KA, Woodward WA, Borges VF, Salama JK, Al-Hallag HA, Matuszak M, Milano MT, Jaskowiak NT,

Bandos H, Bazan JG, Nordal RA, Lee DY, Smith BD, Mamounas EP, White JR. NRG-BR002: a phase IR/l trial of
standard of care systemic therapy with or without stereotactic body radiotherapy (SBRT) and/or surgical resection (SR) for
newly oligometastatic breast cancer (NCT02364557). J Clin Oncol. 2022;40(16_suppl):1007.

Peyraga G, Caron D, Lizee T, Metayer Y, Septans AL, Pointreau Y, Denis F, Ganem G, Lafond C, Roche S, Dupuis O.
Digestive toxicities after palliative three-dimensional conformal radiation therapy (3D-CRT) for cervico-thoracic spinal
metastases. Support Care Cancer. 2018;26:1897—903.

Yee C, Drost L, Zhang L, Wan BA, Ganesh V, Tsao M, Barnes E, Pasetka M, DeAngelis C, Chow E. Impact of
radiation-induced nausea and vomiting on quality of life. Support Care Cancer. 2018;26:3959-66.

. Niska JR, Thorpe CS, Allen SM, Daniels TB, Rule WG, Schild SE, Vargas CE, Mookadam F. Radiation and the heart:

systematic review of dosimetry and cardiac endpoints. Expert Rev Cardiovasc Ther. 2018;16:931-50.
Pan L, Lei D, Wang W, Luo Y, Wang D. Heart dose linked with cardiac events and overall survival in lung cancer
radiotherapy: a meta-analysis. Medicine (Baltimore). 2020;99:e21964.

Bosacki C, Bouleftour W, Sotton S, Vallard A, Daguenet E, Ouaz H, Cojoracu |, Moslemi D, Molekzadehmoghani M,

Magné N. CDK 4/6 inhibitors combined with radiotherapy: a review of literature. Clin Trans! Radiat Oncol. 2020;26:79-85.

Saito S, Abe T, lino M, Aoshika T, Ryuno Y, Ohta T, Igari M, Hirai R, Kumazaki Y, Yamaguchi O, Kaira K, Kagamu H,
Noda SE, Kato S. Incidence and risk factors for pneumonitis among patients with lung cancer who received immune
checkpoint inhibitors after palliative thoracic radiotherapy. J Radiat Res. 2021;62:669—-75.

Swanick et al (2023), Int J Particle Ther 92

202 Alenuer 0z uo 1senb Aq |'G0000-€2-LdrI/8EE YL 0L/Pd/Iop/woo ssaiduajie" uelpLawy/:djy WOy papeojumod


https://www.ncbi.nlm.nih.gov/pubmed/31826360
https://www.ncbi.nlm.nih.gov/pubmed/33278935

& ) DSBP for proton therapy
e

14. Riviere P, Sumner W, Cornell M, Sandhu A, Murphy JD, Hattangadi-Gluth J, Bruggeman A, Kim SS, Randall JM,
Sharabi AB. Radiation recall pneumonitis after treatment with checkpoint blockade immunotherapy: a case series and
review of literature. Front Oncol. 2021;11:662954.

15. Glober G, Kubli A, Kielbasa J, Chauhan B, Burch D, Holmes T, Willoughby TR, Ramakrishna N, Rineer JM, Dvorak T,

Manon R, Shah AP, Meeks SL, Kelly P. Technical report: diagnostic scan-based planning (DSBP), a method to improve

the speed and safety of radiation therapy for the treatment of critically ill patients. Pract Radiat Oncol. 2020;10:e425-31
16. Moreno AC, Zhang N, Giordano SH, Liao Z, Gomez D, Chang JY, Lin SH. Trends and outcomes of proton radiation
therapy use for non-small cell lung cancer. Int J Part Ther. 2018;5:18-27.
17. Hasan S, Abel S, Verma V, Webster P, Arscott WT, Wegner RE, Kirichenko A, Simone CB 2nd. Proton beam therapy
versus stereotactic body radiotherapy for hepatocellular carcinoma: practice patterns, outcomes, and the effect of
biologically effective dose escalation. J Gastrointest Oncol. 2019;10:999-1009.

18. Ryckman JM, Ganesan V, Kusi Appiah A, Zhang C, Verma V. National practice patterns of proton versus photon therapy

in the treatment of adult patients with primary brain tumors in the United States. Acta Oncol. 2019;58(1):66—73.

19. David S, Ho G, Day D, Harris M, Tan J, Goel S, Hanna GG, Srivastava R, Kruss G, McDowell L, White M. Enhanced
toxicity with CDK 4/6 inhibitors and palliative radiotherapy: non-consecutive case series and review of the literature.
Transl Oncol. 2021;14:100939.

20. Atkins KM, Rawal B, Chaunzwa TL, Lamba N, Bitterman DS, Williams CL, Kozono DE, Baldini EH, Chen AB, Nguyen PL,

D’Amico AV, Nohria A, Hoffmann U, Aerts HJWL, Mak RH. Cardiac radiation dose, cardiac disease, and mortality in
patients with lung cancer. J Am Coll Cardiol. 2019;73:2976-87.

21. Darby SC, Cutter DJ, Boerma M, Constine LS, Fajardo LF, Kodama K, Mabuchi K, Marks LB, Mettler FA, Pierce LJ,
Trott KR, Yeh ETH, Shore RE. Radiation-related heart disease: current knowledge and future prospects. Int J Radiat
Oncol Biol Phys. 2010;76:656—65.

22. Schultz-Hector S, Sund M, Thames HD. Fractionation response and repair kinetics of radiation-induced heart failure in
the rat. Radiother Oncol. 1992;23:33—-40.

23. McKenzie E, Chan D, Parsafar S, Razvi Y, McFarlane T, Rico V, Pasetka M, DeAngelis C, Chow E. Evolution of
antiemetic studies for radiation-induced nausea and vomiting within an outpatient palliative radiotherapy clinic. Support
Care Cancer. 2019;27:3245-52.

24. Alden-Bennet V, Ball B, Nightingale H, Bridge P. Radiation-induced nausea and vomiting: a clinical audit of prophylactic

antiemetic use. J Radiother Pract. 2021;21:462-5.
25. Brown AP, Barney CL, Grosshans DR, McAleer MF, de Groot JF, Puduvalli VK, Tucker SL, Crawford CN, Khan M,

Khatua S, Gilbert MR, Brown PD, Mahajan A. Proton beam craniospinal irradiation reduces acute toxicity for adults with

medulloblastoma. Int J Radiat Oncol Biol Phys. 2013;86:277—84.

26. Yang JT, Wijetunga NA, Pentsova E, Wolden S, Young RJ, Correa D, Zhang Z, Zheng J, Steckler A, Bucwinska W,
Bernstein A, Betof Warner A, Yu H, Kris MG, Seidman AD, Wilcox JA, Malani R, Lin A, DeAngelis LM, Lee NY, Powell
SN, Boire A. Randomized phase Il trial of proton craniospinal irradiation versus photon involved-field radiotherapy for
patients with solid tumor leptomeningeal metastasis. J Clin Oncol. 2022;40(33):3858—-67.

Swanick et al (2023), Int J Particle Ther

93

202 Alenuer 0z uo 1senb Aq |'G0000-€2-LdrI/8EE YL 0L/Pd/Iop/woo ssaiduajie" uelpLawy/:djy WOy papeojumod



