Research Article

Automatic Semicircular Canal Segmentation of CT Volumes Using
Improved 3D U-Net with Attention Mechanism

Hongcheng Wu ,! Juanxiu Liu®,! Gui Chen ®,2 Weixing Liu 2 Rugian Hao 0,
,! Xiaowen Zhang ,2 and Jing Zhang

Lin Liu®,' Guangming Ni(®,' Yong Liu

1
1

!MOEMIL Laboratory, School of Optoelectronic Science and Engineering,
University of Electronic Science and Technology of China, No. 2006, Xiyuan Avenue, West Hi-Tech Zone,

Chengdu 611731, China

2State Key Laboratory of Respiratory Disease, Department of Otolaryngology, Head & Neck Surgery,
Laboratory of ENT-HNS Disease, First Affiliated Hospital of Guangzhou Medical University, Guangzhou, China

Correspondence should be addressed to Xiaowen Zhang; entxiaowen@vip.163.com and Jing Zhang; zhangjing@uestc.edu.cn

Received 2 June 2021; Accepted 24 August 2021

Academic Editor: Thippa Reddy G

Copyright © 2021 Hongcheng Wu et al. This is an open access article distributed under the Creative Commons Attribution
License, which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is
properly cited.

The vestibular system is the sensory apparatus that helps the body maintain its postural equilibrium, and semicircular canal is an
important organ of the vestibular system. The semicircular canals are three membranous tubes, each forming approximately two-
thirds of a circle with a diameter of approximately 6.5 mm, and segmenting them accurately is of great benefit for auxiliary
diagnosis, surgery, and treatment of vestibular disease. However, the semicircular canal has small volume, which accounts for less
than 1% of the overall computed tomography image. Doctors have to annotate the image in a slice-by-slice manner, which is time-
consuming and labor-intensive. To solve this problem, we propose a novel 3D convolutional neural network based on 3D U-Net to
automatically segment the semicircular canal. We added the spatial attention mechanism of 3D spatial squeeze and excitation
modules, as well as channel attention mechanism of 3D global attention upsample modules to improve the network performance.
Our network achieved an average dice coefficient of 92.5% on the test dataset, which shows competitive performance in

semicircular canals segmentation task.

1. Introduction

The lifetime prevalence of vertigo among adults is 7.4%, with
a one-year prevalence of 4.9% and a one-year incidence of
1.4% [1]. Dysfunction of the vestibular system is one of the
most essential causes for vertigo. The vestibular apparatus is
small, beautifully formed, and located on the deep side of the
temporal bone that controls the human sense of balance and
movement [2]. Humans can perceive head rotation, angular
acceleration, and orientation in space due to the specific
structures of the vestibular system: the otolith organs and
semicircular canals [3]. Semicircular canal encodes head
rotational velocity and provides input to the vestibule-ocular
reflex, vestibulocollic reflex, vestibulospinal system, vesti-
buloreticular system, cerebellum, and cortex [4]. Benign

paroxysmal positional vertigo (BPPV) is the most common
cause of vertigo due to the vestibular system disorders. The
mechanism of BPPV has been attributed to cupulolithiasis or
canalithiasis, which can affect the function of semicircular
canal and thus cause vertigo [5]. As shown in Figure 1, the
semicircular canal consists of a superior semicircular canal, a
posterior semicircular canal, and a lateral semicircular canal.
Among medical imaging technologies, Computed Tomog-
raphy (CT) technology is an important method for inner ear
disease diagnosis. However, semicircular canals have so-
phisticated structure and small volume, which accounts for
less than 1% of total area in a single CT image [6], and it
brings huge difficulties to diagnosis. Automatic segmenta-
tion of the semicircular canals in CT images can help screen
out diseases such as malformation and superior semicircular
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Figure 1: Structure of the semicircular canal in the inner ear.

canal bony dehiscence. In addition, the angle of the seg-
mented semicircular canal can be used to customize the
reduction therapy during the treatment of otolithiasis. The
anatomical semicircular canal model is of great significance
for studying the mechanism of the vestibule. Thus, it is
meaningful to automatically segment the semicircular ca-
nals, which provide precious anatomical training resources
for doctors.

Recently, a variety of advanced algorithms have been
proposed for medical image processing, ranging from tra-
ditional method to machine learning and deep learning [7].
Some traditional methods, like the threshold method, re-
quire manually setting one or several suitable thresholds.
However, with limited spatial resolution or motion artifacts
in CT imaging, some voxels in CT images contain a mixture
of many tissue types instead of just a single tissue type [8].
Thus, multiple thresholds setting is required, which is time-
consuming and has poor generalization performance. The
region growing method is another traditional method that
requires selecting suitable seed points, and the segmentation
results are highly correlated with them. However, it is
challenging to choose appropriate seed points manually. The
patterns of regional growth are also sensitive to noise, which
may cause the extracted region to blank or link the separate
region under the case of local effect [9]. Clustering is a
machine-learning-based technique for image segmentation.
The principle of clustering is simple and its convergence
speed is fast, which is one of the most important reasons why
the industry adopts it a lot. Nevertheless, the clustering
method is sensitive to the local intensity changes [10]; its
performance is unavoidably interfered by noise in small
organ segmenting tasks of CT volumes.

Although the methods mentioned above are relatively
simple to implement, using these manual segmentation
methods to segment small organs in the CT volumes is time-
consuming and not task-specific [11], which requires a
sophisticated knowledge base of anatomy. In addition, small
organ segmentation tasks require high precision, and in that
case, these traditional methods are not suitable. In recent
years, with the fast development of artificial intelligence
technology represented by deep learning, additional
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technical methods for the precise segmentation of medical
images have been proposed [6]. Numerous deep learning
network structures are proposed in different organ seg-
mentation tasks, such as skin [12], brain tumor [13], heart
[10], lung [14], and pancreas [15, 16] segmentation.

Medical image segmentation based on deep learning
technology can be roughly divided into two categories,
namely, 2D CNN- (Convolutional Neural Network) based
methods and 3D CNN-based methods. Methods are based
on 2D CNN segment volumetric CT or Magnetic Resonance
Imaging (MRI) data in a layer-by-layer manner. For ex-
ample, Fully Convolutional Network (FCN) [17] substitutes
tully connected layers with convolutional layers, which in-
creases the generalization ability of the network and im-
proves training efficiency at the same time. However, the
FCN architecture tends to omit the detailed information of
the image due to pooling layers. Thus, some researches have
been investigated to improve the accuracy of segmentation.
Later on, a U-Net [18] architecture was proposed. This
architecture improves the segmentation accuracy and ad-
dresses the problem of gradient vanishing, becoming one of
the most popular architectures in segmentation tasks of
medical images [6].

Volumetric data accounts for a large portion of medical
image modalities, such as 3D computed tomography (CT),
3D Magnetic Resonance images, and 3D ultrasound [19].
Although 2D CNNs have achieved a great breakthrough in
slice-based medical image segmentation tasks, the slicing
strategy in 2D CNNs segmentation pipelines hardly takes
full advantage of the 3D spatial information existing in the
volumetric CT images to achieve competitive segmentation
results as 3D CNNs. To utilize the entire 3D medical image,
several 3D segmentation networks have been proposed,
including 3D U-Net [20], V-Net [21], Residual Symmetric
U-Net [22], DenseVoxNet [23], and VoxResNet [19]. These
3D architectures can make full use of the 3D contexture
information and greatly improve their capability to segment
objects from volumetric data.

Among the networks mentioned, 3D U-Net is most
widely used. 3D U-Net adopts a bilateral symmetric ar-
chitecture including an encoder path to capture context
information and a symmetric decoder path to recover
spatial position, and in this way, it provides a full-reso-
lution segmentation. The encoder and decoder are con-
nected by skip connections [6]. However, the skip
connections used in 3D U-Net may cause the loss of de-
tailed information due to the gap between low-level fea-
tures and high-level features [24]. To overcome the
shortage of 3D U-Net, we introduce attention mechanism
to the 3D U-Net, including 3D spatial squeeze and exci-
tation (3D spatial SE) [25] module, as well as 3D Global
Attention Upsample (3D GAU) [26] module. The 3D
spatial SE module is a kind of spatial attention module that
captures the spatial dependencies between any two posi-
tions of the feature maps from the encoder, aiming at
guiding the network to “look where.” The 3D GAU module
is deployed at the decoder path, which is a kind of channel
attention module. This module uses low-level information
to help high-level features recover images detail, which
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avoids the shortcomings of original skip connections used
in 3D U-Net. By adding the attention mechanism, our
network is capable of increasing receptive field and seg-
menting small objects more effectively. Experimental re-
sults show that the proposed network achieves the highest
accuracy in the semicircular canal segmentation task.

For the clinical field, surgeons routinely review the CT
volumes as multiplanar two-dimensional representations,
although the CT datasets are inherently volumetric. Tradi-
tional methods based on handcraft features, as well as most
of the previous deep learning methods, still process two-
dimensional images layer by layer. It is difficult for these
methods to meet clinical requirements in terms of speed and
accuracy. Our 3D deep learning network with attention
mechanism can segment small organs like semicircular
canals accurately, quickly, and fully automatically using
three-dimensional data, which is a further step to computer-
aided otopathy CT image processing. Specifically, the seg-
mentation results can be used to establish a virtual reality
surgical simulation of the inner ear surgery or help to
customize the reduction therapy during the treatment of
otolithiasis.

We make the following contributions:

(1) We propose a novel network and apply it to the
semicircular canal CT segmentation task. This
method can automatically separate the semicircular
canals from multiple volumes, assisting radiologists
in clinical diagnosis.

(2) We adapt attention mechanism to the 3D U-Net
architecture. The 3D spatial SE modules of spatial
attention mechanism are deployed at the encoder
and the 3D GAU modules of channel attention
mechanism are added at the decoder. The attention
mechanism guides the network training process and
improves model sensitivity to foreground pixels in
the whole CT volumes without requiring compli-
cated heuristics. Our proposed network solves the
problem of information loss in skip connections of
3D U-Net, achieving great effects in segmenting
small organs like the semicircular canal in the CT
volumes.

(3) Sufficient ablation experiments have been done to
verify the effectiveness of the improvements based on
3D U-Net. We also compare the performance of our
proposed network and the other state-of-the-art
CNN architectures.

(4) The semicircular canal can be segmented effectively
with the proposed method, so can the other organs in
the future, for example, facial nerve [27], cochleae
[28], and spinal cord [29].

The rest of this article is organized as follows: Section 2
briefly reviews related works, and Section 3 details our
network architecture, training method, and inference pro-
cess in further depth. The dataset we used and the experi-
ment results are introduced in Section 4. Finally, Section 5
and Section 6 present the discussion and conclusion,
respectively.

2. Related Works

2.1. Traditional Segmentation Methods. Before the rapid
development of deep learning, traditional methods like
threshold method and region growing method are most
widely used. Threshold method requires manually or au-
tomatically setting thresholds to segment targets from the
background. It is suitable for segmenting high-contrast
objects with sharp edges. However, it tends to be sensitive to
noise and relies on image quality [30]. It is time-consuming
and nearly impossible to manually find suitable thresholds in
the whole 3D medical dataset [31]. Region growing method
is very sensitive to the selection of seed points and noise. If
the seed points are not selected properly, segmentation is
prone to mistake background noise as the target. Such
methods often require high contrast between the target area
and the background [8]. In that way, due to the low contrast
of CT images, threshold method and region growing method
are not suitable for our scenario.

2.2. Machine-Learning-Based Methods. Clustering is a ma-
chine-learning-based technique for grouping similar data
according to certain similarity criteria. K-means clustering
and fuzzy C-means clustering (FCM) algorithms are two
basic clustering segmentation algorithms in image pro-
cessing [30]. Image segmentation methods based on fuzzy
clustering and their improved algorithms have been widely
used. Abdel-Maksoud et al. [32] proposed an image seg-
mentation approach for accurate brain tumor detection
using K-means clustering technique integrated with fuzzy
C-means algorithm, improving the segmentation quality
and accuracy in minimal execution time. However, the
clustering method is too sensitive to noise and does not meet
clinical requirements.

2.3. Deep-Learning-Based Segmentation Methods. 2D CNN-
based methods greatly improve segmentation accuracy
compared with traditional segmentation methods. For ex-
ample, Havaei et al. [33] proposed a two-way shallow net-
work with different cascade structures for the segmentation
of tumors in brain MRI images. This network achieved a dice
score of 83.2% on the test dataset. Ronneberger et al. [18]
proposed a U-Net architecture for cell segmentation. This
architecture improves the segmentation accuracy and ad-
dresses the problem of gradient vanishing, so it becomes one
of the popular architectures in segmentation tasks of medical
images. By introducing new modules or improvements,
many U-Net variants have been proposed. For example, Li
et al. [34] modified the U-Net structure by deleting the crop
operation and changing the loss function, which increases
the processing speed of the network by 70% and enhances
the performance of ore image segmentation. Weighted Res-
UNet [35] is inspired by residual connections [36]. The
residual connections are added in the encoding stage of
U-Net. Weighted Res-UNet surpasses the baseline U-Net
model on both the accuracy and sensitivity performance in
the retinal vessel segmentation problem. To reduce the
burden of deep network training, Tao et al. [37] combined



the U-Net with residual network and changed the serial
connection mode of convolution layer into a form of re-
sidual mapping and achieved better Mean Intersection over
Union (MIoU) (0.928) in the precipitation cloud segmen-
tation task. Zhou et al. [24] proposed U-Net ++ which re-
designs the jump path to narrow the semantic gap between
the feature maps of the encoding subnetwork and the
decoding subnetwork, achieving an average IoU gain of 3.9
points over U-Net in liver and polyp CT image segmentation
tasks.

However, there is massive missing spatial information in
2D slice-based medical data. To make full use of 3D medical
images, several 3D segmentation networks have been pro-
posed. 3D U-Net [20], an extension of 2D U-Net archi-
tecture [18], takes 3D volumes as input and processes them
with corresponding 3D operations. This network can learn
from sparsely annotated volumetric images and achieves
good results for Xenopus kidney segmentation. To solve the
problem of semicircular canal and other small organ seg-
mentation, Li et al. proposed 3D-DSD [6], redesigned a 3D
dense connection block and 3D multipool feature fusion
scheme in the encoding stage, and adopted a 3D depth
supervision mechanism in the decoding stage. The network
improves the accuracy in temporal bone segmentation over
3D U-Net, achieving an average dice coefficient of 77.8% on
their dataset. V-Net [21] uses a codec scheme and proposes a
loss layer based on dice coefficients. The network helps to
deal with situations where there is a strong imbalance be-
tween the number of foreground voxels and background
voxels, and the author demonstrated the efficiency in the
prostate segmentation task. Based on 3D U-Net, Residual
Symmetric U-Net [22] is designed for 3D reconstruction of
neurons from electron microscopic brain images. The net-
work replaces concatenation joining by summation joining
where the skip connections join the expanding path and
avoids the border effect that may hurt accuracy. Huang et al.
[38] introduced DenseNet for object recognition, which
introduces direct connections from any layer to all subse-
quent layers to ensure the maximum information flow
among layers, reducing the information loss. Song et al. [39]
extended DenseNet and proposed Deep 3D-Multiscale
DenseNet, which has a great effect on suppressing the
overfitting problem of network training when the dataset is
small. Yu et al. [23] extended DenseNet to cardiovascular
three-dimensional segmentation and proposed Dense-
VoxNet. Their network achieved the best dice score of
0.931+0.011. Chen et al. [19] proposed VoxResNet for key
brain tissues segmentation in 3D MR images. To effectively
train the deep network with limited training data, they
seamlessly integrate multimodality and multilevel contex-
tual information into the network, which helps harness the
complementary information of different modalities and
exploit the features of different scales.

3. Methods

In this section, we introduce the proposed 3D end-to-end
architecture with 3D spatial SE modules and 3D GAU
modules for semicircular canal segmentation.
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3.1. The Proposed Network Architecture. Our proposed
network is based on the 3D U-Net architecture which is
widely used in medical image analysis. The 3D U-Net ar-
chitecture is composed of an encoder and a decoder, which
extracts low-level features and high-level features, respec-
tively. The encoder extracts the features by a series of
convolution and max-pooling layers, while the decoder
recovers image resolution by deconvolution layers. How-
ever, the levels of features in the encoder path are much
lower than those in the decoder path, so it is not conducive
enough to make full use of the multiscale and multilevel
features by simply using the skip connections to concatenate
the feature maps from different paths. Therefore, we, re-
spectively, introduce two attention modules to emphasize
meaningful features along spatial and channel axes. 3D
Spatial SE [25] module and 3D GAU [26] module are
employed as the spatial attention module and the channel
attention module, respectively, and they provide guidance
for CNN to focus on the targets rather than the background
efficiently.

The network is shown in Figure 2. Encoder path consists
of four layers, the first three of which contain two convo-
lution operations (kernel: [3, 3, 3], stride: [1, 1, 1], channels:
32, 64, 128) each followed by a batch normalization and a
rectified linear unit (ReLU). The max-pooling operations
(kernel: [2, 2, 2], stride: [2, 2, 2]) are employed between each
layer. We introduce 3D spatial SE modules at the end of each
layer to spatially calibrate the features and get the four
feature maps of Ly, L,, L3, and L, in Figure 2. In the decoder
stage, low-level and high-level feature maps from adjacent
layers are fused by several 3D GAU modules, and the
cascaded 3D GAU modules restore the image size at the
same time.

3.2. 3D Spatial SE Module. Squeeze and excitation (SE)
attention block [40] is introduced to improve the accuracy of
segmentation, which only excites channelwise. The Spatial
SE attention block was designed based on the SE attention
block, which “squeezes” along the channels and “excites”
spatially [25]. Considering that the pixelwise spatial infor-
mation of low-level features is more informative, we extend
the Spatial SE module to 3D and introduce it into the en-
coder. The 3D spatial SE block is depicted in Figure 3. We
consider the input feature map as follows:

LLLL | LLL2 I, j k C,DHW
UO:[u U s sutt ], (1)

where uM ik e R, he{l,2,...,C}, ie€{l,2,...,D},
jef{l,2,...,H}, and ke {l,2,...,W}. h represents the
channel location. i, j, and k represent the spatial location in
the image. By a 3D convolution (kernel: [3, 3, 3], stride: [1, 1,
1], channels: 1) conv3d with output channel of one, the
spatial squeeze operation is achieved, generating a projection
tensor U, € RUP*PW " This projection tensor passes
through a sigmoid operation o (-) to rescale activations to [0,
1], which is used to excite U, spatially by a spatial-wise
multiply operation. The definition can be formulated as
follows:
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The spatial attention module tells where to focus, and the
feature at a specific position is updated by aggregating
features at all positions. This recalibration helps the network
concentrate more on relevant spatial information and ignore
the irrelevant ones.

3.3. 3D Global Attention Upsample Module. Our channel
attention module is inspired by Pyramid Attention Network
[26], in which 2D GAU module is used to merge the two
feature maps that belong to adjacent layers and establish a
connection between the high-level and low-level features. To
reduce the category information lost in the low-level features

and reduce the noisy and irrelevant responses, we adapt the
2D GAU module to 3D GAU module in our decoder stage,
which combines low-level features and high-level features
for image recovery.

The 3D GAU module is depicted in Figure 4. Low-level
features are weighted by high-level features to select precise
resolution details since the high-level features have abundant
category information. On the high-level path, the 3D global
average pooling operation extracts the category information
contained in channels, generating the weights W,. Then the
weights W, are regarded as the attention weights from the
high-level features, which will be multiplied with low-level
features F; after a convolution (kernel: [1, 1, 1], stride: [1, 1,
1], channels: C;) with batch normalization and ReLU
nonlinearity operations, generating F;. The high-level
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feature map F, is upsampled to F,. This upsampling process
is achieved by a 3D transposed convolution (kernel: [1, 4, 4],
stride: [1, 2, 2], channels: C;) and a batch normalization.
Finally, the F; and the F; will be element-wisely added up,
generating the final output Fs.

3.4. Arrangement of Attention Modules. The role of channel
attention mechanism and spatial attention mechanism is
complementary. These two types of attention mechanisms
are usually used in combination [41]. We initially per-
formed an element-wise summation of the output of 3D
spatial SE module and 3D GAU module (the architecture is
depicted in Figure 5(a)). In this way, the two modules are
placed in a parallel manner, but the experimental results
were less effective. Inspired by CBAM [42], we tried the
method of sequentially cascading two attention modules
(Figures 5(b) and 5(c)). It was found that the sequential
manner arrangement gives a better result than a parallel
manner arrangement. And the experimental results indi-
cate that the spatial first order is slightly better than the
channel first order. In low-level features, 3D spatial SE
module improves the feature expression ability of the
network, and the output features are further guided and
modified by high-level features channelwise through 3D
GAU modules. In this way, the detailed information such as
the boundary of the semicircular canal can be captured
more accurately. The detailed experimental results of the
different arrangement of attention modules are shown in
Section 5.2.

3.5. Loss Function. In the training stage, we use the Dice
similarity coefficient (DSC) loss function to constraint the
network. The DSC loss function is shown in

2% Y7 pig;
L(G,P)=1- =200 (3)
Yipit+ 2 g

where P and G represent predicted value and the ground
truth, respectively, and # is the number of voxels; p; and g;
denote the number of voxels in the iy, voxel in predicted data
and ground truth, respectively.

3.6. Implemental Details. Our proposed network is imple-
mented using the Pytorch package. Due to its efficiency, all
the training and experiments were run on a standard
workstation equipped with 16 GB of memory, an Intel(R)
Core(TM) i5-10400F CPU working at 2.9 GHz, and a single
NVIDIA RTX2060S GPU with 8 GB memory. The size of the
raw CT image is 512 x 512 x 64. Due to the limitation of the
GPU memory, we have to crop the volume into small
patches as input to the network. To ensure a sufficient
number of positive samples, we randomly crop the volume
into 64 x 64 x 32 while ensuring that the cropped volume
contains a part of semicircular canal. The batch size is set to
8; optimizer Adam is employed to speed training conver-
gence. To reduce overfitting, we apply a weight decay of
0.0005 and a momentum of 0.97. The learning rate is set to
1 x e*, and dice loss is the loss function. The training process
is monitored by the validation accuracy.

3.7. Inference. Due to the memory limitations, we crop
patches of size 64 x 64 x 32 as input to the network. To
evaluate the performance of the model, each volume of the
validation set or test set is sequentially cropped and eval-
uated to predict the entire image. As shown in Figure 6, we
use 28 pixels as the step size for sliding in the X- and Y-axis
while the step size is set to 8 in Z-axis. The volumes are
cropped and evaluated after each slide. Due to sliding, there
are overlapping areas where voxels will be evaluated re-
peatedly, and the repeated evaluation results of a specific
voxel will be added up. We use a matrix to record the
number of times each voxel is evaluated during the sliding
process. The final evaluation result is divided by this matrix
to get an average evaluation result. After the sigmoid
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FiGUure 6: The inference method. The feature block with a size of
512x 512 % 64 represents the original image; the smaller block A
with the size of 64 x 64 x 32 represents the feature block that is
input into the network for evaluation. B, C, and D, respectively,
represent the sliding mode in the X-, Y-, and Z-axis directions, and
the sliding steps are 28, 28, and 8, respectively.

function is processed, the threshold method is used to obtain
the binarized prediction results.

4. Experimental Results and Dataset

4.1. Dataset. We collected 39 cases of raw semicircular canal
CT images, which are voxel-level manually annotated by
clinically experienced doctors. The age and gender distri-
bution of the dataset samples are shown in Figure 7. The
private information of the patients is encrypted. The size of
each raw semicircular canal CT image is 512 x 512 x 64

voxels, the spacing of CT volumes in X, Y, and Z direction is
I mm. The manual annotated CT images are used to train
and objectively test our segmentation network. In 39 an-
notated cases, 26 cases are used as the training set and 7 cases
are used as the validation set, and the other 6 cases are used
as the test set. Some CT slices are shown in Figure 8. The
three pictures in the left column, respectively, represent the
37th, 39th, and 41th original slices, while the three pictures
in the right column are the corresponding ground truth (the
regions of semicircular canals have been marked in blue).
The two enlarged images in the middle represent the en-
largement of the original image and the corresponding
ground truth of the 39th slice.

4.2. Evaluation Metrics. We employed Dice similarity co-
efficient (DSC [%]), Average Hausdorff Distance (AVD
[mm]), and Average Symmetric Surface Distance (ASD
[mm]) to evaluate our proposed method in this paper. P and
G, respectively, represent predicted value and the ground
truth in the following descriptions.

DSC value indicates the overlapped voxels between the
predicted results and the ground truth. And its mathematical
definition is as shown in

2|PNG|

DSC(P,G) = Pl+IGI

(4)
where | - | denotes the number of labeled voxels. The larger
the value of DSC, the higher the degree of overlap between
the segmentation prediction and the ground truth.
Hausdorft Distance (HD) is also an evaluation index and
it is frequently used in image segmentation. The Average
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Hausdorft Distance (AVD) is the Hausdorff Distance av-
eraged over all points, which is more stable and less sensitive
than HD. Its definition can be formulated as
AVD(P,G) = max (d (P, G),d (G, P)), (5) where N is the number of voxels in P.
ASD is a surface-based metric to measure the average

where d (P, G) is directed Average Hausdorft Distance that is surface distance between symmetrical positions of two three-
given by dimensional objects, which is R, and the Euclidean distance

1 .
d(P,G) =5 ;)rélelélllp—gll, (6)
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to the closest surface voxel from the ground truth G is
calculated, and vice versa. Let S (R) denote the set of surface
voxels of R; the shortest distance of an arbitrary voxel v to S
(R) is defined as

d(v,S(R)) = minsRGS(R)”v—sRH, (7)
where || - | denotes the Euclidean distance. Based on this, the
ASD could be defined as follows:

1
ASD(R,G) = ————
IS(R)| +IS(G)|

X < Y d(SS(G) ()

SreS(R)

+ ) d(SG,S(R))>,

S;€S(G)

for ASD values, the smaller the better.

4.3. Experimental Results. We evaluated the model on the
test dataset which contains 6 samples, and the results are
shown in Table 1. It can be seen that our network has a good
performance on the test dataset. Most samples reach a dice
coefficient over 90%. However, the segmentation result of
sample 4 is not ideal. As a matter of fact, in sample 4, the
superior semicircular canal part of the left semicircular canal
is less segmented in the prediction. The specific analysis is
discussed in Section 5.4.

The visualization results are shown in Figure 9. The
ground truth image is on the left, while the predicted image
is on the right. The ground truth and predictions corre-
sponding to the same semicircular canal are, respectively,
marked with G; and P; (i = 1,2,...,6). For the convenience
of presentation, we only show one of each pair of semi-
circular canals.

5. Discussion

Ablation experiments are conducted to evaluate the effec-
tiveness of the 3D spatial SE module and the 3D GAU
module in the proposed network. We first add the 3D spatial
SE module and 3D GAU module to 3D U-Net separately to
verify the effectiveness of them and then use them at the
same time to verify that the combination of the two can
make the network perform better. And in 5.2, we compare
three different ways of arranging the channel and spatial
attention submodules and discuss why we choose the spatial
first-order sequential arrangement. For further comparison,
we train models using other state-of-the-art deep learning
architectures with the same training settings on our dataset.
The experimental results show that our method achieves
better performance.

5.1. Ablation Experiments. The results of the ablation ex-
periments are shown in Table 2. The well-known 3D U-Net
is used as the benchmark. We replace the decoder stage of

9
TaBLE 1: The evaluation results of the network.

Samples DSC (%) AVD ASD
Sample 1 95.05 0.0528 0.0443
Sample 2 92.64 0.0999 0.0589
Sample 3 95.11 0.0595 0.0585
Sample 4 86.21 0.8142 3.0773
Sample 5 95.03 0.1266 0.5376
Sample 6 90.97 0.1515 0.0625
Mean 92.50 0.2174 0.6399

3D U-Net with 3D GAU modules, and we call it 3D GAU
U-Net. We introduced 3D spatial SE modules to each layer
of the encoder and named it 3D sSE U-Net. Finally, we
simultaneously introduce the 3D GAU modules and the 3D
spatial SE modules in 3D U-Net as our network. Experi-
mental results show that our proposed network has the best
performance.

Comparing the segmentation performance of the 3D
U-Net with 3D GAU U-Net, we find that when the 3D GAU
modules are introduced, the DSC value increases from 91.6%
to 91.9%, the AVD value drops by 0.301 mm, and the ASD
value drops by 1.30 mm. This result proves that the 3D GAU
module is able to improve the segmentation accuracy.

To capture the spatial dependencies among positions of
the feature maps from the encoder, we add the 3D spatial SE
attention module in the network and this operation is
proved to be beneficial for our segmentation task. According
to Table 2, the DSC value of 3D sSE U-Net increases by about
0.6% to the 3D U-Net, and the AVD and ASD values de-
crease by 0.822mm and 3.44 mm, respectively. The results
above indicate that the 3D spatial SE attention module helps
to enlarge the receptive field and brings benefits to the
segmentation results.

We combine the 3D GAU module with the 3D spatial SE
attention module and find out that this combination can
achieve the best result: the DSC value is increased to 92.5%; the
AVD and ASD achieve 0.217 mm and 0.639 mm, respectively.
This experiment proves the effectiveness of our improvements.

We use the box chart to calculate the distribution of the
segmentation results of 6-test data with different methods.
Figure 10 indicates that our method achieves relatively
higher mean DSC value, and the variation is within the
acceptable range. The AVD and ASD values of our method
results are lower with small variations. The 3D sSE U-Net
with 3D spatial SE module has the competitive performance
to our network, but our network combines the advantages of
spatial and channel attention mechanism, which not only
improves the average segmentation accuracy, but also re-
duces the variance, making the model more robust.

5.2. Combining Methods of Channel and Spatial Attention
Modules. In this experiment, we compared three different
ways of arranging spatial attention modules and channel
attention modules: channel first-order sequential arrange-
ment, spatial first-order sequential arrangement, and parallel
use of both attention modules. Table 3 summarizes the ex-
perimental results on different attention arranging methods.
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..., P are the corresponding predictions. All of the semicircular canals are the right semicircular canal.

TaBLE 2: The results of the ablation experiments.

Scenarios DSC (%) AVD ASD
3D U-Net 91.6 1.130 4.130
3D GAU U-Net 91.9 0.829 2.830
3D sSE U-Net 92.2 0.308 0.944
Our network 92.5 0.217 0.639

As shown in Table 3, arranging the attention modules in
sequential manner achieved better performance than in
parallel manner. Theoretically, there is a huge difference
between the outputs of the channel attention module and the
spatial attention module; thus in parallel manner arrange-
ment mode the simple direct summation of the two output
features will mix different information and adversely affect
the training process. According to the experiment results,
the spatial first order is slightly better than channel first
order, and we adopt the better one as our method.

5.3. Comparison with Other Networks. In this section, the
proposed network architecture is compared with several
state-of-the-art deep-learning-based architectures. We
perform V-Net [21], Residual Symmetric U-Net [22],
DenseVoxNet [23], and VoxResNet [19] on our dataset with
the same training settings as our method. The experimental
results are shown in Table 4. The dice coefficient of V-Net is
86.3%, which is the lowest among the networks. Residual
Symmetric U-Net reaches the dice score of 91.7% which is
close to our result, but the AVD and ASD results are worse.
DenseVoxNet and VoxResNet, respectively, achieved 88.3%
and 89.4% dice coefficient, and both networks perform well
on big organs, while they are less effective on the small organ
task. It shows that our network achieves state-of-the-art
performance in the task.

5.4. Limitations and Future Work. Although our network
can achieve good segmentation results on most samples, the
dice coefficient of sample 4 in Table 1 is less than 90%, which
is far from satisfactory. Figure 11(a) is the left and
Figure 11(b) is the right semicircular canal of sample 4. It
shows in Figure 11(a) that the superior semicircular canal
part of the left semicircular canal is completely missing. In
other parts, there are also some differences between ground
truth and predictions. There are several reasons that may
account for this. Our network was trained on a training
cohort with an age range from 17 to 70. However, in the test
dataset, sample 4 is from a nine-year-old child, whose
semicircular canal is about 30% smaller than other adult
samples; thus it is difficult to segment sample 4 with the same
CNN settings. The diameter of the superior semicircular
canal is less than 8 pixels in the image. After three times of
pooling, that is, 8 times of downsampling, its information
merges with the background. Due to the loss of this in-
formation, the network cannot restore the shape of the
superior semicircular canal during the decoder stage. An-
other possible reason is that the semicircular canals of
children are not fully developed, so their morphological
differences from adults may lead to the inaccurate seg-
mentation in some details. Nevertheless, our network has
better segmentation performance on sample 4 than other
state-of-the-art networks, the results of sample 4 are listed in
Table 5; it shows that the segmentation dice coefficient of our
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FIGURE 10: Ablation experiment statistics box diagram of semicircular canals on the test dataset. (a) The DSC results of four methods. (b) The
AVD results of four methods. (c) The ASD results of four methods. The compartments between the boxes represent the upper quartile and
the lower quartile data distribution intervals. The green triangle, black plus sign, and the orange line represent the mean, outlier, and median,

respectively.
TaBLE 3: The results of different arrangements of attention modules.
Description DSC (%) AVD ASD
3D U-Net + channel + spatial 91.9 0.444 1.515
3D U-Net + spatial + channel 92.5 0.217 0.639
3D U-Net + channel and spatial in parallel 91.3 1.145 4.675
TABLE 4: The results of comparison with other networks.

Network DSC (%) AVD ASD
V-Net 86.3 5.014 12.00
Residual Symmetric U-Net 91.7 1.828 5.439
DenseVoxNet 88.3 0.595 2.345
VoxResNet 89.4 1.626 5.956
Our network 92.5 0.217 0.639

(G, left)

(a)

(G, right)

(b)

FIGURE 11: The comparison of ground truth and prediction of sample 4. (a) The left semicircular canal of sample 4, where (G, left) is the
ground truth and (P, left) is the corresponding prediction. (b) The right semicircular canal of sample 4, where (G, right) is the ground truth
and (P, right) is the corresponding prediction. The difference between the ground truth and the prediction is marked with the red circle.
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TaBLE 5: The results of sample 4 of different networks.

Network DSC (%) AVD ASD
V-Net 65.4 25.94 57.154
Residual Symmetric U-Net 82.7 4.839 11.059
DenseVoxNet 81.6 2.233 9.906
VoxResNet 82.5 3.774 15.673
3D U-Net 83.4 4.007 15.187
Our network 86.2 0.814 3.077

network for sample 4 is at least 2.8% higher than other
networks.

In the future, we will enlarge our training set by col-
lecting data from different age groups. Meanwhile, we will
design an extra branch to adapt the original network to
smaller size samples, which would improve the robustness
and generalization of the network. And our proposed net-
work will be applied in other segmentation tasks in the
future.

6. Conclusions

This paper proposes an improved 3D U-Net with attention
mechanism, which can segment semicircular canal in CT
volumes effectively. The network makes extensive use of the
volumetric data information, improves the feature utiliza-
tion, and reduces the information loss by replacing the skip
connections of 3D U-Net with spatial and channel attention
modules in a spatial first-order manner. The performance of
the proposed CNN network achieved a mean DSC of 92.5%,
amean AVD of 0.217 mm, and a mean ASD of 0.639 mm on
the test set. The experimental results indicate that the
proposed method achieves better results than some state-of-
the-art methods. The accurate segmentation of semicircular
canal helps to promote the artificial intelligence-assisted
diagnosis of ear diseases, inner ear surgical planning, and
customized reduction treatment of otolithiasis.

Data Availability

The training data and test data used to support the findings
of this study were supplied by the First Affiliated Hospital of
Guangzhou Medical University under license and so cannot
be made freely available. Requests for access to these data
should be made to Prof. Xiaowen Zhang, entxiaowen@
vip.163.com.

Conflicts of Interest

The authors declare that there are no conflicts of interest
regarding the publication of this paper.

Acknowledgments

The authors would like to express their thanks to Professor
Yu-Tang Ye and the staff at the MOEMIL laboratory for their
professional guidance of this project. At the same time, they
thank Doctor Xiaokai Yang of Wenzhou People’s Hospital
for providing them with professional medical knowledge.
This research was supported partly by the Fundamental

Computational Intelligence and Neuroscience

Research Funds for the Central Universities (University of
Electronic Science and Technology of China) (No.
ZYGX2019J053), National Natural Science Foundation of
China (61905036), China Postdoctoral Science Foundation
(2019M663465), and National Natural Science Foundation
of Guangdong (2016A020220019).

References

[1] Y.-T. Lai, T.-C. Wang, L.-J. Chuang, M.-H. Chen, and
P.-C. Wang, “Epidemiology of vertigo,” Otolaryngology-Head
and Neck Surgery, vol. 145, no. 1, pp. 110-116, 2011.

[2] Z. Cheng and Y. Gu, “Vestibular system and self-motion,”
Frontiers in Cellular Neuroscience, vol. 12, p. 456, 2018.

[3] H. Asadi, S. Mohamed, C. P. Lim, S. Nahavandi, and
E. Nalivaiko, “Semicircular canal modeling in human per-
ception,” Reviews in the Neurosciences, vol. 28, no. 5,
pp. 537-549, 2017.

[4] C.C.D. Santina, V. Potyagaylo, A. A. Migliaccio, L. B. Minor,
and J. P. Carey, “Orientation of human semicircular canals
measured by three-dimensional multiplanar CT reconstruc-
tion,” Journal of the Association for Research in Otolaryn-
gology, vol. 6, no. 3, pp. 191-206, 2005.

[5] W. T. K. Kao, L. S. Parnes, and R. A. Chole, “Otoconia and
otolithic membrane fragments within the posterior semicir-
cular canal in benign paroxysmal positional vertigo,” The
Laryngoscope, vol. 127, no. 3, pp. 709-714, 2016.

[6] X. Li, Z. Gong, H. Yin, H. Zhang, Z. Wang, and L. Zhuo, “A

3D deep supervised densely network for small organs of

human temporal bone segmentation in CT images,” Neural

Networks, vol. 124, pp. 75-85, 2020.

Z. Long, X. Zhang, C. Li, J. Niu, X. Wu, and Z. Li, “Seg-

mentation and classification of knee joint ultrasonic image via

deep learning,” Applied Soft Computing, vol. 97, Article ID

106765, 2020.

[8] J. Zhang, C.-H. Yan, C.-K. Chui, and S.-H. Ong, “Fast seg-
mentation of bone in CT images using 3D adaptive thresh-
olding,” Computers in Biology and Medicine, vol. 40, no. 2,
pp. 231-236, 2010.

[9] A.Jun Tang, “Color image segmentation algorithm based on
region growing,” in Proceedings of the 2010 2nd International
Conference on Computer Engineering and Technology, April
2010.

[7

[10] C. Chen, C. Qin, H. Qiu et al., “Deep learning for cardiac
image segmentation: a review,” Frontiers in Cardiovascular
Medicine, vol. 7, p. 25, 2020.

[11] S.Pang, C. Pang, L. Zhao et al., “Spineparsenet: spine parsing
for volumetric MR image by a two-stage segmentation
framework with semantic image representation,” IEEE
Transactions on Medical Imaging, vol. 40, no. 1, pp. 262-273,
2021.

[12] A. Esteva, B. Kuprel, R. A. Novoa et al., “Dermatologist-level

classification of skin cancer with deep neural networks,”
Nature, vol. 542, no. 7639, pp. 115-118, 2017.

[13] M. Havaei, A. Davy, D. Warde-Farley et al., “Brain tumor

segmentation with deep neural networks,” Medical Image

Analysis, vol. 35, pp. 18-31, 2017.

B. Ait Skourt, A. El Hassani, and A. Majda, “Lung CT image

segmentation using deep neural networks,” Procedia Com-

puter Science, vol. 127, pp. 109-113, 2018.

[15] M. Fu, W. Wu, X. Hong et al., “Hierarchical combinatorial
deep learning architecture for pancreas segmentation of
medical computed tomography cancer images,” BMC Systems
Biology, vol. 12, no. S$4, p. 56, 2018.

(14


mailto:entxiaowen@vip.163.com
mailto:entxiaowen@vip.163.com

Computational Intelligence and Neuroscience

(16]

(17]

(18]

(19]

[20]

(21]

[22]

(23]

[24]

(25]

[26]

(27]

(28]

(29]

H. R. Roth, L. Lu, A. Farag et al., “Deeporgan: multi-level deep
convolutional networks for automated pancreas segmenta-
tion,” in Proceedings of the 18th International Conference on
Medical Image Computing and Computer-Assisted Interven-
tion, pp. 556-564, Munich, Germany, October 2015.

E. Shelhamer, J. Long, and T. Darrell, “Fully convolutional
networks for semantic segmentation,” IEEE Transactions on
Pattern Analysis and Machine Intelligence, vol. 39, no. 4,
pp. 640-651, 2017.

O. Ronneberger, P. Fischer, and T. U.-N. Brox, “Convolu-
tional networks for biomedical image segmentation,” 2015,
https://arxiv.org/abs/1505.04597.

H. Chen, Q. Dou, L. Yu, J. Qin, and P.-A. Heng, “VoxResNet:
deep voxelwise residual networks for brain segmentation from
3D MR images,” Neurolmage, vol. 170, pp. 446455, 2018.
O. Cicek, A. Abdulkadir, S. S. Lienkamp, T. Brox, and
O. Ronneberger, “3D U-net: learning dense volumetric seg-
mentation from sparse annotation,” in Proceedings of the 19th
International Conference on Medical Image Computing and
Computer-Assisted Intervention, pp. 424-432, Athens, Greece,
October 2016.

F. Milletari, N. Navab, and S. A. V.-N. Ahmadi, “Fully
convolutional neural networks for volumetric medical image
segmentation,” in Proceedings of the 2016 Fourth International
Conference on 3D Vision (3DV), pp. 565-571, IEEE, Stanford,
CA, USA, October 2016.

K. Lee, J. Zung, P. Li, V. Jain, and H. Sebastian Seung,
“Superhuman accuracy on the SNEMI3D connectomics
challenge,” 2017, http://https//arxiv.org/abs/1706.00120.

L. Yu, J. Z. Cheng, Q. Dou et al., “Automatic 3D cardio-
vascular MR segmentation with densely-connected volu-
metric convnets,” in Proceedings of the 20th International
Conference on Medical Image Computing and Computer-
Assisted Intervention, pp. 287-295, Quebec, Canada, Sep-
tember 2017.

Z. Zhou, M. M. Rahman Siddiquee, N. Tajbakhsh, and
J. Liang, “UNet++: a nested U-net architecture for medical
image segmentation,” Deep Learning in Medical Image
Analysis and Multimodal Learning for Clinical Decision
Support, Springer, Cham, Germany, pp. 3-11, 2018.

A. G. Roy, N. Navab, and C. Wachinger, “Concurrent spatial
and channel “squeeze & excitation” in fully convolutional
networks,” in Proceedings of the 21st International Conference
on Medical Image Computing and Computer-Assisted Inter-
vention, pp. 421-429, Granada, Spain, September 2018.

H. Li, P. Xiong, J. An, and L. Wang, “Pyramid attention
network for semantic segmentation,” 2018, https://arxiv.org/
abs/1805.10180.

C. A.Neves, E. D. Tran, I. M. Kessler, and N. H. Blevins, “Fully
automated preoperative segmentation of temporal bone
structures from clinical CT scans,” Scientific Reports, vol. 11,
no. 1, p. 116, 2021.

H. Duanmu, J. Kim, P. Kanakaraj et al., “Automatic brain
organ segmentation with 3D fully convolutional neural net-
work for radiation therapy treatment planning,” in Pro-
ceedings of the 2020 IEEE 17th International Symposium on
Biomedical Imaging (ISBI), pp. 758-762, IEEE, Iowa City, IA,
USA, April 2020.

Z. Tian, J. Song, C. Zhang, X. Tian, Z. Shi, and X. Yu, “A
multiscale-based adjustable convolutional neural network for
multiple organ segmentation,” Wireless Communications and
Mobile Computing, vol. 2020, Article ID 9595687, 13 pages,
2020.

(30]

(31]

(32]

(33]

(34]

(35]

(36]

(37]

(38]

(39]

(40]

[41]

(42]

13

S. N. Kumar, A. L. Fred, M. Subramanyam, A. K. Haridhas,
and P. S. Varghese, “A voyage on medical image segmen-
tation algorithms,” Biomedical Research, vol. 29, 2018, https://
www.alliedacademies.org/abstract/a-voyage-on-medical-image-
segmentation-algorithms-7028 html.

P. Karch and I. Zolotovd, “An experimental comparison of
modern methods of segmentation,” in Proceedings of the Sami
2010—8th International Symposium on Applied Machine In-
telligence and Informatics, pp. 247-252, Herlany, Slovakia,
January 2010.

E. Abdel-Maksoud, M. Elmogy, and R. Al-Awadi, “Brain
tumor segmentation based on a hybrid clustering technique,”
Egyptian Informatics Journal, vol. 16, no. 1, pp. 71-81, 2015.
M. Havaei, N. Guizard, N. Chapados, and Y. Bengio, “HeMIS:
hetero-modal image segmentation,” in Proceedings of the 19th
International Conference on Medical Image Computing and
Computer-Assisted Intervention, pp. 469-477, Athens, Greece,
Octorber 2016.

H. Li, C. Pan, Z. Chen, A. Wulamu, and A. Yang, “Ore image
segmentation method based on U-net and watershed,”
Computers, Materials & Continua, vol. 65, no. 1, pp. 563-578,
2020.

X. Xiao, S. Lian, Z. Luo, and S. Li, “Weighted res-UNet for
high-quality retina vessel segmentation,” in Proceedings of the
2018 9th International Conference on Information Technology
in Medicine and Education (ITME), pp. 327-331, IEEE,
Hangzhou, China, October 2018.

K. He, X. Zhang, S. Ren, and J. Sun, “Deep residual learning
for image recognition,” in Proceedings of the IEEE Computer
Society Conference on Computer Vision and Pattern Recog-
nition (CVPR), pp. 770-778, Las Vegas, NV, USA, June 2016.
R. Tao, Y. Zhang, L. Wang, P. Cai, and H. Tan, “Detection of
precipitation cloud over the tibet based on the improved
U-net,” Computers, Materials & Continua, vol. 65, no. 3,
pp. 2455-2474, 2020.

G. Huang, Z. Liu, L. Van Der Maaten, and K. Q. Weinberger,
“Densely connected convolutional networks,” in Proceedings
of the Proceedings—30th IEEE Conference on Computer Vision
and Pattern Recognition (CVPR), pp. 2261-2269, Honolulu,
HI, USA, July 2017.

H. Song, W. Yang, H. Yuan, and H. Bufford, “Deep 3D-
multiscale DenseNet for hyperspectral image classification
based on spatial-spectral information,” Intelligent Automation
& Soft Computing, vol. 26, no. 4, pp. 1441-1458, 2020.

J. Hu, L. Shen, S. Albanie, G. Sun, and E. Wu, “Squeeze-and-
excitation networks,” IEEE Transactions on Pattern Analysis
and Machine Intelligence, vol. 42, no. 8, pp. 2011-2023, 2020.
J. Sun, F. Darbehani, M. Zaidi, and B. Wang, “SAUNet: shape
attentive U-net for interpretable medical image segmenta-
tion,” in Proceedings of the 23rd International Conference on
Medical Image Computing and Computer-Assisted Interven-
tion, pp. 797-806, Lima, Peru, October 2020.

S. Woo, J. Park, J.-Y. Lee, and I. S. Kweon, “CBAM: con-
volutional block attention module,” in Proceedings of the
European Conference on Computer Vision (ECCV), pp. 3-19,
Munich, Germany, September 2020.


https://arxiv.org/abs/1505.04597
http://https//arxiv.org/abs/1706.00120
https://arxiv.org/abs/1805.10180
https://arxiv.org/abs/1805.10180
https://www.alliedacademies.org/abstract/a-voyage-on-medical-image-segmentation-algorithms-7028.html
https://www.alliedacademies.org/abstract/a-voyage-on-medical-image-segmentation-algorithms-7028.html
https://www.alliedacademies.org/abstract/a-voyage-on-medical-image-segmentation-algorithms-7028.html

