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A B S T R A C T   

Background and purpose: Significant deviations between bladder dose planned (DP) and dose accumulated (DA) 
have been reported in patients receiving radiotherapy for prostate cancer. This study aimed to construct 
multivariate analysis (MVA) models to predict the risk of late genitourinary (GU) toxicity with clinical and DP or 
DA as dose-volume (DV) variables. 
Materials and methods: Bladder DA obtained from 150 patients were compared with DP. MVA models were built 
from significant clinical and DV variables (p < 0.05) at univariate analysis. Previously developed dose-based- 
region-of-interest (DB-ROI) metrics using expanded ring structures from the prostate were included. 
Goodness-of-fit test and calibration plots were generated to determine model performance. Internal validation 
was accomplished using Bootstrapping. 
Results: Intermediate-high DA (V30-65 Gy and DB-ROI-20–50 mm) for bladder increased compared to DP. However, 
at the very high dose region, DA (D0.003 cc, V75 Gy, and DB-ROI-5–10 mm) were significantly lower. In MVA, single 
variable models were generated with odds ratio (OR) < 1. DB-ROI-50 mm was predictive of Grade ≥ 1 GU 
toxicity for DA and DP (DA and DP; OR: 0.96, p: 0.04) and achieved an area under the receiver operating curve 
(AUC) of > 0.6. Prostate volume (OR: 0.87, p: 0.01) was significant in predicting Grade 2 GU toxicity with a high 
AUC of 0.81. 
Conclusions: Higher DA (V30-65 Gy) received by the bladder were not translated to higher late GU toxicity. DB-ROIs 
demonstrated higher predictive power than standard DV metrics in associating Grade ≥ 1 toxicity. Smaller 
prostate volumes have a minor protective effect on late Grade 2 GU toxicity.   

1. Introduction 

High-risk prostate cancer (HR-PCa) accounts for about 15 % of all 
prostate cancer diagnosis with a higher likelihood of metastatic relapse 
after definitive treatment [1,2]. The application of modern radiotherapy 
(RT) technologies indicates that dose escalation and hypofractionated 
regimens have the potential to improve biochemical disease-free sur-
vival in HR-PCa [3,4]. Often, the bladder constraints can be achieved on 
the dose-volume histogram (DVH) metrics using the planning CT (pCT) 
acquired when the patient follows a bladder filling protocol to displace 
the bowels from the high dose region [5]. However, these treatment 
plans generated on static pCT, do not account for volumetric variations 

of the bladder during treatment [6]. Reported genitourinary (GU) 
toxicity remains high, especially in patients with HR-PCa which requires 
prophylactic pelvic lymph nodes (PLNs) irradiation as the bladder is 
positioned between the PLNs [7]. 

Inter-fractional volumetric changes during the course of RT could 
affect the actual dose received by the target volumes and surrounding 
organs at risk (OARs) [8–10]. To date, most of the reported studies 
involve the prostate only as the target volume and use the dose planned 
(DP) as dose-volume (DV) variables for associations with GU toxicity 
[11,12]. There is limited work being performed using dose accumulated 
(DA) as DV variables in the setting of HR-PCa with PLNs irradiation 
[12,13]. Additionally, the cohort size in these published works were 
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small. The lack of robust data in this aspect could be due to the time- 
consuming and resource-intensive nature of constructing and stream-
lining a dose accumulation workflow [14,15]. The developed and vali-
dated dose accumulation workflow from our previous work was used to 
generate the accumulated dose (DA) for the bladder, employing the 
patient’s daily CBCT images [16]. Apart from the DV component, GU 
toxicity has been reported to be influenced by clinical variables such as 
patient-related factors, medications, and the occurrence of acute GU 
toxicity within three months from RT [17–20]. 

In this study, we hypothesise that the multivariate analysis (MVA) 
models generated using DA for the DV component are more predictive 
than DP in determining the occurrence of late Grade ≥ 1 and Grade 2 GU 
toxicity in HR-PCa. None of the patients in this study experienced Grade 
3 and 4 GU toxicity. The goals of this study were firstly to evaluate the 
DV differences between DA and DP for the bladder. Secondly, MVA 
models with the toxicity endpoints of developing late Grade ≥ 1 and 2 
GU toxicity were independently assessed using either DA or DP and the 
clinical variables. 

2. Materials and methods 

In this study, a total of 150 HR-PCa patients with prophylactic PLNs 
irradiation treated in our institution from January 2016 to December 
2019 were retrospectively recruited. The median follow-up (FU) for the 
entire cohort was 57 months, ranging from 31.8 to 77.0 months. Ethics 
approval was obtained from the centralized institutional review board 
(CIRB ref: 2019/2018). Table 1 presented patients’ clinical variables, 
acute and late toxicity profiles. Similar methodology has been adopted 
from previous publication based on clinical and DV associations with 
late gastrointestinal (GI) toxicity [21]. 

2.1. CT-Simulation and treatment planning 

Patients were simulated in a supine position with arms on their chest 

using a leg immobilizer. Before CT-simulation and each RT session, 
patients were advised to adhere to the bladder filling protocol (2–3 cups; 
400–600 ml of water, 30-60mins) and were encouraged to empty their 
bowels. CT-simulation was undertaken with 2.5 mm slice thickness 
(120kVp, GE LightSpeed RT 16). Clinical target volumes (CTVs) were 
defined as the prostate, seminal vesicles (SVs), PLNs with superior 
extend at L5/S1 interspace for phase 1 (Ph1), and a coned down CTV for 
phase 2 (Ph2) defined as the prostate and proximal 1 cm of the SVs. 
Planning target volumes (PTVs) comprised of an anisotropic expansion 
margins of 5 mm posteriorly and 5–8 mm to all other directions from the 
CTVs. Dose prescriptions comprising of 46–54 Gy (23–27 fractions) and 
an additional 24–28 Gy (12–14 fractions) were prescribed to Ph1 and 
Ph2 respectively. Both phases were planned using 10 MV energy, dual 
arc Volumetric Modulated Arc Therapy (VMAT) technique. 

2.2. Dose based-region of interest (DB-ROI) 

DB-ROI structures were created using an automated process utilizing 
a customized workflow in MIM (MIMVista® v6.9, MIM Software Inc., 
Cleveland OH USA) [22] (refer to supplemental Fig. S1). The mean dose 
derived from the novel DB-ROI method was used as DV variables 
together with the standard DV values in MVA. This method accounted 
for the volumetric changes of the bladder at a fixed distance from the 
prostate surface, thereby minimizing the uncertainties in defining the 
bladder trigone where correlation with GU toxicity has been reported 
[23]. 

2.3. Dose accumulation workflow 

A customized dose accumulation workflow that was able to accom-
modate two sequential treatment phases using MIM was developed. 
Details of the workflow building and validations of the deformable 
image registration (DIR) algorithm have been previously described [22]. 
The generation of DA was based on patients’ daily CBCT scans acquired 
as part of their target localization procedure before treatment delivery. 
The scans were acquired in a half-fan mode (45 cm field-of-view, 120 
kVp) scan, and reconstructed to 2.5 mm slice thickness (Varian on-board 
imaging v2.1, Varian Medical Systems, Palo Alto, CA). 

2.4. GU toxicity assessment and documentation 

Late GU toxicity was recorded after three months post-RT, six- 
monthly for five years followed by yearly thereafter. In this study, the 
incidence of maximum toxicity grading for Grade ≥ 1 and 2 GU toxicity 
defined at two years post-RT FU were used as the examined clinical 
toxicity endpoints. Grade ≥ 1 and Grade 2 toxicity are defined as pa-
tients having mild-severe (Grade 1–2) and severe (Grade 2 only) late GU 
toxicity respectively. Previously toxicity records graded using the Ra-
diation Therapy Oncology Group (RTOG) criteria were reviewed and re- 
graded by the National Cancer Institute Common Terminology Criteria 
for Adverse Events (version 4.03; CTCAE) by the radiation oncologist 
from the study team. The GU toxicities were defined as urinary fre-
quency, urinary urgency, urinary incontinence, and cystitis. 

2.5. Statistical analysis and modelling 

The primary clinical outcome of this study was the occurrence of 
Grade ≥ 1 and 2 GU toxicity measured at two years post-RT FU. 
Descriptive statistics (e.g., means ± standard deviation, medians with 
interquartile ranges) were calculated. For the DV analysis comparing DP 
and DA values, a parametric two-sided t-test was used after performing a 
normality test using the Shapiro-Wilk test and evaluated visually with 
QQ-plots and histograms. A p-value of < 0.05 was deemed significant. 
Highly correlated variables tested using Pearson correlation test (r ≥
0.8) were removed. Univariate logistic analysis (UVA) was performed on 
individual clinical and DV variables to define associations with late 

Table 1 
Patient’s clinical variables, acute and late toxicity profiles. The numbers in 
brackets are percentages rounded down to the nearest integer.  

Clinical variables N ¼ 150 cases 

Age at diagnosis, yrs.; mean [±SD] 71 [6] 
BMI, kg/m2; mean [±SD] 25 [3.8] 
Gleason score; mean [±SD] 8 [1] 
≤ 7 (%); > 7 (%); Not known (%) 62 (42); 86 (57); 2 (1) 
cT-stage (AJCC 8th edition) 
≤ 2b; > 2b (%) 75 (50); 75 (50) 
Baseline PSA (ng/mL); mean [±SD] 35 [48] 
Medications 
Anti-hypertensive (%) No; Yes 76 (51); 74 (49) 
Metformin (%) No; Yes 117 (78); 33 (22) 
Statins (%) No; Yes 98 (65); 52 (35) 
TURP (%) No; Yes; Not known 136 (90); 13 (9); 1 (1) 
ADT (%) ≤ 6 months; > 6 months 39 (26); 111 (74) 
RT prescription (%) ≤ 74 Gy; > 74 Gy 88 (59); 62 (41) 
Organ volumes 
Prostate vol. (cm3); mean [±SD] 36.8 [19] 
Bladder vol. (cm3); mean [±SD] 209 [88.9] 
Overall acute toxicity (%) 
Grade 0–1; Grade 2 118 (79); 37 (25) 
Late toxicity (%) 
Urinary frequency Grade 1; Grade 2 6 (4); 3 (2) 
Urinary urgency Grade 1; Grade 2 8 (5); 1 (1) 
Urinary incontinence Grade 1; Grade 2 15 (10); 2 (1) 
Cystitis Grade 1; Grade 2 12 (8); 5 (3) 
Overall late toxicity (%) 
Grade 0–1; Grade 2 41 (27); 11 (7) 

Abbreviations: BMI = body mass index, AJCC = American Joint Committee on 
Cancer antigen, PSA = prostate specific antigen; TURP = transurethral resection 
of the prostate; ADT = androgen deprivation therapy; GU = genitourinary; SD =
standard deviation. 
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clinical endpoints. For the DV variables, DA and DP were being analysed 
separately with the defined GU toxicity. Variables with p-values of <
0.05 were statistically significant [24,25]. Significant variables at the 
UVA level were used for the subsequent MVA using an enter/remove 
method to identify the independent predictors for the final MVA model, 
whereby p < 0.05 was considered statistically significant [26]. Results 
were reported as odds ratios (OR), 95 % confidence intervals (CIs), and 
p-values. 

Model performance was measured for its calibration results and 
discriminative ability. For model calibration, the Hosmer-Lemeshow p- 
value (p-HL) goodness of fit test was used to generate the calibration 
plot. The observed outcomes were divided into quartiles to obtain the 
observed probabilities and were plotted against the predicted proba-
bilities for binary dependent variables [20]. The ability of the models to 
distinguish patients with the defined clinical outcomes was evaluated 
using the area under the receiver operating characteristic curve (AUC). 
An ideal correlation corresponds to an AUC of 1. An AUC of ≥ 0.6 and 
minimum 95 % CI ≥ 0.5 was considered statistically significant [27]. 
Internal validation was accomplished using bootstrapping, in which 
resampling with replacement techniques was performed 1000 times on 
the original dataset and recalculated during the variable selection pro-
cess adjusting for model optimism [19,28]. Best fit predictors with 95 % 
CI were obtained. All analyses were performed using SPSS statistics (IBM 
Corp. v27.0. Armonk, NY) and R software (https://www.r-project.org/, 
version 4.0, Vienna, Austria). 

3. Results 

3.1. Dose-volume analysis between DA and DP for the bladder 

For the bladder, Dblad
Dmean Gy and Dblad

V30− 65 Gy for DA was significantly 

higher than DP except at the very high dose region (Dblad
D0.03 Gy and Dblad

V75 Gy) 
whereby the dose calculated for DP was significantly higher (p < 0.001) 
(refer to Table 2). On average, a dose difference of>4 Gy for DA could be 
seen at the intermediate dose region (Dblad

V35− 45Gy). 

3.2. Dose-based ROI analysis between DA and DP for the bladder 

The absolute mean DV values for bladder DA, DP and the difference in 
dose (DA - DP), Gy were calculated for all patients per ROI. Dblad

ROI 5− 50 mm 

were shown in Table 3. For Dblad
A ROI 20− 50 mm , the obtained dose difference 

was significantly higher as compared to DP (DA - DP, p < 0.001). The 
greatest dose difference of 2.9 ± 3.4 Gy was observed at Dblad

A ROI 25 mm. At 
Dblad

ROI 5− 10 mm region, DA on average was significantly lower compared to 
DP (p < 0.001). 

3.3. MVA modelling and model performance evaluation 

For MVA modelling, clinical variables were evaluated separately 
with the DV variables DA and DP respectively based on the significant 
predictors found in UVA (refer to supplemental Table S1). Three sta-
tistically significant single variable models (p < 0.05) were achieved, 
correlating to the development of late Grade ≥ 1 and 2 GU toxicity (see 
Table 4). All the obtained models have an OR < 1 for the defined clinical 
endpoints. The models demonstrated good performance by attaining an 
AUC of ≥ 0.6, with Model 2 having the highest AUC of 0.81 (see 
Table 5). Similarly, the models were also well-calibrated whereby the 
obtained p-HL values were ≥ 0.05, indicating that the predicted prob-
ability is comparable to the actual observed events as demonstrated in 
Fig. 1. 

3.4. MVA regression analysis for Grade ≥ 1 and 2 GU toxicity at 2 years 
post-RT FU 

For Grade ≥ 1 GU toxicity, Dblad
ROI 50 mm was the only significant DV 

predictor for Model 1 and 1a with DA and DP respectively (p < 0.05), 
although DA achieved a slightly higher mean dose of 0.9 Gy compared to 
DP (refer to Table 4). An OR of < 1 was obtained for Model 1 and 1a, 
indicating that there was a marginal prophylactic effect for low dose on 
the risk of Grade ≥ 1 GU toxicity. For Grade 2 GU toxicity in Model 2, 
every 1 cm3 increment in prostate volume has a corresponding 13 % 
reduction in toxicity event. None of the DV predictors were significant in 
defining this clinical outcome. 

Table 2 
Evaluation of planned and accumulated bladder dose based on dose-volume metrics. Mean dose difference between the accumulated and planned were presented.  

Parameters DP(±SD), Gy/% DA(±SD), Gy/% DA- DP(±SD), Gy/% p - value 

Dmean [Gy] 47.3 (6.1) 48.7 (6.6) 1.4 (2.1) p < 0.001 
D0.03 cc [Gy] 79.2 (2.1) 78.1 (2.0) − 1.1 (0.4) p < 0.001 
V30 Gy [%] 83.6 (14.8) 87.1 (14.0) 3.5 (4.2) p < 0.001 
V35 Gy [%] 71.8 (15.5) 76.2 (16.1) 4.4 (5.2) p < 0.001 
V40 Gy [%] 59.2 (14.8) 64.0 (16.8) 4.8 (5.6) p < 0.001 
V45 Gy [%] 48.8 (14.3) 52.7 (16.9) 4.0 (5.8) p < 0.001 
V50 Gy [%] 39.1 (14.3) 42.6 (16.7) 3.5 (5.6) p < 0.001 
V55 Gy [%] 31.7 (13.5) 34.5 (15.8) 2.8 (5.2) p < 0.001 
V60 Gy [%] 26.0 (12.3) 27.9 (14.3) 2.0 (4.7) p < 0.001 
V65 Gy [%] 20.9 (10.7) 21.9 (12.2) 1.0 (4.1) p < 0.001 
V70 Gy [%] 16.3 (8.8) 16.1 (9.7) − 0.2 (3.5) p = 0.48 
V75 Gy [%] 10.6 (6.2) 8.6 (6.4) − 2.0 (2.9) p < 0.001 

Abbreviations: DA= mean dose accumulated, DP= mean dose planned; SD = standard deviation; Dmean = mean dose; Dx [Gy] = dose [Gy] received by the specified ×
volume (%); Vx [%] = volume of the organ [%] receiving the specified × dose (Gy).  

Table 3 
Evaluation of accumulated and planned dose delivered to bladder ROIs. Mean 
dose difference between the accumulated and planned were presented.  

Bladder (mm) DP(±SD), Gy DA(±SD), Gy DA- DP(±SD), Gy p-value 

5 77.5 (1.9) 77.0 (2.2) − 0.5 (1.0) p < 0.001 
10 76.4 (2.5) 74.8 (3.2) − 1.6 (1.8) p < 0.001 
15 69.5 (4.5) 69.1 (4.8) − 0.4 (2.9) p = 0.13 
20 58.8 (5.4) 61.1 (5.7) 2.3 (3.4) p < 0.001 
25 50.7 (5.6) 53.5 (5.9) 2.9 (3.4) p < 0.001 
30 45.2 (5.8) 47.6 (6.0) 2.4 (3.0) p < 0.001 
35 41.4 (5.9) 43.2 (6.0) 1.8 (2.6) p < 0.001 
40 38.0 (6.6) 39.4 (6.7) 1.4 (2.2) p < 0.001 
45 35.7 (6.9) 36.5 (7.4) 1.1 (2.0) p < 0.001 
50 32.5 (9.2) 33.4 (9.2) 0.9 (1.8) p < 0.001 

Abbreviations: ROI = region of interest; DA = mean dose accumulated, DP=

mean dose planned; SD = standard deviation.  
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4. Discussions 

This study hypothesised that MVA models obtained using DA as the 
DV component are more predictive than DP in associating with late GU 
toxicity. This is one of the largest studies to date using VMAT technique 
and with DA obtained from a customized automated workflow to ac-
count for patient’s inter-fractional organ motion, in addition to patient’s 
clinical variables for model construction. 

For Models 1 and 1a, the risk of developing Grade ≥ 1 late GU 
toxicity was reduced moderately with the corresponding increase in 
dose received by the Dblad

ROI 50 mm (low-intermediate range) for both DA and 
DP [29]. This could be due to a prophylactic effect of low dose on GU 
toxicity. However, Marcello et al. [30] conducted a study on 1071 men 
treated using 3D RT found that low-intermediate doses to the extrap-
rostatic urethra were associated with the risk of developing late GU 
toxicity. The findings contrasted with our findings as urethra was not 
contoured and assessed in this study and moreover, the occurrence of 
late GU toxicity has been reported to be beyond 2 years [31]. In the DV 
analysis phase, DA for the bladder was significantly higher for most of 
the dose range for Dblad

V30− 65 Gy and Dblad
ROI 20− 50 mm. This could be due to an 

overall reduction in bladder volume throughout RT, thus resulting in a 
larger volume of the bladder being bathed in the PLNs dose range [13]. 
This observation validated the results reported in our recently published 
work demonstrating the correlations between dose received by OARs 

and the volumetric changes using patients’ CBCTs on 20 HR-PCa pa-
tients [16,22]. Despite having a bladder filling protocol in place, 
maintaining bladder consistency during RT is challenging due to factors 
such as patient hydration status, co-morbidities (e.g., diabetes), and the 
intake of diuretics [5]. As compared to the bladder DP, higher values for 
bladder DA obtained for BD-ROI metrics do not contribute to an 
enhanced risk of late Grade ≥ 1 GU toxicity in this study. These findings 
are corroborated by studies involving full bladder protocols in conven-
tionally fractionated RT for PCa [6,32]. 

For Model 2, none of the DV variables were significant in predicting 
late Grade 2 GU toxicity. This finding might be due to the low toxicity 
rates (n = 11) in this study contributed by the use of inverse planning 
technique with optimal OARs sparing [33] and the high tolerability of 
the bladder tissues to radiation [34]. Moreover, other co-factors such as 
patient’s genomic and proteomic features might play an important role 
in the risk of developing GU toxicity [35]. Prostate volume was the only 
significant clinical predictor that has shown to have a minor protective 
effect on the risk of developing late Grade 2 GU toxicity. Studies 
investigating the impact of pre-treatment prostate volumes on GU 
toxicity found that larger prostate volumes (median > 50 cm3) correlate 
to higher rates of acute GU toxicity, but symptoms were resolved within 
a year [36,37]. In this study, the smaller prostate volumes observed 
(mean: 36.8 cm3, SD: ± 19 cm3) could be due to the routine use of 
neoadjuvant ADT as the standard of care for patients with HR-PCa 

Table 4 
Resultant single variable models generated from MVA. Odds ratio with 95% confidence interval were presented.  

MVA Models Clinical and DA or DP Variables OR 95 % CI p-value 

Model 1 DA, Grade ≥ 1 Dblad
A ROI 50 mm (Gy)

0.96 0.93 – 0.99 P = 0.04 

Model 1a DP, Grade ≥ 1 Dblad
P ROI 50 mm (Gy)

0.96 0.93 – 0.99 P = 0.04 

Model 2 Grade 2 Prostate volume  0.87 0.79–0.96 P = 0.01 

Abbreviations: DA = dose accumulated; DP = dose planned; ROI = region of interest; OR = odds ratio; 

Table 5 
Mean area under the ROC curve (AUC) obtained for each model to evaluate model performance of the MVA models.  

MVA Models Model performance 

Clinical vs DA or DP p-HL R2 AUC p-value 95 % CI Sensitivity 1-Specificity 

Model 1 DA, Grade 1  0.65  0.04  0.63 p < 0.01 0.53–0.73  0.71  0.45 
Model 1a DP, Grade 1  0.37  0.04  0.62 p < 0.05 0.52–0.73  0.71  0.46 
Model 2 Grade 2  0.77  0.23  0.81 p < 0.001 0.72–0.90  0.91  0.32 

Abbreviations: MVA = multivariate, DA = dose accumulated, DP = dose planned, GI = gastrointestinal; p-HL = Hosmer-Lemeshow p-values for goodness of fit test; 
AUC = area under the receiver operator curve; R2 

= Pseudo R2. 

Fig. 1. Calibration plots (predicted vs observed probabilities) for Grade ≥ 1 (A) and Grade 2 GU toxicity (B). The 45◦ dotted line represents the reference line where 
y = x. 
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[38,39]. This is in parallel to studies reporting that a corresponding 
reduction in Grade ≥ 2 GU toxicity has been observed in patients with 
neoadjuvant RT as compared to patients treated with RT alone [40,41]. 

There were several limitations to this study. Firstly, the toxicity 
outcomes were physician-reported rather than patient-reported (PROs). 
The rates of underestimation of the actual Grade ≥ 1 and Grade 2 GU 
toxicity may be present as there is a low agreement between physician 
and patient-reported symptoms [42]. Although a combination of PROs 
and physician-reported outcomes is the ideal standard of care when 
reporting RT-induced toxicity, the actual implementation remains a 
challenge as it is resource-intensive [43]. As the majority of the toxicity 
reporting is currently based on a standardized comprehensive system for 
reporting adverse events (e.g., CTCAE, RTOG, etc.) ([44], results ob-
tained from our study are applicable across similar HR-PCa cases using 
inverse planning techniques. Secondly, DV metrics of the urethra were 
not available for analysis as this structure was not routinely contoured in 
prostate cases with conventional fractionation in our institution. While 
an increased in dose to the urethra has a corresponding effect on GU 
toxicity [45], dose prescription in the study cohort do not exceed 80 Gy 
and the dose distribution is homogeneous, with very small volumes of 
higher doses/ “hot spots” within the prostate gland. Therefore, the as-
sociation of the urethra DV variables on GU toxicity in MVA should be 
low. Lastly, the use of DV-based metrics in MVA do not provide any 
geometrical information as every region of the OARs are considered 
equally critical, unlike the use of voxel-based metrics [46,47]. However, 
the utilization of DV-based metrics as the DV variable in correlating with 
toxicity outcomes were commonly used, thereby enabling a robust 
comparison across various institutions [17,21]. 

One of the main strengths of this study includes the use patient’s 
daily CBCTs images (5761 images) to generate DA for the prostate and 
bladder, thus accounting for the inter-fractional organ motion that 
might affect the actual dose received for MVA. Although the results are 
not significant, the obtained single variable models can draw several 
important decisions to guide future dose escalation and hypofractiona-
tion strategies. For instance, like the rectum, the bladder behaves 
prevalently as a serial organ, thus is more sensitive to small volumes 
receiving high doses [48]. The dose range received by bladder V75 Gy for 
DA and DP is well below our departmental planning dose constraint of ≤
25 % [49]. Therefore, keeping within this dose limit, in addition to an 
acceptable bladder filling protocol and a robust image-guided RT 
workflow while performing dose escalation is highly recommended 
[11,50]. Another point worth mentioning will be the higher DA at the 
intermediate to high dose region (Dblad

V30− 65 Gy and Dblad
ROI 20− 50 mm). Despite 

having a statistically significant dose differences, this result was not 
translated to late GU toxicity. Therefore, institutions could consider an 
acceptable bladder filling protocol, incorporating the use of IGRT for 
patients with difficulty in achieving a desired bladder filling volume. 
Lastly, the alternative DB-ROI method is a stronger predictor compared 
to the standard DV metrics in correlating with GU toxicity in the final 
MVA although the results were not significant. None of the DV metrics 
were selected during MVA. Moving forward, this study could be 
expanded to incorporate the use of dose surface maps (DSM) analysis 
with spatial information for the model-building to improve spatial 
dose–response correlations [51]. In addition, work is in progress to 
apply this model to determine the feasibility of performing dose esca-
lation or hypofractionated regimens as well as incorporating advanced 
modalities, such as proton therapy to enhance the patient’s therapeutic 
ratio. 

In conclusion, we have demonstrated that firstly, the use of DB-ROIs 
as surrogates for DV metrics is more predictive in MVA. Secondly, sig-
nificant inter-fractional variations of the bladder occur during RT de-
livery as demonstrated by the higher dose received by the bladder in DV 
and DB-ROIs in DA. However, the higher bladder DA observed as 
compared to DP does not correlate to the increased risk of late GU 
toxicity in patients with HR-PCa. Lastly, smaller prostate volumes have a 

minor protective effect for Grade 2 GU toxicity. As patients were treated 
using inverse planned modulated techniques, the reported results serve 
as an excellent yardstick for toxicity predictions as compared to previ-
ously reported results using three-dimensional conformal RT. Moving 
forward, more research is needed in this area to enhance our knowledge 
pertaining to the DV-effects on late GU toxicity. 

Declaration of Competing Interest 

The authors declare that they have no known competing financial 
interests or personal relationships that could have appeared to influence 
the work reported in this paper. 

Appendix A. Supplementary data 

Supplementary data to this article can be found online at https://doi. 
org/10.1016/j.phro.2023.100421. 

References 

[1] Chang AJ, Autio KA, Roach 3rd M, Scher HI. High-risk prostate cancer- 
classification and therapy. Nat Rev Clin Oncol 2014;11:308–23. 

[2] Bolla M, Neven A, Maingon P, Carrie C, Boladeras A, Andreopoulos D, et al. Short 
Androgen Suppression and Radiation Dose Escalation in Prostate Cancer: 12-Year 
Results of EORTC Trial 22991 in Patients With Localized Intermediate-Risk 
Disease. J Clin Oncol 2021;39:3022–33. 

[3] Murray JR, Tree AC, Alexander EJ, Sohaib A, Hazell S, Thomas K, et al. Standard 
and Hypofractionated Dose Escalation to Intraprostatic Tumor Nodules in 
Localized Prostate Cancer: Efficacy and Toxicity in the DELINEATE Trial. Int J 
Radiat Oncol Biol Phys 2020;106:715–24. 

[4] Reis Ferreira M, Khan A, Thomas K, Truelove L, McNair H, Gao A, et al. Phase 1/2 
Dose-Escalation Study of the Use of Intensity Modulated Radiation Therapy to 
Treat the Prostate and Pelvic Nodes in Patients With Prostate Cancer. Int J Radiat 
Oncol Biol Phys 2017;99:1234–42. 

[5] Nasser NJ, Fenig E, Klein J, Agbarya A. Maintaining consistent bladder filling 
during external beam radiotherapy for prostate cancer. Tech Innov Patient Support 
Radiat Oncol 2021;17:1–4. 

[6] O’Doherty UM, McNair HA, Norman AR, Miles E, Hooper S, Davies M, et al. 
Variability of bladder filling in patients receiving radical radiotherapy to the 
prostate. Radiother Oncol 2006;79:335–40. 

[7] Murthy V, Maitre P, Bhatia J, Kannan S, Krishnatry R, Prakash G, et al. Late toxicity 
and quality of life with prostate only or whole pelvic radiation therapy in high risk 
prostate cancer (POP-RT): A randomised trial. Radiother Oncol 2020;145:71–80. 

[8] Groen VH, van Schie M, Zuithoff NPA, Monninkhof EM, Kunze-Busch M, de 
Boer JCJ, et al. Urethral and bladder dose–effect relations for late genitourinary 
toxicity following external beam radiotherapy for prostate cancer in the FLAME 
trial. Radiother Oncol 2022;167:127–32. 

[9] Alam S, Thor M, Rimner A, Tyagi N, Zhang SY, Kuo LC, et al. Quantification of 
accumulated dose and associated anatomical changes of esophagus using weekly 
Magnetic Resonance Imaging acquired during radiotherapy of locally advanced 
lung cancer. Phys Imaging Radiat Oncol 2020;13:36–43. 

[10] Alam S, Veeraraghavan H, Tringale K, Amoateng E, Subashi E, Wu AJ, et al. Inter- 
and intrafraction motion assessment and accumulated dose quantification of upper 
gastrointestinal organs during magnetic resonance-guided ablative radiation 
therapy of pancreas patients. Phys Imaging Radiat Oncol 2022;21:54–61. 

[11] Chen Z, Yang Z, Wang J, Hu W. Dosimetric impact of different bladder and rectum 
filling during prostate cancer radiotherapy. Radiat Oncol 2016;11:103. 

[12] Hysing LB, Ekanger C, Zolnay A, Helle SI, Rasi M, Heijmen BJM, et al. Statistical 
motion modelling for robust evaluation of clinically delivered accumulated dose 
distributions after curative radiotherapy of locally advanced prostate cancer. 
Radiother Oncol 2018;128:327–35. 

[13] Casares-Magaz O, Moiseenko V, Hopper A, Pettersson NJ, Thor M, Knopp R, et al. 
Associations between volume changes and spatial dose metrics for the urinary 
bladder during local versus pelvic irradiation for prostate cancer. Acta Oncol 2017; 
56:884–90. 

[14] Glide-Hurst CK, Lee P, Yock AD, Olsen JR, Cao M, Siddiqui F, et al. Adaptive 
Radiation Therapy (ART) Strategies and Technical Considerations: A State of the 
ART Review From NRG Oncology. Int J Radiat Oncol Biol Phys 2021;109:1054–75. 

[15] Oh S, Kim S. Deformable image registration in radiation therapy. Radiat Oncol J 
2017;35:101–11. 

[16] Ong A, Knight K, Panettieri V, Dimmock M, Tuan JKL, Tan HQ, et al. Development 
of an automated radiotherapy dose accumulation workflow for locally advanced 
high-risk prostate cancer - A technical report. J Med Radiat Sci 2021;68:203–10. 

[17] Takeda K, Umezawa R, Ishikawa Y, Yamamoto T, Takahashi N, Takeda K, et al. 
Clinical predictors of severe late urinary toxicity after curative intensity-modulated 
radiation therapy for localized prostate cancer. J Radiat Res (Tokyo) 2021;62: 
1039–44. 

[18] Kim S, Moore DF, Shih W, Lin Y, Li H, Shao Y-H, et al. Severe genitourinary toxicity 
following radiation therapy for prostate cancer–how long does it last? J Urol 2013; 
189:116–21. 

A. Li Kuan Ong et al.                                                                                                                                                                                                                          

https://doi.org/10.1016/j.phro.2023.100421
https://doi.org/10.1016/j.phro.2023.100421
http://refhub.elsevier.com/S2405-6316(23)00012-X/h0005
http://refhub.elsevier.com/S2405-6316(23)00012-X/h0005
http://refhub.elsevier.com/S2405-6316(23)00012-X/h0010
http://refhub.elsevier.com/S2405-6316(23)00012-X/h0010
http://refhub.elsevier.com/S2405-6316(23)00012-X/h0010
http://refhub.elsevier.com/S2405-6316(23)00012-X/h0010
http://refhub.elsevier.com/S2405-6316(23)00012-X/h0015
http://refhub.elsevier.com/S2405-6316(23)00012-X/h0015
http://refhub.elsevier.com/S2405-6316(23)00012-X/h0015
http://refhub.elsevier.com/S2405-6316(23)00012-X/h0015
http://refhub.elsevier.com/S2405-6316(23)00012-X/h0020
http://refhub.elsevier.com/S2405-6316(23)00012-X/h0020
http://refhub.elsevier.com/S2405-6316(23)00012-X/h0020
http://refhub.elsevier.com/S2405-6316(23)00012-X/h0020
http://refhub.elsevier.com/S2405-6316(23)00012-X/h0025
http://refhub.elsevier.com/S2405-6316(23)00012-X/h0025
http://refhub.elsevier.com/S2405-6316(23)00012-X/h0025
http://refhub.elsevier.com/S2405-6316(23)00012-X/h0030
http://refhub.elsevier.com/S2405-6316(23)00012-X/h0030
http://refhub.elsevier.com/S2405-6316(23)00012-X/h0030
http://refhub.elsevier.com/S2405-6316(23)00012-X/h0035
http://refhub.elsevier.com/S2405-6316(23)00012-X/h0035
http://refhub.elsevier.com/S2405-6316(23)00012-X/h0035
http://refhub.elsevier.com/S2405-6316(23)00012-X/h0040
http://refhub.elsevier.com/S2405-6316(23)00012-X/h0040
http://refhub.elsevier.com/S2405-6316(23)00012-X/h0040
http://refhub.elsevier.com/S2405-6316(23)00012-X/h0040
http://refhub.elsevier.com/S2405-6316(23)00012-X/h0045
http://refhub.elsevier.com/S2405-6316(23)00012-X/h0045
http://refhub.elsevier.com/S2405-6316(23)00012-X/h0045
http://refhub.elsevier.com/S2405-6316(23)00012-X/h0045
http://refhub.elsevier.com/S2405-6316(23)00012-X/h0050
http://refhub.elsevier.com/S2405-6316(23)00012-X/h0050
http://refhub.elsevier.com/S2405-6316(23)00012-X/h0050
http://refhub.elsevier.com/S2405-6316(23)00012-X/h0050
http://refhub.elsevier.com/S2405-6316(23)00012-X/h0055
http://refhub.elsevier.com/S2405-6316(23)00012-X/h0055
http://refhub.elsevier.com/S2405-6316(23)00012-X/h0060
http://refhub.elsevier.com/S2405-6316(23)00012-X/h0060
http://refhub.elsevier.com/S2405-6316(23)00012-X/h0060
http://refhub.elsevier.com/S2405-6316(23)00012-X/h0060
http://refhub.elsevier.com/S2405-6316(23)00012-X/h0065
http://refhub.elsevier.com/S2405-6316(23)00012-X/h0065
http://refhub.elsevier.com/S2405-6316(23)00012-X/h0065
http://refhub.elsevier.com/S2405-6316(23)00012-X/h0065
http://refhub.elsevier.com/S2405-6316(23)00012-X/h0070
http://refhub.elsevier.com/S2405-6316(23)00012-X/h0070
http://refhub.elsevier.com/S2405-6316(23)00012-X/h0070
http://refhub.elsevier.com/S2405-6316(23)00012-X/h0075
http://refhub.elsevier.com/S2405-6316(23)00012-X/h0075
http://refhub.elsevier.com/S2405-6316(23)00012-X/h0080
http://refhub.elsevier.com/S2405-6316(23)00012-X/h0080
http://refhub.elsevier.com/S2405-6316(23)00012-X/h0080
http://refhub.elsevier.com/S2405-6316(23)00012-X/h0085
http://refhub.elsevier.com/S2405-6316(23)00012-X/h0085
http://refhub.elsevier.com/S2405-6316(23)00012-X/h0085
http://refhub.elsevier.com/S2405-6316(23)00012-X/h0085
http://refhub.elsevier.com/S2405-6316(23)00012-X/h0090
http://refhub.elsevier.com/S2405-6316(23)00012-X/h0090
http://refhub.elsevier.com/S2405-6316(23)00012-X/h0090


Physics and Imaging in Radiation Oncology 25 (2023) 100421

6

[19] Catucci F, Alitto AR, Masciocchi C, Dinapoli N, Gatta R, Martino A, et al. Predicting 
Radiotherapy Impact on Late Bladder Toxicity in Prostate Cancer Patients: An 
Observational Study. Cancers (Basel) 2021;13:1–12. 

[20] Yahya N, Ebert MA, House MJ, Kennedy A, Matthews J, Joseph DJ, et al. Modeling 
Urinary Dysfunction After External Beam Radiation Therapy of the Prostate Using 
Bladder Dose-Surface Maps: Evidence of Spatially Variable Response of the Bladder 
Surface. Int J Radiat Oncol Biol Phys 2017;97:420–6. 

[21] Ong ALK, Knight K, Panettieri V, Dimmock M, Tuan JKL, Tan HQ, et al. Dose- 
volume analysis of planned versus accumulated dose as a predictor for late 
gastrointestinal toxicity in men receiving radiotherapy for high-risk prostate 
cancer. Phys Imaging Radiat Oncol 2022;23:97–102. 

[22] Ong A, Knight K, Panettieri V, Dimmock M, Tuan JKL, Tan HQ, et al. Application of 
an automated dose accumulation workflow in high-risk prostate cancer - validation 
and dose-volume analysis between planned and delivered dose. Med Dosim 2022; 
47:92–7. 

[23] Ghadjar P, Zelefsky MJ, Spratt DE, Munck af Rosenschold P, Oh JH, Hunt M, et al. 
Impact of dose to the bladder trigone on long-term urinary function after high-dose 
intensity modulated radiation therapy for localized prostate cancer. Int J Radiat 
Oncol Biol Phys 2014;88:339–44. 

[24] Viani GA, da Silva LBG, da Silva BB, Crempe YB, Martins VS, Ferrari RJR, et al. 
Acute toxicity profile in prostate cancer with conventional and hypofractionated 
treatment. Radiat Oncol 2013;8:94. 

[25] Wang B, Zhou Z, Wang H, Tu XM, Feng C. The p-value and model specification in 
statistics. Gen Psychiatr 2019;32:e100081. 

[26] Moiseenko V, Marks LB, Grimm J, Jackson A, Milano MT, Hattangadi-Gluth JA, 
et al. A Primer on Dose-Response Data Modeling in Radiation Therapy. Int J Radiat 
Oncol Biol Phys 2021;110:11–20. 

[27] Gulliford SL, Partridge M, Sydes MR, Andreyev J, Dearnaley DP. A comparison of 
dose-volume constraints derived using peak and longitudinal definitions of late 
rectal toxicity. Radiother Oncol 2010;94:241–7. 

[28] Collins GS, Reitsma JB, Altman DG, Moons KGM. Transparent reporting of a 
multivariable prediction model for individual prognosis or diagnosis (TRIPOD): the 
TRIPOD Statement. BMC Med 2015;13:1. 

[29] Otto K. Volumetric modulated arc therapy: IMRT in a single gantry arc. Med Phys 
2008;35:310–7. 

[30] Marcello M, Denham JW, Kennedy A, Haworth A, Steigler A, Greer PB, et al. 
Increased Dose to Organs in Urinary Tract Associates With Measures of 
Genitourinary Toxicity in Pooled Voxel-Based Analysis of 3 Randomized Phase III 
Trials. Front Oncol 2020;10:1174 -. 

[31] Jolnerovski M, Salleron J, Beckendorf V, Peiffert D, Baumann A-S, Bernier V, et al. 
Intensity-modulated radiation therapy from 70Gy to 80Gy in prostate cancer: six- 
year outcomes and predictors of late toxicity. Radiat Oncol J 2017;12:99. 

[32] Pinkawa M, Asadpour B, Gagel B, Piroth MD, Holy R, Eble MJ. Prostate position 
variability and dose-volume histograms in radiotherapy for prostate cancer with 
full and empty bladder. Int J Radiat Oncol Biol Phys 2006;64:856–61. 

[33] Stuk J, Vanasek J, Odrazka K, Dolezel M, Kolarova I, Hlavka A, et al. Image-guided 
radiation therapy produces lower acute and chronic gastrointestinal and 
genitourinary toxicity in prostate cancer patients. J BUON 2021;26:940–8. 

[34] Viswanathan AN, Yorke ED, Marks LB, Eifel PJ, Shipley WU. Radiation Dose- 
Volume Effects Of The Urinary Bladder. Int J Radiat Oncol Biol Phys 2010;76: 
S116–22. 

[35] Alitto AR, Gatta R, Vanneste B, Vallati M, Meldolesi E, Damiani A, et al. PRODIGE: 
PRediction models in prOstate cancer for personalized meDIcine challenGE. Future 
Oncol 2017;13:2171–81. 

[36] Natesan D, Carpenter DJ, Floyd W, Niedzwiecki D, Waters L, Godfrey DJ, et al. 
Does Efficacy and Toxicity Differ According to Prostate Volume in Men Treated 

with Moderately Hypofractionated Radiation Therapy? Int J Radiat Oncol Biol 
Phys 2020;108:e894–5. 

[37] Chevli C, Narayanan R, Rambarran L, Kubicek G, Chevli KK, Duff M. Effect of 
pretreatment prostate volume on urinary quality of life following intensity- 
modulated radiation therapy for localized prostate cancer. Res Rep Urol 2013;5: 
29–37. 

[38] McKay RR, Feng FY, Wang AY, Wallis CJD, Moses KA. Recent Advances in the 
Management of High-Risk Localized Prostate Cancer: Local Therapy, Systemic 
Therapy, and Biomarkers to Guide Treatment Decisions. Am Soc Clin Oncol Educ 
Book 2020:e241–52. 

[39] Siddiqui ZA, Krauss DJ. Adjuvant androgen deprivation therapy for prostate cancer 
treated with radiation therapy. Transl Androl Urol 2018;7:378–89. 

[40] Lawton CA, Bae K, Pilepich M, Hanks G, Shipley W. Long-term treatment sequelae 
after external beam irradiation with or without hormonal manipulation for 
adenocarcinoma of the prostate: analysis of radiation therapy oncology group 
studies 85–31, 86–10, and 92–02. Int J Radiat Oncol Biol Phys 2008;70:437–41. 

[41] Juloori A, Shah C, Stephans K, Vassil A, Tendulkar R. Evolving Paradigm of 
Radiotherapy for High-Risk Prostate Cancer: Current Consensus and Continuing 
Controversies. Prostate Cancer 2016;2016:2420786. 

[42] Rammant E, Ost P, Swimberghe M, Vanderstraeten B, Lumen N, Decaestecker K, 
et al. Patient- versus physician-reported outcomes in prostate cancer patients 
receiving hypofractionated radiotherapy within a randomized controlled trial. 
Strahlenther Onkol 2019;195:393–401. 

[43] Basch E, Deal AM, Dueck AC, Scher HI, Kris MG, Hudis C, et al. Overall Survival 
Results of a Trial Assessing Patient-Reported Outcomes for Symptom Monitoring 
During Routine Cancer Treatment. JAMA 2017;318:197–8. 

[44] Holch P, Henry AM, Davidson S, Gilbert A, Routledge J, Shearsmith L, et al. Acute 
and Late Adverse Events Associated With Radical Radiation Therapy Prostate 
Cancer Treatment: A Systematic Review of Clinician and Patient Toxicity Reporting 
in Randomized Controlled Trials. Int J Radiat Oncol Biol Phys 2017;97:495–510. 

[45] Valle LF, Ruan D, Dang A, Levin-Epstein RG, Patel AP, Weidhaas JB, et al. 
Development and Validation of a Comprehensive Multivariate Dosimetric Model 
for Predicting Late Genitourinary Toxicity Following Prostate Cancer Stereotactic 
Body Radiotherapy. Front Oncol 2020;10:786-. 

[46] Casares-Magaz O, Moiseenko V, Witte M, Rancati T, Muren LP. Towards spatial 
representations of dose distributions to predict risk of normal tissue morbidity after 
radiotherapy. Phys Imaging Radiat Oncol 2020;15:105–7. 

[47] Shelley LEA, Sutcliffe MPF, Thomas SJ, Noble DJ, Romanchikova M, Harrison K, 
et al. Associations between voxel-level accumulated dose and rectal toxicity in 
prostate radiotherapy. Phys Imaging Radiat Oncol 2020;14:87–94. 

[48] Zhu J, Simon A, Haigron P, Lafond C, Acosta O, Shu H, et al. The benefit of using 
bladder sub-volume equivalent uniform dose constraints in prostate intensity- 
modulated radiotherapy planning. Onco Targets Ther 2016;9:7537–44. 

[49] ClinicalTrials.gov. Identifier NCT01368588, RTOG 0924: Androgen Deprivation 
Therapy and High Dose Radiotherapy With or Without Whole-Pelvic Radiotherapy 
in Unfavorable Intermediate or Favorable High Risk Prostate Cancer: A Phase III 
Randomized Trial 2011 [updated 2022/04/08 cited 2022 /06/07]. Available from: 
https://clinicaltrials.gov/ct2/show/NCT01368588? 
term=NCT01368588&rank=1. 

[50] Rowe LS, Mandia JJ, Salerno KE, Shankavaram UT, Das S, Escorcia FE, et al. Bowel 
and Bladder Reproducibility in Image Guided Radiation Therapy for Prostate 
Cancer: Results of a Patterns of Practice Survey. Adv Radiat Oncol 2022;7:100902. 

[51] Mylona E, Cicchetti A, Rancati T, Palorini F, Fiorino C, Supiot S, et al. Local dose 
analysis to predict acute and late urinary toxicities after prostate cancer 
radiotherapy: Assessment of cohort and method effects. Radiother Oncol 2020;147: 
40–9. 

A. Li Kuan Ong et al.                                                                                                                                                                                                                          

http://refhub.elsevier.com/S2405-6316(23)00012-X/h0095
http://refhub.elsevier.com/S2405-6316(23)00012-X/h0095
http://refhub.elsevier.com/S2405-6316(23)00012-X/h0095
http://refhub.elsevier.com/S2405-6316(23)00012-X/h0100
http://refhub.elsevier.com/S2405-6316(23)00012-X/h0100
http://refhub.elsevier.com/S2405-6316(23)00012-X/h0100
http://refhub.elsevier.com/S2405-6316(23)00012-X/h0100
http://refhub.elsevier.com/S2405-6316(23)00012-X/h0105
http://refhub.elsevier.com/S2405-6316(23)00012-X/h0105
http://refhub.elsevier.com/S2405-6316(23)00012-X/h0105
http://refhub.elsevier.com/S2405-6316(23)00012-X/h0105
http://refhub.elsevier.com/S2405-6316(23)00012-X/h0110
http://refhub.elsevier.com/S2405-6316(23)00012-X/h0110
http://refhub.elsevier.com/S2405-6316(23)00012-X/h0110
http://refhub.elsevier.com/S2405-6316(23)00012-X/h0110
http://refhub.elsevier.com/S2405-6316(23)00012-X/h0115
http://refhub.elsevier.com/S2405-6316(23)00012-X/h0115
http://refhub.elsevier.com/S2405-6316(23)00012-X/h0115
http://refhub.elsevier.com/S2405-6316(23)00012-X/h0115
http://refhub.elsevier.com/S2405-6316(23)00012-X/h0120
http://refhub.elsevier.com/S2405-6316(23)00012-X/h0120
http://refhub.elsevier.com/S2405-6316(23)00012-X/h0120
http://refhub.elsevier.com/S2405-6316(23)00012-X/h0125
http://refhub.elsevier.com/S2405-6316(23)00012-X/h0125
http://refhub.elsevier.com/S2405-6316(23)00012-X/h0130
http://refhub.elsevier.com/S2405-6316(23)00012-X/h0130
http://refhub.elsevier.com/S2405-6316(23)00012-X/h0130
http://refhub.elsevier.com/S2405-6316(23)00012-X/h0135
http://refhub.elsevier.com/S2405-6316(23)00012-X/h0135
http://refhub.elsevier.com/S2405-6316(23)00012-X/h0135
http://refhub.elsevier.com/S2405-6316(23)00012-X/h0140
http://refhub.elsevier.com/S2405-6316(23)00012-X/h0140
http://refhub.elsevier.com/S2405-6316(23)00012-X/h0140
http://refhub.elsevier.com/S2405-6316(23)00012-X/h0145
http://refhub.elsevier.com/S2405-6316(23)00012-X/h0145
http://refhub.elsevier.com/S2405-6316(23)00012-X/h0150
http://refhub.elsevier.com/S2405-6316(23)00012-X/h0150
http://refhub.elsevier.com/S2405-6316(23)00012-X/h0150
http://refhub.elsevier.com/S2405-6316(23)00012-X/h0150
http://refhub.elsevier.com/S2405-6316(23)00012-X/h0155
http://refhub.elsevier.com/S2405-6316(23)00012-X/h0155
http://refhub.elsevier.com/S2405-6316(23)00012-X/h0155
http://refhub.elsevier.com/S2405-6316(23)00012-X/h0160
http://refhub.elsevier.com/S2405-6316(23)00012-X/h0160
http://refhub.elsevier.com/S2405-6316(23)00012-X/h0160
http://refhub.elsevier.com/S2405-6316(23)00012-X/h0165
http://refhub.elsevier.com/S2405-6316(23)00012-X/h0165
http://refhub.elsevier.com/S2405-6316(23)00012-X/h0165
http://refhub.elsevier.com/S2405-6316(23)00012-X/h0170
http://refhub.elsevier.com/S2405-6316(23)00012-X/h0170
http://refhub.elsevier.com/S2405-6316(23)00012-X/h0170
http://refhub.elsevier.com/S2405-6316(23)00012-X/h0175
http://refhub.elsevier.com/S2405-6316(23)00012-X/h0175
http://refhub.elsevier.com/S2405-6316(23)00012-X/h0175
http://refhub.elsevier.com/S2405-6316(23)00012-X/h0180
http://refhub.elsevier.com/S2405-6316(23)00012-X/h0180
http://refhub.elsevier.com/S2405-6316(23)00012-X/h0180
http://refhub.elsevier.com/S2405-6316(23)00012-X/h0180
http://refhub.elsevier.com/S2405-6316(23)00012-X/h0185
http://refhub.elsevier.com/S2405-6316(23)00012-X/h0185
http://refhub.elsevier.com/S2405-6316(23)00012-X/h0185
http://refhub.elsevier.com/S2405-6316(23)00012-X/h0185
http://refhub.elsevier.com/S2405-6316(23)00012-X/h0190
http://refhub.elsevier.com/S2405-6316(23)00012-X/h0190
http://refhub.elsevier.com/S2405-6316(23)00012-X/h0190
http://refhub.elsevier.com/S2405-6316(23)00012-X/h0190
http://refhub.elsevier.com/S2405-6316(23)00012-X/h0195
http://refhub.elsevier.com/S2405-6316(23)00012-X/h0195
http://refhub.elsevier.com/S2405-6316(23)00012-X/h0200
http://refhub.elsevier.com/S2405-6316(23)00012-X/h0200
http://refhub.elsevier.com/S2405-6316(23)00012-X/h0200
http://refhub.elsevier.com/S2405-6316(23)00012-X/h0200
http://refhub.elsevier.com/S2405-6316(23)00012-X/h0205
http://refhub.elsevier.com/S2405-6316(23)00012-X/h0205
http://refhub.elsevier.com/S2405-6316(23)00012-X/h0205
http://refhub.elsevier.com/S2405-6316(23)00012-X/h0210
http://refhub.elsevier.com/S2405-6316(23)00012-X/h0210
http://refhub.elsevier.com/S2405-6316(23)00012-X/h0210
http://refhub.elsevier.com/S2405-6316(23)00012-X/h0210
http://refhub.elsevier.com/S2405-6316(23)00012-X/h0215
http://refhub.elsevier.com/S2405-6316(23)00012-X/h0215
http://refhub.elsevier.com/S2405-6316(23)00012-X/h0215
http://refhub.elsevier.com/S2405-6316(23)00012-X/h0220
http://refhub.elsevier.com/S2405-6316(23)00012-X/h0220
http://refhub.elsevier.com/S2405-6316(23)00012-X/h0220
http://refhub.elsevier.com/S2405-6316(23)00012-X/h0220
http://refhub.elsevier.com/S2405-6316(23)00012-X/h0230
http://refhub.elsevier.com/S2405-6316(23)00012-X/h0230
http://refhub.elsevier.com/S2405-6316(23)00012-X/h0230
http://refhub.elsevier.com/S2405-6316(23)00012-X/h0235
http://refhub.elsevier.com/S2405-6316(23)00012-X/h0235
http://refhub.elsevier.com/S2405-6316(23)00012-X/h0235
http://refhub.elsevier.com/S2405-6316(23)00012-X/h0240
http://refhub.elsevier.com/S2405-6316(23)00012-X/h0240
http://refhub.elsevier.com/S2405-6316(23)00012-X/h0240
http://refhub.elsevier.com/S2405-6316(23)00012-X/h0250
http://refhub.elsevier.com/S2405-6316(23)00012-X/h0250
http://refhub.elsevier.com/S2405-6316(23)00012-X/h0250
http://refhub.elsevier.com/S2405-6316(23)00012-X/h0255
http://refhub.elsevier.com/S2405-6316(23)00012-X/h0255
http://refhub.elsevier.com/S2405-6316(23)00012-X/h0255
http://refhub.elsevier.com/S2405-6316(23)00012-X/h0255

	Predictors for late genitourinary toxicity in men receiving radiotherapy for high-risk prostate cancer using planned and ac ...
	1 Introduction
	2 Materials and methods
	2.1 CT-Simulation and treatment planning
	2.2 Dose based-region of interest (DB-ROI)
	2.3 Dose accumulation workflow
	2.4 GU toxicity assessment and documentation
	2.5 Statistical analysis and modelling

	3 Results
	3.1 Dose-volume analysis between DA and DP for the bladder
	3.2 Dose-based ROI analysis between DA and DP for the bladder
	3.3 MVA modelling and model performance evaluation
	3.4 MVA regression analysis for Grade ≥ 1 and 2 GU toxicity at 2 years post-RT FU

	4 Discussions
	Declaration of Competing Interest
	Appendix A Supplementary data
	References


