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Abstract:

Segmentation of biomedical images can assist radiologists to make a better diagnosis and take decisions faster
by helping in the detection of abnormalities, such as tumors. Manual or semi-automated segmentation, however, can be a time-consuming task. Most deep learning based automated segmentation methods are supervised
and rely on manually segmented ground-truth. A possible solution for the problem would be an unsupervised
deep learning based approach for automated segmentation, which this research work tries to address. We use a
W-Net architecture and modified it, such that it can be applied to 3D volumes. In addition, to suppress noise in
the segmentation we added attention gates to the skip connections. The loss for the segmentation output was
calculated using soft N-Cuts and for the reconstruction output using SSIM. Conditional Random Fields were
used as a post-processing step to fine-tune the results. The proposed method has shown promising results,
with a dice coefficient of 0.88 for the liver segmentation compared against manual segmentation.

1

INTRODUCTION

Image Segmentation is the process of dividing an image into multiple segments, where the pixels in each
segment are connected with respect to their intensities
or by Regions of Interest (Anjna and Er, 2017). Segmentation of biomedical images is a major advancement in the field of medical imaging, as it helps radiologists and doctors to make better and faster decisions. Many approaches to medical image segmentation using various deep learning techniques have
been proposed. These methods, however, require a
large amount of training data with their respective
segmentation masks also known as ground truth images (Badrinarayanan et al., 2017; Chaurasia and Culurciello, 2017; Krähenbühl and Koltun, 2011; Paszke
et al., 2016; Zheng et al., 2015). Abdominal MR image segmentation is an interesting and challenging research area (Gotra et al., 2017), but not yet very much
a
b
c

explored, until recently (Kavur et al., 2020). While
performing abdominal segmentation, liver segmentation is one of the most challenging task due to the high
variability of its shape and its proximity to various
other organs (Gotra et al., 2017). This research addresses the challenge of segmenting the liver from 3D
MR images without using any manual ground truth
for training the deep neural network model.
Our state of the art model is based on W-Net (Xia
and Kulis, 2017) with both the U-Nets replaced by
Attention U-Nets (Oktay et al., 2018). The original
W-Net works with 2D images, but as we want to work
with volumetric 3D MR images, the network architecture was adapted for 3D images by using 3D convolution layers (Sect. 2.3) and by modifying the calculation of pixel weights to voxel weights (Sect. 2.2).
We show the applicability of our approach for liver
segmentation using the CHAOS (Kavur et al., 2020)
challenge dataset (Sect. 2.1).
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1.1

Related Work

Many approaches to image segmentation have been
proposed by different researchers. A variety of atlasbased segmentation methods have been described
(Gee et al., 1993; Crum et al., 2001; Baillard et al.,
2001). Aganj et.al introduced an approach by computing the local center of mass of the putative region
of each pixel, to perform unsupervised medical image segmentation (Aganj et al., 2018). Dong Nie et.al
proposed an approach for brain image segmentation
of infants by using deep neural networks (Nie et al.,
2016). Christ et. al designed an approach by joining
two fully cascaded neural networks for automatic segmentation of the liver and its lesions in low-contrast
heterogeneous medical volumes (Christ et al., 2017).
Oktay et.al introduced a novel attention gate, which
will implicitly learn to suppress regions that are not
relevant (Oktay et al., 2018). These gates are applied to the standard U-Net architecture to highlight
the important features, which are passed through skip
connections. Noise and irrelevant information in skip
connections are eliminated by extracting coarse-scale
information in gating. This is performed right before
the concatenation operation to merge only relevant activations. Xide Xia et.al proposed an approach for a
W-Net model by stacking two U-Nets one after another, for unsupervised image segmentation, but for
non-medical RGB images (Xia and Kulis, 2017). By
using this model, segmentation maps can also be predicted even for applications, which do not have any
labeling information available.

1.2

Contribution

Most of the research on biomedical image segmentation using deep learning by now has been focused
on supervised learning. This research is a proof-ofconcept for biomedical image segmentation using unsupervised learning. The current results are not perfect, but there are many scopes for improvements that will be discussed later. In this research, a novel
3D Attention W-Net architecture has been proposed,
which has been built by replacing the 2D U-Nets of
the original W-Net (Xia and Kulis, 2017), by the 3D
Attention U-Nets (Oktay et al., 2018), and for the reconstruction loss, SSIM (Larkin, 2015) has been used.
Furthermore, some minor changes were introduced
to the Attention U-Net architecture before incorporating them to the W-Net, which are discussed in a later
chapter.

2

METHODOLOGY

2.1 Dataset
The dataset that has been used in this study has been
provided by the CHAOS Challange (Kavur et al.,
2019; Kavur et al., 2020). The dataset consists of
a CT Dataset of 40 subjects, and an MRI Dataset
of 40 subjects, with two different sequences - T1DUAL and T2-SPIR. T1-DUAL contains in-phase
and opposed-phase images. For our work, we choose
the available 40 volumes of T1-DUAL in-phase. The
dataset came with a manually labeled ground-truth.
For the purpose of this research they were intentionally ignored during training. Those ground-truths
were used only during the evaluation of the algorithm’s performance.

2.2 Pre-processing
The images were normalized to have pixel values between (0,1) before supplying them to the network, to
bring them to a common scale for faster convergence
while training. Simultaneously, the weights between
the voxels were calculated using Eq. 1, where wi j
is the weight between the pixel i and j, which is required in calculating Normalized-Cuts using Eq. 3
(loss function). The architecture is based on autoencoders in which the encoder part maps the input
to the pixel-wise segmentation layer without losing
its original spatial size and the decoder part reconstructs the original input image from the dense prediction layer.
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2.3 Model Construction: 3D Attention
W-Net
The base W-Net architecture proposed by (Xia and
Kulis, 2017) was modified by replacing both the UNets with 3D Attention U-Nets (Oktay et al., 2018).
The original W-Net was proposed for 2D Images,
both weight calculation and soft ncuts loss calculation
have been adopted for 3D.
The network is illustrated in 1. The network consists of two parts.
• AU-Encoder, which is on the left side of the network and
• AU-Decoder, which is on the right.
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Figure 1: 3D Attention W-Net.

The network consists of 18 modules (marked with
dotted lines in Figure 1), each module consists of two
3D convolutional layers with kernel size three. Each
layer is followed by a non-linear activation function
and an instance normalization layer. In total, we are
using 46 3D convolutional layers. The first nine modules represent the encoder network which predicts the
segmentation maps and the next nine modules reconstruct the original input image from the segmentation
output coming from the encoder part.
The most frequently used non-linear activation
function is the Rectified Linear Unit (ReLU). However, there is a chance of dying neurons (Lu et al.,
2019). Therefore, we used the Parametric Rectified
Linear Unit or PReLU (He et al., 2015), which is
similar to LeakyReLU with the difference of using
the hyper-parameter α for negative results, which is
adaptively learnt during the training, instead of using
a fixed value (such as 0.01) as in LeakyReLU. The
data used in this research contain different patient data
and the number of slices differs between subjects. To
construct batches, data padding to an equal number
of pixels would be required. Instead, we used a batch
size of one while training the network.
As mentioned in the literature (Oktay et al., 2018),
the encoder part consists of a contracting path that
captures context and an expansion path that enables
precise localization. As shown in Figure 1, an input
image is given to the first module of the encoder part.
Then it undergoes convolutional operations followed
by PReLU and instance normalization twice before
moving forward to the next module. The modules are
connected through 3D max pooling layers, which decrease the image size by two. We also store the original image size before performing the pooling operation recover the image size during the expansion path
of the U-Nets. The initial module produces 64 feature
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Figure 2: Attention gate (Oktay et al., 2018).

maps as output and after every module, the number of
features is increased by two.
In the contraction path, modules are connected via
max pool, which is indicated in brown color; in the
expansion path, modules are connected through the
upsample layer followed by modules similar to the
contraction path and are denoted with green color arrows. Upsampling is performed using trilinear interpolation, and the output size of the interpolation is set
to the image sizes saved ptior to each of the max pool
operations. Skip connections are passed through attention gates to suppress irrelevant regions and noisy
responses. The attention gate architecture is from
(Oktay et al., 2018) and shown in Figure 2.
The output of the encoder is passed to a fully connected 3D convolution layer with a kernel size of one
and a stride of one, followed by a softmax layer. This
convolution layer helps to map the 64 feature maps of
the output to the required number of K classes, and the
softmax function rescales them to (0,1) with a summation of all the K feature maps as one. During the
inference stage, the output of the softmax layer is the
final output of the model. During training, the output
of the softmax is given as the input of the first module
of the second U-Net. The second U-Net is similar to
the first one, with the only differences being the final
fully connected convolution layer and the final activation function. The fully connected layer provides one
final output instead of K outputs. For the final activa-
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tion function, the sigmoid function is used instead of
the softmax, which also rescales the output between
(0,1) but doesn’t make the sum equal to one.

2.4

Loss Functions

We used two loss functions in this research. The first
one is directly after the encoder U-Net, to optimize
the encoder U-Net only; the other one is at the end of
the decoder U-Net to optimize both the U-Nets.
2.4.1

N-Cuts Loss

SSIM is used to measure the similarities within
the pixels i.e., whether the pixels in the images those
are being compared have similar pixel density values.
SSIM values lie between (0,1), where 1 indicates that
both images are identical.
We calculate SSIM by using the following formula:
SSIM(x, y) =

(4)

where µx , µy are the mean values of x and y, σ2x ,
are the variance of x and y, σxy is the co-variance
of x and y, C1 , C2 are two variables to stabilize the
division with weak denominator.
The network was trained with the MR abdominal
dataset provided by (Kavur et al., 2020), which contains 40 volumes. The given set was divided into a
training (25 volumes), a validation (5 volumes), and a
test set (10 volumes). Both N-cuts and reconstruction
loss were minimized, given equal priority (weights)
to both loss functions.
σ2y

The first loss function applied to the output of the encoder U-Net is the N-Cuts loss (Xia and Kulis, 2017).
The output from the softmax layer of the encoder UNet is a K-class prediction for each voxel. Normalized cuts from (Shi and Malik, 2000) as a global criterion for image segmentation, as shown in Eq. 2 are
applied, where Ak is the number of voxels in segment
k, V is the total number of voxels, and w calculates
the weight between two pixels.
Since the argmax function is non-differentiable, it
is not possible to get the corresponding gradients during back-propagation. Therefore, the soft n-cuts loss
(Ghosh et al., 2019) is used as shown in Eq. 3, where
p(u = Ak ) measures the probability of node u belonging to class Ak . The output of the encoder U-Net is
forwarded to this soft N-Cuts loss function along with
the voxel-weight calculated during the pre-processing
stage, following Eq. 1. The network is trained to minimize the N-Cuts loss, by optimizing the parameters
of the encoder U-Net.

2.5 Post-processing using Conditional
Random Fields
The use of many max-pooling layers may result in increased invariance, which can cause localization accuracy reduction. To obtain fine boundaries in the
output segments, conditional random fields or CRF
(Chen et al., 2017) were applied as a post-processing
step in a 3D CRF variant (Chatterjee et al., 2020).
E(X) = ∑ φ(u) + ∑ ψ(u, v)

K

∑uεAk ,vε(V −Ak ) ω(u, v)
Ncutk (V ) = ∑
k=1 ∑uεAk ,tε(V ) ω(u,t)

(2)

Jso f t−Ncut (V, K) =
K

∑uεV p(u = Ak ) ∑uεV ω(u, v)P(v = Ak )
∑uεV p(u = Ak ) ∑tεV ω(u,t)
k=1

K− ∑
2.4.2

(2µx µy +C1 ) + (2σxy +C2 )
(µ2x + µ2y +C1 )(σ2x + σ2y +C2 )

(3)

Reconstruction Loss

Reconstruction loss is used to calculate the loss between the output of the decoder U-Net and the input image. The network was trained to minimize the
reconstruction loss similar the auto-encoder architecture. Structural Similarity Index (SSIM) is used to
calculate the reconstruction loss. A higher SSIM,
however, is better and thus the negative of the SSIM
value has been used.The network was trained to minimize the reconstruction loss, by optimizing the parameters of both the U-Nets.

(5)

Where u and v are the voxels, φ(u) is the unary
potential and ψ(u, v) is the pair-wise potential.
After the CRF, the cluster values corresponding
to the liver were identified manually for one volume.
The selected clusters were merged to obtain the liver
segmentation for the remaining volumes.

3

RESULTS

We used two U-Nets to form a W-Net for training the
model on a given training dataset; during testing, only
the first U-Net was used, as the output of the first UNet corresponds to the automatic segmentation. This
predicted segmentation was then passed through the
CRF post-processing to recover the boundaries. The
network was trained to predict 15 different clusters to
segment various parts of the image. Then, the clusters
with the liver segment were identified as the final result. The relevant cluster numbers were chosen from
491
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only one test volume and applied to all other test volumes.
The results were compared to the available
ground-truth. Only the liver as our region of interest
was considered from both output and ground-truth.
Two representative slices, corresponding to the manually segmented liver and the predicted segmentation
of the liver are shown in Figure 3 and 4. The proposed liver segmentation is compared to the ground
truth liver segmentation quantitatively using intersection over union and dice coefficient. The quantitative
evaluation results are shown in Table 1. Task 3 of the
CHAOS challenge (Kavur et al., 2019) was for MRI
liver segmentation and the best model reported a dice
coefficient of 0.95 and the average of all the models
was 0.86 (Kavur et al., 2020). While the proposed
model achieved a dice coefficient (0.88) higher than
the average, it failed to perform better than the best
result. All models in the challenge, however, used the
available ground truth segmentation and were trained
in a supervised manner. Also all models were trained
using all three different types of MRIs available in
the CHAOS dataset (types are discussed in Sect. 2.1),
whereas the proposed non-supervised model was only
trained and tested on T1-DUAL in-phase images. It
can be observed that the vessels, which were considered part of the liver by the rater during manual segmentation, except for one (as can be seen in Figure 4),
were not included by the proposed network.
Table 1: Quantitative analysis of the performance (only for
the ROI).

4

Metric

Values

Intersection over Union (IoU)
Dice Coefficient

0.7885
0.8812

FUTURE WORK

This paper stands as a proof of concept for unsupervised biomedical image segmentation using the
proposed 3D Attention W-Net. Further tests will be
performed to evaluate the robustness of the approach
as well as the clinical applicability. This approach
will also be compared against other unsupervised segmentation methods. Only the T1-DUAL in-phase volumes were used, even though the CHAOS dataset also
contains T1-DUAL opposed-phase and T2-SPIR volumes. Evaluation of the performance with the other
available contrasts may further improve the results.
A mixed training approach combining T1-DUAL
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in-phase, opposed-phase and T2-SPIR is a further option.
In the presented approach, CRF was applied to
post-process the results. A direct inclusion of CRF
within the model before N-Cuts during training may
be beneficial. A further option is a semi-supervised
version of the algorithm, applying pre-training (both
U-Nets separately) with a manually labeled small
dataset followed by unsupervised training as described in this contribution.

5

CONCLUSION

In this work, we propose an extension of current deep
learning approaches (W-Net) for unsupervised segmentation of non-Medical RGB to volumetric medical image segmentation. The model was enhanced
by using attention gates and extended to a 3D attention W-Net. The results demonstrate that the proposed
model can be used for unsupervised segmentation of
medical images. However, further experiments are
needed to judge the robustness and generalizability of
the approach. One reason for the remaining deviation from the manual segmentation may be that the
ground truth images supplied in the dataset provide
liver segmentation including liver vessels. These were
not included by our unsupervised approach but were
naturally included as part of the liver by the supervised network. Our proposed network correctly segmented the liver without inclusion of these vessels.
Thus unsupervised learning may be used to enrich or
guide manual expert annotation. Future research on
the learning approach itself will include end-to-end
training by incorporating conditional random fields in
the training pipeline. We expect that pre-training both
U-Nets of the W-Net separately on a small ground
truth set in a supervised manner may also further improve the results.
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Figure 3: Example slice of a test volume: From left to right - Original slice, Ground Truth, only the liver segment, Output of
the network - Clusters containing the liver segmentation were considered as our region of interest.

Figure 4: Example slice of a test volume: From left to right - Original slice, Ground Truth, only the liver segment, Output of
the network - Clusters containing the liver segmentation were considered as our region of interest.
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N. S. (2019). CHAOS - Combined (CT-MR) Healthy
Abdominal Organ Segmentation Challenge Data.
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