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Abstract

Purpose—~Photon radiotherapy has been standard adjuvant treatment for stage | seminoma.
Single dose carboplatin and observation have emerged as alternative options due to concerns of
acute toxicities and secondary malignancies from radiation. In this IRB-approved study, we
compare photon and proton radiotherapy for stage | seminoma and predict rates of excess
secondary malignancies for both treatment modalities.

Methods and Material—CT images from 10 consecutive patients with stage | seminoma were
used to quantify dosimetric differences between photon and proton therapy. Structures reported to
be at increased risk for secondary malignancies and in-field critical structures were contoured.
Reported models of organ-specific radiation-induced cancer incidence rates based on organ
equivalent dose were used to determine the excess absolute risk of secondary malignancies.
Calculated values were compared with tumor registry reports of excess secondary malignancies
among testicular cancer survivors.

Results—Photon and proton plans provided comparable target volume coverage. Proton plans
delivered significantly lower mean doses to all examined normal tissues except the kidneys. The
greatest absolute reduction in mean dose was observed for the stomach (119cGy vs. 768cGy,
p<0.0001). Significantly more excess secondary cancers per 10,000 patients/yr were predicted
with photons compared with protons for the stomach (4.11; 95% CI1=3.22-5.01), large bowel
(0.81; C1=0.39-1.01), and bladder (0.03; CI=0.01-0.58), while no difference was demonstrated for
the pancreas (0.02; C1=—0.01-0.06).
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Conclusions—For patients with stage | seminoma, proton therapy reduced the predicted
secondary cancer risk compared with photon therapy. We predict a reduction of one additional
secondary cancer for every 50 patients with a life expectancy of 40 years from the time of
radiation treated with protons instead of photons. Protons also allowed significant sparing of most
critical structures examined and warrant further study for patients with seminoma to decrease
radiation-induced toxicity.
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INTRODUCTION

Testicular cancers are the most common solid malignancies among men aged 20-35 years.
In 2009, there were a projected 8,400 new cases of testicular malignancies in the Unites
States, with 380 deaths (1). Most of these malignancies represent primary germ cell tumors,
with pure seminoma comprising 60% of these tumors. Approximately 80% of patients
diagnosed with seminoma have stage | disease (2).

The standard initial treatment for stage | seminoma is radical inguinal orchiectomy. Since
the mid-20t™ century, photon external beam radiotherapy has been standard adjuvant
treatment. Patients receiving radiotherapy achieve cause-specific survival rates approaching
100% and long-term relapse-free survival rates exceeding 95%, with virtually no relapses
within the radiation portal (3-4).

However, significant treatment-related morbidities following radiotherapy have been
reported. Although acute toxicities are generally mild and self-limiting, patients are at an
increased risk for late gonadal toxicity (5) and cardiovascular disease (6-7), particularly
among patients receiving prophylactic mediastinal irradiation [PMI] (6). Studies have also
revealed increases in contralateral testicular germ cell tumors in the first decade following
radiotherapy (8-9) and increases in non-germ cell malignancies after 10-35 years (6-7,10—
12). In the study assessing the largest population of seminoma patients for the development
of secondary cancers, 40,576 patients with first primary cancers of the testis between 1943—
2001 who survived at least one year were evaluated (10). Patients treated with adjuvant
radiotherapy alone had a significantly increased risk of solid cancers (relative risk [RR]=2.0,
95% Cl1=1.9-2.2), with the risk highest in patients treated at younger ages. Among organs in
the standard para-aortic field radiation portal, secondary cancer rates were elevated for the
stomach (RR=4.1, CI=3.2-5.2), large bowel (RR=1.9, CI=1.5-2.5), pancreas (RR=3.8,
Cl=2.7-5.0), and bladder (RR=2.7, Cl=2.1-3.3). These risks were slightly higher for
patients with seminoma than nonseminoma malignancies. As seminoma largely affects
younger patients and cure rates are excellent, second primary cancers are a leading cause of
death among testicular cancer survivors (6-7,12).

Attempting to decrease radiation-associated treatment morbidities and secondary
malignancies, studies have investigated reducing the adjuvant radiotherapy dose and
treatment volume. The United Kingdom Medical Research Council (MRC) randomized 625
patients with stage | seminoma to 20Gy or 30Gy in 200cGy fractions following
orchiectomy. Rates of acute toxicities were lower among patients receiving 20Gy, with no
difference in relapse-free survival or overall survival (3). With the recognition that PMI
increases cardiac mortality (6), treatment to the mediastinum was largely abandoned by the
mid-1980’s. Following Royal Marsden Hospital reporting no difference in relapse patterns
for patients with scrotal violations, and following the International Consensus Conference in
Leeds in 1989, radiotherapy to the ipsilateral groin and scrotum is typically avoided (13).
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Following an MRC randomized trial of 478 patients with stage | seminoma demonstrating
no improvement in overall survival or relapse-free survival in patients treated to the
ipsilateral pelvis, radiotherapy to the para-aortic region alone has become an acceptable
target volume for patients with undisturbed lymphatic drainage (4).

Despite reductions in radiation doses and fields, concerns of late toxicities and secondary
malignancies persist. Proton therapy may provide equivalent rates of disease control, while
improving the toxicity profile of photon therapy. Protons allow energy deposition at a
specific depth known as the Bragg peak, with rapid energy falloff beyond this point (14).
Therefore, protons can allow normal tissues distal to the target volume to be spared.

To date, there is no published data directly comparing different types of ionizing
radiotherapy for treatment of stage | seminoma, and no data exist predicting the risk of
secondary malignancies from proton therapy in this patient population. In this study, we
compare dose volume histograms (DVHSs) of target volumes and normal tissue structures in
photon-based versus proton-based plans in patients with stage | seminoma, and we
determine the excess absolute risk (EAR) of secondary malignancies for photon and proton
plans.

MATERIALS AND METHODS

Ten consecutive patients with stage | seminoma treated with radiotherapy at Walter Reed
Army Medical Center (WRAMC) who had CT simulation images include the entire bladder
were assessed in the present study. This study was approved by the WRAMC Institutional
Review Board. All patients underwent radical orchiectomy and received adjuvant
fractionated 2D radiotherapy with megavoltage photons to the para-aortic lymph node
region from 6/2006—9/2008. These CT images were used to quantify dosimetric differences
between photon and proton radiotherapy. CT data were acquired with slice thicknesses of
3mm. CT images were imported into a commercial treatment planning system (Eclipse,
Varian Medical Systems, Palo Alto, CA) to define target and nontarget structures.

Planning target volumes (PTVs) and adjacent organs at risk (OARs) were delineated on
simulation CT images. Organs in the treatment field previously reported to be at increased
risk to develop secondary malignancies (10), including bladder, stomach, pancreas and large
bowel, were contoured. In-field critical structures, including liver and kidneys, were also
contoured. All contours were performed by a single radiation oncologist (CS) and reviewed
by two additional radiation oncologists (JO’C, WO). Target and nontarget structure sets for
a given patient CT image set were held constant for all treatment plans.

Two plans were generated for each patient (n=20 plans). For photon plans, patients were
treated with an AP-PA technique, whereas only a PA field was used for proton plans. For
photon plans, patients were treated with a standard 2D rectangular treatment field, with field
borders defined by the T10-T11 intervertebral space cranially, L5-S1 intervertebral space
caudally, and 2.0cm laterally beyond the lateral edge of the vertebral bodies, bilaterally.

Because all patients had node-negative disease, no Gross Tumor VVolume was utilized. For
the proton therapy para-aortic nodal Clinical Target Volume (CTVpyoton), defined as regions
of potential microscopic disease, the aorta and common iliac vessels from the mid-T11
vertebral body cranially to the caudal third of the L5 vertebral body caudally were contoured
together as a single structure. These vessels served as surrogates for para-aortic lymph node
positioning and represented the region at risk for para-aortic lymph node metastasis. In
patients with bifurcation of the aorta above the caudal third of L5, contours from both the
right and left iliac branches were included. The cranial and caudal extents of vessel contours
were derived to allow the cranial and caudal extents of irradiation volumes to be equal for
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photon and proton plans. A radial expansion of 1.3cm was added to this structure to
comprise CTVproton- Bone was excluded from CTVroton.

To account for setup variation and organ and patient motion, a radial expansion of 0.7cm
was added to CTVroton to define PTVpoton. T account for proton beam properties and
range uncertainties, based on Moyer’s formula applied to the average range values of the
study population, proton beam range compensators were designed to provide 0.6cm
proximal and 0.9cm distal margins relative to PTVproton, and blocking was designed to
create a 1.3cm lateral margin relative to PTVproton

Plans were calculated to deliver 25.5Gy with photons or 25.5 cobalt Gray equivalents (CGE)
with protons over 17 fractions, with proton doses corrected with the accepted relative
biologic effectiveness value of 1.1 (15). All plans were optimized to provide optimal target
volume coverage and dose homogeneity throughout the target volumes. DVHs of target
volumes and OARs were generated to compare doses to tumor volumes and normal
structures.

Previously reported models of organ-specific radiation-induced cancer incidence rates based
on organ equivalent dose (OED) were used to determine EAR of secondary malignancies for
photon and proton plans. OED is a tool to describe radiation-induced malignancies for
nonuniform dose distributions. The organ-specific cancer incidence rate was calculated

according to I¢=I;"* De™*=", where 15°"9 is the organ-specific cancer incidence rate for a

low dose (EAR per 10,000 patients/yr/Gy), D is the total dose administered, and oqyg is an

organ-specific cell sterilization parameter. OED for radiation-induced cancer was calculated
N

~QoreDi
according to OFDorg= NZD """ \Where the sum is taken over N dose calculation points.
This approach has been prewously descrlbed in detail by Schneider, et al. (16-18).
Calculated predicted values of secondary malignancies were compared with tumor registry
population-based reports of EAR of second solid cancers among testicular cancer survivors
(10).

Statistical analysis was performed using Microsoft Excel for Windows (Microsoft Office
Excel 2003). Paired t-test was used to evaluate differences between pairwise comparisons. A
two-tailed p-value was utilized, with statistical significance defined as p<0.05.

RESULTS

Among the study population, the mean age was 31 years (range 22-48 years) (Table 1).
Patients had pT1 (eight patients) or pT2 (two patients) disease [AJCC, 6! Ed.]. Seven
patients had right-sided primary testicular seminomas, whereas three had left-sided tumors.

All photon and proton plans provided acceptable and comparable target volume coverage.
Although dose distributions for proton plans were typically more homogenous throughout
the target volumes than photon plans, this difference did not appear clinically significant.
Furthermore, no target or nontarget volume received >114% of the prescribed dose in any
photon or proton plan.

Overall, proton plans had superior dose conformality, with significant sparing of most
normal tissues examined (Figure 1). Among OARs examined, the largest absolute difference
in mean dose between proton and photon plans was observed for the stomach (Table 2).
Compared with photons, protons significantly reduced the mean dose to the stomach
(119cGy vs. 768cGy, p<0.0001) (Figure 2). Protons also achieved significant reductions in
mean doses to the pancreas (1697cGy vs. 1991cGy, p=0.0002), large bowel (352cGy vs.
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651cGy, p=0.0015), and liver (33cGy vs. 313cGy, p=0.0006). The average maximum point
dose to the large bowel was also lower with protons (2618cGy vs. 2732cGy, p=0.0096). The
maximum doses to the liver (2141cGy vs. 2591cGy, p=0.0689) and stomach (2147cGy vs.
2678cGy, p=0.0791) trended lower with protons, while no difference was observed for the
pancreas (2634cGy vs. 2657cGy, p=0.4072). Both the mean (0cGy vs. 1cGy, p=0.0304) and
maximum (11cGy vs. 51cGy, p=0.0071) doses to the bladder were lower with proton
therapy, although these doses were not clinically significant. There were no differences in
mean or maximum doses received by the kidneys between the two treatment modalities.

Previously reported tumor registry population-based studies of EAR of second solid cancers
revealed that for patients diagnosed with seminoma at age 35 years, the cumulative risk of
solid cancer 40 years later was 36%, compared with 23% for the general population (10).
Among 9,551 testicular cancer 10-year survivors reported to cancer registries from
Denmark, Finland, and Norway and the National Cancer Institute’s Surveillance,
Epidemiology, and End Results Program, we estimated 8,986 patients received radiotherapy
alone based on ratios of relative risks and reported numbers of second solid tumors for
patients treated with radiotherapy alone, chemotherapy alone, and radiotherapy and
chemotherapy. Using models of organ-specific radiation-induced cancer incidence rates to
determine the EAR of secondary malignancies, we predict 6.94 excess bladder, large bowel,
pancreas, and stomach secondary malignancies per 10,000 patients/yr from photon
radiotherapy to the para-aortic region (Table 3). Based on this calculation, for a population
of 10,000 patients followed for 40 years after photon therapy, we predict 278 radiation-
induced in-field excess solid secondary malignancies. For a population of 8,986 patients,
therefore, we predict 249 such secondary malignancies. This prediction compares very
favorably with the 246 in-field excess solid secondary malignancies reported among the
actual 8,986 patient cohort receiving photon radiotherapy described by Travis, et al. (10).

Significantly more excess secondary malignancies per 10,000 patients/yr were predicted
with photons than protons. When assessing OARs in the treatment field previously reported
to be at increased risk to develop secondary malignancies, higher rates of secondary cancers
with photons were predicted for the stomach (5.21 vs. 1.10, 95% C1=3.22-5.01), large
bowel (1.12 vs. 0.31, CI=0.39-1.01), and bladder (0.03 vs. 0.00, C1=0.01-0.58), whereas no
difference was predicted for the pancreas (0.58 vs. 0.56, Cl1=—0.01-0.06). In total, we
predicted 4.97 (C1=3.99-5.97) excess secondary malignancies per 10,000 patients/yr from
photon therapy compared with proton therapy. For patients with life expectancies of 40
years from the time of radiotherapy treated with photons instead of protons, 198.80 excess
secondary malignancies per 10,000 patients are predicted. Therefore, approximately 1
excess secondary malignancy per 50 patients would be avoided by treating with protons
instead of photons.

DISCUSSION

This study demonstrated that adjuvant proton radiotherapy, when compared with photon
radiotherapy, significantly reduced the predicted secondary cancer risk for patients with
stage | seminoma. This reduction was greatest for radiation-induced gastric and large bowel
malignancies. A reduction of one additional secondary cancer for every 50 patients with life
expectancies of 40 years from the time of therapy treated with protons instead of photons
was predicted. A high degree of dose homogeneity was achieved for all plans, and there was
no significant difference in target volume coverage between photon and proton plans. Proton
therapy in this study achieved superior normal tissue sparing and significantly reduced the
mean doses delivered to the stomach, pancreas, large bowel, liver, and bladder.
Additionally, the maximum doses delivered with protons were significantly lower to the
large bowel and bladder and trended lower to the liver and stomach.
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Over the past two decades, despite reductions in radiation doses and treatment fields, due to
concerns of late complications, many practitioners have increasingly offered surveillance or
single-dose carboplatin as alternative adjuvant courses for stage | seminoma. Approximately
15-20% of unselected patients with stage | seminoma who undergo surveillance following
orchiectomy develop disease recurrence (19). As greater than 80% of relapses occur in para-
aortic lymph nodes, deferring immediate adjuvant therapy and administering chemotherapy
or radiotherapy upon relapse allows for successful salvage in most patients (19). However,
treatment of patients that relapse is usually more intensive and associated with increased
morbidity (20). More recent risk-adapted strategies recommended surveillance only for low-
risk patients committed to long-term follow-up with pT1-T2 histologies, lack of rete testis
invasion, and tumors less than 4cm (19-21).

Over the past decade, there has been increasing interest in adjuvant short-course carboplatin.
Reports from phase 11 trials and single-institution retrospective experiences indicate 5-year
recurrence rates under 5% with adjuvant carboplatin (20,22). An MRC and European
Organization for Research and Treatment of Cancer trial randomized 1,447 patients with
stage | seminoma to one course of carboplatin or adjuvant radiotherapy to 20-30Gy in
200cGy daily fractions primarily to the para-aortic region (8-9). At a median follow-up of
6.5 years, there was no difference in 5-year relapse-free survival rates between carboplatin
and radiotherapy (95% vs. 96%, 90% CI1=0.83-1.89). While patients receiving carboplatin
had higher rates of hematologic toxicities, patients receiving radiation had more dyspepsia
and a trend towards increased acute lethargy and time off of work. Additionally, fewer new
contralateral testicular germ cell cancers were observed with carboplatin (0.4% vs. 1.7%,
p=0.03). Despite these promising findings, with more limited long-term data than adjuvant
radiotherapy, carboplatin is associated with an uncertain frequency of late relapses and a
need for more rigorous CT surveillance with abdominal and pelvic CT imaging at every visit
for up to 10 years (20-21). The radiation exposure from this more frequent CT surveillance
may result in an increase in secondary malignancies (23).

Carboplatin also has potential risks of acute nephrotoxicity, ototoxicity, neurotoxicity, and
gonadal damage, as well as long-term cardiac disease and secondary malignancies (10).
Population-based cancer registry studies of patients primarily treated with combination
chemotherapy reveal an increased risk of secondary solid malignancies highest among
patients receiving both chemotherapy and radiotherapy (RR=2.9, 95% CI=1.9-4.2), with
similar risks for patients treated with radiotherapy alone (RR=2.0, C1=1.9-2.2) and adjuvant
chemotherapy alone (RR=1.8, CI=1.3-2.5) (10). Several studies also report increased risks
of secondary leukemias and myelodysplastic syndrome following chemotherapy for
testicular cancer (24-25). Longer follow-up from prospective trials is needed to determine
the risk of secondary cancers from single-agent carboplatin.

Although no clinical trials or published data exist assessing proton therapy to treat patients
with testicular malignancies, protons may represent a viable alternative to photon
radiotherapy, surveillance, or carboplatin for stage | seminoma. The dosimetric advantages
of protons demonstrated in this study might improve the therapeutic ratio for stage | patients.
Based on historical dose-response relationships, with significantly lower radiation doses to
several OARs demonstrated in this study, patients treated with protons may have improved
quality of life and reduced rates of acute toxicities previously reported in seminoma patients
receiving adjuvant radiotherapy, including nausea, lethargy, and delay in return to work.
Longitudinal studies examining normal tissue toxicities from photon and proton
radiotherapy are needed to confirm the clinical significance of our findings.

While this study evaluated radiotherapy as the primary inducer of secondary cancers,
patients with testicular malignancies, particularly seminomas, are at increased risk for
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developing subsequent cancers, regardless of their testicular cancer treatment course.
Patients with testicular malignancies undergoing orchiectomy alone still have an increased
risk of developing a second cancer compared with the general public (26), likely from
increased genetic susceptibility for extragonadal secondary tumors in this patient population
(27). By comparing one type of radiation therapy to another and reporting findings as an
absolute excess risk of secondary malignancies for one radiation treatment type over
another, we have attempted to control for this increased genetic susceptibility.

The predicted rates of secondary malignancies calculated in this study were based on
previously reported models of organ-specific radiation-induced cancer incidence rates based
on OED. The effect of radiotherapy on secondary cancer risk for stage | seminoma patients
has previously been assessed using OED models (27). In that dosimetric study, AP-PA
treatment plans with 6MV photons were predicted to result in a 20.8-23.3% risk of
secondary cancers for a 75-year-old patient treated with radiotherapy to the para-aortic
region at age 35, compared with a 19.8% risk for the general population.

As CT simulation images used in this study were from patients previously treated with
radiotherapy to the para-aortic region alone, lack of images encompassing the entire scrotum
and total lung volume limits our ability to predict second cancer rates of these organs. Of the
lung volume imaged, however, the mean lung volume irradiation was significantly lower
with protons than photons (p<0.01).

The model used for predicting secondary cancer risk does not allow for predictions of
radiation-induced leukemia risk. While a significant risk of treatment-induced leukemia has
been reported following adjuvant chemotherapy (RR 5.0), seminoma patients have a
nonsignificant increased risk of developing leukemia following radiotherapy (RR 3.1), and
this risk is lowest among patients treated after 1974 and whose radiotherapy was limited to
abdominal and pelvic fields. This risk of leukemia is significantly lower than the risk of
radiation-induced solid tumor induction (10,24).

The significant risk reduction in secondary malignancies predicted with proton radiotherapy
must be measured relative to potential risks for neutron contamination that may decrease the
magnitude of benefit of proton radiotherapy in preventing secondary malignancies.
However, this study demonstrated a 2% reduction in risk of gastric malignancies for patients
with life expectancies of 40 years from the time of proton radiotherapy compared with
photon radiotherapy. Previous studies have demonstrated the lifetime attributable risk of
second cancers from neutron dose from proton radiotherapy to be approximately 0.2% (28),
an order of magnitude lower than the benefit predicted in this study from proton
radiotherapy. To further minimize the risk of neutron contamination, this study employed
scanned proton therapy, which is associated with an out-of-field neutron equivalent dose an
order of magnitude lower than for passive scattered proton therapy (29).

Although OED may better take into account inhomogeneities of clinical dose distributions in
organs of interest, this model, which employs a linear-exponential function, may be subject
to inherent errors due to lack of accuracy in dose reconstruction for patients treated in the
more distant past that contributed to the development of the model (17). Furthermore,
although prevailing dose-response paradigms for secondary cancer induction include linear,
linear-exponential, and plateau models, the true risk of radiation-induced cancers may not
perfectly fit any such model and may lie between linear and linear-exponential models (27).
Therefore, the accuracy of any estimate of radiation-induced oncogenesis may be limited.
However, the linear-exponential model was employed in this study to provide a conservative
estimate of secondary cancer risk, as the predicted risk with this model is lower at 25.5Gy
than with the other models (30). Furthermore, predicted secondary malignancies calculated
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in this study were very similar to the actual EAR of second solid cancers among testicular
cancer survivors based on population-based reports (10). Longitudinal studies are needed to
validate the predictions from these models.

Various methods were used to minimize bias in the present study. Ten consecutive patients
with stage | seminoma were included to minimize sampling bias. All contours were
performed by a single radiation oncologist and reviewed by two additional radiation
oncologists. Standardized target volume expansions were employed for all plans. Beam
range compensators and blocking relative to PTVproton to account for beam properties and
range uncertainties for proton plans were employed for all plans and not optimized on a
patient-by-patient basis. There was a high correlation between PTVprot0n Volumes irradiated
and the superior, inferior, and lateral extents of photon 2D volumes irradiated. As the aorta
and common iliac vessels were used as surrogates for para-aortic lymph node positioning,
there was less correlation in a few patients with more lateralized vasculature. In these
patients, the widths of irradiation volumes with proton plans was similar to that for photon
plans, but the centers of the fields were shifted laterally in proportion to the displacement of
the vessels from the midline, particularly in the cranial-most portions of proton target
volumes. In no patient was this shift greater than 2.7cm from the midline. As the level of
bifurcation of the aorta and location of the aorta and common iliac vessels relative to the
midline are patient dependent, consideration should be given to design treatment to
accommodate anatomic features of individual patients when using vasculature as lymph
node surrogates.

Furthermore, the volumes treated with proton therapy in this study corresponded well with
the distribution of nodal spread from testicular malignancies based on historical reports of
lymphangiographies and lymph node dissections (31-32). Additionally, no significant
differences in target volume coverage were demonstrated between photon or proton plans,
thus minimizing bias when comparing dosimetry between plans. Despite these measures, as
with any retrospective study (33), it is possible that bias existed in the current study that may
have favored a certain treatment strategy.

CONCLUSIONS

When compared with photon radiotherapy, proton radiotherapy reduced the mean doses
delivered to most normal organs adjacent to the radiation treatment field for patients with
stage | seminoma. Proton therapy also reduced the predicted incidence of radiation-induced
secondary malignancies. These findings serve as a basis for pursuing a feasibility and Phase
Il study anticipated to open at the University of Pennsylvania Roberts Proton Facility in
2010 that will assess adjuvant proton radiotherapy for the treatment of patients with stage |
seminoma.
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Figure 1.
Representative treatment planning images in axial planes for A) photon therapy and B)
proton therapy, as well as sagittal planes for C) photon therapy and D) proton therapy.
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Figure 2.
Comparison of mean dose-volume histograms of photon (left) and proton (right) radiation

treatment plans.
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