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Abstract

Segmentation of the prostate bed, the residual tissue after the removal of the prostate gland, is an
essential prerequisite for post-prostatectomy radiotherapy but also a challenging task due to its
non-contrast boundaries and highly variable shapes relying on neighboring organs. In this work,
we propose a novel deep learning-based method to automatically segment this “invisible target”.
As the main idea of our design, we expect to get reference from the surrounding normal structures
(bladder&rectum) and take advantage of this information to facilitate the prostate bed
segmentation. To achieve this goal, we first use a U-Net as the backbone network to perform the
bladder&rectum segmentation, which serves as a low-level task that can provide references to the
high-level task of the prostate bed segmentation. Based on the backbone network, we build a novel
attention network with a series of cascaded attention modules to further extract discriminative
features for the high-level prostate bed segmentation task. Since the attention network has one-
sided dependency on the backbone network, simulating the clinical workflow to use normal
structures to guide the segmentation of radiotherapy target, we name the final composition model
asymmetrical multi-task attention U-Net. Extensive experiments on a clinical dataset consisting of
186 CT images demonstrate the effectiveness of this new design and the superior performance of
the model in comparison to the conventional atlas-based methods for prostate bed segmentation.
The source code is publicly available at https://github.com/superxuang/amta-net.
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1 Introduction

Radical prostatectomy is an effective treatment for prostate cancer when the cancer is
confined to the prostate. However, after the resection of the prostate gland, residual
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cancerous tissue may yet be hiding in the remaining part of the surgical bed and the
surrounding tissues, where the region is known as the prostate bed (or prostatic fossa).
Without treatment, this can increase the risk of cancer recurrence even metastasis
substantially. To irradiate the cancerous tissue, postoperative radiotherapy on the prostate
bed is regarded as a standard adjuvant or salvage setting for the radical prostatectomy. As a
prerequisite for the postoperative radiotherapy, accurate prostate bed segmentation in
planning computed tomography (CT) images is vital to the success of the disease control.

However, accurate contouring of the prostate bed from CT image is a highly challenging and
unique task. As shown in Fig. 1, the prostate bed, an anatomical region in the male pelvis
situated between the bladder and rectum, mainly consists of the residual prostatic tissue after
the removal of the prostate gland and some adjacent volume of the bladder. It is not an intact
structure with boundary like the prostate gland so often referred to as a “virtual” volume
[1,3,4] in the literature. This made the segmentation of the prostate bed a unique problem
and much harder than the segmentation of most other structures. The boundary of the
prostate bed is mainly defined by the shape of neighboring organs and a series of consensus
guidelines [9,10,12,14] rather than the local intensity contrast. Therefore, it is difficult to
distinguish the prostate bed in CT image merely considering the difference in gray level
without any anatomical knowledge. Moreover, since the prostate bed mainly consists of soft
tissues, its shape and size are highly variable across different patients. The status (full or
empty) of the neighboring bladder and rectum could significantly change the volume of the
prostate bed.

In clinical practice, this challenging task is commonly carried out by the physicians using
manual contouring tools, which is time-consuming and prone to inter-observer variation.
Although automated workflows are highly desired, there are only a few methods proposed
for the prostate bed segmentation using the atlas-based methods [1,3]. Hwee et al. [3] firstly
tried to segment the prostate bed automatically using a commercial atlas-based segmentation
(ABS) software with 75 atlas images. Although their method could achieve significantly
faster speed than the manual contouring procedure, the accuracy of the generated contours
are not adequate for clinical use (with a mean Dice similarity coefficient (DSC) of 0.47).
Similar conclusion was drawn in a later research by Delpon et al. [1] They compared the
performance of five commercial ABS systems for prostate bed and neighboring organs-at-
risk (OAR) segmentation. The results showed that the ABS methods were very efficient and
accurate for high-contrast organs (e.g.., the femoral heads) but insufficient for the prostate
bed. Overall, the atlas-based methods are not accurate enough for the prostate bed
segmentation due to (1) over-reliance on local intensity contrast and (2) less consideration of
the geometric correlation between the prostate bed and the neighboring organs.

In this paper, to address the issues above, we present a novel asymmetrical multi-task
attention U-Net (AMTA-U-Net) to perform accurate segmentation of the prostate bed in CT
image. Deep learning-based methods, specifically the fully convolutional networks (FCNS)
[5,6,8], have significantly improved the accuracy of medical image segmentation, especially
for the organs suffering highly variable shapes and ambiguous boundaries (e.g., pelvic
organs [2,13,15]). Thus, we propose to use the FCN as the framework to handle the difficult
prostate bed segmentation. Considering the strong geometric correlation between the
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prostate bed and bladder&rectum, we formulate the prostate bed segmentation as a high-
level task depending on the low-level task of bladder&rectum segmentation, finally resulting
in a novel multi-task network with asymmetrical attention mechanism to derive the prostate
bed mask from the structural information of bladder&rectum.

In summary, the main contribution of this work is three-fold: (1) To achieve robust
segmentation of the prostate bed, a treatment target with no clear margin, we leverage the
power of deep learning to handle this challenging problem. To the best of our knowledge,
this is the first attempt using deep learning-based methods to solve this clinical problem. (2)
To further improve the segmentation accuracy of the prostate bed, we propose a novel
asymmetrical multi-task attention U-Net to formulate the prostate bed segmentation as a
high-level task getting references from the low-level bladder&rectum segmentation task. (3)
As a by-product, the proposed method can segment the bladder and rectum jointly with the
prostate bed, which is meaningful for the OAR definition in radiotherapy planning. To
demonstrate the effectiveness of the proposed method for prostate bed segmentation, we
conduct extensive experiments on a clinical dataset consisting of 186 CT images from 186
real post-prostatectomy subjects. The experimental results show that the proposed AMTA-
U-Net achieves higher accuracy than the baseline U-Net and other multi-task deep models
and significantly outperforms the conventional atlas-based methods.

2 Method

In this section, we will introduce in details the proposed AMTA-U-Net for prostate bed
segmentation. The top part of Fig. 2 gives a schematic representation of this method. It
mainly consists of two components: (1) a backbone network with U-Net architecture used
for the low-level bladder&rectum segmentation task, and (2) an attention network built with
a series of cascaded attention modules (AM) on the backbone network used for the high-
level prostate bed segmentation task. The inner structure of the attention module is shown at
the bottom of Fig. 2.

2.1 Backbone Network for Bladder&Rectum Segmentation

The shape of the bladder&rectum is an essential reference for human physicians when they
delineate the prostate bed. It would also be a prerequisite for the proposed method to
segment the bladder&rectum first. To achieve this goal, we exploit the U-Net[11], which is a
classical and powerful FCN architecture for medical image segmentation, as the backbone
network to predict a pixel-wise mask of the bladder&rectum. The detailed architecture of the
backbone U-Net is illustrated at the top of Fig. 2. The number labeled on each convolutional
block denotes the corresponding output channels. As the input image propagates through the
backbone network, we can get not only the segmentation mask of the bladder&rectum but
also a series of hierarchical feature maps with gradually increased bladder&rectum structural
information. These feature maps will serve as the reference to be further inferred in the
subsequent attention network to predict the final prostate bed mask.
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2.2 Attention Network for Prostate Bed Segmentation

Since the prostate bed boundary largely depends on the shape of the bladder&rectum, it is
intuitive that the hierarchical features used for the bladder&rectum segmentation can also be
used as the reference for the prostate bed segmentation. However, instead of directly
learning from the entire feature map, focusing on some informative parts of the features
could be more efficient for the model training to achieve better performance. Inspired by the
attention mechanism in multi-task learning [7], we design an attention network to extract
discriminative features from the backbone network to infer the prostate bed mask. As shown
in Fig. 2, the attention network consists of a series of cascaded attention modules. Each
attention module laterally connects to a convolutional block in the backbone U-Net. By this
architecture, the attention network can fully access the hierarchical features in the backbone
network and take advantages of the spatial image information (from the left convolutional
blocks) and the semantic bladder&rectum structural information (from the right
convolutional blocks) to infer the prostate bed mask gradually. The inner structure of the
attention module is illustrated at the bottom of Fig. 2. It is designed to be able to self-learn a
pixel-wise attention mask based on the input features and further extract features that are
more discriminative for the final target. This procedure is naturally implemented by two
cascaded 1x1 convolutional layers followed by another 3x3 convolutional layer. The first
two 1x1 convolutional layers act as a feature selector, which is used to self-learn an element-
wise [0, 1] soft mask to tailor the input features by element-wise multiplication. The
following 3x3 convolutional layer acts as a feature extractor to further adapt the masked
feature map to the final target. To keep the spatial consistency, a 2x2 pooling/
deconvolutional layer is used to down-/up-sample the extracted feature map at the end of the
attention module.

2.3 Implementation Details

The proposed AMTA-U-Net takes 2D CT slices as the input. To take more spatial context
into consideration, we combine two adjacent slices with the center slice to compose a 3-
channel input image. All the CT slices are center-cropped and resampled to a uniform size of
128x128 with a spatial resolution of 2 mmx2 mm. Pixel intensities are rescaled from [-200,
800] Hounsfield Unit (HU) to [0, 1]. To mitigate overfitting in the training stage, we
randomly translate and rotate the input CT slices in a range of [-5.00, 5.00]Jmm and [-0.05,
0.05]rad, respectively. We train the models for 100 epochs with a base learning rate of 1073
and a batch size of 144. For all training epochs, the model achieving the best performance on
the validation set is used as the final model to be evaluated with the testing set. The
implementation of the proposed method has been made publicly available at https://
github.com/superxuang/amta-net.

3 Experiments

3.1 Dataset

We conduct experiments on a dataset that consists of 186 post-prostatectomy patients
collected in one clinical site from the year 2009 to 2019. Each subject contains one planning
CT image and three segmentation masks corresponding to the prostate bed, bladder, and
rectum, respectively. We randomly divide the dataset into five-folds and use cross-validation
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to evaluate the performance of different models (three for training, one for validation, and
one for testing). DSC and average symmetric surface distance (ASD) are used as the metrics
for the evaluation.

3.2 Contribution Role of the Bladder&Rectum in Prostate Bed Segmentation

As we aforementioned, the contour of the bladder&rectum is an essential reference to help
physicians in the manual delineation of the prostate bed. Thus, the reference contour may
serve as a prerequisite for automatic methods as well. To verify the contribution of the
bladder&rectum structures in the prostate bed segmentation, we consider the ground-truth
mask of the bladder&rectum as prior knowledge. We combine it with the input CT slices to
compose a multi-channel image, which is used to predict the prostate bed mask through a
standard U-Net. As the experimental results show in Table 1, when using the prior
knowledge of the bladder&rectum, the U-Net achieves an average DSC of 75.54%, which is
2.25% higher than that of a U-Net does not use the prior knowledge of the bladder&rectum
(DSC = 73.29%). This result demonstrates that the bladder&rectum structural information
can help to improve the segmentation accuracy of the prostate bed. Based on this finding, in
the design of our proposed method, we consider the prostate bed and the bladder&rectum
jointly, and reform the prostate bed segmentation as a high-level task based on the low-level
task of the bladder&rectum segmentation.

3.3 Comparison with Different Deep Learning Models

For the proposed method, there are three key properties contributing to the final
improvement of the prostate bed segmentation when compared with the baseline U-Net: (1)
the multi-task learning strategy improving model generalization by parameter sharing, (2)
the asymmetrical network architecture underlining the geometric dependency between the
prostate bed and the bladder&rectum, and (3) the attention mechanism selecting
discriminative features for the specific target. To verify the effectiveness of these designs, in
this experiment, we compare the proposed method with other deep models which are related
to different combinations of the above properties. The experimental results are summarized
in Table 2.

As shown in Table 2, all the multi-task models (Multi-task U-Net, Cascaded U-Net, MTA-U-
Net, and our method) outperform the single-task model (U-Net), demonstrating the
effectiveness of the multi-task learning strategy for the prostate bed segmentation. Among
the multi-task models, the proposed method achieves the highest accuracy on the prostate
bed, outperforming the models without consideration of the dependency between the
prostate bed and bladder&rectum (Multi-task U-Net and MTA-U-Net), nor the attention
mechanism (Multi-task U-Net and Cascaded U-Net). This result indicates that an attention
mechanism to include the geometric dependency between the prostate bed and
bladder&rectum can help improve the prostate bed segmentation.

3.4 Comparison with Atlas-Based Method

As we introduced in Sect. 1, the topic of automated prostate bed segmentation has been
rarely studied in the past except for a few attempts using some commercial atlas-based
segmentation (ABS) software. Hence, to demonstrate the superior performance of the
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proposed method, we conduct a comparison between these commercial ABS software and
the proposed method. In this comparison, we not only list the results of the commercial ABS
software that are conducted from different datasets but also evaluate one of the high-
performance ABS software on our dataset using the same 5-folds cross-validation strategy as
our proposed method (four folds for atlas building and one fold for testing). As the results
show in Table 3, the proposed method significantly outperforms the atlas-based method on
both the prostate bed segmentation task and the bladder&rectum segmentation task,
demonstrating the superior performance of the proposed method when compared with the
conventional atlas-based method. Figure 3 gives a visualization of some cases in this
comparison.

4 Conclusion

In this work, we present a novel multi-task deep learning-based method, the asymmetrical
multi-task attention U-Net, to handle the highly challenging problem of the “invisible target”
—prostate bed segmentation in CT images. The proposed method performs the prostate bed
segmentation jointly with the bladder&rectum segmentation in a multi-task manner. The
high-level task of prostate bed segmentation is accomplished by an attention network that
can extract discriminative features from a backbone U-Net used for the low-level task of
bladder&rectum segmentation. Extensive experiments on a clinical dataset consisting of 186
CT images demonstrate the effectiveness of the designs in the proposed method and the
superior performance of the deep learning-based methods in comparison to the conventional
atlas-based methods for prostate bed segmentation.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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“S.__Prostatebed <"

Fig. 1.
An exampled post-prostatectomy case displaying the prostate bed (red), bladder (yellow),
and rectum (cyan) in 3D (a) and 2D (b, c, d) views (Color figure online).
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Fig. 2.

Schematic representation of the proposed asymmetrical multi-task attention U-Net (top) and

the inner structure of the attention module (bottom).
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Case 1 (ABS) Case 2 (ABS) Case 3 (ABS) Case 4 (ABS)

Bladder DSC=76.11%
Rectum DSC=67.39%

Bladder DSC=96.39% Bladder DSC=91.64% Bladder DSC=93.92% Bladder DSC=81.18%
Rectum DSC=87.76% Rectum DSC=79.29% Rectum DSC=78.52% " 1Rectum DSC=79.37%

Fig. 3.
Contours generated by the ABS method and the proposed method. The predicted and the

ground-truth contours are denoted by solid and dash lines, respectively.
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Table 1.

Comparison of prostate bed segmentation with/without bladder&rectum structural prior knowledge.

Using prior knowledge DSC [mean(std) %] ASD [mean(std) mm]
of bladder& rectum

No 73.29.43) 2.79u.21)

Yes 75-54(6.92) 2.47(1‘12)
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Table 2.

Comparison of different deep learning-based models.

Models DSC [mean(std) %] ASD [mean(std) mm]

PB Bladder Rectum PB Bladder Rectum
U-Net 73290743 - - 27927 - -
Multi-task U-Net 7441723 87.841004) 80.22752 258121y 1.62(212) 250065
Cascaded U-Net  75.03741y  87.93(g.05) 79.68(954 2.54(123) 1.53(147) 2.78(2.97)
MTA-U-Net[7] ~ 75.03711) 8846505 80.3102s 25ln13 14403  2.56001
Proposed 7567655y 884072 8035035 242003 147012 260300
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Comparison with commercial atlas-based segmentation (ABS) software.

Table 3.

Method Dataset DSC [mean (std) %] ASD [mean (std) mm]
(Train/test)

PB Bladder Rectum PB Bladder Rectum
ABSmimyz; 80(zs/5) 47.0¢160) 67.0180) 58.0@g - - -
ABSwre)[1] 20(10110) 56.0(100) 76.0(120) 73.0¢70) - - -
ABSmimy; 20(10r10) 61000y 80.0140) 75070 - - -
ABS(agas);  20(10/10) 67.0130) 81.0130) 75090 - - -
ABS(spiceyyy  20(10110) 37.000) 76.0260) 6800120y - - -
ABS(rs)[1] 2010/10) 51.0370) 59.0(s0) 49.00120) - - -
ABSMmim) 1865 foidcyy 64201190 64.1a7s) 6184115y 48114 77as3 59110
Proposed l86(5_f0|d cv) 75.76s) 88457 80.4(9.4) 2410 1512 2.6(30)
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