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ABSTRACT

Background and purpose: To apply a voxel-based analysis to identify urethro-vesical symptom-
related subregions (SRSs) associated with acute and late urinary toxicity in prostate cancer

radiotherapy.

Materials and methods: A total of 272 prostate cancer patients treated with IMRT/IGRT were
prospectively analyzed. Each patient’'s CT was spatially normalized to a common coordinate system
(CCS) via nonrigid registration. The obtained deformation fields were used to map the dose of each
patient to the CCS. A voxel-based statistical analysis was applied to generate 3D dose-volume maps for
different urinary symptoms allowing the identification of corresponding SRSs where statistically
significant dose differences between patients with/without toxicity. Each SRS was propagated back to
each individual’s native space and DVHs for the SRSs and the whole bladder were computed. Logistic
and Cox regression were used to estimate the SRSs prediction capability compared with the whole

bladder.

Results: A local dose-effect relationship was found in the bladder and the urethra. SRSs were
identified for five symptoms: acute incontinence in the urethra, acute retention in the bladder trigone,
late retention and dysuria in the posterior part of the bladder, and late hematuria in the superior part
of the bladder, with significant dose differences between patients with and without toxicity ranging
from 1.2 to 9.3 Gy. The doses to the SRSs were significantly predictive of toxicity, with maximum areas
under the ROC curve (AUC) of 0.73 for acute incontinence, 0.62 for acute retention, 0.70 for late
retention, 0.81 for late dysuria and 0.67 for late hematuria. The bladder DVH was predictive only for

late retention, dysuria and hematuria (AUC = 0.65-0.72).



Conclusions: The dose delivered to the urethra, the posterior and superior part of the bladder was
predictive of acute incontinence and retention and of late retention, dysuria and hematuria. The dose

to the whole bladder was moderately predictive.

Keywords: prostate cancer, radiotherapy, urinary toxicity, voxel-wise analysis



INTRODUCTION

Genitourinary (GU) toxicity following prostate radiotherapy (RT) is a common and limiting side effect.
Urinary side effects are not fully understood, in particular how they relate to underlying dose-volume
characteristics. Although patient-based risk factors of GU toxicity have been identified (1-5), the dose-
volume response remains elusive. However, increasing evidence has recently arisen showing that
localized anatomical subregions of the bladder are correlated with acute and late urinary toxicities (6-
8) . Therefore, there is a clear need to exploit the rich information of the planning three-dimensional
(3D) dose distribution, together with the individual’s anatomy, to accurately identify subregions of the
bladder/urethra at high risk of damage for toxicity prediction and more accurate organ-dose
constraint definition. To this end, voxel-based methods for dose distribution analysis via dose-volume
maps (DVMs) may help unravel the complexity of toxicity and local dose-volume relationships by
identifying simultaneous involvement of different radiosensitive structures (9-11). The DVM
approach is based on nonrigid registration to align patient anatomies and map dose distributions to a
single reference (12). A subsequent voxel-wise statistical analysis is performed to test for local dose
differences between patients with/without toxicity. Hence, organ subregions are computed as the
clusters of voxels within the organ, where significant dose differences have been found. This
methodology has been recently applied to identify regional dose differences in the rectum for
gastrointestinal toxicity in prostate cancer (9, 10), in the heart and lung for corresponding toxicities in
thoracic cancer (13, 14), and in the cricopharyngeus muscle and cervical esophagus for dysphagia in
head and neck cancer (15). To our knowledge, a 3D voxel-based approach has never been applied to

explore dosimetric patterns associated with urinary toxicity.

The objective of this study was to identify bladder and urethra subregions associated with urinary
toxicity after prostate cancer RT. The proposed framework combines urethra segmentation, an
accurate anatomical nonrigid registration approach for mapping the population 3D dose distributions
to a single coordinate system, a voxel-wise analysis with respect to toxicity in the common space, and a

further subregional analysis in the individual’s space.



MATERIALS AND METHODS

Population data set, treatment, and urinary toxicity

The study included a total of 272 patients with localized prostate cancer treated with intensity-
modulated radiation therapy/image-guided radiation therapy (IMRT/IGRT) between May 2008 and
July 2018 within two multicentric prospective phase III trials (STIC-IGRT) (16) and (PROFIT,
normofractionated arm) (17). The mean age of the patients was 70 years (range: 52-81). The target
volume included the prostate and seminal vesicles (SV), avoiding the pelvic lymph nodes. Target
volume and organs at risks (bladder, rectum, and femoral heads) were delineated on computed
tomography (CT) slices according to the GETUG and PROFIT recommendations. IMRT combined with
IGRT was used to deliver a total dose of 78 Gy (in case of cone-beam CT [CBCT]) or 80 Gy (in case of
fiducials) to the prostate over 8 weeks and 46 Gy to the SV over 4.6 weeks, at 2 Gy/fraction. Bladder
dose-volume histograms (DVHs) were compiled either with GETUG recommendations as maximum
dose <80 Gy or with PROFIT recommendations as 50% and 70% of the bladder wall receiving less
than 53 Gy and 71 Gy, respectively. Patient and treatment characteristics are described in Table Al
(Supplementary material). All the patients provided informed consent. The trials were approved by
the XXX (BLIND) Institutional Review Board and are registered in ClinicalTrials.gov (NCTXXX (BLIND)

for the STIC-IGRT trial, NCTXXX (BLIND) for the PROFIT trial).

The median follow-up was 50 months (range: 6-102 months). Acute (<3 months from RT start date)
and late (> 3months) urinary toxicity was scored using the CTCAE v.3.0 (210 patients from the STIC-
IGRT trial) or the RTOG (62 patients from the PROFIT trial) radiation morbidity-scoring schema. We
considered 20 endpoints: 5 symptoms (incontinence, retention, dysuria, hematuria, frequency), for
both grade > 1 and grade > 2, and for acute and late urinary toxicity. The 5-year toxicity rates were
estimated using Kaplan-Meier (KM) analysis. Additionally, a competing risk (CR) analysis was
performed to estimate the cumulative incidence of each late toxicity endpoint by considering any other
late toxicity as competing event (18) (Appendix 1). Table A2 (Supplementary material) displays the

number of events and rates of acute and 5-year late urinary toxicity (grade =1 and grade =2) by



symptom as calculated by KM and CR models. Among the 20 endpoints, 4 symptoms (acute grade>2
incontinence and hematuria, late grade>2 dysuria and hematuria) were excluded from the analysis

due to the absence or very low number of events.

The workflow of the study is divided into 7 steps, as presented in Figure 1.

Automatic segmentation of the urethra on planning CT in the whole population (step 1)

The urethra was automatically segmented with MABUS, a Multi Atlas-Based approach, as described by

Acosta et al. (19) (see Appendix 2).

Template selection, registration of population to the template, and dose propagation (steps 2,

3, and 4)

An average patient, close to the whole population in terms of prostate volume, bladder volume, and
urethral length, was selected as a common coordinate system (CCS) for aligning the entire population
(step 2). A customized algorithm was devised for non-rigidly registering the structural description of
the organs (bladder, urethra, and prostate; step 3) (12). The whole method is described in Appendix 3
and illustrated in Figure A1 (Supplementary material). Overall, Euclidean distance maps were
combined with Laplacian scalar fields to build a structural description of the pelvis. Two-step
registration was then performed by customizing parameters within the Elastix framework (20), which

produces a final 3D deformation field used to propagate doses and structures to the CCS.

Geometric and dosimetric scores were used to quantitatively assess the registration accuracy. Thus,
the centerline distance (CLD) was used for the urethra alignment (19) and the Dice Similarity
Coefficient (DSC) and the Modified Hausdorff Distance (MHD) (21) for the prostate and the bladder. In
addition, the dose-organ overlap (DOO) was computed to evaluate the dose-warping accuracy as in

(10). Finally, the 3D registration uncertainty was estimated by computing the standard deviation of



the center of mass coordinates of rigidly registered bladder contours. Subsequently, dose distributions
for each patient were smoothed accordingly with a Gaussian kernel with corresponding width, to

overcome registration uncertainties.

DVM construction and definition of symptom-related subregions (SRSs) in the common

coordinate system (step 5)

Once the 3D dose distributions are propagated to the CCS, voxel-wise analysis allowed the
identification of SRSs by generating for each symptom a DVM representing the dose differences
between patients with and without toxicity. Only accurately registered patient data were included.
Unilateral Mann-Whitney U tests were voxel-wise performed between the two populations for each
endpoint. The alternative hypothesis was that patients with toxicity received a higher dose. This step
resulted in 3D maps for both dose differences and P-values (threshold at P = 0.01; Figure 1, step 5),
thereby characterizing each subregion in terms of average dose difference. To cope with the multiple
comparisons problem, arising when performing multiple statistical tests (voxel-wise), a
nonparametric permutation test (22) was performed (1000 permutations), which allowed the
description of the entire DVM with a single adjusted P-value (Appendix 4). The resulting subregions
were compared with those generated by the voxel-wise Mann-Whitney U test (uncorrected). The
overlapping regions (Mann Whitney U test region and permutation test region) were finally
considered in order to define the SRSs. The absolute volume (in cc) of each subregion in the CCS was

also calculated.

Inverse mapping of SRSs to the native patient space and toxicity prediction (steps 6 and 7)

All segmented SRSs were propagated from the CCS back to each individual native space by applying
the inverse of the previously computed 3D deformation field (step 6). Subsequently, DVHs and mean
doses were computed for the SRSs, the urethra and the bladder and compared across the patients with

and without toxicity. Unilateral Mann-Whitney U test was used to compare the mean dose and each



DVH bin between the two groups of patients. The prediction capability of the dose (mean and bin-wise)
in the identified SRSs and the bladder was evaluated for the corresponding toxicity endpoints in the
native space of the patients. Additionally, we tested if the doses in the SRSs by symptom identified for
the grade=1 toxicity endpoints were also predictive for grade=2 toxicities, by symptom. For acute
toxicities, the predictive performances of the SRSs and the bladder were estimated and compared
using the logistic regression test. The chi® test, was used to evaluate the association between
categorical variables and acute toxicity. For continuous variables, the Man-Whitney U test was used.
For late toxicities, the Cox proportional hazard model was used to compute risk estimates. The
prediction capability of the Cox model at 5-years was evaluated with the area under the time-
dependent ROC curve (t-AUC), based on the approach proposed by Chambless and Diao (23), which
accounts for censoring in survival analysis (also defined as cumulative/dynamic AUC). The AUC and t-
AUC and 95% confidence intervals (CI) were computed using 1000 bootstrap replicates. The impact of
patient and treatment characteristics on each toxicity endpoint was also assessed in a univariate
analysis. Significant dosimetric and clinical parameters found in univariate analysis (p<0.05), were
included in multivariate logistic and Cox regression models for assessing acute and late toxicities,
respectively. In a secondary analysis, while accounting for the presence of competing risks, the Fine-
Gray subdistribution hazard model was used to estimate the effect of covariates on the subdistribution

hazard function of each event of interest in both univariate and multivariate analyses (24).

Statistical analysis and graphics were performed in Python and R.

RESULTS

Accuracy of spatial normalization

In total, 18 patients out of 272 were excluded from the study because of either low prostate (<0.88; n =
6) or bladder (<0.85; n = 12) Dice scores. The cut-off points were empirically chosen after visual
inspection of the registered images, considering both organ overlap and urethra alignment. For the

remaining 254 patients, the computed mean values and standard deviations of DSC, MHD, and DOO



scores for the prostate and the bladder and the CLD score for the urethra are reported in Table A3
(Supplementary material). The standard deviations of center of mass coordinates after the non-rigid
registration were 2.4 mm in the left-right, 5.3 mm in the anterior-posterior and 6.2 mm in the cranial-

caudal direction.

Identification of the symptom-related subregions (SRSs) with significant dose differences

between patients with/without toxicity, in the template (CCS)

Figure 2 shows the SRSs where statistically significant dose differences between patients
with/without toxicity appear in the common coordinate system (CCS). Figure 3 and the additional
video show a 3D representation of the SRSs. SRSs were identified for a total of 5 grade 21 symptoms:
in the prostatic urethra for acute incontinence, in the bladder trigone for acute retention, late
retention and in the posterior part of the bladder for dysuria, and in the superior part of the bladder

for late hematuria. These volumes ranged from 2.4 to 16.9 cc (Figure 2).

The dose differences across the patients (with and without toxicity) in acute and late retention SRSs
were not statistically significant for grade 22 toxicity. For the remaining SRSs, namely acute
incontinence, late hematuria and late dysuria, the low number of grade = 2 events did not allow to

perform a statistical analysis

Dose differences between patients with/without toxicity in the native patient space

The averaged dose differences between patients with/without toxicity in the five SRSs, in the whole
bladder and the prostatic urethra after propagation of the SRS from the template to the native space,
are reported in Table 1. These differences, ranging from 1.2 to 9.3 Gy, were significant for the five SRSs
(p<0.01). For the whole bladder, the dose differences were significant for acute retention (4.4 Gy), late
retention (4.4 Gy) and late dysuria (9.3 Gy). A near-significant dose difference (p< 0.07) was found in

the prostatic urethra for acute and late grade>2 incontinence ( > 0.8 Gy). Figure 4 depicts the DVHs of



the SRSs and the whole bladder for the two groups of patients. The dose bins with significant

differences among the two populations are identified.

The code and template for generating the SRSs for an external patient are available as supplementary

material.

Predictive capabilities of the SRSs and whole bladder DVHs in the native spaces

The predictive capabilities of the mean dose and the DVHs for the five SRSs and the whole bladder are
shown in Table 2 (using the Cox model for late toxicity). The dose bins with the highest significant
AUC/ t-AUC are reported. The AUC calculated from the doses in the SRSs ranged from 0.62 to 0.81 for
the five symptoms (grade = 1 acute incontinence and retention, and late dysuria and retention), while
the doses to the whole bladder were predictive only for late dysuria (highest AUC=0.75) and late
retention (highest AUC=0.71). The results were confirmed when using the Fine-Gray model for late

toxicity, except for hematuria (Table A4).

The doses delivered in the SRSs were not predictive of grade=2 toxicity.

Clinical parameters associated with urinary toxicity

Table A5 shows the distribution of patient and treatment characteristics between the two groups
(patients with/without acute toxicity). The results of univariate analysis testing the impact of patient
and treatment parameters on acute toxicity are reported in Table A6; likewise for late toxicity using

the Cox model in Table A7 and using the Fine Gray model in Table A8.

Table A9 presents the significant dosimetric and/or clinical parameters parameters impacting on
acute and late urinary toxicity in multivariate analysis. The dosimetric impact of the doses to the SRSs
is confirmed. Mean dose to the SRS combined to baseline retention symptoms increased slightly the

late retention prediction capability (AUC=0.74), compared to mean dose to the SRS only (AUC=0.71).



DISCUSSION

A robust nonrigid registration strategy, coupled with voxel-wise comparisons, allowed us to
investigate the local dose-effect relationship for acute and 5-years late urinary toxicity after prostate
cancer RT. The dose on five SRSs located in the urethra and the bladder were identified as good
predictors for five grade =2 1 symptoms (acute incontinence and retention, late retention, dysuria and
hematuria). The predictive capabilities of these SRSs outperformed the predictive capabilities of the
whole bladder. To our knowledge, this is the first study to explicitly correlate the dose to specific
subregions of the bladder and the urethra with urinary toxicity, within a voxel-based framework.
Given that the data were collected from clinical trials, these results may be generalized to a large part

of the patient population.

Although the dose effect has been clearly demonstrated for rectal toxicity, its relationship with urinary
toxicity has not been fully unveiled (25, 26). Indeed, urinary symptoms are multifactorial and depend
on patient-specific clinical parameters (3-5, 27-30), individual biological patterns (3, 31-33) and
dosimetric parameters. Moreover, urinary toxicity events may occur late after RT, in contrast to late
gastro-intestinal toxicity which generally reaches a plateau after 3 years, suggesting that a longer

follow-up is required to properly estimate late urinary toxicity (30).

An increasing number of studies have investigated the dose-effect relationship with respect to GU
toxicity. Historically, the whole bladder’s DVH has been used in an attempt to explain radiation-
induced toxicities. Although some studies found a relationship between urinary toxicity (7, 27, 34-37),
others did not find any significant correlation (38, 39) This lack of homogeneity in the reported
relationship between urinary toxicity and bladder dose can be attributed to several factors (25). The
planning dose may not be representative of the actual dose delivered because of the high variability in
the interfraction bladder volume (40, 41). In this context, dose-surface histograms (DSH) have been

shown to be better dosimetry surrogates than DVHs for acute urinary toxicity (42). DSH appears also

10



stable with respect to bladder interfraction variations in the high-dose region (43). However, the
limited prediction capability of whole-bladder DVHs/DSHs may be related to the lack of spatial
information. Indeed, increasing evidence suggests that different bladder subregions might be linked
with different urinary functions (6, 7, 27, 44, 45). Historically, the simplest approach was to manually
delineate bladder subvolumes (7) or use a parameterized representation of the dose to the bladder
(27). Despite the limitations of these studies in terms of spatial accuracy, associations between the
trigone dose and late urinary side effects have been reported, thus raising questions concerning the

involvement of specific subregions in urinary toxicity.

Beyond the DVHs, 2D pixel-wise approaches based on dose-surface maps (DSMs) and 3D voxel-based
methods via DVMs have been recently proposed to describe the local dose-effect relationship. The
DSMs, representing a mapping of the dose delivered to the organ’s surface, are constructed by virtually
unfolding the organ in a slice wise manner. They have been used to explain rectal toxicity by extracting
dose features (46-48) and urinary toxicity by comparing pixel wise dose descriptors (6, 8, 44) . In total,
three studies used DSMs to investigate acute (8, 44) and late urinary toxicity (6). Concerning acute
toxicity analyzed by DSMs, urinary frequency/urgency was significantly related to the dose at 5-12
mm posterior to the bladder base, corresponding to trigone (44). Concerning late toxicity, another
DSM analysis (6) found incontinence to be related to the region lateral to trigone. They also reported
that the dose to the anterior-inferior and posterior-superior bladder surface was associated with

worsening of symptoms as measured by IPSS, dysuria, and hematuria.

Nevertheless, DSMs remain a 2D representation of the dose to the organs’ surface and are built for
each organ depending on its particular geometry. On the contrary, DVMs reflect the 3D dose delivered
to the entire volume without any prior assumptions on anatomical regions. Our study is the first to
explicitly correlate the 3D dose to the urethra with urinary toxicity following external beam radiation
therapy. Acute and late retention SRSs were found in the trigone and posterior part of the bladder.
Indeed, retention can be due to a reduced bladder contractility (detrusor muscle). Relationship
between the dose to the bladder trigone or high bladder-dose and obstructive side effects, has also

been reported in the literature (7, 27, 49). Dysuria (painful urination or difficulty urinating) SRS is also

11



mainly located in the posterior part of the bladder, partially in the trigone. Surprisingly, a SRS for
hematuria was found superiorly, at the bladder dome (a region which receives a relatively low dose, <
20 Gy), while bleeding classically related to high dose (3, 49, 50), and telangiectasia are mainly
observed in the bladder neck/trigone at the cystoscopy. Our results for dysuria and hematuria are
however in line with another DSM study (6). Incontinence appears related to the dose delivered to the
prostatic urethra. Indeed, incontinence may result from malfunctioning of the urethral sphincter (51).
A dosimetric association with urinary frequency could not be demonstrated in the present study,
although this symptom was strongly predicted by the baseline frequency (Table A9). Furthermore, any
SRS could be located in the superior-anterior part of the dome as this part of the bladder received a

dose close to zero (Figure 2).

One of the major advantages of the voxel-wise analysis is that the whole 3D volume can be explored
and compared without any prior knowledge of regions correlating with toxicity. However, our
approach relies on a multi-organ deformable image registration, which appears particularly
challenging given the high interindividual variability. Conventional interindividual CT registration
methods are not accurate enough for reliable anatomical mapping because of the low soft-tissue
contrast. To cope with this issue, we combined a structural description of the pelvic region using the
contours obtained within the clinical protocol (described in Appendix 2). Each step was thoroughly
validated, including the automatic segmentation of the urethra, thus increasing the reliability of dose
mapping. We propagated the SRSs found in the template back to each individual’s space and, as such
RT planning may be modified to spare specific subregions. The feasibility of reducing the dose in the
SRSs, while preserving the dose to the PTV, still requires demonstration. This goal seems achievable
when dealing with SRSs distant from the PTV (such as hematuria SRS) but much more difficult when

SRSs are located inside or close to the PTV (such as incontinence SRS).

Our study presents some limitations. The results must be carefully interpreted, as a correlation
between local dose and toxicity does not necessarily mean causality, especially given the paucity of
events for certain endpoints. Second, we failed to find a spatial dose-effect relationship for some

symptoms, in particular for grade = 2 toxicity. Although this may imply the absence of specific SRSs for

12



these symptomes, it can also be due to the limited follow-up or to the patient-specific parameters that
affect toxicity and were not taken into account or to the limited follow-up. Furthermore, the predictive
performance of our model has been internally validated (via bootstrapping) on the same subjects used
to construct the model. External cohorts are therefore required to validate the results. Finally,
statistical analyses were performed on the planning dose distribution, which can differ from the actual
delivered dose (40, 41). Daily 3D imaging, such as CBCT, could be used to compute cumulated doses,

thereby confirming some of the SRSs’ implication in toxicity (52).

CONCLUSION

A voxel-wise analysis allowed the identification of urethro-vesical SRSs, whose irradiation appears
highly correlated to specific urinary side effects after prostate cancer RT. The dose received by these

SRSs was more predictive than the dose to the whole bladder.
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Table and figure legends

Table 1. Dose differences between patients with/without acute (A) and late (B) urinary toxicity
in the whole bladder, the prostatic urethra and the symptom-related subregions (SRSs) in the

native space of the patients

SRS: Symptom-related subregion; SD: Standard deviation, SE: Standard error; NS: not significant (p >
0.05)

Each SRS represents the subregion for the corresponding symptom (when identified). The Wilcoxon
test has been used to calculate the p-values. The doses are not given for grade = 2 acute incontinence

and hematuria and late dysuria and hematuria due to the absence or very low number of events.

Table 2. Urinary toxicity prediction capability of the mean dose and the DVH for the whole
bladder and the identified symptom-related subregions (SRSs) in the native space of the

patients

SRS: Symptom-related subregion; OR: Odds ratio; HR: Hazard ratio; CI: Confidence interval; AUC: Area
under the ROC curve; t-AUC: time-dependent area under the ROC curve; NS: not significant (p > 0.05);

*DVH bin with the highest AUC and range of bins with statistically significant p value(< 0.05)

Univariate analysis was performed using logistic regression for acute toxicity and Cox regression for
late toxicity. The predictive performance for acute toxicity was estimated using the area under the ROC
curve. The predictive performance for late toxicity was estimated at 5-years using the area under the

time-dependent ROC curve (t-AUC). Doses were not found predictive for grade 2 2 toxicity.

Figure 1. Workflow of the study in 7 steps
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Figure 2. Symptom-related subregions (SRSs) of statistically significant dose differences

between patients with/without toxicity in the common coordinate system (CCS)

A=anterior; P=posterior; R=right; L=left; A: difference

Sagittal and coronal views of the template showing the identified SRSs for five symptoms (grade = 1),
as defined with permutation tests (corrected p-value <0.2). On the left is shown the dose distribution
to the bladder and the urethra for patients with/without toxicity. The dose displayed in each voxel
corresponds to the mean dose of each population. The mean (standard deviation) dose received by the
whole SRSs in each population is given in the figure. On the right is shown the mean dose difference to
the bladder and the urethra (sagittal and coronal views). The white rectangle indicates the region of

the template’s trigone.

Figure 3. Identified symptom-related subregions (SRSs) in the in the common coordinate

system (template)

A=anterior; P=posterior; R=right; L=left

The symptoms correspond to grade = 1 toxicity. The corresponding video shows a 3D representation

of the SRSs.

Figure 4. Dose-volume histograms of patients with and without urinary toxicity for the whole

bladder and the symptom-related subregions (SRSs) in the native space

The red and green curves represent the average DVHs of the patient with/without toxicity,
respectively, in the SRSs (continuous lines) and in the whole bladder (dashed lines). The symptoms
correspond to grade = 1 toxicity. The shadowed region indicates the dose bins where the dose for the
group with toxicity is significantly higher than the group without toxicity (Man-Whitney U test; p <

0.05).
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Table 1. Dose differences between patients with/without acute (A) and late (B) urinary toxicity in the whole bladder, the prostatic urethra and
the symptom-related subregions (SRSs) in the native space of the patients

A: Acute urinary toxicity

Grade> 1
Endpoints Regions Dose of pts with toxicity Dose of pts without toxicity Dose difference p value
(mean +SD, Gy) (mean +SD, Gy) (mean + SE, Gy)
Whole bladder 39.5+15.8 35.3+14.4 4.2 +6.05 NS
Hematuria Prostatic urethra 77.9+0.4 78.5+0.5 -0.6+0.2 NS
SRS - - - -
Whole bladder 37.5+154 38.1+14.9 -0.6+23 NS
Dysuria Prostatic urethra 78.3+0.5 78.5%0.5 -0.3+£0.1 NS
SRS - - - -
Whole bladder 40.4+14.6 36+15.3 44+23 0.03
Retention Prostatic urethra 78.4 +0.3 78.4+0.4 -0.05+0.1 NS
SRS 73.5+6.4 70.9+8.9 26+1.2 <0.01
Whole bladder 35.6+14.8 34.7+12.8 0921 NS
Frequency Prostatic urethra 78.5%0.7 78.5 £0.7 0 NS
SRS - - - -
Whole bladder 31.3+6.5 35.7+14.7 -44+1.9 NS
Incontinence Prostatic urethra 79.3+1.2 78.5 £ 0.9 0.8+0.5 0.06
SRS 799+1.4 78.7+1.5 1.2+0.3 <0.01
Grade> 2
Whole bladder 35.5+17.3 3815 -2.5+4.9 NS
Dysuria Prostatic urethra 78.5 +0.5 78.2+0.4 0.3+0.2 NS
SRS - - - -
Whole bladder 38.8+15.8 37615 1.2+29 NS
Retention Prostatic urethra 78.2+ 0.3 785+ 0.4 -0.3+0.1 NS
SRS - - - -
Whole bladder 36.6 £14.7 35+14.3 1.6+2 NS
Frequency Prostatic urethra 78.6+£0.8 78.4+£0.7 0.2+0.1 NS
SRS - - - -




B. Late urinary toxicity (at 5 years)

Grade2> 1
Endpoints Regions Dose of pts with toxicity Dose of pts without toxicity Dose difference p value
(mean + SD, Gy) (mean + SD, Gy) (mean + SE, Gy)
Whole bladder 38.7+11.5 39.8+134 -1.1+2.8 NS
Hematuria Prostatic urethra 77.7+1.1 78.1+£0.6 -0.4 0.7 NS
SRS 18.3+11.8 13.7+13.4 46929 0.04
Whole bladder 50.1+10.1 40.8+12.9 9.3+2.8 <0.01
Dysuria Prostatic urethra 78+0.3 77.9 £0.5 0.1104 NS
SRS 65.4+7 56.8 + 10.0 85+2 <0.01
Whole bladder 46 +13.9 41.6+125 4.4+2.7 0.05
Retention Prostatic urethra 78.1 £0.4 78 £0.6 0.06+0.1 NS
SRS 36.3+16.4 27.1+13.1 9.3+3 <0.01
Whole bladder 38.9+13.6 40.4 +13.7 -14+24 NS
Frequency Prostatic urethra 78.2+0.7 78.2 0.6 0.02+0.1 NS
SRS - - - -
Whole bladder 38+12.6 40.4+13.3 24126 NS
Incontinence Prostatic urethra 78.2+1 78 £0.5 0.2+0.5 NS
SRS - - - -
Grade> 2
Whole bladder 42.2+133 39.6+13.1 26+35 NS
Retention Prostatic urethra -0.3#0.3 77.9 £0.5 78.1 £0.6 NS
SRS - - - -
Whole bladder 38.6+12 40.4 +13.51 -1.8+2.8 NS
Frequency Prostatic urethra 78.510.6 78+ 0.6 0.5+0.2 NS
SRS - - - -
Whole bladder 36.2+13.4 40.3+13.1 -4.1+4.9 NS
Incontinence Prostatic urethra 78.8+0.6 77.9 £ 0.6 0.9+0.2 0.07
SRS - - - -

SRS: Symptom-related subregion; SD: Standard deviation, SE: Standard error; NS: not significant (p > 0.05)




Each SRS represents the subregion for the corresponding symptom (when identified). The Wilcoxon test has been used to calculate the p-values. The
doses are not given for grade > 2 acute incontinence and hematuria and late dysuria and hematuria due to the absence or very low number of
events.



Table 2. Urinary toxicity prediction capability of the mean dose and the DVH for the whole bladder and the identified symptom-related

subregions (SRSs) in the native space of the patients

Acute toxicity (grade=1)

Mean Dose DVH
Endpoints | Regions | ,\;1ye OR (95% Cl) AUC (95% Cl) | Most predictive DVH bin | p value OR(95%Cl) | Auc(95% CI)
(range of predictive bins)*
Q’IV Z‘;'e NS - - V79 (V77-V79) 0.052 | 1.06(1.01-1.13) |0.60 (0.51-0.67)
Retention adaer
SRS 0.04 1.06 (1.01-1.2) | 0.62 (0.56-0.68) V72 (V63-V79) 0.01 1.02 (1.01-1.04) |0.62 (0.55-0.68)
t:’lv Z‘;'e NS - - - NS - -
Incontinence adaer
SRS <0.01 2.1(1.27-3.43) | 0.74 (0.66-0.81) V80 (V80-V83) 0.04 1.02 (1.01-1.04) |0.73 (0.67-0.81)
Late 5-years toxicity (grade=1)
Mean Dose DVH
Endpoints | Regions p value HR (95% ClI) t-AUC (95% CI) Most predictive DVH bin p value HR (95% Cl) t-AUC (95% CI)
(range of predictive bins)*
Whole <0.01 | 1.05(1.01-1.09) | 0.75 (0.66-0.84) V67 (V5- V78) <0.01 | 1.03(1.01-1.05) |0.72 (0.63-0.82)
. bladder
Dysuria
SRS <0.01 1.1(1.04-1.17) | 0.8(0.71-0.88) V52 (V32 - V76) <0.01 1.05 (1.02-1.08) |0.81 (0.72-0.90)
Whole <0.01 | 1.03(1.01-1.06) | 0.66 (0.58-0.75) V19 (V4-V78) <0.01 1.02 (1-1.04) |0.67 (0.59-0.75)
: bladder
Retention
SRS <0.01 | 1.04(1.02-1.05) | 0.71(0.63-0.78) V35 (V7-V76) <0.01 1.02 (1.01-1.02) |0.70(0.62-0.77)
Whole
| bladder NS - - V7 (V6-V18) 0.04 1.04 (1-1.07) |0.65 (0.55-0.75)
Hematuria
SRS 0.04 1.02 (1.01-1.04) | 0.64 (0.55-0.73) V17 (V5-V25) <0.01 | 1.02(1.01-1.04) |0.67 (0.56-0.77)

SRS: Symptom-related subregion; OR: Odds ratio; HR: Hazard ratio; Cl: Confidence interval; AUC: Area under the ROC curve; t-AUC: time-dependent area under
the ROC curve; NS: not significant (p > 0.05); *DVH bin with the highest AUC and range of bins with statistically significant p value(< 0.05)




Univariate analysis was performed using logistic regression for acute toxicity and Cox regression for late toxicity. The predictive performance for acute toxicity
was estimated using the area under the ROC curve. The predictive performance for late toxicity was estimated at 5-years using the area under the time-
dependent ROC curve (t-AUC). Doses were not found predictive for grade > 2 toxicity.





