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ABSTRACT

We focus on the segmentation of 4 OAR: heart, aorta, tra-
chea, esophagus through Computed Tomography (CT) tho-
racic scans, where the esophagus is the most challenging to
segment due to its volume imbalance and narrow shape. In
this paper, a 3D Enhanced Multi-scale Network (EMSN) is
proposed to improve the performance, which is a refined vari-
ant of the 3D FCN network. Specifically, an extra stage is
added to refine the prediction map by concatenating a pre-
liminary prediction map with the CT image to utilize auto-
context. 3D dilated convolution is employed to enlarge the
receptive field of convolution kernel without loss of resolu-
tion. Besides, more residual connections are added in V-Net
to avoid gradient degradation during back-propagation. For
data preprocessing, a maximum bounding box is calculated
and used to crop raw data to reduce calculation cost. And
to achieve data augmentation, registration is performed by
aligning each CT image and corresponding ground truth with
the others in training set to generate non-linearly transformed
new CT images along with annotations. The consensus is uti-
lized by retaining models in the last few epochs to segment
and vote for the final prediction. Experiments demonstrate
that our EMSN model achieves competitive performance on
SegTHOR dataset.

Index Terms— CT Segmentation, V-Net, multi-scale re-
fine, auto-context, image registration

1. INTRODUCTION

Tumor disease is the most common cause of disease deaths.
Using screening with low-dose computed tomography (CT)
is essential for this situation [1]. The target tumor and healthy
organs located near the target tumor is called Organs at Risk
(OAR) which need to be delineated for further irradiation
planning.

Some studies have aimed to OAR problem in automatic
segmentation over the years. Recently, deep learning-based
multi-organ segmentation in abdominal CT images has been
approached. Deep learning methods have achieved state-of-
the-art performance due to the strong non-linear modeling ca-

pability. For U-Net [2] in 2D medical image segmentation,
skip connections between upsampling and downsampling lay-
ers combine high-resolution features with the upsampled out-
put. Then Milletari developed U-Net to 3D V-Net [3]. Both
of them inspired many new frameworks extensively [4]. For
example, the DenseV-Net segmentation network is proposed
to enable high-resolution activation maps due to feature reuse,
and it achieves good accuracy on 3D CT images [5]. Multi-
scale pyramid 3D-FCNs (MSN) perform good learning prop-
erties for end-to-end training, and it improves segmentation
accuracy of fine structures [6].

However, it’s still challenging to segment organs with nar-
row structures like the esophagus, whose volume is also ex-
plicitly unbalanced compared with other organs like the heart.
Inspired by the multi-scale pyramid of 3D FCN [6], we pro-
pose a 3D Enhanced Multi-Scale Network to overcome the
difficulties mentioned above, where the third stage is em-
ployed to enhance performance. In the last two stages, con-
textual information is fused with a high-resolution image as
deep supervision. Preliminary prediction maps are aggregated
with image features to improve the overall segmentation ac-
curacy. Our proposed EMSN is trained in an end-to-end fash-
ion, which achieves a promising segmentation result on the
SegTHOR dataset.

In summary, the key contributions are 3-fold: (1) We
enhance the Multi-scale network by adding one more stage
network and increasing the number of parameters on each
network, as well as dilated convolution layers employed in
EMSN. (2) According to the maximum bounding box, the
preprocessing method is used to crop the raw data to reduce
heavy calculation burden and improve the accuracy. (3) We
greatly enlarge the training dataset by using the Nifty image
registration software to change our training data from 40 to
1600, for faster convergence and higher accuracy, and we use
the weights of pretrained abdomen dataset to initialize our
model.



2. METHODS

Holger et al. [6] proposed a multi-scale pyramid of 3D FCN
network as shown in Figure 2. As shown in Figure 1, we pro-
pose an Enhanced Multi-scale Network (EMSN) by adding a
third stage and other boosting methods, which will be illus-
trated as follows.

2.1. Enchanced Multi-scale Networks

In the first stage, CT scan is downsampled and then fed into
V-Net to train a coarse segmentation map in low resolution to
delineate an approximate location of organs. Basically, lower
resolution downsampled prediction maps have more contex-
tual information, while high-resolution images are aimed for
local accurate segmentation. So the coarse segmentation map
is upsampled to the original size and then concatenated with
the original input CT image to aggregate multi-scale contex-
tual information. Assisted by the coarse prediction map, V-
Net in stage 2 outputs a better segmentation result.

We propose to add one more stage to refine segmentation
further. Since scale based auto-context improves the segmen-
tation performance to a large extent, the segmentation map
from stage 2 is concatenated with the original input cuboid
again to refine the prediction map. The architecture is illus-
trated in Figure 1.

Denote V(-) as the operation of V-Net which can seg-
ment an input of 3D image X’ to a segmentation map S, i.e.,
S = V(X). Denote @ as a concatenating operation. The
superscript ds and us indicate downsampling and upsampling
operation. Then the process of our model can be illustrated
as,

Sp = V(X%) )]
Sy =V(X & SP) 2)
S3=V(X ®S?) 3)
R 1S
O = arg min 3 ; L(S;,0,L) ()

where © denotes the network parameters, such as convolu-
tional kernel weights. And L is ground truth label image. £
is the loss function which will be introduced in 2.2.

2.2. Loss function

The net makes voxel-to-voxel predictions. Like the binary
case in [3], it can be trained by minimizing a dice loss func-
tion:
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where p; . € [0,...,1] represents the continuous values of
the softmax 3D prediction maps for each class label k of K,
l; 1 represents the corresponding ground truth.

The final loss function joints 3 stages’ loss functions to-
gether, as following

3
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where j denotes the order number of the stage network in
the EMSN. We train the 3-stage network end to end with the
joint loss function 6.

2.3. Residual V-net

V-Net [3] is a volumetric convolution neural network which
performs segmentation on CT images as shown in Figure 1.
Residual connections are applied to our enhanced model to
avoid gradient vanishing problem. Encoder and decoder both
contain 4 blocks. This architecture performs voxel-to-voxel
predictions [7]. For the encoder, the first block has only one
convolution layer with kernel size 3, and the second block has
2 layers. The third and fourth blocks both have 4 layers, and
each layer has the dilation with size 4. And there are down-
scale convolution layers with stride 2 to downsample the size
between two adjacent blocks. The number of output channels
of the downscale convolution layer is two times the number
of input channels. The decoder architecture is similar to the
inverse procedure of encoder, except using transpose convo-
lution layer to upscale the feature maps instead of downscale
convolution layers in the encoder. To enhance the fitting abil-
ity and avoid the over-fitting problem, the dropout rate [8] is
set to be 0.3. Skip connections between encoder and decoder
are similar to U-Net [2] to get a better optimization result and
faster convergence.

2.4. Increase the number of Parameters

Parameters are increased in order to capture more features
of data and enhance the fitting ability of the model. Taking
the GPU memory limitation into account, we just increase
the deeper blocks in encoder and decoder path, because the
deeper block’s feature maps are in low resolutions relatively.
So we double the number of layers on the two deepest blocks
from 3 to 6 layers, and break 6 layers into two parts, with
3 layers in each part. Two parts are connected by a residual
connection to avoid gradient vanish. Besides, we add a new
stage 3 network which can also be considered as increasing
the number of parameters.

2.5. 3D Dilated Convolution

In the compression path of V-Net, downsampling is per-
formed after each block to enlarge the receptive field, while
in the decompression path, a de-convolution operation is
employed to recover the size of the feature map to realize
pixel-wise segmentation. Internal data structures and spatial
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Fig. 1. Enhanced Multi-scale Network for thoracic organs segmentation in CT images. In the first level, CT scan is down-
sampled to a low resolution and then fed into V-Net 1 to predict a rough segmentation map, which will be aggregated with
original CT image as a deep supervision. Therefore V-Net 2 can learn the contextual information and image feature information
simultaneously to provide a more accurate segmentation map in high resolution, which will be concatenated with the input

image again in level 3 to further refine segmentation result.
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Fig. 2. Multi-scale Pyramid 3D FCN Network

hierarchical information is lost during this series of down-
sampling and upsampling. So 3D dilated convolution [9]
is employed to enlarge the receptive field with the size of
the feature map remains unchanged, which can maintain the
resolution and coverage.

2.6. Consensus

It’s biased for the model to do the segmentation task which
loads only one weights file at the end epoch of training. In
order to avoid errors and improve accuracy, we preserve 5
weights of the model in the very last time of the training
progress. These different weighted models to segment CT
image separately. Finally, we average the 5 probability maps
voxel-wise and then assign each voxel to a specific class la-

bel with the largest probability. The prediction error is largely
reduced by this multi-model consensus method.

3. EXPERIMENTS

Multi-scale Pyramid 3D FCN Network (MSN) as shown in
Fig. 2 is chosen as the baseline for our experiment, which
will be compared with our Enhanced Multi-scale Network
(EMSN) to show the superiority of our proposed model.

3.1. Dataset

Abdomen Dataset [10] which consists of 13 classes of organs
are utilized to pretrain our model. Since the pre-trained model
has learned a rough outline about organs, the parameters of
convolutional kernels are loaded from the shallow layers of
the pre-trained model to initialize our model for a better pre-
diction on the SegTHOR dataset.

SegTHOR dataset This dataset consists of 11084 slices
from 60 patients and it has been randomly split into two parts:
40 patients, 7390 slices for the training set; 20 patients, 3694
slices for the testing set. The size of CT scans is 512x512
with a resolution of 0.90~1.37 mm. The number of slices
for every patient is different between 150 and 284. Besides,
z-resolution varies from 0.90 mm to 1.37 mm. The patients
have non-small cell lung cancer and they were fully anony-
mous. The reference standard for ground truths is manually
annotated.

Abdomen dataset This dataset consists of 50 abdominal
CT scans which are randomly selected from a combination
of an ongoing colorectal cancer chemotherapy trial. The 50
scans were captured during portal venous contrast phase with
variable volume sizes (512 x 512 x 85 — 512 x 512 x 198).



Thirteen abdominal organs were manually labeled and veri-
fied by a radiologist on a volumetric basis using the MIPAV
software, including: (1) spleen (2) right kidney (3) left kidney
(4) gallbladder (5) esophagus (6) liver (7) stomach (8) aorta
(9) inferior vena cava (10) portal vein and splenic vein (11)
pancreas (12) right adrenal gland (13) left adrenal gland.

3.2. Pre-processing

The internal organs of the human body are roughly in the
same area. Therefore, we calculate a maximum bounding
box through the dataset statistics, which guarantees that all
the organs of interest in each sample in the dataset can be
contained in the box. Based on the bounding box, raw data is
cropped to get a dataset in a smaller size. After the cropping
pre-processing, the size of each CT data becomes 304 x 224 x
slicesqt, Where slicesg, represents the number of slices in CT
data containing ground truth organs. This cropping method
can reduce the calculation cost and remove the noises to get
better performance during the training.

Data augmentation In addition, we use data augmen-
tation when preparing raw training data, rotation and scale
in 0.7 probability are utilized. NiftyReg [!1] is used to align
training data (40 CT scans and ground truth) with all the
other training data respectively. Thus, the training dataset can
be enlarged to 40 x 39 CT images with annotations, which
tremendously improves the scale of the training dataset.

3.3. Post-processing

The original prediction results have some noise like many
small black clouds around the organs. In order to remove
them, we use the largest connected component algorithm to
save only the main area of the respective predicted organs of
interest.

The resolution of prediction results should be resumed to
raw dataset’s resolution by padding zeros because we crop
the datasets according to the bounding box during the pre-
processing phase.

3.4. Training Details

The implementation of our networks is based on PyTorch-
1.0.0. The maximum iteration for training is set to 3000
epochs. We use Adam as the optimizer with a learning rate
of le — 4 which decays at 2000, 2500 epoch. We train
our model end to end with joint loss in three stages on 4x
NVIDIA TITAN Xp(Pascal) GPUs. Due to the limitation of
GPU memory, a patch of data with a size of 304 x 224 x 48
is randomly selected from a raw dataset and then fed into
the network. By this way, we train the model in patch based
fashion.

3.5. Results

Dice metric(DM) [3] and Hausdorff distance(HD) [12] serve
as the standard evaluation metrics. And the best segmentation
results obtained from our experiments are shown in table 1.
Especially, the organ which is hard to segment (e.g. esopha-
gus) outperforms than other teams.

Individual Component Analysis Particularly, the seg-
mentation performance of hard organs, like esophagus with
long and narrow shape, is improved significantly by multi-
scale refinement.

Comparison between different models As shown in
Table 1, high performance on all organs is obtained by Multi-
scale network(EMSN). EMSN* denotes training EMSN with
data augmentation which includes initializing the weights by
loading the Abdomen dataset pretrained model and around
1600 new samples are generated by NiftyReg. EMSN+ de-
notes increasing more convolution layers based on EMSN.
EMSN*+ denotes including both two methods mentioned
above. The experiments show that the best performance for
each organ can be achieved by EMSN*+.

Table 1. Dice of Models on Different Organs

Model | \iSN | EMSN | EMSN* | EMSN#+
Organ
Esophagus 0.7664 | 0.8386 | 0.8294 | 0.8597
Heart 0.9159 | 0.9310 | 0.9432 | 0.9459
Trachea 0.8628 | 0.9067 | 0.9102 | 0.9217
Aorta 0.8907 | 0.9352 | 0.9341 | 0.9433
Mean 0.8589 | 0.9028 | 0.9042 | 0.9176

Table 2. Hausdorff Distance of Models on Different Organs

Model | VSN | EMSN | EMSN* | EMSN#+
Organ
Esophagus 0.7095 | 0.3637 | 0.4416 | 0.2883
Heart 03733 | 0.2874 | 0.1696 | 0.1594
Trachea 0.5372 | 0.2670 | 0.2753 | 0.2045
Aorta 05221 | 02517 | 0.2040 | 0.1551
Mean 0.5355 | 0.2924 | 0.2727 | 0.2018

4. CONCLUSIONS

In this paper, we proposed a 3D 3-stage Enhanced Multi-
scale Network (EMSN) to address the 4 organs at risk 3D
data segmentation problem. Our network refines the predic-
tion through a progressive auto-context procedure. The ex-
periment results demonstrate that compared with baseline, the



overall performance on all classes improves a lot. Specially,
the segmentation result of the hard class (esophagus) is also
remarkably improved.
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