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Abstract 

 

Background and purpose: Segmentation of intra-prostatic urethra for dose assessment from 

planning CT may help explaining urinary toxicity in prostate cancer radiotherapy. This work 

sought to: i) propose an automatic method for urethra segmentation in CT, ii) compare it with 

previously proposed surrogate models and iii) quantify the dose received by the urethra in 

patients treated with IMRT. 

Materials and methods: A weighted multi-atlas-based urethra segmentation method was 

devised from a training data set of 55 CT scans of patients receiving brachytherapy with visible 

urinary catheters. Leave-one-out cross validation was performed to quantify the error  between 

the urethra segmentation and the catheter ground truth with two scores: the centerlines 

distance (CLD)  and the percentage of centerline within a certain distance from the catheter 

(PWR). The segmentation method was then applied to a second test data set of 95 prostate 

cancer patients having received 78Gy IMRT to quantify dose to the urethra. 

Results:  Mean CLD was 3.25 ±1.2 mm for the whole urethra and 3.7±1.7mm, 2.52 ±1.5mm, and 

3.01±1.7mm for the top, middle, and bottom thirds, respectively. In average, 53% of the 

segmented centerlines were within a radius < 3.5mm from the centerline ground truth and 83% 

in a radius < 5mm. The proposed method outperformed existing surrogate models. In IMRT, 

urethra DVH was significantly higher than prostate DVH from V74Gy to V79Gy. 

Conclusion: A multi-atlas-based segmentation method was proposed enabling assessment of 

the dose within the prostatic urethra.  
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Introduction 

In prostate cancer radiotherapy (PCRT), dose increase is limited by toxicity in organs at risk [1]. 

While gastrointestinal (GI) toxicity has been relatively reduced by the introduction of highly 

conformal image-guided radiotherapy techniques, genitourinary (GU) toxicity remains relatively 

stable, with a 5-year rate of Grade >2 toxicity of approximately 15 to 20% [2, 3].  Urinary toxicity 

is a challenging issue, not only due to the variety of associated irritating or obstructive 

symptoms, but also owing to the limitations of dose descriptors and difficulties identifying the 

regions at risk responsible for those symptoms [4-6]. The bladder, for example, presents the 

largest inter-fraction shape variations, causing geometric and dose uncertainties that limit the 

possibility of accurately modeling the dose-volume response concerning GU toxicity [4, 7, 8, 9 ]. 

Most existing models address urinary toxicity by computing the dose to the bladder using either 

the dose parameters extracted from volumes (whole bladder or bladder wall), surface maps or 

localized sub-regions via spatial dose descriptors [1, 6, 10, 11 , 12, 13 , 14] which partially have 

revealed global or local dose-effect relationships. Although there is evidence in prostate cancer 

brachytherapy that some urinary symptoms are related to urethra damage [15-17] this has not 

yet been shown in external-beam radiotherapy. Quantifying the delivered dose to the urethra 

may therefore improve our understanding of urinary toxicity or at least some of the related 

symptoms if we can accurately identify the organ from the planning CT.  Thus,  segmenting the 

urethra from the planning CT in order to assess the dose it receives, would pave the way for 

further studies on urinary toxicity prediction considering both the bladder and urethra.  

To our knowledge, a formal segmentation of the intra prostatic urethra from CT images has not 

been addressed yet. However, indirect surrogate models for estimating the urethra position 

have been previously proposed [18, 19]. They are nevertheless based on empirical 

considerations with respect to the prostate midplane. Segmenting the urethra from CT scans is 

fairly challenging.  Not only is there already poor contrast between soft tissues like the prostate, 

bladder, and rectum, thus rendering segmentation difficult for planning, but the intra-prostatic 

urethra itself is completely invisible. These issues restrict the use of classic intensity-based 
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segmentation methods. Atlas-based approaches, widely discussed in the literature [20-26], are 

common methods for organ segmentation. In atlas-based methods, precomputed segmentation 

in a template space is propagated onto the image to be segmented via spatial normalization 

(registration) as depicted in Figure A1 (supplemental material).  Several individuals from a 

population can be used to constitute the atlas (multi-atlas). This allows to overcome the inter-

individual variability and registration issues. Previous works have shown the benefits of 

combining multiple atlases in improving segmentation accuracy [20, 22, 23, 27-29].  

In this paper, we propose a weighted Multi-Atlas-Based Urethra Segmentation strategy, herein 

called MABUS, from planning CTs.  Our goal is to provide a method that could be applied to a 

different set of patients receiving external-beam radiotherapy in order to assess the dose to the 

urethra and relate with toxicity effects. 

 

Material and methods  

 

This study is divided into three main parts: i) a description of MABUS, the multi-atlas-based 

urethra segmentation method which illustrates the whole implemented framework, from the 

atlas construction to the final urethra segmentation, ii) the evaluation of the method’s accuracy 

with respect to the urethra ground truth in a leave one out cross validation framework, and 

comparison with the existing surrogates proposed by Bucci [18] and Waterman [19]  and  finally 

iii)  the computation of the dose received by the urethra in a different series of patients with 

prostate cancer IMRT which aims to introduce the way in which the method may be used in 

toxicity studies. 
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Multi-atlas based urethra segmentation (MABUS) method 

description 

 

 

In general, as depicted in Figure A1 in supplemental material atlas-based segmentation relies on 

the registration of a template iI  to the query image qI , in order to obtain a transformation 

qi IIT ® , which maps a set of generated labels iz onto qI . If the mapping is anatomically correct, 

the yielded segmentation is accurate and anatomically meaningful. Multi-Atlas based 

segmentation builds upon this idea by extending the number of atlases thereby reducing the 

interindividual variability issues. 

 

Following the multi-atlas concept, the proposed MABUS was devised and  can be divided into 

seven steps as depicted in Figure 1. In summary, an atlas dataset was first built from manually-

delineated CTs including the urethra, thanks to the presence of  an  urinary probe (Step 1). The 

query image to be segmented qI  was then rigidly aligned with the same template TI  as the atlas 

database (Step 2) and features were extracted { }qqq ffF 51 ,..,= (Step 3).  By comparing the 

features, the atlases were ranked according to their similarity to the query image (Step 4).  The 

labels }{urethrai =z  from the top n=10 ranked atlases were then propagated to the query 

image using an accurate non-rigid registration method (Step 5) designed to match the prostate 

anatomies. Finally, the urethra segmentation was obtained by combining different labels in a 

weighted-fusion process (Step 6), followed by centerline detection (Step 7).  The image 

segmentation methods were developed in C++ using the Insight Toolkit libraries (ITK) [30] and 

python [31] open source technologies. We made the atlas database as well as the whole code 

available for further studies.  

[Figure 1 here] 
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Atlas building from training data (Step 1) 

 

For the atlas building, we used an initial series of CT scans (512×512 0.63×0.63mm axial 

pixels and 3mm slices) from 55 patients treated for localized prostate cancer with Iodine-125 

brachytherapy. All the patients were fitted with urinary catheters, enabling urethra 

segmentation. The prostate, bladder, and urethra were delineated for each by the same radiation 

oncologist, constituting the set of atlases iI , with the label }{urethrai =z . 

 

Template selection and rigid registration (Step 2) 

 

A first average patient TI was selected as a common coordinate system. This patient was the 

closest to all others in terms of prostate volume. The whole population was then rigidly 

registered to this patient by aligning the prostate centroids followed by a fine alignment of bony 

anatomy. This enabled geometrical descriptors to be generated and compared in the same 

common space. The central lines of the manually delineated catheters were computed by 

extracting their  centroid at each slice.  

 

Feature extraction (Step 3) 

 

A simplified geometrical description of the anatomy (prostate/bladder) was generated to 

characterize each individual. Hence, the obtained vector { }iiNi ffF 51],..,1[ ,..,=Î  describes the 

individuals in terms of i) prostate volume ii) distance between prostate and bladder centroids, 

iii) the extension of the bladder in the anterior posterior direction, and iv) the orientation of the 

bladder with respect to the prostate centroid, regarding two angles (φ) and (θ), which 
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respectively describe the anteroposterior and lateral directions.  The descriptors were then 

normalized across the population with a z-score.  

Query image and atlas selection (Step 4) 

 

For an image 
qI  to be segmented, the two previously described steps (2 and 3) were applied as 

for the training database. Thus, rigid registration to the common template TI and 

characterization yield for qI  the vector { }qqq ffF 51 ,..,= , exhibiting similar features as computed 

for the atlas dataset. Following z-score normalization, the Euclidean distances qiqi
FFd -=

-
 

between features enabled the individuals from the atlas iI to be ranked in terms of similarity to 

the query image qI . In our multi-atlas strategy, only the top (n=10) ranked atlases were selected 

as the closest to the query image qI , with all remaining atlases discarded. Since their 

configuration is similar to that of the query image, the urethra is expected to lie inside the 

prostate in a similar position. The number of atlases (n=10) was selected as a tradeoff between 

computational time and optimized results in a leave-one-out segmentation process in which the 

top 1,2,..,n atlases were tested.  

 

Non-rigid registration (Step 5) 

 

In this step, the labels iz  from the n most suitable previously-selected atlases were non-rigidly 

propagated to the prostate of the query image. To register each prostate from the best atlases to 

the prostate of the query image qI  we applied a Laplacian-based registration method, built upon 

our previous work [32], but here only considering the prostate. In our implementation, instead 

of using the central line, we selected the centroid  of the prostate for computing a scalar field 
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 by applying Laplace's equation inside the prostate volume, demarcated by an external 

boundary , here the prostate surface, and an internal boundary, here the prostate centroid 

, as: 

 
 

(1) 

with , if  and , if , where 

.  This scalar field u provides a structural and normalized descriptor to be exploited in a 

Demons-based non-rigid registration framework [33]. This step yields a 3D deformation field 

(DF) as a set of 3D vectors describing the voxel-wise deformation of each of the atlas images to 

qI .  The binary labels }{urethrai =z from the selected atlases were then propagated to the 

query image space using the calculated transformation  and nearest-neighbor 

interpolation in order to preserve the binary nature of the propagated labels. 

 

Weighted-label fusion (Step 6) 

 

Once the labels were propagated to the same coordinate system, namely the prostate of 

the query image qI , the raised question was how to fuse all the warped labels }{urethrai =z  to 

yield the best segmentation result. Different decision rules may be applied, such as a simple 

voting-rule [34], a weighted decision based on similarity [35] or a Bayesian approach, such as 

the simultaneous  truth and performance level estimation (STAPLE) [28].  We opted for the 

weighted-label fusion approach, resulting in the following probability map: 
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features, qiqi
FFd -=
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Thus, the contribution of each non-rigidly propagated label to this map heavily depended 

on the similarity between the atlas and the query image. 

Centerline and urethra detection (Step 7) 

 

A 50% threshold was applied to the probability map 
i

pz , followed by a centerline 

computation as a 3D cubic spline curve of equidistant points. This resulted in a smooth path 

describing the urethra within the prostate. Considering the urethra to be a tubular-like 

structure, the final urethral region qz  was obtained as a 5mm zone around . 

 

 

Evaluation of the accuracy of the segmentation method 

 

Leave-one-out cross validation was performed to evaluate the accuracy of the proposed method. 

Thus, each of the individuals from the atlas database was iteratively selected as query image qI

and the resulting segmentations compared with the catheter positions. For our purposes, the 

central path described by the catheter was considered the ground truth.  
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Two metrics were used to evaluate the method’s accuracy. A score based on the centerline 

distance (CLD) was devised to assess the differences between the obtained discretized urethra 

path and the catheter central line  as follows: 

      (4) 

where  represents the  point of the urethra central line, dist (  is the Euclidean 

distance of this point to the catheter central line, and K is the number of points. Figure 3 

illustrates the way in which the CLD was computed from this distance map. This score  was 

computed for the whole segmented path , as well as for each region produced after splitting 

the central path ground truth into three equivalent segments (from the apex to base).  The 

percentage of the points from  lying inside a region around the centerline ground truth (PWR) 

within   3.5 mm and 5mm radius were also quantified. For comparison with the existing 

surrogates, we implemented the methods proposed by Bucci [18] (deviated surrogate) and 

Waterman [19] (centered surrogate) which are based on the geometrical center of the axial 

midplane. 

 

Dosimetric study: assessment of the dose received by the urethra in 

prostate cancer IMRT  

 

 Data  

A second series of 95 patients having received 78Gy IMRT for prostate cancer between 

July 2012 and June 2015 were analyzed. The target volume included the prostate, sparing the 

pelvic lymph nodes. Target volumes and organs at risks (bladder, prostate) were delineated on 

CT slices according to the French GETUG group recommendations [36]. IMRT combined with 

image-guided radiation therapy (IGRT) were used to deliver a total dose of 78Gy for cone-beam 

CT or 80Gy for fiducials to the prostate over eight weeks at 2Gy/fraction. The pelvic lymph 
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nodes were not irradiated. Bladder dose-volume histograms (DVHs) complied with GETUG 

recommendations, namely V70 <50%.  

Urethra segmentation and dose comparison  

The proposed segmentation method was applied to patients treated with IMRT. Manual 

delineations of the prostate and bladder were used to automatically segment the urethra within 

a 5mm diameter along the centerline. The dose within the urethra was assessed from the 3D 

planning dose distribution and compared to the dose to the prostate. A comparison between the 

prostate and urethra DVHs was performed using a Wilcoxon non parametric test. 

 

Results 

 

Atlas construction 

 

The inter-individual variability found in terms of feature descriptors { }iiNi ffF 51],..,1[ ,..,=Î  was 

very high. The features represented in average 62.58 ± 15 cc for the prostate volume, 43.13 ± 15 

mm for the distance between prostate and bladder centroids, 19.3 ± 19  mm for the bladder 

extension in the horizontal/y- axis and  58.86 ± 19.46 (φ) and 120.47± 61.5 (θ) for the angles 

describing respectively the antero-posterior and lateral directions of the bladder with respect to 

the prostate centroid. Figure 2 displays the distribution of the interindividual normalized 

distance across individuals in the  z-score space.  

 

[Figure 2 here] 

Urethra segmentation accuracy 
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Leave one out results and comparisons with Waterman’s and Bucci’s are shown in Figure 3.  In 

average MABUS outperformed the other two surrogate models.  Global CLD was 3.25±1.2 with 

MABUS, while  6.11±1.96 with Waterman and 3.91±1.46 with Bucci’s  method (p<0.001). 

Considering the urehtra by thirds, with MABUS the computed CLD scores were 3.67 ±1.66 mm, 

2.52 ±1.58 mm and 3.01 ±1.76 mm for the top middle and bottom thirds respectively.   

Significantly better than the other models:  10.23±4.05 mm , 3.86±1.89 mm and 3.64±2.23 for 

Waterman and 5.92±2.81, 3.39±1.69 and 3.64±2.23 for Bucci. Likewise for the portion of the 

central line (PWR) within the 3.5mm and 5mm radius regions: 0.53±0.29 and 0.83±0.18 

respectively for MABUS with a maximum of 1 in both cases. With  Waterman we obtained 

0.32±0.19 and 0.53±0.17 (p<0.001)  and with Bucci 0.51±0.22 (p=0.5) and 0.74±0.21 (p<0.01). 

Figure 4 depicts those results. There were some outliers for whom the segmentation was not as 

good as expected. Those outliers appear as dissimilar to the remaining population as shown in 

Figure 2. Only 3 segmentations out of 54 presented a score inferior to 0.5 in the 5mm region. 

Figure 5 shows six examples of resulting segmentations overlaid on the manually delineated 

catheters. Top row illustrates a comparison  of the proposed method with the surrogate models  

Figure 5 a) Waterman, b) Bucci and c) MABUS. Low row shows different results with MABUS on 

different individuals.  It can be observed the complimentary information brought by the two 

different scores. For instance, in case of Figure 5 d) the CLD was 3.4mm and  the whole 

centerline was within the first 5mm region (PWR). For c) CLD=2.8mm. It is worth noting that 

although only half of the points where within the first 3.5mm, the whole centerline was within 

the first 5mm.   

 

[Figure 3 here] 

[Figure 4 here] 

[Figure 5 here] 
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Dosimetric study 

 

Urethra and prostate DVHs were significantly different. The bin-wise DVH comparison show that 

the volume (%) receiving a dose between D74Gy to D79Gy by the urethra was significantly 

higher than in the prostate (p <0,01). .  Figure A3 in supplemental material highlights the 

prostate and urethra DVH bins, where statistically significant differences are represented by the 

red circles.  Figure 6 shows an example of 3D dose distribution within the manually segmented 

volumes for planning together with the automatically segmented urethra.  Considering the 

urethra, the prostate and the PTV  , it can be seen that high doses appear in the urethra (iso-dose 

curves and DVH values > V70). During the 3D dose optimization, the constraints to the  PTV and 

to the organs at risk, bladder and rectum, will introduce a high dose gradient close to the PTV. 

Although the PTV is well  covered it will receive 90% of the dose, whereas  the urethra being 

central to the prostate will likely receives the higher doses.   

 

[Figure 6 here] 

 

Discussion 

 

We proposed a weighted multi-atlas based method to segment the intra-prostatic urethra from 

planning CT and compared with two previously surrogate models based on the central axis of 

the prostate, Waterman et al. [19] (centered surrogate)  and Bucci et al. [18] (deviated 

surrogate). The method does not need any catheter to estimate the position of the urethra as it is 

based on the combination of similar cases contained in a large data set of atlases, which are 
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weighted and combined to achieve an accurate segmentation The obtained accuracy of the 

urethra segmentation considering the CLD (in average 3.25 mm), computed in a leave one out 

cross-validation enabled to assess dose to the urethra in a different IMRT database . With our 

method, the measured dose received by the urethra appears slightly higher than the dose 

received by the whole prostate. This is likely due to the position of the urethra  rather  central 

within the prostate, relatively far from the rectum where a gradient of dose appears (Figure 6). 

Such findings support the use of our urethra segmentation method to potentially improve 

urinary toxicity prediction by considering both the dose received by the urethra and the 

prostate. 

To our knowledge there is no evidence in the literature of any method for explicitly segmenting 

the urethra in the planning CTs. An atlas based urethra segmentation method in MRI was 

proposed [37], within a SBRT perspective, but without a formal segmentation propagation 

towards the planning CT.  The first method proposed by Waterman to estimate the dose to the 

urethra from CT scan appears in brachytherapy [19]. As mentioned before, in that study, the 

urethra was estimated as a geometric surrogate based upon the prostate centerline. They found 

a good correspondence of the urethral doses (D10, D25 and D50) between this model and the 

urinary catheter. This model was latterly evaluated in brachytherapy patients with visible 

catheter [38]. They showed that a surrogate defined at the geometric center of the prostate may 

significantly overestimate the dose to the urethra.  A surrogate urethra model by considering a 

slight deviation of 30 degrees anteriorly with respect to  the central axis was proposed by Bucci 

et al.  [18]. This deviation provided a better dose estimate than Waterman [19]. Here, we 

evaluated these two urethral surrogates with the same dataset. Compared to them our method 

performed better in the same regions (overall CLD=3.25± 1.2mm with MABUS vs 3.91±1.46 with 

the deviated surrogate and 6.11±1.96 mm with the centered surrogate). The difference with the 

central axis is less pronounced in the bottom third, suggesting that a good approximation of the 

urethra in this region may be achieved. However in the upper part, although the slight deviation 

of 30 degrees offers a good approximation for some individuals, this is not the case for all the 
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patients.  Our  multi-atlas approach enabled to devise a strategy aimed at finding the n most 

suitable atlas within the dataset by defining a similarity metric based on simple prostate and 

bladder geometric features. The prostate and bladder segmentations were used as they are 

generated during the  dose planning clinical protocol. Considering the proposed features, the 

large interindividual variability was captured as shown in the similarity map (Figure 2). Thus, 

with the exception of  some outliers, one can find good candidates in the atlas selection 

procedure for each considered individual. The atlas selection step is indeed crucial to accurately 

segment the urethra as demonstrated in the leave one out experiments. With the proposed 

features, it has been shown that a trend arises when correlating similarity metric (distance) and 

segmentation outcome. As shown in figure A2(Supplemental material), more similar atlas yields 

a better segmentations if only one single atlas was used for segmentation . Then, adding multiple 

atlases improves the accuracy when fusing labels from the closest atlas [29]. Other global or 

local features based on CT intensity or shape descriptors may have been proposed (mutual 

information, cross correlation, SPHARM, etc.), but with a  limitation concerning accuracy 

assessment due to the presence of the catheter.  The fusion step takes into account the 

interindividual similarity by weighting the contribution to the probability map via an 

exponential function, which has been shown to be more performant than simple averaging [35]. 

This strategy led us to limit to 10, the number of selected atlas, as by adding more their 

contribution is vanished in an exponential function. Highly contributive is the prostate non-rigid 

registration based on the Laplacian scalar field [32]. Indeed, the main feature brought by the 

Laplacian is the computation of a normalized structural description comparable across 

individuals, as opposed to classical distance maps.   

We used for evaluation the scores based on distance centerlines as proposed by [38] as the 

urethra is considered as a path within a tiny tube-like structure. Other scores based on volume 

overlap (Dice, Jaccard) are not suited here for assessing segmentation accuracy. The obtained 

scores enable the method to be used within a perspective of assessing dose to the urethra 
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within an acceptable margin. However, improvements may be done within a perspective of 

IMRT planning and dose escalation. The atlas segmentation method may exhibit some 

limitations if we consider the hypothesis of non-preservation of the urethra shape with and 

without a catheter. One way to demonstrate that hypothesis will be the MRI where the urethra 

might be visible. However, in brachytherapy studies the urethra position is only given by the 

catheter [15-17].  Further  limitations concerns the patient variability in IMRT patients 

compared to the atlas database as prostate and bladder volumes may be higher because of the 

patient selection and the presence of a catheter.  

When applying the proposed method to an independent data set of patients treated with IMRT, a 

large difference was found in the dose to the urethra (higher doses) compared to the prostate. 

These findings suggest further studies to be performed on urinary toxicity by quantifying the 

dose to the urethra as reported in brachytherapy [15-17].  New multimodal models combining 

also dose to the bladder with clinical factors, biological parameters and other multimodal data 

within a radiomics framework could provide new insights into the urinary toxicity 
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Figures  

 

Figure 1. Overall proposed framework of multi-atlas based urethra segmentation (MABUS) method 

All the individuals from the previously built atlas database (N Atlas) (steps 1) are  rigidly 

registered to a common space ( TI )  and features    are extracted (steps 2 and 3). The query 

image qI to be segmented is also rigidly aligned with the same template  as the atlas database , in 

order to obtain a transformation qi IIT ® (steps 2 and 3). Atlas selection (step 4) followed by non-

rigid registration (step 5) allow to propagate the labels (step 6) to the query image to be 

combined in a weighted fusion-decision step. This results in a probability map (pmap). A final 

centerline detection and 5mm dilation yielded the segmented urethra (step 7).  
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Figure 2. Inter-individual distance  map 

Each row represents the distance between an individual and all the others from the atlas 

database considering the z-score features.  For each considered case there is at least 20% of 

individuals whose similarity is above 0.5 which may be good candidates in the atlas selection 

procedure. There are nevertheless some outliers for which the worst segmentations were 

obtained. 
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Figure 3. Centerline distance (CLD) definition and leave one out validation results of the proposed method 

compared with previously proposed surrogate models. 

a) The CLD was computed using the Euclidean distance map from the ground truth catheter 

centerline . It was defined as the average of the distances between the ground truth 

catheter centerline and the centerline from the segmentation   dist ( .  b) Leave 

one out validation results and comparison with other methods for the whole urethra and c) 

by urethral thirds. Box plots show the average (dot), the median (horizontal line), and the 

first and third quartiles. 
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Figure 4. Percentage of segmented centerline ( ) lying within a radius (PWR) of 3.5 or 5mm around the 

ground truth centerline ( ). 

a) The percentage of segmented centerline lying within a radius from the ground truth 

centerline (PWR) was computed from the Euclidean distance map dist ( . It represents the 

portion of the segmented  within two region sizes (<3.5mm and <5mm). The higher the better. 

b) and c) Leave one out results and comparison with the other methods. 
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a) Waterman b) Bucci c) MABUS 

CLD=6.81 mm CLD=4.28 mm CLD=2.17 mm 

PWR <3.5mm = 19% PWR <3.5mm = 31% PWR <3.5mm = 75% 

PWR <5mm = 50% PWR <5mm = 81% PWR <5mm = 92% 

   

d) MABUS e) MABUS f) MABUS 

 CLD=1.16 mm  CLD=3.40 mm  CLD= 2.8  mm 

PWR <3.5mm = 100% PWR <3.5mm = 27% PWR <3.5mm = 50% 

PWR <5mm = 100% PWR <5mm = 100% PWR <5mm = 100% 

Figure 5. Examples of urethra segmentations (white) overlaid on the actual urinary catheter (red).  Top row: 

Comparison of MABUS with two surrogate models.  Low row: different individual configurations with the 

proposed methodology (MABUS) only.  

Urethra segmentations (white) are overlaid on the actual urinary catheter (red). Bladder is in 

yellow and prostate in grey. CLD: Centerline Distance; PWR: The percentage of segmented 

centerline lying within a radius from the ground truth centerline. 

Top row shows the comparison of two surrogate models:  a) Waterman and b) Bucci) with c) the 

proposed method (MABUS) on the same individual. Low row shows different segmentation 

results with MABUS.  Case d) Depicts  one of the best results where both centerlines almost 

coincide (CLD=1.16mm). For the two other cases e) and f)  it may be noticed the nature of the 

accuracy errors and complimentary information brought by the considered scores (CLD and 

PWR). 
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Figure 6. Example of urethra segmentation and dose distribution in IMRT planning delivering 80 Gy to the 

prostate 

Top: CT sagittal and axial views overlaid with urethra and dose distribution. Bottom:  DVH 

showing that the dose received by the urethra is higher than the dose received by the whole 

prostate (Figure A3 zooms in the region of interest).  The urethra appears  in red, the prostate in 

blue, the rectum in brown and the bladder in yellow. 

  


