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ABSTRACT
Purpose: To compare early and late toxicities, dosimetric parameters and quality of life (QoL) between
conventionally fractionated proton beam therapy (PBT) and intensity-modulated radiation therapy
(IMRT) in prostate cancer (PCA) patients.
Methods: Eighty-eight patients with localized PCA treated between 2013 and 2017 with either defini-
tive PBT (31) or IMRT (57) were matched using propensity score matching on PCA risk group, trans-
urethral resection of the prostate, prostate volume, diabetes mellitus and administration of
anticoagulants resulting in 29 matched pairs. Early and late genitourinary (GU) and gastrointestinal (GI)
toxicities according to Common Terminology Criteria for Adverse Events (CTCAE) and QoL based on
EORTC-QLQ-C30/PR25 questionnaires were collected prospectively until 12 months after radiotherapy
(RT). Associations between toxicities and dose–volume parameters in corresponding organs at risk
(OARs) were modeled by logistic regression.
Results: There were no significant differences in GI and GU toxicities between both treatment groups
except for late urinary urgency, which was significantly lower after PBT (IMRT: 25.0%, PBT: 0%,
p¼ .047). Late GU toxicities and obstruction grade �2 were significantly associated with the relative
volume of the anterior bladder wall receiving 70Gy and the entire bladder receiving 60Gy, respect-
ively. The majority of patients in both groups reported high functioning and low symptom scores for
the QoL questionnaires before and after RT. No or little changes were observed for most items
between baseline and 3 or 12 months after RT, respectively. Global health status increased more at
12 months after IMRT (p¼ 0.079) compared to PBT, while the change of constipation was better at
3 months after PBT compared to IMRT (p¼ 0.068).
Conclusions: Overall, IMRT and PBT were well tolerated. Despite the superiority of PBT in early consti-
pation and IMRT in late global health status compared to baseline, overall QoL and the risks of early
and late GU and GI toxicities were similar for conventionally fractionated IMRT and PBT.
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Introduction

Definitive radiotherapy (RT) with or without androgen
deprivation therapy is a widely used treatment modality in
localized or locally advanced prostate cancer (PCA) [1]. RT
with intensity-modulated radiotherapy (IMRT) achieves a
precise dose delivery and allows for dose escalation while
sparing normal tissue from high doses [2–4]. Proton beam
therapy (PBT) aims to further improve the sparing of

surrounding healthy tissue by decreasing the volume irradi-
ated with low to medium doses, which may reduce the risk
of secondary malignant tumors and of radiation-induced
toxicities [5–9]. However, there are still controversies
regarding the toxicity risk of each technique in PCA
patients. Conventionally fractionated IMRT studies reported
late grade �2 GI and GU toxicity of approximately 2 and
12%, respectively [10]. In the conventionally fractionated
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arm of the CHHiP trial, the cumulative 5-year incidence of
grade �2 GI and GU toxicity was estimated at 14% and 9%,
respectively [11]. In large series of conventionally fractio-
nated PBT studies, late GI and GU toxicities of grade �2
were reported to be around 4% and 5%, respectively
[12–15]. Sheets et al. [16] described lower rates of associ-
ated GI side effects after IMRT compared with PBT, while Yu
et al. [17] showed no difference in early toxicities between
both treatment modalities. A recent case-matched study on
GI and GU toxicity outcomes after PBT and IMRT demon-
strated no significant difference after adjustment for con-
founders and predictive factors on prospectively collected
data, even though no quality of life (QoL) analysis was con-
ducted [18]. There are still very few reports regarding QoL
of patients with PCA that received PBT [16,19,20]. No differ-
ence in QoL scores between patients treated with PBT or
IMRT could be demonstrated so far [16,19]. In this study, a
matched-pair analysis was performed in PCA patients
treated with conventionally fractionated PBT or IMRT. Early
and late GI and GU toxicity rates and their relationship to
dosimetric parameters in organs at risk (OARs) were ana-
lyzed. In addition, the difference in QoL between these two
patient groups was evaluated.

Patients and methods

Patient characteristics

A total of 88 consecutive patients treated with definitive intent
at the Department of Radiotherapy and Radiation Oncology
of the University Hospital Carl Gustav Carus Dresden were
included in this comparative study (Table 1 for post-matching
and Supplementary Table S1 for pre-matching cohort). Thirty-
one patients received conventionally fractionated PBT between
January 2015 and March 2017 within the prospective study
Proto-R-Prostata (DRKS00008754), and 57 patients were treated
with conventionally fractionated IMRT between May 2013
and December 2016. All patients met the following criteria:
age over 18 years, histologically confirmed localized or locally
advanced PCA without positive pelvic lymph nodes or distant
metastases, and an Eastern Cooperative Oncology Group
(ECOG) status �2. Written informed consent was obtained
from patients. This retrospective analysis was approved by
the local Ethics Committee (EK426102017).

Radiation treatment planning and delivery

For delineation and treatment planning, a computed tomog-
raphy (CT) scan with 2 mm slice thickness was acquired for
each patient. Prostate, seminal vesicles and the OARs blad-
der, rectum, sigmoid, penile bulb and femoral heads were
delineated by an expert radiation oncologist. To evaluate the
relation between side effects and dose to OARs, the bladder
wall (3 mm), anterior and posterior bladder walls as well as
the rectal wall (3 mm) were retrospectively contoured by
one observer (LA).

All patients underwent simulation and treatment with an
endo-rectal balloon to spare the rectum and to stabilize

prostate position. For the IMRT group, the balloon (Additec
GmbH, Markt Indersdorf, Germany) was filled with 80 ml air,
while for the PBT group the balloon (MEDRadVR Pro-Tekt,
Bayer Medical Care Inc., Wilmington, DE, USA) was filled with
120 ml water as recommended by the manufacturers. All
patients participated in a bladder filling protocol to achieve
an approximately equal bladder filling of 150–350 ml at each
fraction [21].

For IMRT patients, the clinical target volume 2 (CTV2)
included the prostate with an isotropic margin of 4 mm,
excluding the rectal wall. The CTV1 included the prostate
(CTV2) plus 2 cm of the proximal seminal vesicles and an
additional 4 mm margin in all directions. The planning target
volume 2 (PTV2) encompassed the CTV2 with an isotropic 4
mm margin, and the PTV1 included the CTV1 plus a 5 mm
posterior margin and an 8 mm margin in all other directions.
The total prescribed dose for the PTV2 was 74–78 Gy deliv-
ered in 37–39 fractions of 2 Gy daily. The prescribed dose for
PTV1 was 58 Gy delivered in 29 fractions of 2 Gy each.

IMRT plans were created with the treatment planning sys-
tem Pinnacle3 9.8 (Philips Radiation Oncology Systems,
Fitchburg, WI, USA). RT was delivered using high-energy X-
rays (15 MV) through a Siemens linear accelerator (ARTISTETM

Solution from SiemensVR Medical Solutions, Malvern, PA, USA).
The daily patient positioning was based on the bony anat-
omy in the target region using X-ray imaging (ExacTracVR X-
Ray 6D, Brainlab AG, Feldkirchen, Germany) and fusion to
three intraprostatic fiducial goldmarkers (Additec GmbH,
Markt Indersdorf, Germany).

For PBT patients, the internal clinical target volume 2
(iCTV2) included the prostate only with an isotropic margin
of 4 mm excluding the rectal wall. The iCTV1 included the
prostate (iCTV2) plus 2 cm of the proximal seminal vesicles
and an additional isotropic margin of 4 mm. The relative bio-
logical effectiveness (RBE) was considered to be constant at
1.1. The total RBE-corrected prescribed dose for the iCTV2
was 74–76 Gy in 37–38 fractions of 2 Gy daily. The pre-
scribed dose for iCTV1 (prostate and seminal vesicles) was 58
Gy in 29 fractions of 2 Gy each. PBT was planned with XiOVR

5.00 (Impac Medical Systems Inc., Maryland Heights, MO,
USA). A passive scatter technique consisting of 2-parallel
opposed lateral fields was used to deliver the PBT. The daily
patient positioning was based on the bony anatomy in the
target region and three intraprostatic fiducial markers
(PolyMarkTM, CIVCO Medical Solutions, Kalona, IA, USA) within
a 3 mm margin using X-ray imaging. Positioning was verified
with an in-room CT scan on a weekly basis.

Endpoint definition and extraction of
dose–volume parameters

Treatment-related GU and GI side effects were prospectively
scored at baseline, weekly during RT, at the end of RT and at
3–6-month intervals after RT using the Common Terminology
Criteria for Adverse Events (CTCAE) version 4 scoring system
(U.S. Department of Health and Human Services, National
Institutes of Health, National Cancer Institute, Washington,
D.C., USA). The following GU side effects were investigated:
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non-infective cystitis, hematuria, obstruction, urinary incon-
tinence, urinary urgency, urinary frequency and pain.
Diarrhea, fecal incontinence, proctitis and rectal bleeding
were GI endpoints. Additionally, the maximum severity
scores of both GU and GI early (up to 3 months after RT)
and late (at 12 months after RT) side effects were analyzed.
For patients with a non-zero baseline value and an increase
in severity, the maximum score was used irrespective of the
pretreatment value. Severity score 0 was assigned to patients
without an increase in severity compared to pretreatment.
Endpoints were dichotomized at grade �1 (grade 0 vs
remaining) and grade �2 (grade 0 and 1 vs remaining)
according to the incidence rates of each side effect. QoL was
prospectively assessed using the European Organization for
Research and Treatment of Cancer (EORTC) QLQ-C30 version
3.0 questionnaires and the prostate-cancer specific module
QLQ-PR25 at baseline, at the end of RT as well as 3 and 12
months after RT (see Supplementary Table S2 for the specific
items) [22,23]. The dose distributions for the RT plans of all
patients after the matching process were retrospectively
exported using RayStationVR version 6.0 scripts (RaySearch
Laboratories AB, Stockholm, Sweden). Relative volume
parameters VxGy (relative volume of an OAR receiving x Gy
[in %]) ranging from 40 to 70 Gy in increments of 10 Gy,

mean dose (Dmean) as well as V75Gy and the dose param-
eter D2% (dose in 2% of the OAR volume [in Gy]), represent-
ing near maximum doses, were analyzed. These seven
dose–volume parameters were extracted for all contoured
OARs. To compensate for the different prescribed doses, all
plans were retrospectively rescaled to 74 Gy and the corre-
sponding dose–volume parameters were addition-
ally extracted.

Matched-pair analysis

To investigate differences in the incidence frequencies of
early and late GU and GI side effects as well as QoL between
comparable patient groups receiving PBT or IMRT, a
matched-pair analysis was conducted. The following varia-
bles, which are potential confounders for the occurrence of
toxicities, were used for matching: risk group according to
the D’Amico score, transurethral resection of the prostate
(TUR-P), prostate volume (binarized on median value), dia-
betes mellitus, and administration of anticoagulants. During
propensity score matching (one-to-one without replacement)
with in-house written Python version 2.7.10 software (Python
Software Foundation, Wilmington, DE, USA) using the

Table 1. Clinical parameters of the patients included in the matched-pair analysis.

IMRT PBT

Variable Median (range) Median (range) p Value

Age in years 74.9 (65.9–83.8) 70.4 (49.3–83.6) .001‡
Prescribed total dose in Gy§ 78 (74–78) 74 (74–76) <.001‡
PSA in ng/ml 8.3 (4.6–17.0) 7 (3.7–19.1) .33‡
Prostate volume in cm3 53 (32–119) 51 (22–99) .35‡

Patients (%) Patients (%)

Risk group D’Amico .35†
Low 0 (0.0) 2 (6.9)
Intermediate 23 (79.3) 22 (75.9)
High 6 (20.7) 5 (17.2)

TUR-P .55�
Yes 1 (3.4) 2 (6.9)
No 28 (96.6) 27 (93.1)

Gleason score .85†
6 4 (13.8) 5 (17.2)
7 22 (75.9) 21 (72.4)
8 2 (6.9) 1 (3.4)
9 1 (3.4) 2 (6.9)

ADT 1.0�
Yes 13 (44.8) 13 (44.8)
No 16 (55.2) 16 (55.2)

Diabetes mellitus .76�
Yes 7 (24.1) 8 (27.6)
No 22 (57.9) 21 (72.4)

Anticoagulants .58�
Yes 11 (37.9) 9 (31.0)
No 18 (62.1) 20 (69.0)

Pre-radiation GU toxicity grade .43†
0 20 (69.0) 16 (55.2)
1 7 (24.1) 12 (41.4)
2 1 (3.4) 1 (3.4)
3 1 (3.4) 0 (0)

Pre-radiation GI toxicity grade .36†
0 27 (93.1) 29 (100.0)
1 1 (3.4) 0 (0)
2 1 (3.4) 0 (0)

PSA: prostate-specific antigen; ADT: androgen deprivation therapy; GU: genitourinary; GI: gastrointestinal; IMRT:
intensity-modulated radiotherapy; PBT: proton beam therapy.�
Exact Fisher test; †v2 test; ‡Mann–Whitney U test; §for PBT, doses are RBE-corrected with constant factor of 1.1.
Significant p-values (<.05) are marked in italic.
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module scipy (stats) 29 pairs were identified (15 exact
matches). The maximum allowed difference in propensity
scores (caliber) was defined as 0.2 times the standard devi-
ation of the logit of the propensity score [24]. The toxicities
had no influence on the matching process. The matched
patient groups did not significantly differ in the matching
variables (Supplementary Table S1). Nevertheless, patients in
the PBT group were significantly younger and received a sig-
nificantly lower prescribed dose compare to those receiving
IMRT (Table 1).

Statistical analysis

To examine differences in continuous variables between
patient groups, the nonparametric Mann–Whitney U test was
conducted. Differences in categorical variables and severity
grades of the different side effects were investigated by the
v2 test and the Fisher exact test. Only matched pairs with
data available for both patients were included in the analyses.
To identify relations between side effects and dose–volume
parameters of associated OARs univariable logistic regression
was applied. Parameters showing a significant association to
the investigated endpoint and the largest area under the
receiver operating characteristic curve (AUC) were selected.

QoL was evaluated according to the EORTC QLQ-C30 scor-
ing guidelines [25]. Each item is scored on a linear scale
ranging from 0 to 100. On functional scales, high scores rep-
resent a healthy level of functioning or global health status.
High scores on symptom scales represent a high level of
symptomatology. To assess patient individual changes in
QoL scores over time (baseline vs 3 months and 12 months
after RT, respectively) the nonparametric Wilcoxon signed-
rank test was performed. Differences in QoL scores in the
IMRT and in the PBT group at specific time points were
investigated by the Mann–Whitney U test. The clinical rele-
vance of changes was classified as suggested by Osoba et al.
[26] into ‘no change’, ‘a little’, ‘moderate’ and ‘very much’ for
absolute differences in QoL scores of 0–4.9, 5.0–9.9,
10.0–19.9 and �20.0, respectively. All analyses were per-
formed with two-sided tests by SPSS 25 software (IBM
Corporation, Armonk, NY, USA). p-values <.05 were consid-
ered statistically significant.

Results

Incidence rates of side effects are summarized in Table 2 and
Figure 1. Most patients developed early grade �1 GU side
effects in both treatment groups (IMRT: 89.7% vs PBT:
93.1%). Urinary urgency was the most common symptom
(86.2% in both groups), followed by an increased urinary fre-
quency (IMRT: 79.4%, PBT: 75.9%). Only one patient in each
treatment group developed grade 3 GU toxicities. Early grade
�1 GI toxicities occurred less frequently in both groups
(IMRT: 55.2%, PBT: 65.5%). The most common side effects
were proctitis (IMRT: 37.9% vs PBT: 48.3%) and diarrhea
(IMRT: 41.4% vs PBT: 44.8%). Only one patient in the PBT
group developed grade 3 diarrhea. The PBT group reported
lower GU toxicities at 12 months after RT compared to the

IMRT group (IMRT: 63.3% vs PBT: 54.4%). Urinary frequency
and obstruction were the most common late GU symptoms
(IMRT: 36.4%, PBT: 31.8% and IMRT: 42.9%, PBT: 23.8%,
respectively). Grade 1 urinary urgency was significantly lower
in the PBT group (IMRT: 25.0% vs PBT: 0%, p= .047), with no
higher grade urinary urgency observed. One patient in the
IMRT group developed grade 3 obstruction. The incidence of
late GI toxicity was low in both groups (IMRT: 36.4%, PBT:
22.7%). Grade 1 proctitis was the most common toxicity
(IMRT: 22.7%, PBT: 4.5%), followed by grade 1 rectal bleeding
(IMRT: 13.6%, PBT: 4.5%). In one patient in the PBT group
rectal bleeding grade 3 was documented. There were no
significant differences in GI toxicities between both treat-
ment groups. Details on patients presented with grade 3 tox-
icities are reported in Supplementary Table S3.

In the dosimetric comparison, all dose–volume parameters
of the investigated OARs were significantly lower in the PBT
group compared to the IMRT group (Supplementary Table
S4). For the plans rescaled to 74 Gy, dose–volume parame-
ters of intermediate doses were significantly lower for PBT
compared to IMRT. The high dose parameters D2% and
V75Gy in bladder, bladder wall and posterior bladder wall
did not differ significantly between both groups. These two
parameters were significantly higher in the rectum for PBT
compared to IMRT (Supplementary Table S5). To determine
specific dose– volume parameters related to side effects,
logistic regressions were conducted. Parameters with a sig-
nificant impact under PBT were also tested for the IMRT
cohort to evaluate whether these parameters are of import-
ance for both treatment modalities (Table 3). Late grade �2
GU toxicity was significantly associated with the dose–vo-
lume parameter V70Gy of the anterior bladder wall (p= .031)
for the PBT patients, while this was not the case for the IMRT
patients (p= .13). Late grade �2 obstruction was significantly
associated with the dose–volume parameter V60Gy of the
entire bladder for both cohorts (PBT: p= .047, IMRT: p= .043).
In Figure 2(a,b) the prediction of the corresponding logistic
regression models (lines) and the observed outcome data
(points) are presented. The data points reflect the mean inci-
dence rates of the side effect and the mean values of the
corresponding dose–volume parameter of equally sized
patient groups of both treatments. Late grade �2 GU toxic-
ities were significantly associated with the dose–volume par-
ameter V70Gy of the anterior bladder wall (p= .031) while
this was not the case for the IMRT patients (p= .13). Late
grade �2 obstruction was significantly associated with the
dose–volume parameter V60Gy of the entire bladder (p= .
047). The latter was also the case for IMRT patients (p= .043).

The QoL scores at different time points for both modules
QLQ-C30 and QLQ-PR25 and both treatment groups
are reported in Supplementary Tables S6–S8 and
Figures S1–S3. The majority of patients in both groups
reported high functioning scores (>60) and relatively low
symptom scores (<35) for the QLQ-C30 questionnaire and
low symptom scores for the QLQ-PR25 module before and
after RT. The response rates for the functional scales of
EORTC QLQ-PR25 were low (sexual activity: 28–62%, sexual
functioning: 7–14%) and thus, did not allow for analysis
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(Supplementary Table S2). Patient individual differences in
the QoL scores between baseline and 3 or 12 months after
RT, respectively, are presented in Table 4 and Supplementary
Figures S4–S6. For both time points and patient groups no
or little changes were observed for the majority of QLQ-C30
items as well as for the QLQ-PR25 symptom scale. At 3
months after RT compared to baseline, constipation was
worse for the IMRT group compared to PBT group (mean dif-
ference IMRT: 6.7, PBT: �6.7, p=.068). The change in global
health status between 12 months after RT and baseline was
higher in the IMRT group compared to the PBT group (mean
difference IMRT: 8.3, PBT: �2.8, p= .079). On the QLQ-PR25
symptom scale, for the IMRT group, a moderate increase of
urinary symptoms 3 months as well as 12 months after RT
compared to baseline was reported (p= .012 and p= .036,
respectively). The bowel symptoms and incontinence aids
increased 12 months after PBT, albeit not statistically
significant.

Discussion

Overall, IMRT and PBT were well tolerated. The PBT patients
tolerated RT somewhat better than the IMRT patients in the

long-term follow up, but the difference in the incidence rates
of both groups were not statistically significant, except for
late urinary urgency. The majority of patients in both groups
reported high functioning scores for the QLQ-C30 question-
naire and low symptom scores for the QLQ-C30 and QLQ-
PR25 modules before and after RT.

The incidence rates of early and late side effects in both
groups are in accordance to the literature [12,14,16–18,27–29].
Yu et al. [17] compared early-stage PCA patients treated with
PBT or IMRT. One year post-treatment no difference could be
observed in GU (PBT: 18.8% vs IMRT: 17.5%) and GI toxicity
(PBT: 9.9% vs IMRT: 10.2%). Except for the higher incidence
rate of grade �2 GU toxicities following IMRT, the toxicity
rates one year after treatment are comparable in this study
and no differences could be seen in overall GU (IMRT: 31.8%,
PBT: 22.7%) and GI toxicity (PBT: 13.6% vs IMRT: 9.1%). Sheets
et al. [16] conducted a matching analysis of non-metastatic
PCA patients between IMRT and PBT. Late GI toxicity rates
were lower in IMRT patients (12.2 vs 17.8 per 100 person-
years), but there was no significant difference in GU toxicity
rates between IMRT and PBT. A lower incidence rate of GI tox-
icity one year after IMRT compared to PBT can be confirmed
in this study (9.1 vs 13.6 per 100 person-years) but the

Table 2. Early and late (12 months after radiotherapy) genitourinary (GU) and gastrointestinal (GI) side effects according to CTCAE version 4.0.

Early side effects Late side effects

Side effect No Grade 1 Grade 2 Grade 3 p Value No Grade 1 Grade 2 Grade 3 p Value

GU toxicities
IMRT 29 13 (45) 12 (41) 1 (3) .45 22 7 (32) 6 (27) 1 (5) .53
PBT 29 19 (66) 7 (24) 1 (3) 22 5 (23) 5 (23) –

Non-infective cystitis
IMRT 29 10 (34) – – .49 21 – – – 1.0
PBT 29 12 (41) 1 (3) – 21 1 (5) – –

Hematuria
IMRT 29 – – – .49 21 – – – 1.0
PBT 29 2 (7) – – 21 1 (5) – –

Obstruction
IMRT 29 10 (34) 5 (17) – .41 21 4 (19) 4 (19) 1 (5) .34
PBT 29 7 (24) 3 (10) – 21 1 (5) 4 (19) –

Pain
IMRT 29 8 (28) 3 (10) 1 (3) .59 22 2 (9) – – 1.0
PBT 29 6 (21) 2 (7) – 22 2 (9) – –

Urinary frequency
IMRT 29 15 (52) 8 (28) – .71 22 6 (27) 2 (9) – .83
PBT 29 15 (52) 6 (21) 1 (3) 22 6 (27) 1 (5) –

Urinary urgency
IMRT 29 23 (79) 2 (7) – .60 20 5 (25) – – .047
PBT 29 20 (69) 4 (14) 1 (3) 20 – – –

Urinary incontinence
IMRT 29 5 (17) – – .56 21 1 (5) 2 (1) – .31
PBT 29 6 (21) 1 (3) – 21 2 (1) – –

GI Toxicities
IMRT 29 11 (38) 5 (17) – .60 22 6 (27) 2 (9) – .35
PBT 29 14 (48) 4 (14) 1 (3) 22 2 (9) 2 (9) 1 (5)

Diarrhea
IMRT 29 9 (31) 3 (10) – .73 22 2 (9) – – .49
PBT 29 10 (34) 2 (7) 1 (3) 22 – – –

Fecal incontinence
IMRT 29 1 (3) – – 1.0 22 1 (5) 1 (5) – .60
PBT 29 – – – 22 1 (5) – –

Proctitis
IMRT 29 8 (28) 3 (10) – .73 22 5 (23) 1 (5) – .20
PBT 29 10 (34) 4 (14) – 22 1 (5) 2 (9) –

Rectal bleeding
IMRT 29 4 (14) – – 1.0 22 3 (14) – – .39
PBT 29 3 (10) – – 22 1 (5) 1 (5) 1 (5)

Significant p-values (<.05) are marked in italic. GU: genitourinary; GI: gastrointestinal; IMRT: intensity-modulated radiotherapy; PBT: proton beam therapy; CTCAE:
common terminology criteria for adverse events; No: Number of patients (percentage).
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difference was statistically not significant. Recently, Pan et al.
[29] compared 572 patients treated with PBT to 2862 patients
treated with IMRT in a retrospective score-matched study on
younger PCA patients. One year after RT, PBT patients showed
significantly lower composite urinary toxicity than IMRT
patients RT (23.1% vs 31.6%), but the incidence rate of bowel
symptoms was similar (7.7% vs 7.4%). The GU incidence rates
are highly consistent with this study (PBT: 22.7%, IMRT:
31.8%). The GI side effects occurred more frequently in both
treatment groups of this study compared to the study of Pan
et al. especially following PBT (PBT: 13.6% vs IMRT: 9.1%).
Nevertheless, these values are highly consistent with GI inci-
dence rates (PBT: 12.8% vs IMRT: 10.8%) in a case-matching
study by Fang et al. [18] investigating patients with localized
PCA treated with PBT or IMRT to 79.2 Gy (94 patients each).
No significant differences in either risks of early or late GI and
GU toxicities could be found after adjustment for confounders
and predictive factors in this study.

All dose–volume parameters of the rectum and bladder
were lower for PBT compared to IMRT. These dosimetric dif-
ferences may be explained by the different dose–volume
characteristics of both treatment modalities but may also
result from the slightly higher prescribed doses in the IMRT
group than in the PBT group (difference of the mean dose
prescriptions about 2.8 Gy; IMRT: 77.4 Gy, PBT: 74.6 Gy). To
adjust for the different dose prescriptions, a retrospective
rescaling of all plans to 74 Gy was conducted. With this
rescaling, the intermediate dose parameters were still signifi-
cantly smaller for PBT compared to IMRT for all investigated
OARs. However, after rescaling, high dose parameters were
comparable between both modalities for the bladder, while
V75Gy and D2% were even significantly higher in PBT for the
rectum. The box-shaped irradiation fields of the proton scat-
tering technique are less conformal than the IMRT dose dis-
tributions leading to high doses in adjacent OARs. The more
modern PBT technique pencil beam scanning may achieve

Table 3. Logistic regression of late (12 months after radiotherapy) genitourinary symptoms and dose–volume parameters of the
entire bladder wall and anterior bladder wall.

Late toxicity and dose–volume parameter AUC (95% CI) b0 ± SD b1 ± SD p Value

GU grade �2 and bladder wall anterior V70 Gy§ (%)�
PBT 0.88 (0.70–1.00) �3.14 ± 1.11 72.71 ± 33.62 .031
IMRT 0.71 (0.49–0.94) �1.88 ±0.81 13.17 ± 8.67 .13

Obstruction grade �2 and bladder V60 Gy§ (%)�
PBT 0.75 (0.46–1.00) �3.47 ± 1.18 9.85 ± 4.96 .047
IMRT 0.82 (0.63–1.00) �5.39 ± 2.23 14.93 ± 7.39 .043

bi are model parameters. The p value indicates if the dose–volume parameter is related to toxicity.
GU: overall genitourinary symptoms; VxGy: relative volume receiving x Gy; SD: standard deviation; CI: confidence interval; AUC: area
under receiver operating characteristic curve; PBT: proton beam therapy; IMRT: intensity modulated radiotherapy�In percent of the entire organ volume; § for PBT, doses RBE-corrected with constant factor of 1.1.
Significant p-values (<.05) are marked in italic.

Figure 1. Overall genitourinary (GU) and gastrointestinal (GI) toxicities up to 3 months after radiotherapy (early) and at 12 months after RT (late). IMRT: intensity-
modulated radiotherapy; PBT: proton beam therapy.
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more conformal dose distributions. Nevertheless, dose distri-
butions of rescaled plans may differ from entirely new treat-
ment plans as they would be created using corresponding
planning objectives. In the above-mentioned study by Fang
et al. [18] the dosimetric parameters of bladder and rectum
were significantly lower for PBT compared to IMRT with
endo-rectal balloons for both cohorts. However, different
dosimetric comparison studies between PBT and IMRT draw
different conclusions. PBT seems to either decrease high
doses to the rectum [8] or yield similar rectal dosimetric
parameters [7]. Another study showed increased high-dose

exposure to the rectum, but decreased low-doses to the
bladder [30]. The studies did not report on the use of blad-
der filling protocols. In this study, late GU toxicity and
obstruction were associated with high proton doses of the
anterior bladder wall and the bladder, respectively.
Makishima et al. [31] revealed higher values for the parame-
ters V60Gy–V70Gy of the bladder in patients with late grade
2 GU toxicity following PBT compared to patients with grade
<2 toxicity, but the differences were not significant. The
majority of studies found no bladder dose–volume relation-
ship to late GU toxicity following RT using photons for

Figure 2. Logistic regression models for late genitourinary (GU) symptoms grade �2 as a function of the relative volume of the anterior bladder wall receiving at
least 70 Gy (a) and late obstruction grade �2 as a function of the relative volume of the bladder receiving at least 60 Gy (b) based on proton beam therapy (PBT,
solid lines) and intensity-modulated radiotherapy (IMRT, dashed lines). Data points represent mean incidence rates and mean values of the corresponding dose–
volume parameter of equally sized patient groups, standard deviations are visualized by bars.

Table 4. Quality of life score differences for the EORTC QLQ-C30 and EORTC QLQ-PR25 questionnaires 3 months after RT vs baseline and 12 months after RT vs
baseline for the IMRT and PBT group.

3 months after RT - Baseline 12 months after RT – Baseline

IMRT PBT IMRT PBT

M ± SD Extent M ± SD Extent p† M± SD Extent M ± SD Extent p†

EORTC QLQ-C30
Functional scale
Global health status 1.8 ± 13.1 No change −6.0 ± 28.8 A little .57 8.3 ± 15.0 A little −2.8 ± 26.0 No change .079
Physical functioning −4.2 ± 12.7 No change −0.8 ± 11.1 No change .49 −9.3 ± 21.8 A little 0.7 ± 15.2 No change .43
Role functioning 1.3 ± 27.6 No change −7.7 ± 12.9 A little .20 −11.1 ± 34.4 Moderate 0.0 ± 16.7 No change .78
Emotional functioning 5.6 ± 22.4 A little 11.1 ± 24.9 Moderate .67 1.9 ± 13.7 No change 20.4 ± 35.6 Very much .53
Cognitive functioning 7.8 ± 17.7 A little 3.3 ± 15.7 No change .52 0.0 ± 18.6 No change 6.2 ± 18.5 A little .44
Social functioning 0.0 ± 16.7 No change 10.7 ± 26.6 Moderate .45 4.2 ± 11.8 No change 10.4 ± 30.8 Moderate .87

Symptom scale
Fatigue 7.4 ± 20.0 A little 5.6 ± 21.7 A little .67 11.1 ± 22.8 Moderate −0.6 ± 21.7 No change .38
Nausea and vomiting 1.1 ± 4.2 No change 2.2 ± 8.6 No change 1.00 1.7 ± 5.3 No change 3.3 ± 10.5 No change 1.00
Pain −6.9 ± 27.9 A little −1.4 ± 13.2 No change .92 −2.1 ± 10.7 No change 4.2 ± 36.5 No change .43
Dyspnoea 2.2 ± 29.5 No change 2.2 ± 19.8 No change .80 −3.3 ± 24.6 No change 0.0 ± 15.7 No change 1.00
Insomnia 2.2 ± 23.5 No change 4.4 ± 21.3 No change .74 3.3 ± 29.2 No change −3.3 ± 24.6 No change .77
Appetite loss 2.4 ± 24.3 No change −2.4 ± 8.9 No change .65 −3.7 ± 20.0 No change 0.0 ± 16.7 No change .78
Constipation 6.7 ± 22.5 A little −6.7 ± 13.8 A little .068 −4.2 ± 27.8 No change 0.0 ± 17.8 No change 1.00
Diarrhoea 4.4 ± 17.2 No change 4.4 ± 17.2 No change .70 4.2 ± 21.4 No change 4.2 ± 11.8 No change 1.00
Financial difficulties −2.2 ± 19.8 No change 2.2 ± 8.6 No change .44 11.1 ± 44.1 Moderate −3.7 ± 11.1 No change .65

EORTC QLQ-PR25
Symptom scale
Urinary symptoms 11.9 ± 16.9 Moderate* 4.7 ± 15.2 No change .18 16.0 ± 19.8 Moderate* 9.1 ± 19.6 A little .38
Bowel symptoms 9.5 ± 12.2 A little 4.8 ± 9.5 No change .59 16.7 ± 20.4 Moderate 25.0 ± 29.7 Very much .77
Hormone treatment-related symptoms 6.0 ± 18.5 A little 4.8 ± 9.2 No change .69 8.8 ± 22.2 A little −3.3 ± 11.5 No change .88
Incontinence aid 19.0 ± 26.2 Moderate 4.8 ± 23.0 No change .39 13.3 ± 16.3 Moderate 33.3 ± 47.1 Very much .72

On functional scales, high scores represent a healthy level of functioning or global health status. High scores on symptom scales represent a high level of symp-
tomatology. Classification of extent of the changes in “no change”, “a little”, “moderate” and “very much” according to [26].
EORTC: European Organisation for Research and Treatment of Cancer; QLQ-C30: general quality of life questionnaire; QLQ-PR25: prostate-cancer specific question-
naire; IMRT: intensity-modulated radiotherapy; PBT: proton beam therapy; RT: radiotherapy; M: mean; SD: standard deviation.
†Mann-Whitney U Test.
*p-value <.05 in Wilcoxon signed-rank test between different time points and for one treatment modality.
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prostate-cancer [32]. Thus, Viswanathan et al. [32] refer clini-
cians to the QUANTEC data [33] based on the Radiation
Therapy Oncology Group (RTOG) 0415 study of PCA [34] to
limit high doses >65 Gy to the bladder. These normal-tissue
tolerance guidelines for treatment planning in PBT are based
on patient data after three-dimensional conformal RT (3D-
CRT) [32,35]. Due to the steeper dose gradient in PBT com-
pared to 3D-CRT, other dose–volume parameters or only
parts of the OARs, such as anterior or posterior bladder wall,
may be more important in predicting toxicities than those of
the entire bladder (Figure 2(a)). These findings could help
physicians to better select patients that can benefit from PBT
with less toxicity according the favorable patients’ anatomy.

QoL was reported in both cohorts comparable to other
PCA patients described in the literature using the same scor-
ing questionnaires. Examples include baseline QoL scores
from the EORTC QLQ-C30 Reference Values Manual [36] for
different patient cohorts including 3361 PCA patients of all
stages, QLQ-C30 and QLQ-PR25 scores evaluated by Cuypers
et al. [37] pre- and post-diagnosis for patients treated radic-
ally with RT or prostatectomy and scores from Lips et al. [38]
comparing 92 patients treated with 76 Gy IMRT to 78
patients treated with 3D-CRT. In the study of Lips et al. the
global health status was moderately higher, but they investi-
gated younger patients. Patients were also asked for QoL 6
months after IMRT and reported little or moderately lower
symptoms and higher functioning compared to the patients
of the present study 12 months after IMRT. The PBT group,
however, reported QoL with no or little differences to
patients investigated by Lips et al. Late QoL more than 10
years after prostatectomy followed by adjuvant RT or ‘wait
and see’ was investigated by van Leeuwen et al. [39] in a
cross-sectional and cross-country study. Drummond et al.
[40] reported QoL according to QLQ-C30 and QLQ-PR25 2–18
years post-diagnosis in a cross-sectional study including 1127
PCA survivors treated with external beam RT only. In this
study, the QoL scores 12 months after IMRT were mainly lit-
tle or moderately worse compared to the mentioned studies
and almost no differences were seen in the PBT group on
the QLQ-C30 scale. Some studies assessed QoL after PBT
using other scoring systems, the Expanded Prostate Cancer
Index Composite (EPIC) as well as, the International Prostate
Symptom Score (IPSS) and the Prostate Cancer Symptom
Indices (PCSI). Gray et al. [20] compared the mean QoL
changes from baseline at 3 and 12 months between PBT and
IMRT, defined as a mean change score exceeding half the
standard deviation of the baseline value. At 3 months, clinic-
ally meaningful changes in all domains of urinary irradiation,
incontinence and bowel QoL were discovered for patients
treated with IMRT, but not for those treated with PBT. Based
on the same definition, this study reported a comparable
number of clinically meaningful decrements. In addition, a
clinically meaningful decrement in bowel QoL was observed
in patients who received PBT. At 12 months, all cohorts in
this study and in the study by Gray et al. reported clinically
meaningful decrements in bowel QoL. This was also seen in
the urinary irradiation domain, except for the PBT cohort in
the study by Gray et al. (see Supplementary Table S9).

Mendenhall et al. [14] assessed QoL at >4 years after PBT of
78 Gy in 211 PCA patients. Bryant et al. [12] and Henderson
et al. [41] reported QoL data 5 years after PBT treatment. In
all of the three studies, the IPSS or EPIC summary scores for
bowel, urinary irritative/obstructive and urinary incontinence
domains remained relatively stable after PBT compared to
the baseline values. These results are in line with our study
suggesting that PBT provides acceptable toxicity.

This retrospective study uses a matched-pair analysis
that avoids inhomogeneous patient and treatment charac-
teristics between PBT and IMRT in order to reduce selec-
tion bias. Moreover, all patients were treated with an
endo-rectal balloon that has the same impact on the plan-
ning parameters of both treatment modalities. Toxicity and
QoL were the same for both groups, making the results
easy to compare. A main limitation of this study is the
small number of evaluable patient pairs, leading to a low
power for detecting small differences between the groups.
Exemplary power analyses have been performed to esti-
mate the effect size that may turn out as significant in this
study using PASS version 14.0.8 (NCSS, LLC, Kaysville, UT,
USA): Assuming a toxicity incidence rate of 30% in one
group and 5% in the other group of 20 patients each with
a = 0.05 results in a power of 0.55. The incidence rates of
late urinary urgency grade �1 were close to this showcase
and led to a significant difference between IMRT and PBT
(Table 2). For QoL, a mean difference in QoL score change
from baseline of about 15-point scores between IMRT and
PBT cohorts and a standard deviation of 20-point scores was
assumed. Using a normal approximation, a=0.05 and 20
patients each, the Mann–Whitney U Test has a power of 0.61.
Similar QoL values were observed for constipation at 3
months after RT compared to baseline leading to a statistical
trend between IMRT and PBT (Table 4). Due to the low patient
number, however, toxicity changes below 20% points or QoL
changes below half the standard deviation have a low power
and will likely not be detected in this study. A further limita-
tion is the difference in the mean prescribed doses of 2.8 Gy
between both cohorts. Rescaling may not properly reflect
entirely new treatment plans. Moreover, longer follow-up
times are necessary to further investigate late GU and GI tox-
icities, which may become manifest beyond 3 years after RT
[42]. For modeling the dose-response and to establish new
treatment planning goals for PBT, the number of patients
and events has to be increased in further studies. Future
prospective trials, possibly including a model-based
approach [43], with long-term results are needed to better
appreciate the use of PBT as primary treatment in
PCA patients.

In this study, PBT seems to be well tolerated compared
to IMRT and showed no negative impact on side effects of
PCA patients. The QoL changes from baseline were slightly
better for constipation at 3 months after PBT whereas glo-
bal health status was slightly worse at 12 months after PBT
compared to IMRT. In general, QoL was similar for both
treatment techniques. However, PBT dose distributions and
correlations with clinical side effects may differ compared
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to the photon dose distribution and require further
investigation.
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