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Purpose: This study’s objective was to report cancer control and toxicity outcomes after proton radiation therapy (RT) in testicular
seminoma and to compare secondary malignancy (SMN) risks with photon-based treatment alternatives.

Methods and Materials: Consecutive patients with stage I-IIB testicular seminoma treated with proton RT at a single institution were
retrospectively analyzed. Kaplan-Meier estimates for disease-free and overall survival were computed. Toxicities were scored using
Common Terminology Criteria for Adverse Events version 5.0. Photon comparison plans, including 3-dimensional conformal RT (3D-
CRT) and intensity modulated RT (IMRT)/volumetric arc therapy (VMAT), were created for each patient. Dosimetric parameters and
SMN risk predictions for different in-field organs-at-risk were compared between the techniques. Excess absolute SMN risks were
estimated with organ equivalent dose modeling.

Results: Twenty-four patients were included (median age, 38.5 years). The majority of patients had stage II disease (IIA, 12 [50.0%];
IIB, 11 [45.8%]; IA, 1 [4.2%]). Seven (29.2%) and 17 (70.8%) patients had de novo and recurrent disease, respectively (de novo/
recurrent: IA, 1/0; IIA, 4/8; 1IB, 2/9). Most acute toxicities were mild (grade 1 [G1], 79.2%; G2, 12.5%) with G1 nausea being most
common (70.8%). No serious events (G3-5) occurred. With a median follow-up time of 3 years (interquartile range, 2.1-3.6 years), 3-
year disease-free and overall survival rates were 90.9% (95% confidence interval, 68.1%-97.6%) and 100% (95% confidence interval,
100%-100%), respectively. There were no documented late toxicities in the follow-up period, including worsening serial creatinine
levels suggestive of early nephrotoxicity. Proton RT had significant reductions in mean organ-at-risk doses to the kidneys, stomach,
colon, liver, bladder, and body compared with both 3D-CRT and IMRT/VMAT. Proton RT had significantly lower SMN risk
predictions compared with 3D-CRT and IMRT/VMAT.

Conclusions: Cancer control and toxicity outcomes using proton RT in stage I-IIB testicular seminoma are consistent with existing
photon-based RT literature. However, proton RT may be associated with significantly lower SMN risks.

© 2023 The Authors. Published by Elsevier Inc. on behalf of American Society for Radiation Oncology. This is an open access
article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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incidences worldwide." Compared with other cancers, tes-
ticular seminoma is highly curable with current standard-
of-care treatment, including radical inguinal orchiectomy
with or without adjuvant chemotherapy or radiation ther-
apy (RT). Given the young age of onset and favorable
long-term outcomes, there is heightened emphasis on
reducing short- and long-term treatment morbidities.
Throughout the years, survivorship has been improved
through optimal selection for surveillance and by de-
intensifying adjuvant treatment, either by using chemo-
therapy regimens with lower toxicities or de-escalating
RT (ie, field size shrinkage and dose reduction).”®

Proton RT has the possibility to further improve the
therapeutic ratio in early stage testicular seminoma.” Cur-
rent United States (US) national guidelines recommend
using the photon-based 3-dimensional conformal RT
(3D-CRT) approach with parallel-opposed anterior-pos-
terior/posterior-anterior (AP/PA) fields. With 3D-CRT,
ionizing radiation must traverse the entire abdominopel-
vic region to treat posteriorly located at-risk or clinically
involved para-aortic or iliac lymph node chains. Thus,
large volumes of uninvolved tissue and organs (kidneys,
colon, stomach, and liver) become inadvertently exposed
to the full prescribed radiation dose, raising concern for
long-term side effects such as gastrointestinal (GI) tract
disorders, chronic nephrotoxicity, and especially radia-
tion-induced secondary malignancies (SMNs), a leading
cause of morbidity and mortality in this population.
Intensity modulated RT (IMRT) and volumetric arc ther-
apy (VMAT) are more modern photon planning and
delivery approaches, but US national guidelines currently
recommend against their use in testicular seminoma.
IMRT/VMAT reduces the volume of tissue receiving full
prescription dose; however, a larger volume is exposed to
lower doses (ie, “low-dose bath”), potentially creating
even greater SMN risks than 3D-CRT.® Protons are
another RT strategy. Due to its physical properties, proton
RT to typical testicular seminoma targets can minimize
the volume of normal, non-target tissue receiving the full
prescribed dose without the low-dose bath.” Despite these
dosimetric advantages, there is little evidence confirming
adequate outcomes using proton RT in a real-world
setting. This study aims to validate cancer control and
toxicity profiles following proton RT for testicular semi-
noma and seeks to confirm that clinically delivered plans
provide favorable SMN risks.

Methods and Materials

Design and study population

This study was a retrospective case series conducted at
a single institution with approval provided by its institu-
tional review board (Hospital of the University of Penn-
sylvania). All consecutive patients with de novo or

recurrent stage I-II primary testicular, pure seminoma
treated with proton RT from 2010 to 2021 were included.
Disease was staged using the American Joint Committee
on Cancer eighth edition staging system. Exclusion crite-
ria included non-testicular primary site (eg, primary
mediastinal), non-pure seminoma histology (eg, non-
seminoma germ cell tumor or other), distant metastasis,
or RT treatment using a photon technique. Two addi-
tional photon comparison treatment plans (3D-CRT
and IMRT/VMAT) were generated for each patient to
compare organ-at-risk (OAR) dosimetry and SMN risk
profiles. Supplementary Materials provide in-depth dis-
cussion of RT treatment planning and delivery details
(Appendix E1).

Variable and outcome definitions

Electronic medical records were reviewed to collect
variables of interest including baseline demographic
information, disease-related factors, proton treatment
details, survival outcomes, and toxic effects. Disease-free
survival (DFS) and overall survival (OS) were defined as
the time from RT start to date of relapse or death, respec-
tively. Patients with their last time point as their last onco-
logic clinic follow-up date were censored from all survival
analyzes. Acute (<6 months) and late (>6 months)
RT-related toxic effects were graded using Common Ter-
minology Criteria for Adverse Events version 5.0. Neph-
rotoxicity was evaluated by trending any available serial
serum creatinine (Cr) levels (n = 23) and assessing for
new or worsening hypertension. New onset hypertension
post-RT was defined as elevated systolic or diastolic blood
pressures >130/80 mm Hg on 2 consecutive clinical fol-
low-up appointments or new anti-hypertensive medica-
tion start. In those patients with pre-existing
hypertension, worsening hypertension was defined as
uncontrollable blood pressure or management requiring
additional anti-hypertensives. Available complete blood
counts were also evaluated to assess post-RT bone mar-
row toxic effects (n = 13). Any patients who subsequently
underwent chemotherapy for relapse were excluded from
the complete blood count analysis. Radiation-induced
SMN risks were estimated using the organ equivalent
dose (OED, Gy) concept to calculate excess absolute risks
(per 10* person-years [PY]). This methodology was devel-
oped and previously described in detail by Schneider
et al.'™'" Refer to Supplementary Materials for details on
SMN risk calculations for this study (Appendix E2).

Statistical analysis

Baseline characteristics were summarized using descrip-
tive statistics (categorical variables: medians, ranges, and
interquartile ranges [IQRs]; continuous variables: frequency
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counts and proportions). Kaplan-Meier curves were con-
structed for survival outcomes. Dosimetric and SMN com-
parison data were summarized with means and associated
standard errors of mean. Statistical comparisons were done
using matched Friedman and analysis of variance tests
with multiple comparisons corrections. In figures and text,
adjusted P values and significance levels are denoted as
either non-significant (ns; P > 0.05), P < .05(*), P < .01
(), P < .001(*), or P < .0001(****). All statistical ana-
lyzes were done using GraphPad Prism 9.3 (GraphPad
Software Inc, San Diego, CA).

Results

Study population

Twenty-four patients were included with a median age
of 38.5 years (range, 22.0-57.0 years; IQR, 30.5-44.0 years)
and a median follow-up time of 3.0 years (range, 0.0-7.6
years; IQR, 2.1-3.6 years) (Table 1). Seven (29.2%) and 17
(70.8%) patients had de novo and recurrent disease,
respectively. All recurrent patients opted for active sur-
veillance rather than adjuvant therapy following orchiec-
tomy for prior stage I disease. Median time from
orchiectomy to recurrence was 13.2 months (range, 3.0-
53.7 months; IQR, 6.3-16.9 months). Of the entire study
population, most were stage II (IIA: n = 12 [50.0%], de
novo = 4, recurrent = 8; IIB: n = 11 [45.8%], de novo = 2,
recurrent = 9). One patient (4.2%) had de novo stage IA
disease. Median primary tumor size was 4.0 cm (range,
1.5-8.0 cm; IQR, 2.6-5.5 cm; 1 [4.2%] unknown pTX),
and lymphovascular space invasion was noted in 7
patients (29.2%). Sixteen patients (66.7%) had only 1
enlarged pathologic node on computed tomography
abdominopelvic imaging. Two or 3 positive nodes were
seen in 5 (20.8%) and 2 (8.3%) patients, respectively. Of
those with positive nodes (cN1-2), the median largest
node size was 1.9 cm (range, 1.2-4.2 cm; IQR, 1.6-2.3 cm).

Regarding proton RT, majority were treated with
definitive doses either with 25.5 Gy in 17 fractions
(1.5 Gy/fraction, n = 22 [91.7%]) or less commonly with
25 Gy in 20 fractions (1.25 Gy/fraction, n = 1 [4.2%]) to
the initial at-risk nodal regions followed by sequential
boost to any pathologic nodes (10 Gy/5 fractions, 2 Gy/
fraction). The patient with stage IA disease opted for adju-
vant RT instead of surveillance after orchiectomy and
received 20 Gy in 10 fractions (2 Gy/fraction) in May
2015. The majority were treated using a pencil-beam
scanning technique (n = 19 [79.2%]) followed by passive
scattering (n = 3 [12.5%]) and uniform scanning (n = 2
[8.3%]). Fields were designed to target the para-aortic
strip only and modified dog-leg nodal volumes in 2
(8.3%) and 22 (91.7%) patients, respectively. Apart from
the patient with stage IA disease who opted for adjuvant
RT, the other patient who had para-aortic—only

Table 1

Baseline characteristics of patients with pure

testicular seminoma treated with proton radiation ther-

apy (RT)

Baseline characteristic

n (%) or median
(range, IQR)

Total number of patients
Follow-up time (y)
Demographic information
Age (y), median (range, IQR)
Race/Ethnic identity
White or Caucasian
Other
Hypertension
No
Yes
Hyperlipidemia
No
Yes
Diabetes mellitus
No

Number of comorbidities*

0

1

2+
Smoking status

Never

Former

Current
Disease-related factors
Disease status

De novo

Recurrent

Time from orchiectomy
to recurrence (mo)',
median (range, IQR)

Testicle laterality
Right
Left

Unknown

N =24
3.0 (0.0-7.6, 2.1-3.6)

38.5 (22.0-57.0, 30.5-44.0)

23 (95.8%)
1 (4.2%)

16 (66.7%)
8 (33.3%)

20 (83.3%)
4 (16.7%)

23 (95.8%)
1 (4.2%)

23 (95.8%)
1 (4.2%)

15 (62.5%)
6 (25.0%)
3 (12.5%)

16 (66.7%)
4(16.7%)
4 (16.7%)

7 (29.2%)
17 (70.8%)
13.2 (3.0-53.7, 6.3-16.9)

14 (58.3%)
9 (37.5%)
1 (4.2%)

(continued on next page)
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Table 1 (Continued)

Table 1 (Continued)

n (%) or median

n (%) or median

Baseline characteristic (range, IQR) Baseline characteristic (range, IQR)
Pathologic T stage Proton technique
pTX 1(4.2%) Passive scattering 3 (12.5%)
pTla 3 (12.5%) Uniform scanning 2 (8.3%)
pTlb 12 (50.0%) Pencil-beam scanning 19 (79.2%)
pT2 8(33.3%) RT field type
Clinical N stage Para-aortic only 2 (8.3%)
cNO 1(4.2%) Modified dog-leg 22 (91.7%)
cN1 12 (50.0%) GTVn size (cc)’ 5.9 (2.6-42.0, 4.5-8.6)
cN2 11 (45.8%) CTV size (cc)’ 660.8 (318.8-984.2,

Serum markers

PTV size (cc)’

507.1-758.7)
1082.2 (571.0-1452.3,

SX 12 (50.0%)
SO 10 (41.7%)

S1 2 (8.3%)
Overall TNM stage (all cM0) [#de novo/recurrent]
1A 1 (4.2%) [1/0]
1B 0 (0.0%) [0/0]
A 12 (50.0%) [4/8]
1B 11 (45.8%) [2/9]

Primary tumor size (cm), 4.0 (1.5-8.0, 2.6-5.5)

median (range, IQR)

Unknown 1(4.2%)
Number of positive nodes

0 1(4.2%)

1 16 (66.7%)

2 5 (20.8%)

3 2 (8.3%)

Largest node size (cm), 1.9 (1.2-4.2,1.6-2.3)

median (range, IQR)

LVSI
No 16 (66.7%)
Yes 7 (29.2%)
Unknown 1(4.2%)

Proton RT treatment details

Prescription dose(s)
Adjuvant setting
20 Gy/10 fx 1(4.2%)
Definitive setting
25 Gy/20 fx, CD: 10 Gy/5 fx 1 (4.2%)
25.5 Gy/17 fx, CD: 10 Gy/5 fx 22 (91.7%)

(continued on next page)

905.0-1257.8)

Abbreviations: CAD = coronary artery disease; CD = cone down (all
sequential); CTV = clinical target volume; fx = fractions;
GTVn = gross tumor volume of nodes; IQR = interquartile range;
LVSI = lymphovascular space invasion; PTV = planning target vol-
ume; TNM = tumor, node, and metastasis staging.

* Composite number of comorbidities including hypertension,
hyperlipidemia, diabetes mellitus, and CAD.

‘\Only calculated for those with recurrent disease (n = 17/24, 70.8%).
:‘:Only calculated for those with cN1-2 (n = 23/24, 95.8%).

§ Combined initial elective nodal volume and boost volumes.

irradiation was a unique stage IIB case with de novo pre-
sentation of a biopsy-proven seminomatous left para-aor-
tic lymph node (22 cm, cN2) with no clinically
discernible testicular primary (cT0).

Proton RT toxic effects

Acute proton RT—related toxicities were limited to G1
(n=19[79.2%]) and G2 (n = 3 [12.5%]) events (Table 2).
Two patients (8.3%) developed no acute toxicities. Nausea
(n =17 [70.8%]; all G1), fatigue (n = 10 [41.7%]; all G1),
and dermatitis (n = 6 [25%]; 83.3% G1, 16.7% G2) were
commonly experienced acute toxicities. Other GI toxic-
ities included anorexia (n = 6 [12.5%]; all G1), dyspepsia
(n=4[16.7%]; 50.0% G1, 50.0% G2), and diarrhea (n = 4
[16.7%]; all G1). Genitourinary toxicities were least com-
mon (urinary frequency: n = 2 [8.3%]; all G1) or never
reported (ie, dysuria).

There were no significant changes in serum Cr levels
compared with baseline up to 5 years post-RT (Fig. E1).
One patient (4.2%) was noted to have either new onset or
worsening hypertension. For bone marrow toxic effects,
blood levels remained within normal limits post-RT up to
5 years. There were significant declines at either 2 or
3 years post-RT, but these blood levels returned to
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Table 2 Acute proton radiation therapy (RT) toxicities
in pure testicular seminoma

Acute proton RT toxicities* n (%)
Highest grade

None 2 (8.3%)

Gl 19 (79.2%)

G2 3(12.5%)

G3-5 0 (0.0%)
Fatigue

Any grade 10 (41.7%)

Gl 10 (100.0%)

G2 0 (0.0%)
Dermatitis

Any grade 6 (25.0%)

Gl 5 (83.3%)

G2 1 (16.7%)
Anorexia

Any grade 3 (12.5%)

Gl 3 (100.0%)

G2 0 (0.0%)
Dyspepsia

Any grade 4 (16.7%)

Gl 2 (50.0%)

G2 2 (50.0%)
Nausea

Any grade 17 (70.8%)

Gl 17 (100.0%)

G2 0 (0%)
Diarrhea

Any grade 4 (16.7%)

Gl 4 (100.0%)

G2 0 (0.0%)
Dysuria

Any grade 0 (0.0%)

Gl 0 (0.0%)

G2 0 (0.0%)
Urinary frequency

Any grade 2 (8.3%)

Gl 2 (100.0%)

G2 0 (0.0%)
* Acute toxicities graded using Common Terminology Criteria for
Adverse Events version 5.0. Abbreviations: G1-5 = grade 1 to 5.

baseline afterward (Fig. E2). Otherwise, there were no
other late proton RT-—related toxic effects, including
SMN, GI toxicities, and cardiovascular events.

Survival outcomes

The only patient with stage I disease was immediately
lost to follow-up after completing adjuvant proton RT. In
the remaining group of all stage II patients (n = 23), 2
experienced relapses resulting in a 3-year DFS of 90.9%
(95% confidence interval [CI], 68.1%-97.6%; Fig. 1). Both
relapses were out-of-field failures in patients treated for
recurrent stage IIB disease. One patient relapsed with a
supraclavicular lymph node at 0.3 years post-RT, whereas
the other developed a contralateral internal iliac lymph
node and paravertebral mass in the lower thoracic spine
at 0.7 years post-RT. Both patients had subsequent salvage
with a platinum-based chemotherapy regimens (etopo-
side-cisplatin and etoposide-ifosfamide-cisplatin x 4
cycles, respectively). Thus, 3-year DES estimates for
patients with stage ITA and IIB disease were 100% (95%
CI, 100%-100%) and 79.5% (95% CI, 39.3%-94.5%),
respectively. No deaths occurred in the study period, lead-
ing to a 3-year OS of 100% (95% CI, 100%-100%; Fig. 1).

Dosimetric analysis

As all patients were treated with proton RT, photon
comparison plans were generated to assess dosimetric dif-
ferences and estimate SMN incidences. Figure 2 shows
representative 3D dose distributions on a patient’s plan-
ning computed tomography scan, and Fig. E3 shows a
representative cumulative dose-volume histogram. As
viewed, proton RT’s dose distribution has better confor-
mality with more sparing of nearby tissues. IMRT/VMAT
is also conformal in the high-dose region but delivers
higher integral doses (ie, low-dose bath) to surrounding
tissue compared with 3D-CRT and proton RT.

1000/n ~ j—L \l) L a1 L - L L OS
] “Li P PR T TR T T L DFS
80% -
=
= 60%-]
©
=
>
S 40%+ P o m e m e m e m——mmm oo
é; 1 DES Events: Both out-of-field failures !
o | 2y estimaf % C) (n=23) 1[1] 0.3 yrs post-RT: rllB w/ supraclavicular LN |
DFS: 90.9% (68.1-97.6%) 1relapse, salvaged w/ EP x4 cycles '
20% - ﬂ’é g‘:};)) 17203@(:390';?73@/) 1[2] 0.7 yrs post-RT: 1lIB w/ contralateral ]
- o sl tinternal iliac LN + T8-9 paravertebral relapse
S: 100% (100-100%) : salvaged w/ VIP x4 cycles :
0% T T T T T T T T T |
0 1 2 3 4 5
Follow-up Time (years)
No. DFs: 23 19 18 13 5 4
atrisk: 0s: 23 21 20 13 5 4

Figure 1 Disease-free survival (DFS) and overall survival
(OS) in patients with testicular seminoma (n = 23) treated
with proton radiation therapy (RT). Abbreviations: CI =
confidence interval; EP = etoposide-cisplatin; LN = lymph
node; rIIB = recurrent stage IIB; VIP = etoposide-ifosfa-
mide-cisplatin.
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Figure 2 Representative 3-dimensional (3D) dose distributions between 3D conformal radiation therapy (3D-CRT),
intensity modulated radiation therapy (IMRT)/volumetric arc therapy (VMAT), and proton radiation therapy (set at

12.75 Gy isodose line [IDL]).

For a more objective assessment, mean and maximum
dose values to different OARs (kidneys, stomach, colon,
liver, bladder, spinal cord, and encompassed body con-
tour) were compared between 3D-CRT, IMRT/VMAT,
and proton RT plans (Fig. 3). As shown, proton RT plans
were overall superior and had significantly lower mean
and doses received by 50% of volume (D50%) to many
OARs compared with 3D-CRT and IMRT/VMAT. For
instance, mean body doses were lowest with proton RT
(2.6 Gy) compared with 3D-CRT (4.8 Gy***) and IMRT/
VMAT (5.3 Gy***). Only 2 D50% and mean values did
not meet statistical significance or favor proton RT: ipsilat-
eral kidney D50% and spinal cord mean compared with
3D-CRT and IMRT/VMAT, respectively. Although the
absolute ipsilateral kidney D50% dose was lower in proton
versus 3D-CRT, the difference did not reach statistical sig-
nificance (2.5 Gy vs 4.5 Gy™). However, proton RT had
significantly lower mean ipsilateral kidney doses compared
with 3D-CRT (6.1 Gy vs 82 Gy**). Furthermore, proton
RT had significantly better sparing (significantly lower
mean and D50%) of the contralateral and combined kid-
neys compared with either photon modality. The second
parameter was the spinal cord mean with IMRT/VMAT
having significantly lower values (8.5 Gy) compared with
proton RT (12.9 Gy**) as well as 3D-CRT (17.3 Gy****).

Notable maximum dose differences included higher
stomach doses in IMRT/VMAT plans (26.3 Gy) com-
pared with 3D-CRT (19.6 Gy***) and proton RT (18.7
Gy****). However, maximum spinal cord values were
improved with IMRT/VMAT (17.2 Gy) compared with
3D-CRT (33.6 Gy*™*) and proton RT (25.7 Gy**). Com-
pared with 3D-CRT, proton RT had significantly lower

liver (25.5 Gy vs 27.3 Gy**), spinal cord (25.7 Gy vs 33.6
Gy**), and body (36.3 Gy vs 37.9 Gy*™**) maximum doses
but higher colon doses (37.2 Gy vs 35.6 Gy*). There were
no differences in maximum kidney doses.

When comparing the 2 photon techniques, 3D-CRT
had significantly lower mean doses to most OARs com-
pared with IMRT/VMAT (ipsilateral kidney: 8.2 Gy vs
11.0 Gy**; contralateral kidney: 4.7 Gy vs 10.1 Gy*™*;
bilateral kidneys: 6.5 Gy vs 10.5 Gy**; liver: 3.4 Gy vs 5.2
Gy**; bladder: 54 Gy vs 7.9 Gy**; body: 4.8 Gy vs 5.3
Gy*). Mean stomach (8.1 Gy vs 6.5 Gy™) and colon (10.2
Gy vs 12.4 Gy™) doses were not significantly different.
IMRT/VMAT had better spinal cord sparing compared
with 3D-CRT as previously mentioned.

Radiation-induced SMN incidence
comparisons

Figure 4 shows the radiation-induced SMN compari-
son results between the 3 RT techniques. Compared with
3D-CRT, proton RT significantly reduced predicted abso-
lute SMN incidence rates in multiple OARs using 2 dose-
response models (linear-exponential and plateau esti-
mates, respectively, per 10* PY—stomach: —1.29*%**
—0.66**; colon: —0.28%**, —2.58%***; liver: —0.11****,
—0.45%%; solid tumors: —3.76%%** —8.40*%**). There
was a discrepancy between the models with bladder SMN
estimates, with the linear-exponential model predicting
modestly higher rates with proton RT (+0.07/10* PY****)
but lower with the plateau model (—0.01/ 10* PY*H+*).
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Figure 3 Quantitative dosimetric comparisons between 3-dimensional conformal radiation therapy (3D-CRT), intensity
modulated radiation therapy (IMRT)/volumetric arc therapy (VMAT), and proton radiation therapy. Friedman with
Dunn’s multiple comparisons tests used for statistical comparisons. P value significance levels denoted as either non-sig-
nificant (ns; P > 0.05), P < .05(*), P < .01(**), P < .001(***), or P < .0001(****). Abbreviations: D50% = dose received by
50% of volume; max = maximum; SEM = standard error of mean.
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Figure 4 Radiation-induced secondary malignancy (SMN) risk-prediction analysis between 3-dimensional conformal
radiation therapy (3D-CRT), intensity modulated radiation therapy (IMRT)/volumetric arc therapy (VMAT), and proton
radiation therapy using (A) linear-exponential modeling and (B) plateau modeling. Analysis of variance with Dunnett’s
multiple comparisons used for statistical comparisons. P value significance levels denoted as either non-significant
(ns; P > 0.05), P < .05(*), P < .0L(**), P < .001(***), or P < .0001(****). Abbreviations: PY = person-years;
SEM = standard error of mean.
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Generally, IMRT/VMAT had significantly higher SMN
estimates compared with 3D-CRT (linear-exponential
and plateau estimates, respectively, per 10* PY—stomach:
+1.97F%%, +0.267*; colon: +0.31**, +3.57*%%*; liver:
+0.02", +0.707%%%;  bladder: —0.05%*, 0.00™; solid
tumors: +13.74°9% +13.53**), Table E2 and E2 shows
estimated OEDs and excess absolute risks.

Discussion

Similar to craniospinal irradiation in pediatric cancers,
RT clinical target volumes in testicular seminoma repre-
sent an attractive case for the dosimetric advantages of
proton RT.'” First, patients with testicular seminoma are
relatively young with favorable expected cancer outcomes
and prolonged life expectancies. Second, the target in
seminoma is relatively large and posteriorly located. These
2 features mean both the high-dose conformality and low-
dose bath are important with the former to reduce acute
and late tissue effects and the latter to reduce long-term
SMN risks. IMRT/VMAT typically improves high-dose
conformality compared with 3D-CRT but at the expense
of low-dose spill. Proton RT generates plans that are both
more conformal at high and low doses compared with
3D-CRT.

Compared with other cancers, testicular seminoma is
uncommon, so a prospective trial comparing proton RT
to 3D-CRT in a controlled setting would be unfeasible.
Thus, the oncologic community must rely on peer-
reviewed, retrospective studies to assess the safety and
efficacy of proton RT in this disease setting. Here,
patients with majority stage II disease (95.8%) undergo-
ing definitive proton RT experienced favorable 3-year
DFS rates of 90.9% (95% CI, 68.1%-97.6%). This esti-
mate is comparable to prospective multicenter data using
AP/PA 3D-CRT in 94 patients with stage II disease who
had long-term DFS rates of 88.9% to 95.3%.” Further-
more, there were no documented serious late proton RT
—related toxic effects in this cohort, including SMN, GI
toxicities, and cardiovascular events. Proton RT also pre-
served renal function with no significant serum Cr
changes, likely attributed to the kidney sparing afforded
by proton RT (bilateral kidney D50% and mean doses of
1.0 Gy and 4.7 Gy, respectively). One patient (4.2%) was
noted to develop either new or worsening hypertension,
but it is difficult to ascertain whether this was RT related
versus an unrelated cause. Although these late toxicity
data are reassuring, much longer follow-up is needed to
better establish long-term risks attributed to proton RT.

Acute toxicities in this cohort were acceptable with all
being mild and self-limiting (highest G1: 79.2%, G2:
12.5%, no serious G3-5 events). Two patients (8.3%) were
symptom free during proton treatment. The most
common acute toxicity was G1 nausea (70.8%), which is
consistent with 3D-CRT prospective data.™ In a recent

retrospective comparison study between proton RT
(n = 11) and 3D-CRT (n = 44), most acute toxicities
(fatigue, nausea/vomiting, and dysuria) were not signifi-
cantly different between the 2 modalities.'” However,
proton RT was found to have significantly lower diarrhea
and higher dermatitis rates. These adverse skin reactions
can be attributed to the high skin entrance dose when
generating proton’s spread-out Bragg peak and are more
commonly associated with older proton delivery techni-
ques, like passive scattering. The low proportions of pas-
sive scattering cases in this series precluded meaningful
statistical comparisons with more modern proton techni-
ques, like pencil-beam scanning. However, 2 of the 3 acute
G2 events (dermatitis and dyspepsia) were in patients
treated with a passive scattering technique.

This is the first testicular seminoma study examining
dosimetric and predicted SMN incidence rates between
3 modern RT techniques (3D-CRT, IMRT/VMAT, and
proton RT) using proton plans that were used clinically
and with all proton delivery uncertainties taken into
account. Although all patients underwent proton RT,
photon plans were created for each patient, which
allows for pair matching in statistical analyzes and for
more accurate dose distribution comparisons specific to
that patient’s unique anatomy. As demonstrated, pro-
ton RT had superior dosimetry compared with both
3D-CRT and IMRT/VMAT with significant reductions
in multiple OAR mean doses. These findings are consis-
tent with prior dosimetric studies in testicular semi-
noma comparing proton RT to 3D-CRT alone.'”'°
Between the 2 photon modalities, 3D-CRT plans had
lower mean doses to multiple in-field OARs, except for
the stomach and spinal cord. These results are consis-
tent with a previous study comparing 3D-CRT and
IMRT/VMAT dose distributions.'” Although IMRT/
VMAT had improved spinal cord sparing, the maxi-
mum doses with proton RT and 3D-CRT are both
acceptable and are highly unlikely to cause spinal cord
injury. Thus, taken together with the findings associat-
ing IMRT/VMAT with higher SMN risks, this study
provides further validation that 3D-CRT should remain
the preferred photon technique in testicular seminoma,
especially when proton RT is unavailable.

Patients with testicular cancer are at higher risks for
developing treatment-related SMNs, which are a leading
cause of mortality in this patient population.'™"” In a
large population-based study of 40,576 patients with tes-
ticular cancer (both pure seminoma and non-seminoma),
treatment with chemotherapy alone, RT alone, or both
significantly resulted in increased relative risks of develop-
ing solid cancers of 1.8 (95% CI, 1.3-2.5), 2.0 (95% CI, 1.9-
2.2), and 2.9 (95% CI, 1.9-4.2), respectively.20 These find-
ings warrant investigation of SMN risk mitigation strate-
gies. From an RT standpoint, SMN risk reduction has
been expected to be accomplished with decreasing dose
and field size.”’
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As shown here, RT modality choice has the opportu-
nity to further modify SMN risks. Compared with the rec-
ommended AP/PA 3D-CRT approach, proton RT was
predicted to significantly reduce the SMN incidences in
multiple OARs, which is in agreement with prior
studies."*'” Surprisingly, there was 1 discrepancy in the 2
SMN prediction models with the linear-exponential cal-
culation associating proton RT with a modestly increased
risk of bladder tumors. In contrast, the plateau model pre-
dicted significantly lower bladder SMNs, which is direc-
tionally more consistent with other examined OARs. This
discrepancy likely lies with the varying assumptions of
both models. In contrast to the plateau model, the linear-
exponential model neglects full repair of irradiated cells,
so the irradiated tissue volume in the lower dose range
becomes more dominant in the estimate as mutated cell
sterilization occurs at higher doses. The bladder is the
most anteriorly oriented structure of examined OARs, so
the worsening range uncertainty and lateral penumbra of
protons with increasing depth likely exposes more bladder
volume to very low doses, especially when trying to ade-
quately treat pelvic nodal chains of the modified dog-leg
volume. As one would expect, this is less of an issue when
treating para-aortic only fields as pelvic nodes are omit-
ted, which results in negligible bladder doses with proton
RT. Smaller proton series of patients with stage I disease
support this claim as adjuvant proton RT to the para-aor-
tic region had lower predicted bladder SMN risks
compared with 3D-CRT wusing linear-exponential
modeling.'*"” Likewise, calculated bladder OEDs in the 2
para-aortic cases in this cohort were less dissimilar
between the techniques. In any case, considering the other
findings, this stand-alone discrepancy between the models
should not negate proton RT’s dosimetric advantages and
comparatively higher SMN risk reductions to other OARs
as described here.

There are limitations to the present study. Foremost,
despite being the largest known proton experience to
date, absolute patient numbers are small, so the Cls
around cancer control and toxicity estimates are wider
than what can be achieved in more common diseases. As
the need for RT for testicular seminoma is relatively infre-
quent, even at a large referral center, the challenge of
small numbers will remain until there is substantially
greater utilization of proton RT for testicular seminoma,
which will enable aggregation across institutions. Second,
the study is retrospective, raising potential for selection
bias. A particular risk with the retrospective dosimetric
comparison is it may have a priori excluded patients with
unfavorable proton dosimetry as they would have been
treated using an alternative delivery strategy. However,
this proton cohort reflects all patients with testicular
seminoma treated with RT at this institution over the
study period, except for 1 patient whose insurance denied
proton coverage. Third, the SMN risk estimates are based
on models rather than actual outcomes. Since a

comparison of actual SMN outcomes would require many
decades of follow-up, this study attempted to increase the
robustness of the analysis by comparing SMN risk predic-
tions with 2 separate models. The fact that both models
resulted in essentially the same overall conclusion is reas-
suring. Although this study is the first SMN risk compari-
son primarily of patients with stage II testicular
seminoma (who typically receive higher RT doses to
larger volumes than stage I), the results are also consistent

with previous SMN risk analyzes in cohorts with stage
L1415

Conclusions

Given the young age and high cure rates of patients
with testicular seminoma, there is a strong emphasis on
reducing short- and long-term treatment morbidities.
Amongst those considered for RT, proton RT can poten-
tially improve the therapeutic ratio by minimizing toxic
effects without compromising disease control. The pres-
ent study supports this notion as proton RT was associ-
ated with cancer control and toxicity outcomes consistent
with existing photon literature. Furthermore, clinical pro-
ton plans are possibly associated with lowered SMN risk
estimates using 2 distinct SMN risk models. Current US
national guidelines recommend 3D-CRT as the preferred
RT technique for testicular seminoma. This study and
other prior reports suggest that, when available, proton
RT should be preferred over 3D-CRT."” """
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