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Chapter 5:    
Associating dose with genitourinary toxicity 
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5.2     Abstract 

Purpose: Dose information from organ subregions has been shown to be more predictive of 

genitourinary toxicity than whole organ dose volume histogram information. This study aimed to 

identify anatomically-localised regions where 3D dose is associated with genitourinary toxicities 

in healthy tissues throughout the pelvic anatomy. 

Methods and Materials: Dose distributions for up to 656 participants of the Trans-Tasman 

Radiation Oncology Group 03.04 RADAR trial were deformably registered onto a single exemplar 

CT dataset. Voxel-wise multiple comparison permutation dose-difference testing, Cox regression 

modelling and LASSO variable selection were used to identify regions where 3D dose-increase 

was associated with late grade ≥ 2 genitourinary dysuria, incontinence and frequency, and late 

grade ≥ 1 haematuria. This was externally validated by registering dose distributions from the 

RT01 (up to n = 388) and CHHiP (up to n = 247) trials onto the same exemplar and repeating the 

voxel-wise tests on each of these data sets. All three datasets were then combined, and the tests 

repeated. 

Results: Voxel-wise Cox regression and multiple comparison permutation dose-difference testing 

revealed regions where increased dose was correlated with genitourinary toxicity. Increased low-

intermediate doses in the vicinity of the spongy and membranous urethra was associated with 

dysuria for all datasets. Haematuria was similarly correlated with increased dose at the 

membranous and spongy urethra, for the RADAR, CHHiP and combined datasets. Some evidence 

was found for the association between incontinence and increased dose at the internal and external 

urethral sphincter for RADAR and the internal sphincter alone for the combined dataset. 

Incontinence was also strongly correlated with dose from posterior oblique beams. Patients with 

beams extending inferiorly and posteriorly to the CTV, adjacent to the membranous and spongy 

urethra, were found to experience more frequency. 

Conclusions: Anatomically-localised dose-toxicity relationships were determined for late 

genitourinary symptoms in the urethra and urinary sphincters. Limiting low doses to the anterior 

urethra may reduce the risk of late dysuria and haematuria, while limiting dose to the sphincters 

as far as possible may help to reduce incontinence.  
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5.3     Introduction 

External beam radiotherapy (EBRT) is a prominent treatment option for prostate cancer patients156, 

frequently resulting in genitourinary (GU) toxicity with an even higher incidence than rectal 

toxicity70. Relationships between treatment and patient specific risk factors and GU toxicity have 

been established157, 88, 90. More evidence of GU dose-toxicity relationships is required as more 

conformal techniques137, 59 have introduced dose-escalated treatments.   

Risk estimation used in establishing dose constraints for healthy organs at risk (OARs) associated 

with GU toxicity, such as the bladder and urethra, is typically based on considering the planned 

dose to the whole organ according to dose volume histogram (DVH) or dose surface histogram 

(DSH) information. This is problematic, however, as it ignores potential spatially varied intra-

organ radio-sensitivity. Intuitively, planned dose to symptom related subregions (SRSs) of the 

urethra and bladder has been shown to be more predictive of GU symptoms than information 

derived from whole-organ DVHs100. Further understanding of the relationship between dose and 

urinary toxicity at the voxel level could assist in identifying new SRSs, confirm established SRSs, 

and help provide these SRS with optimal dose constraints. This would restrict dose to healthy 

tissues with more spatial specificity, and thus help reduce GU toxicity in patients while 

maintaining tumour control.  

Evidence is accumulating for the establishment of relationships between acute and late GU toxicity 

and spatial dose variance, particularly within the prostatic urethra100, at various regions on the 

surface of the bladder158, 115, the bladder trigone117,159,160, the bladder neck161 and at subregions 

within the bladder volume100. No study to date, however, has performed a voxel-wise analysis 

searching for correlation between dose variation and GU toxicity throughout the entire pelvic 

anatomy without the assumption that dose-toxicity relationships are limited to within OAR 

volumes or surfaces. This would enable the identification of dose-toxicity relationships in a 

broader range of the urinary tract, beyond the prostatic urethra to the membranous and spongy 

urethra. This extended analysis may also improve understanding of how broader dose patterns, 

such as those representative of treatment technique (e.g. beam arrangement), relate to toxicity.  

In this study, multiple voxel-wise statistical methods were employed to investigate the association 

between 3D planned dose and measures of late GU toxicity in the entire pelvic anatomy. Many 

shortcomings have typically hindered previous voxel-wise analyses141, 65, including 

misregistration of planned 3D dose distributions (“dosemaps”), false positive rates due to the large 

number of voxels being statistically compared, not using time-to-event data, or not controlling for 

patient baseline characteristics. This study performed a combination of statistical tests to 

compensate these shortcomings. High quality planned dose data from three prospective multi-



 

82 

centre prostate radiotherapy clinical trials was utilised in order to assess the consistency of derived 

associations across cohorts, participating centres, employed radiotherapy techniques and overall 

treatment approach.  
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5.4     Methods 

Clinical trial, registration, dose equivalence, dose accumulation, voxel-wise test methodology and 

overall study structure details are found in Chapter 2. Tables 5.1 and 5.2 show the number of 

patients included from each trial, with corresponding patient variable and endpoint information, 

after patients were excluded due to loss of follow-up, missing data, and considering only 

participants receiving EBRT alone.  

 

5.4.1     Genitourinary toxicity endpoints defined 

Four time-to-event GU toxicity endpoints were included for analysis: urinary dysuria, haematuria, 

incontinence and frequency. For each endpoint, an event consisted of the first peak grade ≥ 2 

occurrence during follow-up (see Appendix 6 for grade definitions and section 1.4.2 for an 

extended explanation of the definition of an event). For haematuria, however, grade ≥ 1 events 

were considered instead, due to the rarity of grade ≥ 2 events in the RADAR cohort. All toxicity 

events were late (> 3 months). All patients who reported baseline symptoms of grade ≥ 1 were 

removed from analysis, apart from potential baseline dysuria and haematuria patients from the 

RT01 dataset, as this information was not available. Physician assisted toxicity grading was 

performed according to the Late Effects on Normal Tissue, Subjective, Objective, Management, 

Analytic (LENT/SOMA) questionnaire73. For RADAR, patients were routinely followed up, post-

treatment, approximately every 3 months for 18 months, every 6 months to 5 years, and then 

annually. RT01 patients were assessed for toxicities at 6, 12, 18, and 24 months after commencing 

radiotherapy, and annually thereafter. CHHiP patients were assessed for late side-effects beginning 

26 weeks after the start of radiotherapy and every 6 months for 2 years, and then yearly. Tables 

5.1 and 5.2 provide follow-up information for each endpoint. 
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Table 5.1 The number of patients in each trial dataset, broken down by endpoint and baseline variable subsets, for dysuria and haematuria 

     

 
                               RADAR                                     RT01                                      CHHiP                                        COMBINED 
 Dysuria 

(grade≥2) 
Haematuria 
(grade≥1) 

 Dysuria  
(grade≥2) 

Haematuria 
(grade≥1) 

 Dysuria  
(grade≥2) 

Haematuria 
(grade≥1) 

 Dysuria  
(grade≥2) 

Haematuria 
(grade≥1) 

Total number of patients 595 619 Total number of patients 388 388 Total number of patients 242 247 Total number of patients 1225 1254 
Events 79 (13.3%) 86 (13.9%) Events 36 (9.3%) 52 (13.4%) Events 11 (4.5%) 21 (8.5%) Events 126 (10.3%) 159 (12.7%) 

Follow-up in months 
(min, max, med, IQR) 

(12, 84, 54, 30) (5, 95, 53, 30) Follow-up in months 
(min, max, med, IQR) 

(6, 158, 105, 57) (6, 158, 102, 55) Follow-up in months 
(min, max, med, IQR) 

(6, 68, 60, 2) (6, 68, 60, 2) Follow-up in months 
(min, max, med, IQR) 

(6, 158, 60, 30) (5, 158, 61, 30) 

             
Variables Definitions   Definitions   Definitions   Definitions   

Age1 Median 69.4 yrs 69.4 yrs Median 67.9 yrs  67.9 yrs  Median 67.4 yrs 67.4 yrs Median 68.4 yrs 68.4 yrs 
Prescribed 

dose  
[66 Gy]  

 
[70 Gy]  

 
[74 Gy] 

78  
 
328 
 
189  

81 
 
343 
 
195  

[64 Gy] 
 

[74 Gy] 

204 
 
184  

204  
 
184  

[57 Gy] 
 

[60 Gy] 
 

[74 Gy] 

82 
 
82 
 
78  

87 
 
83 
 
77 

[66 Gy (RADAR),  
64 Gy (RT01),  

57 Gy and 60 Gy (CHHiP)] 
 

[70 Gy and 74 Gy (RADAR),  
74 Gy (RT01),  

74 Gy (CHHiP)]  

467 
 
 
 
857 
  

455  
 
 
 
799  
 

Disease risk  [GS ≤ 7] 
 

[GS > 7] 

418  
 
177  

436  
 
183 

[T1b/c or T2a with  
(PSA + (GS -  6)*10) < 15] 

 
[T1b/c or T2a with  

(PSA + (GS - 6)*10) ≥ 15  
or T2b/T3a] 

110 
 
 
278 
 

110  
 
 
278 
 

[T1b/c or T2a  
with PSA ≤ 10 and GS ≤ 6] 

 
[Any of the following: 

Stage ≥ T2b,  
10 < PSA ≤ 20, GS > 6] 

57 
 
 
185  

59 
 
 
188  

[Lower risk group patients from 
each respective dataset] 

 
[Higher risk group  
patients from each  
respective dataset] 

648 
 
 
676  

605 
 
 
649  

Cancer 
stage 

[T2]  
 

[T3/T4] 

427 
 
168  

448 
 
171 

[≤ T2a (T1b, T1c, T2a)] 
 

[> T2a (T2b, T3a)] 

235 
 
153  

235  
 
153  

[≤ T2a (T1a, T1b, T1c, T2a)] 
 

[> T2a (T2b, T2c, T3a)] 

177 
 
65  

179 
 
68  

[Lower cancer stage group patients 
from each respective dataset] 

 
[Higher cancer stage group patients 

from each respective dataset] 

839 
 
 
386 

862 
 
 
392  

Baseline PSA1  Median  14.04 ng/ml 14.00 ng/ml Median 13.80 ng/ml 13.80 ng/ml Median 11.70 ng/ml 11.70 ng/ml Median 13.60 ng/ml 13.50 ng/ml 
Number of 

beams 
[3 beams] 

 
[4 beams]  

 
[5 beams]  

 
[6 beams]  

 
[≥ 7 beams]  

65 
 
311 
 
79 
 
84 
 
56  

65 
 
331 
 
81 
 
87 
 
55 

[3 beams for phase 1  
of treament] 

 
[4 beams for phase 1  

of treament] 

228 
 
 
160  

228  
 
 
160  

[≤ 4 beams] 
 

[> 4 beams] 

212 
 
30  

217 
 
35  

[≤ 4 beams (RADAR),  
3 beams (RT01), 

≤ 4 beams (CHHiP)] 
 

[> 4 beams (RADAR),  
4 beams (RT01),  

> 4 beams (CHHiP)] 

816 
 
 
 
409  

841 
 
 
 
413  

1This variable was divided into two approximately equal subgroups split about the median value 
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Table 5.2 The number of patients in each trial dataset, broken down by endpoint and baseline variable subsets, for incontinence and frequency 

     

 
                               RADAR                                     RT01                                      CHHiP                                        COMBINED 
 Incontinence 

(grade≥2) 
Frequency 
(grade≥2) 

 Incontinence 
(grade≥2) 

Frequency 
(grade≥2) 

 Incontinence 
(grade≥2) 

Frequency 
(grade≥2) 

 Incontinence 
(grade≥2) 

Frequency 
(grade≥2) 

Total number of patients 647 416 Total number of patients 354 264 Total number of patients 242 206 Total number of patients 1243 886 
Events 24 (3.7%) 125 (30.0%) Events 26 (7.3%) 131 (49.6%) Events 6 (2.5%) 33 (16.0%) Events 56 (4.5%) 289 (32.6%) 

Follow-up in months 
(min, max, med, IQR) 

(12, 84, 54, 36) (12, 84, 18, 36) Follow-up in months 
(min, max, med, IQR) 

(6, 152, 103, 48) (12, 158, 60, 90) Follow-up in months 
(min, max, med, IQR) 

(6, 68, 60, 2) (6, 67, 60, 3) Follow-up in months 
(min, max, med, IQR) 

(6, 158, 60, 30) (6, 158, 48, 46) 

             
Variables Definitions   Definitions   Definitions   Definitions   

Age1 Median 69.5 yrs 69.1 yrs Median 67.6 yrs  68.6 yrs  Median 67.3 yrs 67.3 yrs Median 68.4 yrs 68.4 yrs 
Prescribed 

dose  
[66 Gy]  

 
[70 Gy]  

 
[74 Gy] 

82  
 
358 
 
207  

43 
 
230 
 
143  

[64 Gy] 
 

[74 Gy] 

186 
 
168  

141 
 
123  

[57 Gy] 
 

[60 Gy] 
 

[74 Gy] 

84 
 
81 
 
77 

72 
 
70 
 
64 

[66 Gy (RADAR),  
64 Gy (RT01),  

57 Gy and 60 Gy (CHHiP)] 
 

[70 Gy and 74 Gy (RADAR),  
74 Gy (RT01),  

74 Gy (CHHiP)]  

433  
 
 
 
810  
  

326  
 
 
 
560  
 

Disease risk  [GS ≤ 7] 
 

[GS > 7] 

457  
 
190  

288  
 
128 

[T1b/c or T2a with  
(PSA + (GS -  6)*10) < 15] 

 
[T1b/c or T2a with  

(PSA + (GS - 6)*10) ≥ 15  
or T2b/T3a] 

101 
 
 
253 
 

74 
 
 
190 
 

[T1b/c or T2a  
with PSA ≤ 10 and GS ≤ 

6] 
 

[Any of the following: 
Stage ≥ T2b,  

10 < PSA ≤ 20, GS > 6] 

58 
 
 
184  

51 
 
 
155  

[Lower risk group patients from 
each respective dataset] 

 
[Higher risk group  
patients from each  
respective dataset] 

616 
 
 
627 

413 
 
 
473  

Cancer 
stage 

[T2]  
 

[T3/T4] 

465 
 
182  

305 
 
111 

[≤ T2a (T1b, T1c, T2a)] 
 

[> T2a (T2b, T3a)] 

216 
 
138  

156 
 
108 

[≤ T2a (T1a, T1b, T1c, 
T2a)] 

 
[> T2a (T2b, T2c, T3a)] 

176 
 
66  

152 
 
53  

[Lower cancer stage group patients 
from each respective dataset] 

 
[Higher cancer stage group patients 

from each respective dataset] 

857 
 
 
386 

613 
 
 
273  

Baseline PSA1  Median  14.04 ng/ml 14.25 ng/ml Median 13.40 ng/ml 14.00 ng/ml Median 11.70 ng/ml 11.85 ng/ml Median 13.45 ng/ml 13.60 ng/ml 
Number of 

beams 
[3 beams] 

 
[4 beams]  

 
[5 beams]  

 
[6 beams]  

 
[≥ 7 beams]  

69 
 
345 
 
85 
 
89 
 
59  

44 
 
223 
 
58 
 
52 
 
39 

[3 beams for phase 1  
of treament] 

 
[4 beams for phase 1  

of treament] 

212 
 
 
142  

159 
 
 
105  

[≤ 4 beams] 
 

[> 4 beams] 

212 
 
30  

181 
 
25  

[≤ 4 beams (RADAR),  
3 beams (RT01), 

≤ 4 beams (CHHiP)] 
 

[> 4 beams (RADAR),  
4 beams (RT01),  

> 4 beams (CHHiP)] 

838 
 
 
 
405 

607 
 
 
 
279  

1This variable was divided into two approximately equal subgroups split about the median value 
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5.5     Results 

The tests identified voxel clusters (VCs) and individual voxels within the pelvic anatomy where 

increased dose was associated with the four GU toxicity endpoints.  

 

5.5.1     Dysuria 

The pelvic dose associations for dysuria are shown in Figures 5.1 and 5.2. The consistent pattern 

is an association between a higher incidence of dysuria and increased dose in the membranous and 

spongy urethra, in the axial plane at the approximate level where the urethra turns horizontal and 

near the location of inferior beam borders. This is particularly evident in the uni-voxel HR maps, 

revealing VCs with HR > 1 (p < 0.05) in the spongy urethra for RADAR, RT01 and Combined, 

and VCs with HR > 1 (p > 0.05) here for CHHiP. For Combined, VCs with HR > 1 (p < 0.05) are 

also present in the vicinity of the membranous urethra. For RT01, HR > 1 (p < 0.05) VCs are also 

found surrounding the urethra, particularly laterally and in the posterior beam region adjacent to 

the urethra. Although the permutation test found no VCs of dose-difference up to the p < 0.3 level, 

the corresponding mean dose-difference maps are generally consistent with these associations. 

Patients who reported dysuria had up to 7 Gy more planned dose on average in the corresponding 

associated regions for RADAR, RT01 and Combined, and 4 Gy for CHHiP. Figure 5.9 shows that 

patients with and without dysuria in the combined dataset had total doses of 48.2 and 42.2 Gy 

respectively at a point near the membranous urethra, and 19.7 and 16.2 Gy at a point near the 

spongy urethra. It is also noteworthy that patients experiencing dysuria had up to 7 Gy more dose 

near the bladder neck region for RADAR and RT01, with patients in each cohort having mean 

total doses here of approximately 44 and 51 Gy respectively (see Appendix 8 for mean dosemaps). 

For Combined, the dominant spongy and membranous urethral dose association is confirmed by 

the corresponding multi-voxel results, as the LASSO selected voxels with HR > 1 in the same 

regions as the HR > 1 (p < 0.05) VCs found in the uni-voxel map. The RADAR uni-voxel maps 

on the T3 template (see Appendix 7 for T3 results) confirm the membranous and spongy urethra 

correlation and reveal some correlated voxels in the prostatic urethra also. Although the urethra 

was not delineated, it contained within the penis which is clearly visible in the registration template 

CT image, shown for T1 in Figure 5.10. In conclusion, patients with increased dose in the vicinity 

of the membranous and spongy urethra reported a higher incidence of late grade ≥ 2 dysuria.  
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5.5.2     Haematuria 

Figures 5.3 and 5.4 show the results for haematuria. Similar to dysuria, the major association is 

between increased dose in the membranous and spongy urethra and increased haematuria. The uni-

voxel HR maps show VCs with HR > 1 (p < 0.05) in these regions for RADAR (including for T3), 

CHHiP and Combined. RT01 results are not consistent with these findings, revealing VCs with 

HR > 1 (p < 0.05) in the posterior oblique beam regions. Reduced dose in the lateral beam regions 

is also correlated with increased haematuria, evident in the HR > 1 (p < 0.05) VCs found in these 

regions for RADAR and Combined, particularly visible on the coronal planes. Although the 

permutation test found no significant VCs, the corresponding mean dose-difference maps confirm 

these dominant associations for all datasets. For example, these reveal that patients who reported 

haematuria had up to 8, 5 and 6 Gy more planned dose on average in the membranous and spongy 

urethra regions for RADAR, CHHiP and Combined respectively. Figure 6 shows that patients with 

and without haematuria in the combined dataset had total doses of 47.4 and 42.3 Gy respectively 

at a point near the membranous urethra, and 18.6 and 16.5 Gy at a point near the spongy urethra 

The dose-difference maps also show that patients with haematuria had up to 5, 8 and 4 Gy more 

dose on average near the bladder neck/trigone region for RT01, CHHiP and Combined 

respectively. The LASSO selected a voxel with HR > 1 directly posterior to the 

spongy/membranous urethra region for Combined. It also selected HR < 1 voxels in the lateral 

beam region. In conclusion, patients with increased dose in the vicinity of the spongy and 

membranous urethra reported a higher incidence of late grade ≥ 1 haematuria. 

 

5.5.3     Incontinence 

Figures 5.5 and 5.6 show the results for incontinence. There is some evidence of an association 

between incontinence and increased dose at the urethral sphincters, while the dominant association 

is between incontinence and patients treated with posterior oblique beams and posteriorly extended 

lateral beams. The uni-voxel HR maps show VCs with HR > 1 (p < 0.05) in the vicinity of the 

internal and external urethral sphincters for RADAR, while a smaller HR > 1 (p < 0.05) VC is 

present near the internal sphincter for Combined, most clearly visible in the coronal plane. Larger 

VCs with HR > 1 (p < 0.05) are present in the vicinity of the internal and external sphincters for 

RADAR on the T3 template, with the LASSO confirming this internal sphincter association by 

selecting HR > 1 voxels near the internal sphincter. The permutation test found no VCs of dose-

difference up to p < 0.3, but the corresponding dose-difference maps did show that patients with 

incontinence had up to 10 Gy more dose on average than patients without incontinence near both 

sphincters for RADAR (more clearly seen on the T3 template), and up to 5 Gy more for Combined. 

RADAR patients had a mean total dose of approximately 69 Gy near the internal sphincter and 65 
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Gy at the external sphincter, reading off the mean dosemap on the T3 template in Appendix 8.6. 

Larger VCs with HR > 1 (p < 0.05) were present in the posterior oblique beam regions for RADAR, 

RT01 and Combined, and in the posterior extension of the lateral beams for Combined and RT01. 

The dose-difference maps show patients with incontinence had up to 10 Gy more dose in the lateral 

beam posterior extension region than patients without incontinence for RT01 and CHHiP, and 9 

Gy more for Combined. The LASSO selected HR > 1 voxels in the posterior oblique beam lateral 

beam posterior lateral beam extension regions for Combined. Only 6 grade ≥ 2 incontinence events 

were present for CHHiP, thus all voxel HRs were at p > 0.05. In summary, patients with increased 

dose in the vicinity of urethral sphincters and in posterior oblique beam and lateral beam posterior 

extension regions had a higher incidence of late grade ≥ 2 incontinence.  

 

5.5.4     Frequency 

Figures 5.7 and 5.8 show the results for frequency. The uni-voxel HR maps in these figures reveal 

the presence of VCs with HR > 1 (p < 0.05) in anterior and posterior beam regions inferior to the 

prostate for RADAR, the left lateral beam for RT01, and (like RADAR) the posterior beam region 

extending inferiority to the prostate for CHHiP and Combined. Combined showed VCs in the 

posterior beam region extending inferiorly to the prostate. The permutation test revealed VCs of 

significant dose-difference (p < 0.05) in this same region for Combined, where patients with 

frequency had up to 6 Gy more planned dose on average than patients without frequency. RADAR 

patients with frequency had up to 10 Gy more average dose in the same posterior beam region. 

The LASSO generally selected voxels with HR > 1 in the same regions as the significant HR > 1 

VCs found in the uni-voxel maps, for RT01 and Combined, further confirming these associations. 

In summary, the dominant association revealed was the relationship between patients experiencing 

more dose in regions extending inferiorly and posteriorly to the prostate and a higher incidence of 

late grade ≥ 2 frequency.  

Other less prominent dose-endpoint association patterns are evident, but these predominant 

patterns will be the focus. The RADAR results were generally reproduced on the other registration 

templates (T2 and T3), suggesting the revealed dose-endpoint association patterns are largely 

independent of choice of registration template (see Appendix 7 for T2 and T3 results).  
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Figure 5.1 
Dysuria results for 
RADAR and RT01 
datasets. 
Corresponding axial, 
coronal and sagittal 
slices (top to bottom) 
of a) mean dose-
difference maps,  
b) uni-voxel Cox 
regression HR and 
thresholded p-value 
maps and  
c) multi-voxel Cox 
regression LASSO HR 
maps (with uni-voxel 
thresholded p-value 
maps for 
comparison), for 
respective data sets. 
‘No Voxels Selected’ 
implies the LASSO 
selected no voxels of 
significant correlation 
with the endpoint 
within the patient 
region. Planes are 
shown coinciding 
with significant 
results, indicated in 
other reconstructions 
with dashed lines. 
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Figure 5.2 
Dysuria results for 
CHHiP and 
Combined datasets. 
Corresponding axial, 
coronal and sagittal 
slices (top to bottom) 
of a) mean dose-
difference maps,  
b) uni-voxel Cox 
regression HR and 
thresholded p-value 
maps and  
c) multi-voxel Cox 
regression LASSO 
HR maps (with uni-
voxel thresholded p-
value maps for 
comparison), for 
respective data sets. 
‘No Voxels Selected’ 
implies the LASSO 
selected no voxels of 
significant 
correlation with the 
endpoint within the 
patient region.    
Planes are shown 
coinciding with 
significant results, 
indicated in other 
reconstructions with 
dashed lines. 
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Figure 5.3 
Haematuria results 
for RADAR and 
RT01 datasets. 
Corresponding axial, 
coronal and sagittal 
slices (top to bottom) 
of a) mean dose-
difference maps,  
b) uni-voxel Cox 
regression HR and 
thresholded p-value 
maps and  
c) multi-voxel Cox 
regression LASSO 
HR maps (with uni-
voxel thresholded p-
value maps for 
comparison), for 
respective data sets. 
‘No Voxels Selected’ 
implies the LASSO 
selected no voxels of 
significant 
correlation with the 
endpoint within the 
patient region.  
Planes are shown 
coinciding with 
significant results, 
indicated in other 
reconstructions with 
dashed lines. 
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Figure 5.4 
Haematuria results 
for CHHiP and 
Combined datasets. 
Corresponding axial, 
coronal and sagittal 
slices (top to bottom) 
of a) mean dose-
difference maps,  
b) uni-voxel Cox 
regression HR and 
thresholded p-value 
maps and  
c) multi-voxel Cox 
regression LASSO 
HR maps (with uni-
voxel thresholded p-
value maps for 
comparison), for 
respective data sets. 
‘No Voxels Selected’ 
implies the LASSO 
selected no voxels of 
significant 
correlation with the 
endpoint within the 
patient region.   
Planes are shown 
coinciding with 
significant results, 
indicated in other 
reconstructions with 
dashed lines. 
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Figure 5.5 
Incontinence results 
for RADAR and 
RT01 datasets. 
Corresponding 
axial, coronal and 
sagittal slices (top 
to bottom) of a) 
mean dose-
difference maps, b) 
uni-voxel Cox 
regression HR and 
thresholded p-value 
maps and  
c) multi-voxel Cox 
regression LASSO 
HR maps (with uni-
voxel thresholded p-
value maps for 
comparison), for 
respective data sets. 
‘No Voxels Selected’ 
implies the LASSO 
selected no voxels of 
significant 
correlation with the 
endpoint within the 
patient region.  
Planes are shown 
coinciding with 
significant results, 
indicated in other 
reconstructions with 
dashed lines. 



 

94 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.6 
Incontinence results 
for CHHiP and 
Combined datasets. 
Corresponding 
axial, coronal and 
sagittal slices (top to 
bottom) of  
a) mean dose-
difference maps,  
b) uni-voxel Cox 
regression HR and 
thresholded p-value 
maps and  
c) multi-voxel Cox 
regression LASSO 
HR maps (with uni-
voxel thresholded p-
value maps for 
comparison), for 
respective data sets. 
‘No Voxels Selected’ 
implies the LASSO 
selected no voxels of 
significant 
correlation with the 
endpoint within the 
patient region.   
Planes are shown 
coinciding with 
significant results, 
indicated in other 
reconstructions with 
dashed lines. 
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Figure 5.7 
Frequency results 
for RADAR and 
RT01 datasets. 
Corresponding 
axial, coronal and 
sagittal slices (top to 
bottom) of a) mean 
dose-difference 
maps, b) uni-voxel 
Cox regression HR 
and thresholded p-
value maps and  
c) multi-voxel Cox 
regression LASSO 
HR maps (with uni-
voxel thresholded p-
value maps for 
comparison), for 
respective data sets. 
‘No Voxels Selected’ 
implies the LASSO 
selected no voxels of 
significant 
correlation with the 
endpoint within the 
patient region.  
Planes are shown 
coinciding with 
significant results, 
indicated in other 
reconstructions with 
dashed lines. 
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Figure 5.8 
Frequency results for 
CHHiP and 
Combined datasets. 
Corresponding axial, 
coronal and sagittal 
slices (top to bottom) 
of a) mean dose-
difference maps and 
regions determined by 
permutation test,  
b) uni-voxel Cox 
regression HR and 
thresholded p-value 
maps and  
c) multi-voxel Cox 
regression LASSO HR 
maps (with uni-voxel 
thresholded p-value 
maps for 
comparison), for 
respective data sets. 
‘No Voxels Selected’ 
implies the LASSO 
selected no voxels of 
significant correlation 
with the endpoint 
within the patient 
region. Planes are 
shown coinciding 
with significant 
results, indicated in 
other reconstructions 
with dashed lines. 
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Figure 5.9 
a) mean dosemaps for patients with 
the given toxicity in the combined 
cohort, b) mean dosemaps for patients 
without the given toxicity in the 
combined cohort, and c) standard 
deviation dosemaps maps for patients 
in the combined cohort dataset for the 
given toxicity. Each map displays the 
dose value at a representative voxel in 
the vicinity of the distal spongy 
urethra (above) and membranous 
urethra (below). The top row 
represents the grade ≥ 2 dysuria 
dataset and the bottom row the grade 
≥ 1 haematuria dataset. 
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 Figure 5.10 a) slices of the E1 registration template CT image with the penile shaft (containing the spongy urethra) visible despite not being delineated, 
outlined in yellow dots. Mean dose-difference maps between patients with and without b) grade ≥ 2 dysuria and c)  grade ≥ 1 haematuria, on approximately 
the same urethral slice as the image in a) for comparison. It is evident that maximum dose-difference is most likely occurring at the urethra. 
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5.6     Discussion 

In this study, quality-assured and reviewed planning data collected in multi-centre clinical trials 

with extensive follow-up was used to derive independent datasets for analysis. Deformable 

registration of planned dose-distributions onto common templates enabled identification of 

associations between voxel-dose and measures of GU toxicity across the pelvic anatomy. This is 

the first study to generate dose-GU toxicity relationships of this nature without the assumption that 

these necessarily occur on or within OARs. 

Although no individual voxel-wise test in this study addressed every typical shortcoming of voxel-

wise analyses, each test did address specific problems such that a consistent result across all 

techniques could be considered independent of these issues. Late genitourinary toxicity differs 

from late gastrointestinal (GI) toxicity in that the occurrence of late GI toxicity generally reaches 

a plateau after 3 years post-RT, while late GU toxicity more frequently extends past 3 years162. 

This suggests extended follow-up is necessary for the accurate estimation of late GU toxicity. The 

uni-voxel and multi-voxel Cox regression tests utilised post-treatment time-to-event endpoints 

with follow-up times extending from approximately 6 to 13 years, enabling an accurate accounting 

of late GU symptoms. The uni-voxel test controlled for patient baseline characteristics, attempting 

to remove their confounding influence upon discovered dose-toxicity correlations. The LASSO 

regression ensured selected voxels, which strongly correlated with GU endpoints, were 

independent of correlation with other voxels. Incorporating all voxels in the model together 

accounted for the multiple comparisons problem. The permutation dose-difference test similarly 

accounted for the multiple comparisons problem, while also being the only method of the three 

that excluded noisy extraneous voxels. 

Late grade ≥ 2 dysuria was consistently associated with increased dose to the spongy and 

membranous urethra regions in this study. Mylona et al discovered a subregion in the posterior 

bladder, partially in the trigone, where increased dose was correlated with late grade ≥ 1 dysuria100. 

Their study was limited to the bladder and prostatic urethra. Utilising bladder dose-surface maps, 

Yahya et al discovered a similar correlation between late grade ≥ 2 dysuria and increased dose at 

the posterosuperior bladder surface, near the bladder trigone, however concluded that dysuria was 

not associated with dose received directly by the trigone115. The authors predicted, rather, that dose 

in this region “might also correlate with dose to other organs in the genitourinary system outside 

the bladder”, alluding to further studies “anticipated to properly investigate this possibility, 

including the dose to the posterior prostatic urethra and anterior urethra, which includes the 

membranous and bulbous urethra”. This study has investigated the dose-dysuria relationship in 

these regions and has indeed found correlation in the membranous and spongy/bulbous urethra.  
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Blaivas et al explored the pathophysiology of lower urinary tract symptoms (LUTS) in prostate 

brachytherapy patients163. They discovered men following brachytherapy had a much higher 

incidence of prostatic and membranous urethral strictures and prostatic urethral stones than men 

with LUTS in the general population. 26% of brachytherapy patients presented with persistent 

dysuria while 20% with what was described as “white, shaggy, necrotic-looking tissue lining the 

prostatic urethra”. This suggests radiation is associated with urethral stricture formation, stone 

occurrence and direct urethral tissue damage, all potential causes and/or contributors to dysuria. 

In contrast to the Blaivas et al study, this study has found dose-dysuria correlation primarily in the 

membranous/spongy urethral regions and not primarily in the prostatic urethra, although, the 

RADAR T3 result did expose some correlation in the prostatic urethra. 13 patients in the RADAR 

cohort included in the dysuria analysis in this study had reported strictures164. It is noteworthy that 

one stricture was found in the prostatic urethra with the rest found in the membranous/spongy 

urethra. While only 5 of the 13 patients with strictures presented with grade ≥ 2 dysuria, 8 of the 

13 presented with grade ≥ 1 dysuria. Perhaps the membranous/spongy urethra is particularly 

susceptible to radiation damage capable of inducing dysuria, such as stricture formation. Dose 

escalation has been shown to increase urethral strictures in the RADAR cohort47.  

However, upon examination of the standard deviation dosemaps (Appendix 8 or Figure 5.9 for just 

the combined cohort), the maximum dose variation occurs in the membranous/spongy urethra 

region with minimum variation in the prostatic urethra region, for all trial datasets. This is 

particularly evident in the T3 standard deviation dosemap. Therefore, this anterior urethral 

correlation may have been exposed through sufficient intra-cohort dose-variance in this region, 

while a potential prostatic urethral correlation may be hidden due to lack of dose variation in the 

CTV. Figure 5.9 contains mean dosemaps for the combined cohort displaying dose values in the 

vicinity of the spongy and membranous urethra, for patients with and without grade ≥ 2 dysuria. 

Patients with dysuria have a mean dose of 19.7 and 48.2 Gy near the spongy and membranous 

urethra respectively. Therefore, this dose-toxicity relationship is occurring in the low dose range 

at the spongy urethra and intermediate dose range at the membranous urethra. It should be noted 

that doses less than 20 Gy are associated with this effect at the spongy urethra. One further 

hypothesis is that the low dose bath at the distal spongy urethra may reduce the capacity of stem 

cells to migrate back to the more heavily irradiated prostatic (or even membranous) urethra where 

they would facilitate urethral healing165, 166. In conclusion, there is strong evidence that radiation 

dose to the urethra is associated with resulting dysuria. The membranous and spongy urethra may 

be particularly susceptible, however dose to the prostatic urethra is likely to be related to dysuria 

as well. Limiting dose to the spongy urethra may be more realistic as the prostatic urethra resides 

in the high dose region. Future studies delineating the prostatic/membranous/spongy urethra and 
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investigating the dose-volume-dysuria relationship in these regions may further characterise 

urethral dose sensitivity.  

Late grade ≥ 1 haematuria was similarly associated with increased dose to the spongy and 

membranous urethra regions. Urinary bleeding has typically related to the high dose region of the 

bladder161, 89, 167, 168 where the bladder neck and trigone reside, and has been observed in the bladder 

neck and trigone at cystoscopy100. Yahya et al115, however, in agreement with the superior bladder 

subregion found by Mylona et al100, determined that late haematuria was associated with dose to 

the anterosuperior regions of the bladder, and concluded that haematuria was not a result of dose 

to the trigone or bladder neck, but rather to tissue damage in the bladder wall. Although Inokuchi 

et al investigated and found no dose-volume association with haematuria at the prostatic urethra161, 

no study to date has investigated dose-haematuria association at the membranous or spongy 

urethra. To the best of the author’s knowledge this is the first study to have included these regions 

of the urethra in localised dose-toxicity analysis. As a result, an association with haematuria has 

been found in the extraprostatic urethra, contrary to the general pattern. This is not beyond the 

scope of current evidence, however, as haematuria can be caused by urinary tract infection and 

strictures169. As previously discussed, urethral strictures were present in the cohort and can result 

from urethral radiation damage. Considering patients in the subset of the RADAR cohort included 

in the haematuria analysis, 9 out of the 12 patients with reported spongy/membranous urethral 

strictures also had grade ≥ 1 haematuria. It is also plausible that radiation damage to the anterior 

urethra can cause inflammation leading to urinary tract infection. As demonstrated for dysuria, 

Figure 5.9 shows that this haematuria effect is associated with doses lower than 20 Gy at the 

spongy urethra. Therefore, reduced stem cell migration in response to the low dose bath at the 

spongy urethra may also be contributing to this effect. Due to these considerations and the similar 

association found with dysuria, limiting dose to the anterior urethra may substantially reduce the 

incidence of these two prominent urinary toxicities. Spongy urethral dose could be reduced by 

taping down the penis to the thigh. Or perhaps by using two anterior oblique beams instead of a 

single anterior beam. The increased dose conformality provided by VMAT treatment may help 

reduce this dose even further. 

Increased dose in the external and internal urethral sphincter and in the posterior oblique beams 

was shown to correlate with late grade ≥ 2  incontinence. It is established that urinary incontinence 

can170, and most commonly does171, result from urethral sphincter malfunctioning. Although both 

the internal and external sphincters are involved in maintaining continence, the internal sphincter 

is of primary importance172.  Mylona et al found a predictive subregion in the prostatic urethra for 

incontinence, concluding this was related to damage to the urethral sphincter100. Yahya et al found 

an association between incontinence and dose to the posteroinferior bladder at the trigone, 
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suggesting this was likely related to dose received by the internal sphincter115. The sphincter 

muscles may be scarred by irradiation, or dose to the nearby bladder neck may increase ischemia 

and fibrosis and thus incontinence due to internal sphincter damage115. The association with the 

posterior oblique beams may be a surrogate for dose directly to the sphincters. It is recommended 

that clinicians be aware of the potential radiation damage to the sphincters, while recognising they 

do coincide with the high dose region, and that a large scale clinical trial did not reveal increasing 

incidence of incontinence with dose escalation173.  

Late grade ≥ 2 frequency was associated with dose extending inferiorly and posteriorly to the 

prostate and rectum. This may indicate that patients treated with a posterior beam extending 

inferiorly beyond the rectum had a higher incidence of frequency. This result is largely unintuitive 

and difficult to rationalise. It is noteworthy that Mylona et al could not demonstrate a dosimetric 

association with urinary frequency100. 

The relationships presented here are correlations that may or may not represent anatomically-

localised physiological dose-toxicity associations. The low number of toxicity events, namely less 

than 10% of the cohort for 7 of the 16 datasets, should reinforce this suspicion. Only the uni-voxel 

multivariate Cox regression test accounted for patient baseline factors, and these represent only a 

sample of possible factors that could confound the associations. To ensure dose-toxicity 

relationships are independent of a given baseline factor, separating the cohort into this factor’s 

subgroups prior to analysis is necessary. This, however, would reduce power, requiring a larger 

cohort to establish statically meaningful associations. 

The assumption that planned dose is equivalent to delivered dose, which differ in reality145, is a 

major limitation of this study. It has been shown that delivered dose can be a better predictor of 

rectal toxicity than planned dose155. As the agreement between planned and delivered dose 

improves, or delivered dose becomes more easily measurable, voxel-wise dose analyses will be 

more effective in identifying anatomically localised dose-toxicity relationships. Cone beam CT 

daily imaging, for example, could be used to measure cumulative delivered dose across the course 

of treatment174. Another limitation could be the registration accuracy and the suitability of the 

choice of exemplar and anti-exemplar. A perfect registration would ensure the identified patterns 

are in fact occurring at the presumed anatomical site. Diversity in the distribution of dose across 

each cohort is also limiting, as the mean dosemaps are approximately 3 or 4 beam treatments in 

all datasets (see Appendix 8 for mean and standard deviation dosemaps). Greater diversity in 

technique will enable more generalisable feature selection. Differences in diversity between trials 

may also account for lack of consistency in results across trials. For example, RADAR treatments 

were allowed any combination of 3 or more beams, while RT01 treatments were restricted to 3 or 

4 beams in the anterior/lateral/posterior directions. This has led to differences in the spatial 
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distribution of dose variation between trial cohorts, resulting in different potential sites with 

sufficient variation for exposing dose-toxicity associations.  

This was the first study performing a full voxel-wise analysis of dose-urinary toxicity relationships 

in the entire pelvic anatomy, without the assumption that these occurred exclusively at OAR sites. 

Associations between late dysuria and haematuria and dose to the spongy and membranous urethra 

have been newly identified, while dose to the urinary sphincters and resulting incontinence has 

confirmed the idea that radiation damage at the sphincter can cause incontinence.  
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Chapter 6:    General discussion 
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6.1     Registration and dosemap preparation 

The analysis was conducted after registering dose distributions to the T1 registration template  

This study involved deformably registering the dose distributions of each patient’s individual 

phases of radiotherapy to a common CT template (T1), chosen as the best representative of 

anatomical variation throughout the cohort using an affinity propagation clustering method35. 

These distributions were then converted to biologically equivalent 2 Gy per fraction dose and 

linearly summed. This resulted in a single registered dose distribution for each patient (a 

“dosemap”), and all patients registered to this common template, ready for voxel-wise analysis. 

The method of deformable registration of dose distributions to a common coordinate space in 

preparation for voxel-wise dose-outcome analysis was previously established, with studies 

utilising this method to associate voxel-dose with treatment failure65, GI toxicity109, 110 and GU 

toxicity100 outcomes. In our study, this has enabled the direct comparison of patient dose 

distributions from three multicentre international clinical trials, constituting a diverse range of 

clinical settings. This is the first voxel-wise study to compare dose distributions originating from 

this breadth of diversity, while utilising high-quality clinical trial datasets with long term, 

comprehensive patient outcome information.  

 

The analysis was repeated on the T2 and T3 templates to validate registration  

For the primary dataset, sourced from the RADAR trial, dose distributions were registered to two 

other CT templates (T2 and T3) and all analyses were repeated on each of these. T3 was cropped 

to the prostate CTV and immediate surrounding organs (rectum and bladder), not extending to the 

edge of the patient like T1 and T2. Cropping to a smaller region allowed the original voxel-dose 

resolution to be used, without sampling. This doubled the resolution compared to T1 and T2, 

enabling dose-outcome associations to be anatomically localised with more precision. Accuracy 

(as opposed to precision) of anatomical localisation was also improved, relative to T1, by using a 

more accurate registration algorithm, which had been developed by this point in the study (and 

therefore was not used for T1). These effects were observed, for example, in the identification of 

the dose-PSAP association in the seminal vesicles region (Appendix 7.2), the dose-dysuria 

association at the membranous urethra (Appendix 7.6), or the dose-incontinence association at the 

urinary sphincters (Appendix 7.8). These associations were more precisely and accurately 

identified with respect to underlying anatomy on the T3 template as opposed to T1 and T2. Not 

extending to the edge of the patient, however, prevented the association of beam arrangement with 

patient outcomes in analyses using T3, which characterised many of the identified dose-outcome 

associations (afforded by T1). With increased computational power, or more time, analysis on T1 
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and T2 could be performed at full voxel resolution, potentially eliminating the need for a T3 type 

validation template. This should be considered in future analyses.  

T2 was the patient CT most different from T1. This was chosen to internally validate the 

associations identified on T1. In most cases, the general patterns of voxel-cluster associations 

identified on T1 were preserved on T2 (as on T3). However, they were distorted according to the 

anatomical difference between the templates. No previous voxel-wise study has validated identical 

analyses on multiple registration templates. The consistency of voxel-wise patterns across 

registration templates is the first indication that voxel-wise analyses have the necessary robustness 

(with respect to registration) for potential future clinical translation. 

 

Inter-fraction motion causes planned dose to differ from delivered dose 

Inter-fraction motion, or changes in location and size of patient anatomy between treatment 

fractions, is commonly observed in EBRT175, 176. All analyses in this study used CT templates 

taken at the planning phase of treatment, and therefore do not account for inter-fraction motion 

throughout the course of treatment. This causes the planned dose distribution to differ from the 

delivered cumulative dose177, 178, capable of impacting the observed dose-outcome associations155. 

IGRT based adaptive radiotherapy techniques179, 180, where the patient is re-imaged prior to the 

delivery of every fraction, will improve the consistency of planned dose with delivered dose. These 

techniques will also result in a more ‘blurred’ dose distribution for each patient due to variations 

in patient setup between fractions, which will likely affect the derived associations. For example, 

a more blurred dose at the rectum may reduce the likelihood of rectal hotpots and therefore 

correlation between hotspots and rectal bleeding. It is therefore recommended that the observed 

dose associations in this study be validated on data from patients who received adaptive 

radiotherapy.  

 

Deformable image registration validation protocols may improve registration accuracy 

A deformable image registration (DIR) method has been used to deform dose distributions onto 

registration templates. DIR methods can lead to dosimetric inaccuracies181, 182. These could impact 

derived associations and have not been accounted for. Deformations were constrained to that 

which is physically achievable, preventing tissue from ‘folding back in on itself’ to help mitigate 

impact. However, this limited measure did not constitute a formal DIR protocol employed to 

validate the registration accuracy. Suggestions for DIR validation protocols are beginning to 

emerge183. For example, protocols involving patient specific-validation, or direct geometric 

validation using physical and digital/numeric phantoms184, are recommended. Therefore, to further 
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ensure DIR accuracy in future voxel-wise analyses, it is recommended that current DIR validation 

protocols be evaluated, and an appropriate protocol be employed. 

 

Dose was not conserved in deformable image registration 

DIR was performed without conserving the dose34. Dose-volume information was therefore lost 

in the registration process, and this was not quantified or validated. Evaluating the impact of this 

loss of information could be done by repeating the analysis using a dose-conserving registration 

algorithm and comparing the identified dose-outcome associations.  

 

An alpha beta ratio of 3 Gy was used across the entire pelvic anatomy  

Biologically equivalent dose was calculated using an alpha beta ratio of 3 Gy for all voxels 

throughout the pelvic anatomy. Empirically determined alpha beta ratios vary greatly, being 

dependent on many clinical and methodological factors126. For example, reported alpha beta ratios 

for prostate tumours vary from -0.07 Gy127 to 18 Gy128. Alpha beta ratios for late responding 

normal tissues tend to be more consistent than those associated with tumour tissues. For example, 

the rectum’s alpha beta ratio with respect to rectal bleeding has been consistently reported as 3 

Gy185–187. 3 Gy was chosen as it describes this rectal response to rectal bleeding, a symptom in this 

study. It was also chosen as it is sometimes regarded as generally representative of all late 

responding normal tissues129, which constitute the majority of the pelvic anatomy. Ideally, 

analyses associating dose with treatment failure should use an alpha beta ratio representing the 

response of prostate tumour tissue. This will be possible when this value is empirically established. 

Similarly, associating dose with GU toxicity should use alpha beta values representing the dose-

response of the urethra and bladder with respect to the particular symptoms being studied. These 

analyses provide an opportunity for future validation of this study.    
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6.2     Voxel-wise analysis 

Three voxel-wise tests were used to determine dose-outcome associations  

This study employed three independent voxel-wise tests to associate dose with treatment outcomes 

across datasets derived from three prostate radiotherapy clinical trials. The tests included the 

voxel-wise dose-difference permutation test, uni-voxel multivariate Cox regression test, and multi-

voxel Cox regression test with LASSO voxel selection. Multiple tests were used in an attempt to 

address the range of issues typically hindering voxel-wise analyses65, 141. The uni-voxel 

multivariate Cox regression test uniquely controlled for relevant patient baseline factors, 

attempting to remove their confounding influence on the relationship between dose and outcome 

in each voxel. This test also utilised time-to-event endpoint data, accounting for the time at which 

the event occurs, unlike peak and longitudinal measures of toxicity. A previous study, associating 

dose with GU toxicity, utilised time-to-event data with Cox regression modelling100. Cox 

regression was used, however, in associating toxicity outcomes with DVH information from 

previously identified organ subregions, and not with dose in each individual voxel, as done in this 

study. A recent study combined LASSO regression with machine learning methods to determine 

how the spatial pattern of radiation dose in the major salivary glands influences xerostomia in 

patients with head or neck cancer188. However, our study included the first voxel-wise analysis to 

apply LASSO regression to the Cox proportional hazards model, accounting for correlation of 

dose between neighbouring voxels. 

 

The combination of tests, datasets and registration templates facilitated uniquely robust results 

This study utilised the largest combination of independent tests, validation datasets and registration 

templates to date. Dose-outcome association patterns that consistently emerged across the three 

tests, and across multiple trial datasets, can be received with more confidence than associations 

found in analyses using less tests and validation datasets. Furthermore, no previous voxel-wise 

study in the pelvis has discovered associations between treatment technique (such as beam 

arrangement), anatomically localised dose variation, and resulting treatment failure or toxicity. 

This was afforded by performing voxel-wise analysis throughout the entire pelvic anatomy (with 

a template like T1 capable of capturing the full extent of this anatomy), without the assumption 

that these associations necessarily occur at organ sites or within the CTV. Utilising data from 

several multi-centre clinical trials has enabled the consistency of derived associations to be 

evaluated across a diversity of patients, participating centres, radiotherapy techniques and overall 

treatment approaches (see section 6.6 for specific results). Repeating the analysis on a combined 
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dataset, including data from all three clinical trials, increased the power sufficiently to reveal new 

associations and strengthen other associations discovered in the individual trial datasets.  

 

The permutation test is not adept at finding local maxima of dose-difference 

The multiple comparisons permutation test is quite conservative. In the dose-difference 

comparison between patients with and without an event pertaining to a given outcome, it applies 

a global threshold that cannot identify local maxima of dose-difference. Also, due to the large 

number of voxels compared, in order to adequately account for the multiple statistical testing 

problem this threshold can be quite high and therefore may exclude not only local regions of 

significant dose-difference but also global regions. Hence only large and statistically strong global 

dose-differences can be identified. This could explain why few regions of statistically significant 

dose-difference were found by this test. A test more sensitive in identifying local maxima, such as 

a threshold-free cluster enhancement test189, may be worth employing in future voxel-wise 

analyses. 

 

All associations are ultimately correlative and therefore not necessarily physiologically causal  

Despite the measures taken in identifying true voxel dose-outcome relationships, all observed 

associations are ultimately correlative. They may therefore not represent direct anatomically 

localised physiological dose-effects. Although some results may be causative, others are clearly 

not, such as the RT01 result in Figure 3.5 c), showing that LP was correlated with increased dose 

near the femur. This association is most likely related to an anteriorly expanded lateral beam edge 

and clearly not to increased dose at the femur. Another example may be seen in the RADAR result 

from Figure 5.1 b), where on the sagittal plane it is evident that dysuria is correlated with increased 

dose both superior and inferior to the CTV. Although it is likely the inferior association is 

anatomically related (as discussed in section 5.6), the superior association may be a confounder in 

that an inferior beam expansion may be coupled with a superior beam expansion.   

Although the uni-voxel multivariate Cox regression test did account for patient baseline factors, 

these represent a limited sample of possible factors that could confound associations. The other 

two tests did not account for any baseline factors. To ensure a given baseline factor is not 

confounding a derived association, the cohort must be divided into that factor’s subgroups prior to 

analysis. This, however, would require a larger cohort to maintain power, and would not account 

for other potential confounding factors. The uni-voxel test did not account for the multiple 

comparisons problem like the permutation and multi-voxel Cox tests. False positive associations 

on the individual voxel-level were therefore most likely prominent in results derived from this test, 
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however it is statistically unlikely that larger more general patterns were subject to this same 

problem.  

 

More diverse data may be sourced from other cancers and modalities 

Although a level of diversity in the dose distributions was achieved, mean dosemaps across 

datasets were similar (Appendix 8), approximating 3 or 4 (anterior/posterior/lateral) beam 

treatments. Observed associations usually emerged in spatial regions of higher dose-variation 

across a given cohort, identified on the standard deviation maps. Increased dose-variation across 

the pelvic anatomy may be necessary to reveal potential local dose-toxicity effects at organ sites 

that reside in low dose-variation regions. This variation could be achieved by combining patients 

who received EBRT for a range of pelvic cancers, such as bladder, rectal, urethral, gynaecological, 

or pelvic bone cancers. It could also be achieved by combining patients treated with different 

modalities, such as VMAT190, Cyberknife191 or high dose-rate brachytherapy192. This may also 

provide larger sample sizes, enabling the application of models that include multiple toxicity 

events during follow-up168 or measure the persistence of toxicity rather than peak late toxicity79.  

 

Future models may combine voxel and dose-volume information, or use machine learning 

Voxel-level analysis has the disadvantage of not considering volume-level effects. As such, 

clinical use would most likely require consideration of both voxel-level and DVH analysis results. 

This may be achieved by comparing the predictive ability of whole-organ DVHs to that of the 

DVH of predictive organ subregions identified in this study, as done in previous studies109, 110, 100. 

It may also be achieved by using models which combine both voxel-level and DVH metrics, 

assessing whether this increases predictive capability186, 193, 150, 115, 100. Another consideration is the 

utilisation of the hazard ratios generated by the uni-voxel test by producing hazard ratio 

histograms. Hazard ratio histograms within a delineated volume may be compared to hazard ratio 

histograms throughout the entire pelvic area or within other delineated volumes. For example, the 

hazard ratio histogram with respect to rectal bleeding of the whole rectum or sub regions of the 

rectum may be compared to the hazard ratio histogram of the entire pelvis. If a significant statistical 

difference exists, such that a higher proportion of voxels within the rectum have a HR > 1 

compared to voxels in the pelvis, then this could indicate a correlation between rectal bleeding and 

increased dose in the pelvis. This could also be applied to all other endpoints and volumes.   

Furthermore, this study did not fit NTCP models to organ regions of dose-toxicity correlation, as 

previously done for lung toxicity investigation194. This will enable specific organ dose-constraints 

to be generated based on the probability of a toxicity symptom resulting from a particular voxel-
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dose distribution in that organ. The potential clinical utility of this approach recommends it as a 

future area for investigation. More comprehensive models, including a variety of dose information 

as well as intrinsic patient and treatment factors, may be investigated using machine learning based 

methods195, 196. Machine-learning based methods, such as principal component analysis, functional 

analysis, clustering and spatial pattern correlation188, convolutional neural networks or 

dosiomics146, may also be used to parameterise the dose distribution. This may enable translation 

to clinical use, where treatment plans are automatically generated, or their generation guided, to 

minimise treatment failure and/or toxicity. This generation or guidance would be based on 

extracted features of the dose distribution, rather than individual voxel correlation.  
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6.3     Treatment failure 

Three treatment failure endpoints were used to associate dose with treatment efficacy 

In this study, voxel-wise analysis associated dose with three treatment failure time-to-event 

endpoints throughout the pelvic anatomy. These were overall survival, PSA progression and local 

composite/local progression. The two previous prostate EBRT studies associating voxel-dose with 

failure combined PSA progression and local/clinical failure into a single failure endpoint66, 65. They 

also measured failure by considering the number of patients failing up to a fixed post-treatment 

time-point, and sourced patients from a single clinical trial. This is the first dose-failure voxel-

wise study to consider multiple time-to-event failure endpoints, using data sourced from multiple 

clinical trials.  

 

Reduced dose at the posterior prostate was associated with increased failure 

The major observed dose-failure association was a relationship between reduced dose at the 

posterior of the prostate and increased treatment failure. This was typically related to reduced 

posterior lateral beam margins and increased anterior lateral beam margins – a shifting of the 

lateral beams in the anterior direction, reducing posterior coverage of the prostate. This 

relationship was particularly manifest in the uni-voxel Cox regression test results. As the majority 

of cancer originates in the peripheral zone at the posterior of the prostate142, and cancer here is 

more aggressively invasive than cancer originating in the other prostate zones143, 144, it is intuitive 

that adequate posterior dose coverage is necessary for tumour control. This rational is consistent 

with the observed association between reduced dose at the seminal vesicles and increased PSA 

progression in RADAR patients, particularly visible in the uni-voxel Cox regression test result on 

the T3 template (Appendix 7.2).  

These results were largely inconsistent with the previous two voxel-wise analyses, which  both 

found a correlation between reduced dose in the obturator region in the prostate lateral periphery 

and increased biochemical/clinical failure66, 65. Not all their results were inconsistent with those if 

this study, however, with Witte et al finding an association between increased failure and reduction 

in dose posterior to the rectum (at the posterior beam) in high risk (T3b and T4) patients, which 

could be related to reduced posterior dose coverage66. The major pattern in our results also 

comported with the findings of Engels et al who showed that biochemical failure was associated 

with reduced anterior and posterior CTV margins56. Considering the conclusions of all voxel-wise 

studies to this point, subclinical cancer spread in both the obturator region and at the posterior of 

the prostate (including at the seminal vesicles) is a potential risk. This indicates adequate dose 

coverage both laterally and posteriorly is necessary for tumour control. As only three voxel-wise 
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studies in this area have been performed to date, subclinical disease spread in other regions around 

the prostate may still be revealed. Therefore, based on the findings of this study, it is recommended 

that adequate posterior dose coverage be sought, but not at the expense of coverage in other 

directions around the prostate. This with an awareness of the trade-off between increased risk of 

rectal complications and reduced risk of failure with increasing posterior CTV margins. Current 

EBRT technologies, such as image-guided IMRT197 and VMAT60, are able to provide increasingly 

steep dose gradients around the prostate. These may assist in achieving this manner of dose 

coverage.  

 

Future analyses with larger and more diverse data may bring individualised treatment planning 

Improved voxel-wise analysis may be facilitated by increased sample sizes and dose distributions 

with more variation. This data may be pooled from clinical trials with a larger variety of prescribed 

doses and CTV/PTV margin requirements. Applying maximally selected rank statistics to this 

dataset may enable the selection of an optimal dose cut-point198, 199, with respect to minimising 

failure while meeting dose prescriptions/constraints, in every voxel in and around the prostate 

CTV region. These rank statistics may be applied to a voxel-wise multivariate regression model, 

such as a Cox proportional hazards model as in this study. This would allow the inclusion of 

treatment and intrinsic patient factors in the voxel-wise model, enabling the generation of an 

individualised optimal treatment plan for each patient. This ‘gold standard’ treatment plan could 

be applied clinically to maximise tumour control for individual patients.  
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6.4     Gastrointestinal toxicity 

Gastrointestinal toxicity was measured as rectal bleeding and tenesmus time-to-event endpoints 

Extensive high-quality follow-up was incorporated in the three clinical trials that sourced the 

datasets in this study. This enabled several toxicity symptom time-to-event endpoints to be 

generated for voxel-wise analysis. In particular, the three voxel-wise tests were applied to two 

measures of time-to-event peak grade ≥ 2 gastrointestinal toxicity: rectal bleeding and tenesmus.  

 

The first voxel-wise study without assuming GI toxicity dose associations occur at the rectum 

Previous studies have correlated GI toxicity measures with extracted features of rectal dose-surface 

maps150, 111, 77, 200, 113. Other voxel-wise studies have identified rectal sub-volumes more predictive 

of rectal bleeding than dose to the whole rectum109, 110. This is the first voxel-wise study to 

associate dose and measures of GI toxicity throughout the pelvic anatomy, without assuming these 

associations necessarily occur at the rectum. This has led to the identification of dose-toxicity 

associations at both the rectum and perirectal fat space (PRFS), related to beam selection and 

arrangement.  

 

Rectal bleeding was found to associate with high doses in a small volume of the rectum 

Rectal bleeding was seen to correlate with high doses (>55 Gy) to a small sub-volume in the central 

rectum, adjacent to the centre of the CTV. This volume was manifest primarily in patients with 

posteriorly extended lateral beams. The rectal dose-volume constraints required by the trials were 

not sufficient to prevent this observed dose-volume effect, suggesting constraints placing further 

limitations on high doses may be necessary. As the majority (98.1%) of patients reported peak 

grade ≥ 2  RB events past 3 months post-treatment, this was considered a late effect, attributable 

to ischaemia and fibrosis of the rectal tissue, potentially leading to ulcerating and eroding of rectal 

blood vessels153.  

The predictive rectal sub-volume was exposed in a region of high cohort dose variation coinciding 

with the high dose region (near the CTV). Therefore, it is unlikely that this represents a region of 

rectal tissue particularly sensitive to radiation damage. It is more likely that this result is 

demonstrating the general sensitivity of rectal tissue to high doses in small volumes, or dose 

“hotspots”, with regards to rectal bleeding. Hence, it was concluded that the serial behaviour of 

the rectum with respect to rectal bleeding was demonstrated. This confirmed the findings of 

multiple previous studies across several treatment modalities96, 110, 151, 152, 97.  
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Newly established was the link between these hotspots and posteriorly extended lateral beams. 

Therefore, it is recommended that posteriorly extending the lateral beams, to achieve more dose 

coverage of the CTV, be done with an awareness of the potential to manifest rectal hotspots 

capable of inducing rectal bleeding. It is noteworthy that this result is consistent with the 

relationship between posteriorly reduced lateral beam margins and increased failure. This is the 

first voxel-wise demonstration of the compromise between ensuring sufficient posterior CTV dose 

coverage to maximise tumour control, and minimising dose to the rectum to prevent rectal 

complications. The balance of disease treatment against the incidence of toxicity related symptoms 

is often at the discretion of the clinician and preference of the patient. This clear demonstration of 

the compromise between these two competing interests confirms the reality of this tension and 

provides further insight into its nature, particularly with respect to the consequences of reducing 

posterior prostate margins through an anterior shift of the posterior boundary of the lateral beams.   

DVH analysis on the discovered rectal sub-volume may be an appropriate future exploration. This 

would involve comparing the predictive ability of DVH information within this sub-volume, 

against the same for the whole rectal volume, as performed by Acosta et al109 and Dréan et al110. 

Although it has been concluded that this sub-volume is most likely not instrinsically sensitive, this 

analysis may provide validation for the previous two studies.  

 

Tenemsus was found to associate with low-intermediate doses in a broad volume of the PRFS 

Tenesmus was found to be associated with increased dose in the posterior beam region and reduced 

dose in the posterior oblique beam region. In particular, low-intermediate doses (~25 Gy) broadly 

distributed about the most posterior rectum and perirectal fat space, manifested by the posterior 

beam, were shown to correlate with late grade ≥ 2 tenesmus. This was largely consistent with past 

studies on RADAR patients96, 113, 154. Radiation therapists and physicists should be aware that 

choosing the posterior beam instead of posterior oblique beams could increase the risk of 

tenesmus.  

The broad distribution of dose in this association pattern suggests the PRFS may be behaving as a 

parallel organ with respect to tenesmus. There is a physiological basis for radiation damage to the 

PRFS causing control-related rectal toxicity, as the PRFS facilitates rectal motility, compliance 

and control, and contains a large number of sympathetic, parasympathetic and non-autonomic 

nerve fibres154. An appropriate future analysis would be investigating dose-volume or voxel-wise 

dose-effects in the rectum versus in the PRFS with respect to multiple control related symptoms 

such as rectal tenesmus, urgency, incontinence and frequency. This could reveal a definitively 
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distinct dose-response of the PRFS compared with the rectum, validating the PRFS’s role in 

control-related rectal toxicity.  

 

The combined dataset provided adequate power to reveal associations consistently across tests 

Both the RB and tenesmus associations were most strongly evident in the combined dataset, with 

all three voxel-wise tests revealing the dominant association for both these outcomes. This is most 

likely due to the increased power afforded by the larger sample size, providing an indicator of the 

power necessary in revealing dose-toxicity associations, at least in this context. It seems ~1300 

patients with ~25% experiencing toxicity events is sufficient to reveal a dose-toxicity association. 

This sample cohort is larger than those in all GI toxicity voxel-wise analyses to date. Future 

analyses should aim for a sample cohort with at least these parameters or be aware of the potential 

of failing to identify an underlying relationship due to lack of power.  
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6.5     Genitourinary toxicity 

Four time-to-event endpoints were used to associate dose with GU toxicity 

Voxel-wise analysis was performed on four time-to-event measures of late genitourinary toxicity: 

grade ≥ 2 dysuria, grade ≥ 1 haematuria, grade ≥ 2 incontinence and grade ≥ 2 frequency. Past 

studies have performed pixel-wise analysis relating these same GU symptoms to bladder dose-

surface maps115, 158, 117, while Mylona et al performed the first voxel-wise study associating dose 

in sub-volumes of the bladder and prostatic urethra to GU toxicity100. Our study includes the first 

voxel-wise analysis associating dose with GU toxicity throughout the entire urinary tract. As a 

result, the first voxel-wise toxicity-dose associations in the extraprostatic urethra have been 

discovered. 

 

Dysuria was found to associate with low-intermediate doses at the anterior urethra 

Dysuria was found to be associated with low doses to regions coinciding with the membranous 

and spongy urethra. Yahya et al associated dysuria with dose at the posterosuperior bladder 

surface115, while Mylona et al found a similar association at a subregion in the posterior bladder100. 

Neither study, however, included the extraprostatic (membranous and/or spongy) urethra. A 

previous brachytherapy study showed that dose to the urethra could be associated with stricture 

formation, stone occurrence and direct urethral tissue damage163, all potential causes and/or 

contributors to dysuria. Most of the RADAR subjects with strictures also had dysuria, with all but 

one of these strictures being extraprostatic164, suggesting this could be causing the dysuria. This 

dose-effect was exposed in a region of high dose-variation in contrast to the prostatic urethra which 

is located in a region of low dose-variation. This suggests extraprostatic urethral regions are not 

necessarily more susceptible to radiation damage than the prostatic urethra, as a statistical effect 

could be exposing this association. Dose to these regions should be limited regardless. Further 

investigation separately delineating all urethral subregions and comparing their toxicity dose-

response through voxel-wise or DVH analysis may help determine whether these subregions have 

different sensitivities to dose. Incorporating EBRT patients treated for other (non-prostate) cancers 

would help ensure more dose-variation at the prostatic urethra is present in the cohort.  

 

Haematuria was also found to associate with low-intermediate doses at the anterior urethra 

Haematuria was similarly associated with low doses to regions at the membranous and spongy 

urethra. This is contrary to the previously observed general pattern of association between 

haematuria and exposure of the high-dose region of the bladder where the bladder neck and trigone 
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are located 89, 161, 167, 168. This could be due to this being the first study incorporating the 

extraprostatic urethra. It has been shown, however, that haematuria can be caused by urinary tract 

infection and urethral strictures169. Therefore, this discovered association is physiologically 

plausible despite being anomalous. Both dysuria and haematuria were associated with doses lower 

than 20 Gy at the spongy urethra. Therefore, another potential cause of these effects could be a 

reduction of the stem cell migration healing effect165, 166 in response to the low dose bath at the 

spongy urethra. Limiting dose to the spongy urethra, even as low as less than 20 Gy, may help 

reduce both dysuria and haematuria.  

 

Incontinence was found to associate with the urinary sphincters in the high dose region 

Dose in the internal and external urethral sphincters, and at the posterior oblique beams, was found 

to associate with incontinence. This confirmed the findings of Yahya et al115 and Mylona et al100 

who discovered similar dose-incontinence effects associated with the sphincters. Radiation 

damage to the sphincters can include muscle scarring, ischaemia and fibrosis115, and is a plausible 

cause of incontinence170, 171. Dose in the posterior oblique beam regions may be a surrogate for 

dose at the sphincters, however this requires further investigation. Performing separate voxel-wise 

analysis on patients with and without posterior oblique beams may help discern whether the 

posterior oblique beams contribute to this effect. It is recommended that dose to the sphincters be 

limited as much as possible, with an awareness of correlation between incontinence and dose to 

the posterior oblique beams. The association between frequency and dose extending inferiorly and 

posteriorly to the prostate and rectum remained largely unintuitive and requires future 

investigation. 
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6.6     Validation across trials  

External validation of results from primary dataset was performed on two other trial datasets 

Identical voxel-wise analysis was performed on separate datasets derived from the RADAR, RT01 

and CHHiP trials. The same nine patient outcomes were tested for association with voxel dose 

variation across all datasets. Validation of results from the primary RADAR dataset was sought 

through assessment of consistency with results from the other two trial datasets. This is the most 

comprehensive external validation of a voxel-wise analysis to date. Results pertaining to some 

outcomes were consistent across all three trials, others across two of the three, and others not 

consistent between any of the trials.  

 

Some treatment failure results were consistent across trials 

No voxel-wise association patterns were consistent across all three trials for any given treatment 

failure outcome. However, for overall survival and PSA progression, associations for RADAR and 

RT01 were broadly consistent.  

Overall survival was associated with reduced posterior lateral beam margins resulting in decreased 

dose at the prostate posterior in both RADAR and RT01 patients. Although, a stronger reduced-

dose association was seen in the direction of the posterior beam for RT01. This association was 

not revealed amongst CHHiP patients, with increased dose at the prostate posterior being 

associated with overall survival instead.  

Both RADAR and RT01 patients exhibited a clear association between PSA progression and 

reduced posterior lateral beam margins. RADAR patients also demonstrated an association 

between reduced dose in the vicinity of the seminal vesicles and PSA progression, not found in 

RT01 patients. As with overall survival, results for CHHiP patients differed, with increased 

posterior lateral beam margins being associated with PSA progression.  

RT01 and CHHiP patients showed an association between reduced dose at posterior lateral beam 

margins and increased local progression, although this association was minimal for RT01 patients. 

The RADAR patients, in contrast, demonstrated an association between local composite 

progression and increased dose in the oblique beam regions.  

 

Gastrointestinal toxicity results were largely consistent across trials 

Results pertaining to the two gastrointestinal toxicity outcomes were generally consistent across 

trials. The association between rectal bleeding and increased posterior lateral beam margins 
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culminating high doses at the rectum was evident in patients from all three trials, but minimal for 

CHHiP patients. This association was clearer in the dose-difference maps than in the HR maps.  

Association between tenesmus and dose at the posterior beam was evident for all three trials, but 

minimal for RT01 patients. This consistency may be due to the strength of associations, capable 

of transcending the substantial differences between cohorts. 

 

Consistency of genitourinary toxicity results across trials varied 

Results pertaining to the four genitourinary toxicity outcomes varied in terms of their consistency 

across trials. The dysuria results were the most consistent. Patients from all three trials showed an 

association between dysuria and increased dose in the vicinity of the membranous and spongy 

urethra.  

A similar association was found for haematuria in RADAR and CHHiP patients. This association 

was not replicated in RT01 patients.  

RADAR patients alone demonstrated a clear association between dose at the urinary sphincters 

and incontinence, while both RADAR and RT01 patients showed an association between 

incontinence and dose at the posterior oblique beams.  

RADAR and CHHiP patients showed an association between frequency and increased dose 

inferior and posterior to the rectum. Again, RT01 patients did not reveal this association.  

 

Treatment, patient and follow-up related factors may account for differences in results 

Several factors may account for the differences in results across the trials. With regards to the 

treatment failure results, the broad consistency between RADAR and RT01 associations (differing 

from CHHiP results) could be due to the similarity in treatment modality. Patients from both these 

trials were treated with 3D conformal radiotherapy, as opposed to CHHiP patients being treated 

with IMRT. IMRT treatments are, on average, more conformal than 3DCRT treatments, as evident 

by comparing the mean dose distributions found in Appendix 8.1. This may also contribute to 

differences in toxicity-outcome dose associations, as IMRT treatments result in less dose to organs 

surrounding the CTV. Differing beam arrangements between the trials may also contribute to 

differences.  

The length of follow-up at the time the data was frozen for this analysis was different for all three 

trials. CHHiP follow-up was the shortest (for toxicity), and therefore the probability of an event 

during follow-up was reduced. This may explain why CHHiP toxicity outcomes consistently 
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presented with less events as a proportion of total patients in each dataset. The reduced number of 

toxicity events may also be due to the more conformal IMRT treatments undergone by these 

patients.  

Treatment failure results may also differ due to differences in outcome assessment during follow-

up. RADAR patients were assessed using a different definition of biochemical failure than RT01 

and CHHiP. Local progression was combined with PSA progression for RADAR patients, while 

local progression alone was considered for RT01 and CHHiP patients.  

Differences in adjuvant treatments may also account for some differences. For example, RADAR 

patients underwent either 6 or 18 months of hormone therapy while RT01 and CHHiP patients 

received 3-6 months. Compared with RT01 and CHHiP patients, RADAR patients had a higher 

proportion of T3 and T4 stage cancers. Awareness of these differences will be necessary when 

considering appropriate clinical translation of results.   
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6.7     Conclusion 

This study has utilised high-quality prostate EBRT clinical trial data to perform voxel-wise 

analysis associating dose with failure and toxicity treatment outcomes throughout the pelvic 

anatomy. This was the first voxel-wise study to avoid the assumption that associations necessarily 

occur within the CTV or at traditional organ sites. It was also the first voxel-wise study to operate 

throughout the broader pelvic region, allowing dose-outcome relationships to be related to 

treatment technique as well as unexpected local anatomy.  

Three-dimensional dose distributions sourced from the RADAR, RT01 and CHHiP trials were 

converted to 2 Gy per fraction biologically equivalent dose and deformably registered onto a 

representative CT template, ready for voxel-wise analysis. Registration was validated for the 

primary RADAR dataset by performing the analysis on two other CT templates – one representing 

the patient most dissimilar form the representative template, the other cropped to a smaller region 

including the prostate and immediately surrounding organs, using a more accurate registration 

pipeline that was later developed.  

Three voxel-wise statistical tests, namely the dose-difference permutation test, uni-voxel 

multivariate Cox regression test, and multi-voxel Cox regression test with LASSO voxel selection 

were utilised in this study. These were applied to the three clinical trials datasets and a combined 

dataset in order to determine and validate anatomically-localised dose-outcome associations across 

multiple treatment contexts and patient cohorts.  

Associations have been observed between treatment outcomes, dose variation at specific 

anatomical sites and particular beam arrangements. Treatment failure endpoints were associated 

with reduced dose at the prostate posterior, related to reduced posterior lateral beam margins.  

GI and GU toxicity endpoints were observed to correlate with beam arrangements manifesting 

higher dose at organ sites. The dose ranges associated with these relationships were identified, 

revealing the sensitivity of specific organs to particular ranges of dose magnitude. Rectal bleeding 

was associated with increased posterior lateral beam margins manifesting high doses (>55 Gy) in 

a small rectal volume adjacent to the CTV, confirming the serial behaviour of the rectum with 

respect to this symptom. Low-intermediate doses (~25 Gy) at the posterior beam, broadly 

distributing dose about the perirectal fat space, was associated with increased tenesmus, 

demonstrating the parallel behaviour of the PRFS with respect to this control-related symptom. 

Dysuria and haematuria were shown to correlate with increased low doses (<20 Gy) at the spongy 

urethra and increased intermediate doses at the membranous urethra (~50Gy), potentially caused 

by radiation induced strictures or the hindrance of urethral stem cell migration. High doses to the 
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external and internal urethral sphincters, correlated with posterior oblique beam dose, was 

associated with urinary incontinence. Many of these associations were revealed in regions of high 

spatial dose variation, and therefore may represent a statistical effect rather than a direct 

physiological effect.  

It is recommended that future studies employ larger samples with more dose variation, potentially 

sourced from patients treated for other (non-prostate) cancer types. Models combining voxel-wise 

analysis and organ sub-region DVH analysis may provide validation of the findings of this study. 

An appropriate future orientation of voxel-wise analysis may involve automated generation of 

individualised optimal treatment plans. This may be achieved using machine learning based 

models capable of extracting predictive features from dose-distributions. This will facilitate future 

clinical translation perhaps capable of directly minimising treatment failure and toxicity in prostate 

EBRT patients.  
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Appendices 
     

Appendix 1     Prostate Cancer TNM Staging System  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure A1.1 The TNM prostate cancer staging system201. 
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Appendix 2     Associating quality with failure  
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Appendix 3     Associating treatment factors with failure  
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Appendix 4     Registration pipelines  

Pipeline 1 (for T1 and T2): 

1.      Perform the pre-processing applied to images prior to registration for clustering.  

     a.      CT to HU parameter estimation. 

     b.      Rotations to ensure all images are oriented the same way. 

     c.      Slice gap correction to correct for uneven slice gaps. 

     d.      Body masking to remove couch and external artefacts. 

     e.      Cropping to the superior most of the superior extent of the bladder and to the inferior 

extent of the anorectum + a 1cm margin. 
 

2.      Rigid registration using an inverse consistent block matching rigid registration algorithm 

called Mirror202 with the normalised correlation as the optimisation metric was performed on pre-

processed CT images. 
 

3.      Deformable registration using an Insight Segmentation and Registration Toolkit203 

implementation of the Diffeomorphic Demons registration algorithm204 using 3 pyramid levels. 

 

Pipeline 2 (for T3) (extra steps were taken to improve registration accuracy in the CTV region): 

1. Perform the pre-processing applied to images prior to registration for clustering. 

a. CT to HU parameter estimation. 

b. Rotations to ensure all images are oriented the same way. 

c. Slice gap correction to correct for uneven slice gaps. 

d. Body masking to remove couch and external artefacts. 

e. Cropping to the superior most of the superior extent of the bladder or the location where 

the hips and spine first join and to the inferior extent of the anorectum + a 1cm margin. 

f. Fill air regions within the body using values from surrounding tissues + Gaussian noise. 

g. Remove seeds for all images that had them (19 RADAR images and T3). 

h. Interpolate to a resolution of 1mm between axial slices using tri-linear interpolation. 

i. Perform 1-pixel median filtering to decrease image artefacts. 

j. Perform Gaussian mixture modelling (GMM) to separate 4 classes of tissues; 

background (GMM0), fat (GMM1), water & muscle (GMM2), and bone (GMM3). 

k. Threshold GMM3 to create a binary bone mask image. 
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2. Rigid registration using an inverse consistent block matching rigid registration algorithm 

called Mirror202 with the normalised correlation as the optimisation metric was performed 

on bone mask images with the registration then applied to GMM2 images and CTV 

structures where they were available. 
 

3. Crop rigidly registered GMM2 images to the region of the fixed image (T3) CTV + a 5cm 

margin in 3 dimensions. 
 

4. Deformable registration using an Insight Segmentation and Registration Toolkit203 

implementation of the Diffeomorphic Demons registration algorithm204: 

a. If a CTV was available:  

i. On the CTVs using 4 pyramid levels. 

ii. On the cropped GMM2 images with the deformation field using 2 pyramid 

levels and with the deformation field initialised using the results of the 

deformable CTV registration from step i. 

b. If no CTV was available: on the cropped GMM2 images using 3 pyramid levels. 

 

Note that pipeline 1 and 2 use the first and second cropping methods respectively, according to the 

registration processes outlined by Kennedy et al35. 
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Appendix 5     Automated control variable selection 

For each data set (RADAR, RT01, CHHiP and combined datasets), nine endpoints were tested for 

association with dose. These were the three treatment failure endpoints (overall survival (OS), 

PSA progression (PSAP), and local composite/local progression (LCP/LP)), two GI toxicity 

endpoints (rectal bleeding (BLEED) and tenesmus (TEN)), and four GU endpoints (dysuria 

(DYS), haematuria (HAEM), incontinence (INC) and frequency (FREQ)). Prior to applying the 

test, significant baseline variables were established for use in the uni-voxel multivariate Cox 

regression. These were chosen using an automated variable selection algorithm on SAS version 

9.4. Specifically, it is the ‘phreg’ function utilising the ‘stepwise’ selection option. 

This algorithm combined all baseline variables (age, prescribed dose, disease risk, cancer stage, 

baseline PSA concentration, number of treatment beams and duration of hormone therapy (only 

for treatment failure endpoints)) into a Cox proportional hazards model testing for the association 

between these variables and a given endpoint (OS, PSAP etc). The algorithm then performs a 

stepwise removal of variables that are not showing a statistically significant association with the 

endpoint at the p < 0.05 level, until only significant variables remain. These variables were chosen 

as controls in each corresponding uni-voxel multivariate Cox regression model, to remove their 

confounding influence on the relationship between the given endpoint and voxel dose.  

In order to ensure each model is adequately powered, it is permissible to include a maximum of 1 

variable per 10 endpoint events205. Therefore, if more than 1 control variable was selected per 10 

events then the most significant control variables were chosen up to the permissible limit. Results 

for all endpoints in all datasets are shown in Tables A5.1 – A5.3. 
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 Significant control variables 

Data set and endpoint, with 

number of events 

Age Dose Risk Stage PSA Beams Hormones 

RADAR_OS (160) 1.51 (1.10,2.08), p = 0.010  1.63 (1.18,2.24), p = 0.003 1.51 (1.09,2.09), p = 0.013    

RADAR_PSAP (249) 0.60 (0.46,0.77), p < 0.001  1.80 (1.39,2.33), p < 0.001 1.81 (1.39,2.34), p < 0.001 2.20 (1.69,2.85), p < 0.001  0.69 (0.54,0.88), p = 0.003 

RADAR_LCP (130) 0.54 (0.37,0.77), p < 0.001  1.62 (1.12,2.36), p = 0.011 1.89 (1.30, 2.74), p < 0.001 2.00 (1.39,2.87), p < 0.001 >= 7 beams vs 3 beams: 

3.96 (1.84,8.53), p < 0.001 

Overall: p < 0.001 

0.62 (0.43, 0.88), p = 0.007 

 Age Dose Risk Stage PSA Beams 
 

RT01_OS (108)   2.76 (1.57,4.84), p < 0.001     

RT01_PSAP (176) 0.60 (0.45,0.82), p = 0.001 0.63 (0.47,0.86), p = 0.003  1.60 (1.17,2.18), p = 0.003 1.51 (1.10,2.07), p = 0.010   

RT01_LP (71) 0.55 (0.34,0.90), p = 0.018   2.83 (1.74,4.60), p < 0.001    

 Age Dose Risk Stage PSA Beams 
 

CHHiP_OS (41)     2.50 (1.24,5.03), p = 0.010   

CHHiP_PSAP (72)   2.66 (1.14,5.38), p = 0.006     

CHHiP_LP (25) No variables selected 

 Age Dose Risk Stage PSA Beams 
 

COMBINED_OS (309) 1.46 (1.16,1.83), p = 0.001  1.37 (1.07,1.75), p = 0.011 1.37 (1.08,1.73), p = 0.010    

COMBINED_PSAP (497) 0.69 (0.58,0.83), p < 0.001  1.36 (1.13,1.64), p = 0.001 1.61 (1.34,1.94), p < 0.001 1.59 (1.32,1.91), p < 0.001 1.22 (1.02,1.47), p = 0.033  

COMBINED_LP/LCP (226) 0.58 (0.44,0.76), p < 0.001   1.80 (1.38,2.35), p < 0.001 1.45 (1.10,1.89), p = 0.007 1.44 (1.10,1.89), p = 0.007  

Table A5.1 Results showing the significant control variables selected by the automated control variable selection algorithm on SAS. For each selected 

control, the corresponding hazard ratio with 95% confidence interval and p-value is included. The number of events is included in brackets next to each 

endpoint label. Results are shown for all treatment failure endpoints across all trial datasets. 
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 Significant control variables 

Data set and endpoint, with 

number of events 

 

Age 

 

Dose 

 

Risk 

 

Stage 

 

PSA 

 

Beams 

RADAR_BLEED (214) No variables selected 

RADAR_TEN (252) 
 

    6 beams vs 3 beams:  

0.49 (0.28,0.86), p = 0.013 

Overall: p = 0.0026 

 Age Dose Risk Stage PSA Beams 

RT01_BLEED (91) No variables selected 

RT01_TEN (71)  
 

 1.60 (1.00,2.55), p = 0.049   

 Age Dose Risk Stage PSA Beams 

CHHiP_BLEED (18) No variables selected 

CHHiP_TEN (12) 
 

   0.20 (0.04,0.89), p = 0.035  

 Age Dose Risk Stage PSA Beams 

COMBINED_BLEED (321)  2.06 (1.59,2.68), p < 0.001    
 

COMBINED_TEN (335)  2.09 (1.61,2.72), p < 0.001 0.69 (0.55,0.86), p < 0.001   0.76 (0.60,0.96), p = 0.023 

Table A5.2 The same as Table A5.1 but for the GI toxicity endpoints.   
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 Significant control variables 

Data set and endpoint, 

with number of events 

Age Dose Risk Stage PSA Beams 

RADAR_DYS (79)  74 Gy vs 66 Gy:  

2.07 (0.998,4.287), p = 0.051 

Overall: p = 0.016 

    

RADAR_HAEM (16)    2.83 (1.06,7.55), p = 0.038   

RADAR_INC (24)      5 beams vs 3 beams: 

3.59 (0.97,13.31), p = 0.057 

Overall: p < 0.001 

RADAR_FREQ (125) None 

 Age Dose Risk Stage PSA Beams 

RT01_DYS (36)   2.64 (1.03,6.78), p = 0.044    

RT01_HAEM (52) No variables selected 

RT01_INC (26) No variables selected 

RT01_FREQ (131)  1.45 (1.03,2.04), p = 0.035     

 Age Dose Risk Stage PSA Beams 

CHHiP_DYS (11) 3.87 (1.17,12.80), p = 0.026   0.19 (0.04,0.89), p = 0.035   

CHHiP_HAEM (21) No variables selected 

CHHiP_INC (6)    5.94 (1.09,32.55), p = 0.040   

CHHiP_FREQ (33) No variables selected 

 Age Dose Risk Stage PSA Beams 

COMBINED_DYS (126) 0.67 (0.47,0.96), p = 0.029 1.73 (1.17,2.55), p = 0.006     

COMBINED_HAEM (89)   1.84 (1.18,2.89), p = 0.008    

COMBINED_INC (56)      1.95 (1.16,3.30), p = 0.012 

COMBINED_FREQ (289)  1.56 (1.22,2.00), p < 0.001     

Table A5.3 The same as Table A5.1 but for the GU toxicity endpoints.   
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Appendix 6     LENT/SOMA toxicity grades 

This appendix provides toxicity grading definitions from the LENT/SOMA grading system73. 

 

Toxicity  Grade 0 Grade 1 Grade 2 Grade 3 Grade 4 

Gastrointestinal 

symptoms 

     

Rectal bleeding Never Occult > 2 / week Daily Gross 

haemorrhaging 

Tenesmus  Never Occasional Intermittent Persistent Refractory 

Genitourinary 

symptoms 

     

Dysuria Never Occasional 

and mild 

Intermittent 

and tolerable 

Persistent and 

intense 

Refractory and 

excruciating 

Haematuria Never Occasional 

(normal Hb) 

Intermittent 

(< 10% Hb 

decrease) 

Persistent 

with clots  

(10-20% Hb 

decrease) 

Refractory  

(> 20% Hb 

decrease) 

Incontinence None With 

coughing or 

sneezing 

Spontaneous, 

some control 

No control …………….. 

Frequency Normal Increase in 

frequency 

or nocturia 

up to 2 x 

normal 

Increase  

> 2 x normal 

but < hourly 

Hourly or 

more with 

urgency or 

catheterisation 

…………….. 

 

 

  

Table A6.1 LENT/SOMA grade definition for gastrointestinal and genitourinary toxicities.  
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Appendix 7     Results from T2 and T3 registrations 

Appendix 7.1     Overall survival 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure A7.1 Overall survival results for the RADAR dataset on all three registration templates. 
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Appendix 7.2     PSA progression 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 Figure A7.2 PSA progression results for the RADAR dataset on all three registration 
templates. 
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Appendix 7.3     Local composite progression 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 Figure A7.3 Local composite progression results for the RADAR dataset on all three 
registration templates. 
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Appendix 7.4     Rectal bleeding 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 Figure A7.4 Rectal bleeding results for the RADAR dataset on all three registration templates. 
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Appendix 7.5     Tenesmus 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 Figure A7.5 Tenesmus results for the RADAR dataset on all three registration templates. 
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Appendix 7.6     Dysuria 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 Figure A7.6 Dysuria results for the RADAR dataset on all three registration templates. 
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Appendix 7.7     Haematuria 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 Figure A7.7 Haematuria results for the RADAR dataset on all three registration templates. 
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Appendix 7.8     Incontinence 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 Figure A7.8 Incontinence results for the RADAR dataset on all three registration templates. 
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Appendix 7.9     Frequency 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure A7.9 Frequency results for the RADAR dataset on all three registration templates. 
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Appendix 8     Mean and standard deviation dosemaps  

Appendix 8.1     Treatment failure datasets 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

Figure A8.1  
Mean and standard deviation 
dosemaps for treatment failure 
datasets on T1. Note that all three 
treatment failure endpoints used 
the same cohort from each trial in 
all analyses. 



 

178 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

Figure A8.2  
Mean and standard deviation 
dosemaps for treatment failure 
datasets on T2 and T3. Note that 
all three treatment failure 
endpoints used the same RADAR 
cohort. 
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Appendix 8.2     Rectal bleeding datasets 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

Figure A8.3  
Mean and standard 
deviation dosemaps 
for rectal bleeding 
datasets on T1.  
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Figure A8.4  
Mean and standard 
deviation dosemaps 
for rectal bleeding 
datasets on T2 and 
T3.  
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Appendix 8.3     Tenesmus datasets 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

Figure A8.5  
Mean and standard 
deviation dosemaps 
for tenesmus datasets 
on T1.  



 

182 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

Figure A8.6  
Mean and standard 
deviation dosemaps 
for tenesmus datasets 
on T2 and T3.  
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Appendix 8.4     Dysuria datasets 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

Figure A8.7  
Mean and standard 
deviation dosemaps 
for dysuria datasets 
on T1.  



 

184 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

Figure A8.8  
Mean and standard 
deviation dosemaps 
for dysuria datasets 
on T2 and T3.  
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Appendix 8.5     Haematuria datasets 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

Figure A8.9  
Mean and standard 
deviation dosemaps 
for haematuria 
datasets on T1.  
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Figure A8.10 Mean 
and standard 
deviation dosemaps 
for haematuria 
datasets on T2 and 
T3.  
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Appendix 8.6     Incontinence datasets 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

Figure A8.11  
Mean and standard 
deviation dosemaps 
for incontinence 
datasets on T1.  
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Figure A8.12  
Mean and standard 
deviation dosemaps 
for incontinence 
datasets on T2 and 
T3.  
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Appendix 8.7     Frequency datasets 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

Figure A8.13  
Mean and standard 
deviation dosemaps 
for frequency 
datasets on T1.  
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Figure A8.14  
Mean and standard 
deviation dosemaps 
for frequency 
datasets on T2 and 
T3.  
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Appendix 9     Broader workflows for voxel-wise tests  

Appendix 9.1     Workflow for voxel-wise dose-difference permutation test 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure A9.1 Workflow for voxel-wise dose-difference permutation test 
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Appendix 9.2     Workflow for uni-voxel multivariate Cox regression test 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure A9.2 Workflow for uni-voxel multivariate Cox regression test 
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Appendix 9.3     Workflow for multi-voxel Cox regression with LASSO 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 Figure A9.3 Workflow for multi-voxel Cox regression with LASSO voxel selection 
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THE END  
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