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Abstract

Background: Brain tumor segmentation plays a significant role in clinical treatment
and surgical planning. Recently, several deep convolutional networks have been
proposed for brain tumor segmentation and have achieved impressive performance.
However, most state-of-the-art models use 3D convolution networks, which require
high computational costs. This makes it difficult to apply these models to medical
equipment in the future. Additionally, due to the large diversity of the brain tumor and
uncertain boundaries between sub-regions, some models cannot well-segment multi-
ple tumors in the brain at the same time.

Results: In this paper, we proposed a lightweight hierarchical convolution network,
called LHC-Net. Our network uses a multi-scale strategy which the common 3D con-
volution is replaced by the hierarchical convolution with residual-like connections. It
improves the ability of multi-scale feature extraction and greatly reduces parameters
and computation resources. On the BraT5$2020 dataset, LHC-Net achieves the Dice
scores of 76.38%, 90.01% and 83.32% for ET, WT and TC, respectively, which is better
than that of 3D U-Net with 73.50%, 89.42% and 81.92%. Especially on the multi-tumor
set, our model shows significant performance improvement. In addition, LHC-Net has
1.65M parameters and 35.58G FLOPs, which is two times fewer parameters and three
times less computation compared with 3D U-Net.

Conclusion: Our proposed method achieves automatic segmentation of tumor sub-
regions from four-modal brain MRl images. LHC-Net achieves competitive segmenta-
tion performance with fewer parameters and less computation than the state-of-the-
art models. It means that our model can be applied under limited medical computing
resources. By using the multi-scale strategy on channels, LHC-Net can well-segment
multiple tumors in the patient’s brain. It has great potential for application to other
multi-scale segmentation tasks.

Keywords: Brain tumor segmentation, Lightweight network, Deep learning,
Convolutional neural network
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Background

The brain tumor is one of the diseases that seriously threaten human life. According to
statistics from the World Health Organization, the brain tumor is the second greatest
cause of death from human diseases. The magnetic resonance image (MRI) has been
extensively used in brain tumor detection and diagnosis [1]. MRI images have multiple
modalities such as T1-weighted (T1), T2-weighted (T2), contrast-enhanced T1-weight
(T1ce) and T2 Fluid Attenuated Inversion Recovery (Flair). These modalities show differ-
ent contrasts for different brain tissues [2]. Accurate clinical brain tumor labels require
tumor sub-regions including edema, enhancing tumor, necrosis and non-enhancing
tumor. It is an important step for the treatment of patients [3]. However, manual anno-
tation on each MRI image by doctors is inefficient, time-consuming and non-objective.
Therefore, the automatic and accurate segmentation method has become the key instru-
ment in clinical diagnosis and treatment.

In recent years, deep learning technology has been extensively studied and practiced
[4, 5]. Many researchers have proposed some effective methods for medical images
segmentation based on deep learning [6—8]. For brain tumor segmentation, semantic
segmentation networks consisting of encoder and decoder are widely adopted. These
networks are divided into 2D and 3D convolutional neural networks (CNNss).

The 2D network operates over 2D convolutions to perform 3D calculations on feature
maps. Havaei et al. used a cascade network and solved the imbalance of brain tumor
labels through the 2-phase training procedure [9]. Banerjee et al. combined the Con-
vNets with shortcut connections to improve the performance in locating and recovering
object details [10]. Jungo et al. improved pooling flow and introduced residual flow in
U-Net so that the network can combine global and local feature information [11]. These
networks occupy fewer storage and computing resources. However, they ignore the con-
tinuity between slices, which is limited in extracting 3D spatial information. While the
three-dimensional feature helps to improve the accuracy of brain tumor segmentation.
Therefore, some researchers extracted features from different directions of a 3D volume
[12, 13]. For example, Li et al. proposed a 2D network with three branches processing
images along three directions: sagittal, coronal and axial views [14].

The 3D network operates over 3D convolutions to perform 4D calculations on feature
maps. The spatial context information can be better combined by 3D input to improve
the accuracy of segmentation. Isensee et al. achieved a competitive result by using nnU-
Net trained on various types of medical images [15]. Myronenko et al. introduced a vari-
ational auto-encoder branch regularizing the encoder to reconstruct the MRI images for
segmentation [16]. Xu et al. proposed DCAN with multiple branches, and each branch
is responsible for a single target segmentation through a shared feature extractor [17].
Guan et al. proposed a combined segmentation network based on VNet, in which the
Squeeze and Excite (SE) module is added to each encoder and the Attention Guide Filter
(AG) module is added to each decoder [18]. Huang et al. proposed a deep multi-task
learning framework which added a distance transform decoder based on the V-Net to
improve the segmentation contour and reduce the generation of rough boundaries [19].
Zhang et al. reduced the difficulty of feature extraction by using multiple encoders, and
they introduced a new loss function to solve the voxel imbalance problem [20]. Although
the 3D network has higher segmentation accuracy than the 2D network, the 3D network
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is more complex than the 2D network. The parameters and the amount of calculation
are greatly increased due to the additional dimension of expensive 3D convolutions.
This makes it difficult to apply these models to medical equipment in the future. In addi-
tion, the 3D networks require a large scale of training data to prevent overfitting, while
the amount of tumor image data with annotation is small due to the privacy of patients
and the high cost of tumor image annotation [21]. Therefore, research for lightweight
3D networks is necessary for clinical applications to achieve high segmentation accuracy
under limited medical computing resources.

Researchers have proposed many methods to reduce the model size. Chollet et al.
designed the depthwise separable convolution operation [22]. Xie et al. [23], Szegedy
et al. [24] and Gao et al. [25] introduced different grouped convolutions. Larsson et al.
proposed the FractalNet with interacting subpaths of different lengths which achieved
the effect of in-depth supervision [26]. These theories are applied to brain tumor seg-
mentation networks. Nuechterlein et al. proposed the 3D ESP-Net with pyramidal
refinement [27]. Chen et al. designed the S3D convolution module with three parallel
branches to reduce the model parameters [28].

The above methods have good results on the BraTS2020 datasets. However, these
networks still need some improvement in their number of parameters and the
amount of computation. We adopted the classic lightweight strategy of replacing
standard convolutions with grouped convolutions. In addition, we counted the size of
the whole tumor (WT), the tumor core (TC) and the enhancing tumor (ET), shown
in Fig. 1a. We can see that the tumor size varies widely among patients. There are
multiple tumors in the patient’s brain, as shown in Fig. 1b. Multi-scale feature rep-
resentations of CNNs are of great importance for semantic segmentation [29]. The
features of brain tumors of different sizes cannot be obtained simultaneously by using
a single-scale CNN. Because if a single-scale CNN obtains a larger receptive field, it
helps to extract the features of the whole tumor, while it will lose the information of
the small-sized enhancing tumor and complex tumor borders. Likewise, if the recep-
tive field is small, it is beneficial to extract the features of the tumor borders, while it
is not conducive to the segmentation of the tumor as a whole. Therefore, we adopted
a multi-scale strategy to extract brain tumor features. However, the classic multi-scale
branching structure of Inception requires manual design and has large computation
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(a) Number of brain tumor with different size (b) Brain tumor images
Fig. 1 Distribution of brain tumor
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[29]. We decided to use Res2Net with hierarchical convolutions and residual-like con-
nections [25]. The Res2Net adopts the group convolution strategy, which the different
groups can get different receptive fields. It is beneficial to segment tumors of different
sizes. Compared with other methods, our method achieves competitive segmentation
performance with fewer parameters and less amount of computation.

The main contributions of this paper are as follows:

1. We designed a 3D RHC module, which can prevent the network from focusing too
much on high-level features resulting in low segmentation accuracy.

2. We combined 3D U-Net, 3D Res2Net and 3D RHC to propose a lightweight hierar-
chical convolution network (LHC-Net) which can well-segment multiple tumors in
the patient’s brain.

3. Our model is evaluated on the BraTS2020 and BraTS2018 public datasets, which
shows that the model achieves the competitive segmentation results and has fewer
parameters and less amount of computation than the state-of-the-art models.

Methods

An overview of our proposed method is shown in Fig. 2. Firstly, the clipping window
and N4ITK algorithms are used to process original images [30]. For the processed
images, most of the non-brain parts are cropped, and each modality is normalized
using the zero-mean and unit-variance. Then, we designed a lightweight network
based on the 3D U-Net. Our network uses multi-scale strategy to improve tumor seg-
mentation performance and reduce parameters and computation. Finally, we adopted
the sliding window and patches fusion to obtain a complete predicted probability
map. The probability map is converted to the expected tumor sub-region label by
threshold and label transformation.

Patches Fusion

Clipping
Window

Threshold

Label
Transformation

Normalization

Sliding Window

Fig. 2 Overview of our proposed methods
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Preprocessing

The preprocessing process for MRI images is shown in Fig. 3. MRI images often show
intensity non-uniformities due to variations in the magnetic field. As a result, there
are some highly biased pixel values in the MRI images, and parts of the image may
appear brighter or darker when visualized, simply because of variations in the mag-
netic field. The map of these variations is usually called the bias field. The bias field
can cause problems for the segmentation performance of the model, as the variations
in signal intensity are not due to any anatomical differences. Therefore, we clipped all
brain voxel intensities with a window of [0.5-99.5%]. Specifically, the maximum and
minimum values are computed by using the 99.5% and 0.5% percentiles based on the
histogram, and these values are used to remove the large biased pixel values. Then we
adopted N4ITK to correct the bias field [30].

The brain tumor semantic segmentation is a classification task for each pixel. In
every sample, the brain volume is 10-20% of the entire sample volume and the whole
tumor volume is less than 5%. To reduce the impact of class imbalance and the train-
ing scale, we processed each MRI sequence independently, in which most of the non-
brain parts are cropped to obtain a small complete brain patch. Finally, the cropped
brain patch is normalized by zero-mean and unit-variance normalization on each

modality.

3D Res2Net module

Res2Net is a layer-wise CNN module that captures rich multi-scale features [25]. To
obtain rich spatial information, we proposed 3D Res2Net module by adding a dimen-
sion to Res2Net module, as shown in Fig. 4. The common N-channel convolution
filter within the residual block is divided into s W-channel filters (N =s x W), and
the hierarchical residual-like connections are built within the module. The specific
workflow of the 3D Res2Net module is that the input feature channels are increased
through a 1 x 1 x 1 convolution filter. Then, the feature maps are equally divided into s
groups along the channel dimension and sent to 3 x 3 x 3 convolution filters. A group
of input feature maps is processed through a filter. Another group of feature maps is
concatenated with the output feature maps of the previous filter to be sent to the next
filter. This process is repeated many times until all groups of input feature maps have
been processed. Finally, the outputs of all filters are concatenated and sent to the sec-
ond 1 x 1 x 1 convolution to fuse the feature maps. The operation equation is:

Original image Remove large Correct the bias field Crop most of the
biased pixel values non-brain parts

Fig. 3 The preprocessing process for MRl images



Wang et al. BMC Bioinformatics (2021) 22:636 Page 6 of 17

concatenate (x;, X5, X3, X4)

R Conv 1x1x1, IN, ReLu

Conv 3x3x3, IN, ReLu

Fig.4 The view of 3D Res2Net module

Xis l= 1
yi = Ki(xi)’ i=2 3 (1)
Ki(xi +yi-1), 2<i=<s

where s is the number of filters, x; is the i-th group of feature maps, K; is the convolu-
tion calculation and y; is the output of the filter. In the 3D Res2Net module, the feature
maps are increased and decreased through two 1 x 1 x 1 convolutions, which improves
the expression ability of feature information. The feature maps are divided into multiple
groups and are processed by the hierarchical convolution, which reduce the amount of
calculation. The hierarchical residual connection between the filters is beneficial to the
network to extract multi-scale features.

3D RHC module

The study has shown that the first few layers of the network are more sensitive to noise
[31]. The 3D Res2Net module extracts more complex features than common 3D convo-
lutions under the same number of hidden units, which may lead to a decline in the abil-
ity to extract shallow features in the first few layers due to noise. Therefore, we designed
the 3D residual hierarchical convolution (RHC) module, as shown in Fig. 5. The RHC
module retains the hierarchical convolution and residual connection between input and
output, and the hierarchical residual-like connections are removed in 3D Res2Net mod-
ule. This change prevents the network from focusing too much on high-level features.

LHC-Net

Our proposed LHC-Net is shown in Fig. 6a. We adopted end-to-end multi-label learn-
ing to achieve pixel-level brain tumor segmentation. Images from multiple modalities
are concatenated as the four-channel input to the network. The three-channel output
is the predictions of WT, TC and ET, respectively. Because the tumor volume is small,
especially the necrosis and non-enhancing tumor. Instead of directly predicting the
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Fig. 5 The view of the 3D RHC module
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Fig. 6 The view of our LHC-Net and its variants

three tumor sub-regions, our network predicts WT, TC and ET, and then these labels are
translated into sub-regions by post-processing.

The backbone architecture of our network is the 3D U-Net. It consists of the encoder
and the decoder. In the encoding path, the encoder uses maxpooling as the down-sam-
pling layer. On the one hand, the down-sampling layers reduce the size of input data to
one-half of the original size which expands receptive field of convolution to extract rich
semantic features, such as high-level features. On the other hand, the down-sampling
layers double the number of feature channels to express more semantic feature infor-
mation. In the decoding path, the decoder uses trilinear interpolation as the up-sam-
pling layer which restores the size of feature map to the same size as the expected labels.

Page 7 of 17
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After up-sampling layers, the feature map is concatenated with the feature map from
the encoding path through the skip connection. It combines the low-level and high-level
semantic feature information to improve segmentation performance.

In the 3D U-Net, it is difficult to extract tumor features of different sizes at the same
time by using common single-scale convolution. Therefore, we replaced the convolu-
tion with 3D Res2Net. The 3D Res2Net uses the multi-scale strategy on the channels
to improve the multi-scale representation ability at a granular level. It is beneficial for
the network to segment tumors of different sizes. On the other hand, for convolutional
networks, the first few convolution layers usually extract low-level features. We usually
increase the depth of the network to obtain high-level features required for pixel-label
segmentation tasks. The down-sampling is repeated several times due to the limitation
of storage capacity so that the resolution of the image is reduced. However, it causes that
the last few convolution layers, which extract high-level features, are performed on low-
resolution feature maps. By using the hierarchical convolutions and residual-like con-
nections in 3D Res2Net, the feature maps are equally divided into several groups, and
most of these feature map groups are processed more than once through the hierarchi-
cal convolution filter. Therefore, the first few layers can extract features at a higher level
from high-resolution images. To prevent the network from focusing too much on high-
level features, we combined 3D RHC and 3D Res2Net.

For ablation experiments, we also proposed two variants of LHC-Net: LHC-Net- and
LHC-Net+, as shown in Fig. 6b and c, respectively. In the LHC-Net+, all convolutions
in the 3D U-Net are replaced with 3D Res2Net which the network can extract more
higher-level features at a fine-grained. In the LHC-Net-, half of the convolutions in each
layer are replaced by 3D Res2Net.

Complexity analysis

In this section, the complexity of LHC-Net is theoretically compared with 3D U-Net.
The complexity of the model mainly depends on the number of parameters and floating
point operations (FLOPs) [23, 24]. In the 3D U-Net, each convolution layer has two con-
volutions, the convolution kernel size is k x k x k, the number of input channels is Cj,,
output feature map size is Hour X Wour X Doyr X Coye. Without considering the bias, the
number of parameters for each layer is:

Paramsy—net =2 - Cin -k -k -k - Cous. (2)

In the LHC-Net, two 3D convolutions are replaced by a 3D RHC and a 3D Res2Net
both with s filters. Assuming that the number of feature map channels does not change
through two 1 x 1 x 1 convolutions, the number of parameters for each layer is:

Cin Cout

ParamsiHc—Net =2 %X |— -k -k -k -
s

(=1 +2x1x1x1-Ci-Couel.
3)

If the kernel size is 3 x 3 x 3, the number of input and output channels are both 64, the
number of filters within 3D RHC and 3D Res2Net are both 4. In the 3D U-Net, the num-
ber of parameters is 221184 in the convolution layer. While the number of parameters is
57856 in the LHC-Net. The input tensor of a 3D convolution is Cj, x Hj, x Wi, X Dy,
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and the output tensor is Cyur X Hour X Wour X Doyr. Without considering the bias, the
FLOPs of a 3D convolution is:

FLOPs = (Cjy -2 -k -k -k —1) - Hout - Dour - Wour - Cout- (4)

If the input image size is 4 x 128 x 128 x 128, the 3D U-Net has 148.17G FLOPs while
the LHC-Net only has 35.58G FLOPs.

Inference and post-processing

Due to the limited memory, we used a 128 x 128 x 128 sliding window with a
32 x 32 x 27 sliding step during the inference. Zero padding is used if the input can-
not cover the sliding window. It means that the multimodal image is cropped into many
patches as input to the network. Because there are many overlapping parts among out-
put prediction patches, in order to obtain a complete three-channel brain tumor seg-
mentation probability map, we used the patches fusion which these overlapping parts
are averaged. Then, we used a fixed threshold, it is set as 0.5, to binarize the probability
map so that we obtained the label of WT, TC and ET. Finally, according to these labels,
we used the label transformation to obtain tumor sub-regions. It follows the rules: (a) the
edema area is regarded as WT area minus TC area, (b) the necrosis and non-enhancing
tumor is regarded as TC area minus ET area, and (c) the enhancing tumor is regarded as
ET.

Experiment settings

We randomly cropped patches of 128 x 128 x 128 from preprocessed images as input
during the training phase. To improve the generalization ability, these patches are pro-
cessed by online data augmentation including variance shift (—0.1 to 0.1) with a prob-
ability of 0.2, intensity shift (0.9—1.1) with a probability of 0.2 and mirroring along three
axes with a probability of 0.5. The training iteration has 450 epochs and the first five
epochs are linear warmup. We used the Adaptive Moment Estimation (Adam) optimizer
to train the network [32]. The initial learning rate is 0.001 and gradually decreases by
(1 — epoch;/epochy). The batch size is four and the beta is (0.9, 0.999). The network is
implemented in PyTorch 1.8 and is trained on GeForce GTX 3090 GPU.

Evaluation metrics and loss function

The Dice similarity coefficient and the 95% Hausdorff distance (HD95) are used to evalu-
ate the segmentation results which are sensitive to internal padding and borders, respec-
tively. The equation of Dice similarity coefficient is:

2PN T

_ , 5
A ®)

Dicet

where P is the positive prediction area of target ¢, such as Py, Per or Prc, and T} is the
corresponding ground truth. |-| is the volume. The equation of Hausdorff distance is:

HD; = dy (P, T;) = max {dp,,,dr,p,} = max {1;16;})): ?;iTrtld(x,y), 5’2%2:( ?éilg?d(x,y) },
(6)
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where P; is the positive prediction area of target ¢, and T} is the corresponding ground
truth. x is a point on the surface P; and y is a point on the surface T;. d(x, y) is the dis-
tance between x and y. Because HD is highly susceptible to small outliers [3], we used
HD95, which is the 95% quantile of HD.

In the training process, for the input with few or no annotated voxels, the small pre-
diction errors may result in large gradients [33]. If the prediction errors are caused by
under-fitting, the network is trained by these large gradients towards better segmenta-
tion. However, if the prediction errors are caused by imperfect annotations, which often
occur at the tumor boundary, the network is trained in the wrong direction. In addition,
these large gradients also cause instability in the training process. Therefore, we calcu-
lated the loss based on the statistics of all samples in a batch. The loss consists of soft
dice loss and binary cross entropy loss (BCE loss). The equation is:

Loss = a - Soft dice loss + b - BCE loss, a+b=1, (7)

where a and b are hyper-parameters, here a = 0.2 and b = 0.8. The equation of soft dice
loss is:

M
. 1 2Py N Ty | +1
Sof dice loss = M bg E (1 — |Pb,t| n }Tb,t| n 1); (8)

=1 t=1

where M is the number of samples in a batch, Py is the prediction result of target ¢ of
the b-th sample in a batch and T}, is the corresponding ground truth. The equation of

BCE loss is:
N
BCE loss = —l Zy' ‘lnx;+ 1 —y;) - In(1 —x;), y,=0o0rl 9)
N - - i i i i) i »
=

where N is the number of pixels in a batch, x; is the predicted probability value of the
i-th pixel and y; is the corresponding true value.

Results
Datasets
The datasets we used are BraTS2020 and BraTS2018 datasets which are collected by
using different clinical protocols and various scanning instruments from 19 institutions
[34-36]. BraT'S2020 consists of a training set (369 samples), including 293 samples from
glioblastoma (GBM/HGG) and 76 samples from lower-grade glioma (LGG), and a vali-
dation set (125 samples). BraTS2018 consists of 285 training samples and 66 validation
samples. The datasets contain four modalities: T1, T2, T1ce and Flair. Each sample has
a volume of 240 x 240 x 155. The brain tumor label consists of non-enhancing tumor
and necrosis (NET/NCR-label 1), edema (ED-label 2) and enhancing tumor (ET-label 4).
According to the brain tumor label, we made the label of WT, TC and ET. ET is
enhancing tumor. WT consists of NET/NCR, ED and ET. TC consists of NET/NCR and
ET. These three labels, WT, TC and ET, are used for loss function and network evalu-
ation. In the BraT'S2020 training dataset, 20% (75 samples) of 369 samples are used as
the test set and the remainder (294 samples) are used as the training set. The model was
compared with others on BraTS2020 and BraTS2018 datasets.



Wang et al. BMC Bioinformatics (2021) 22:636 Page 11 of 17

Table 1 Comparison of LHC-Net with different s on the BraT$2020 test set

Methods Dice (%)

ET WT TC
LHC-Net (s =) 73.12 89.13 8152
LHC-Net (s = 2) 75.04 89.75 82.12
LHC-Net (s = 4) 76.35 89.96 83.35
LHC-Net (s = 8) 76.16 88.53 82.42

Bold indicates the best result for each evaluation metric

Table 2 Ablation study of LHC-Net on the BraTS2020 test set

Methods Dice (%)

ET WT TC
3D U-Net 73.50 89.42 81.92
Res U-Net 73.87 89.53 82.23
LHC-Net- (Conv3D + 3D Res2Net) 75.76 89.75 82.87
LHC-Net+ (3D Res2Net + 3D Res2Net) 76.43 89.36 82.20
LHC-Net (3D RHC + 3D Res2Net) 7641 90.05 83.34

Bold indicates the best result for each evaluation metric

Comparison of LHC-Net with different hyper-parameters

LHC-Net uses the multi-scale strategy on the channels. This not only reduces the model
parameters and computation, but also helps to extract the multi-scale features at a gran-
ular level. The more s is, the more groups there are. It is beneficial for LHC-Net to obtain
multi-scale receptive fields, while it weakens the connection between different feature
groups. In order to ensure that each feature map input to the filter has the same number
of channels. The values of s are set to [1, 2, 4, 8]. The results are presented in Table 1.
The ET Dice scores of s > 1 are significantly higher than s = 1. It means that the multi-
scale strategy on the channels improves the multi-scale representation ability at a granu-
lar level. The LHC-Net with using s = 4 achieves the best Dice scores of 76.35%, 89.96%
and 83.35% for ET, WT and TC, respectively. Therefore, we used s = 4 in the following
experiments.

Ablation of LHC-Net

An ablation study of LHC-Net on the BraTS2020 test set is presented in Table 2.
There is a residual connection between each input feature and output feature in 3D
Res2Net. Therefore, we investigated whether the residual connections alone improve
segmentation performance. Compared with Res U-Net, LHC-Net- and LHC-Net+
both achieve performance improvement for ET by using the 3D Res2Net module. It
shows that the segmentation performance is improved by hierarchical convolutions
and residual-like connections, not just residual connections, especially for smaller
targets. LHC-Net+ , which all standard convolutions are replaced by 3D Res2Net,
achieves the highest Dice for ET while it gets a performance degradation for WT.
It shows that LHC-Net+ pays too much attention to high-dimensional information.

In addition, since the features with noise from the encoder or irrelevant features are
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directly processed by the 3D Res2Net in the decoder, it affects the performance of
decoding at a fine-grained level. The LHC-Net achieves the best Dice scores for WT
and TC while keeping segmentation performance for ET. It shows that 3D RHC mod-
ule alleviates the difference in features between the encoder and the decoder.

Comparison with 3D U-Net and classic improved 3D U-Net

We trained the 3D U-Net and classic improved 3D U-Net under the same settings to
evaluate our LHC-Net on the BraTS2020 test set. The results are presented in Table 3.
The LHC-Net achieves the highest Dice scores for ET and TC. In particular, our model
achieves significant performance on segmentation for ET, it shows that LHC-Net has
a strong ability to extract fine-grained features. In addition, our model obtains a per-
formance of 90.01% for WT, which is only 0.19% lower than 3D U-Net++. Compared
with other networks, LHC-Net has fewer parameters and FLOPs, which is beneficial
for application to medical equipment in the future.

We visualized the segmentation results that are predicted by the 3D U-Net and
LHC-Net on the BraTS2020 test set, shown in Fig. 7. Since the brain tumor varies
widely among patients and there are multiple tumors in some patient’s brain, some
methods cannot well-segment the tumors at the same time. LHC-Net can segment
the tumors that are not segmented by 3D U-Net, and LHC-Net achieves better seg-
mentation performance on ET and TC. In particular, LHC-Net can completely seg-
ment multiple tumors in a patient’s brain. It shows that LHC-Net has a better ability
to extract multiple tumor features.

In addition, we divided the test set into a single tumor set (66 samples) and a multi-
tumor set (9 samples) according to the number of tumors in the brain. In the multi-
tumor set, each sample has at least two whole tumors or tumor cores in the brain. The
comparison of segmentation results on these two sets is presented in Table 4. Due to
false positive and false negative predictions for ET (see below for more detailed dis-
cussion), the Dice of ET is lower on the single tumor set than on the multi-tumor set.
The Dice scores of TC and WT are lower on the multi-tumor set, which shows that it
is difficult to segment multiple tumors at the same time. Compared with 3D U-Net,
LHC-Net achieves Dice scores of 78.14%, 87.73% and 81.41% for ET, WT and TC in
the multi-tumor set, which is the significant improvement. It shows that LHC-Net
has good generalization performance.

Table 3 Comparison with 3D U-Net and classic improved 3D U-Net on the BraTS2020 test set

Methods Dice (%) HD95 (mm) Params (M) FLOPs (G)
ET WT TC ET WT TC

3D U-Net 73.50 89.42 81.92 35.68 6.85 11.54 5.89 14817

Res 3D U-Net 73.87 89.53 82.23 3341 6.19 10.23 6.70 187.86

3D U-Net++ 73.94 89.35 8257 32.65 7.30 9.58 6.84 508.46

Attention 3D U-Net 7442 90.25 82.86 30.24 6.72 935 6.47 151.51

LHC-Net (Ours) 76.38 90.01 83.32 30.09 6.96 6.30 1.65 35.58

Bold indicates the best result for each evaluation metric
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Tlce T2 Ground Truth U-Net LHC-Net

M Edema
Enhancing tumor

Il Necrosis and non-enhancing tumor

Fig. 7 Predictions of LHC-Net and 3D U-Net on the BraTS2020 dataset

Table 4 Comparison with 3D U-Net on the single tumor set and the multi-tumor set

Methods Dice (%) the single tumor set (66) Dice (%) The multi-tumor set (9)

ET WT TC ET WT TC
LHC-Net 76.14 90.32 83.58 78.14 87.73 81.41
3D U-Net 7330 90.31 82.41 75.00 82.92 7833

Bold indicates the best result for each evaluation metric

Table 5 Comparison with the state-of-the-art methods on the BraT$2018 validation dataset

Methods Dice (%) HD95 (mm) Params (M) FLOPs (G)
ET WT TC ET WT TC

Kao et al. [37] 78.75 90.47 81.35 3.81 4.32 7.56 9.45 203.96

3D U-Net 75.26 88.69 80.55 451 11.34 8.07 5.89 148.17

S3D- UNet [28] 7493 89.35 83.09 443 472 7.75 3.32 75.20

3D-ESPNet [27] 73.70 88.30 81.40 530 5.46 7.85 363 76.51

LHC-Net (Ours) 76.82 90.21 83.79 436 5.56 6.79 1.65 35.58

Bold indicates the best result for each evaluation metric

Comparison with the state-of-the-art methods

We compared the state-of-the-art methods for brain tumor segmentation on the
BraTS2018 validation dataset, shown in Table 5. For LHC-Net, the Dice scores for ET,
WT and TC are 76.82%, 90.21% and 83.79%, respectively. The Dice score for TC is high-
est, and the Dice scores for ET and WT are higher than most other methods significantly.
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It indicates that our methods can replace the manual segmentation of brain tumor. In
addition, LHC-Net has 1.65M parameters and 35.58 FOLPs. It means that our methods

are less demanding on hardware.

Discussion

In the segmentation results predicted by LHC-Net, there are seven cases with a Dice
score of 0 for ET. Three of them are caused by false negative predictions, which ET is not
found by the network, as shown in Fig. 8a. Four cases are caused by false positive pre-
dictions, which ET is incorrectly predicted, as shown in Fig. 8b. These seven cases show
three characteristics: (a) the brain tumors are at the top of the brain, (b) ET is small or
non-existent, (c) a greater proportion of NET/NCR in WT. We inferred that the cause of
0 Dice score for ET is sulcus. The sulcus shows a shadow on the image and is a relatively
larger part at the top of the brain than other regions so that it is difficult to segment the
small ET near the sulcus. These outlier segmentation results have a great influence on
the scores of evaluation metrics. Therefore, in some studies [33, 38], in order to maxi-
mize the mean Dice score, a post-processing method is used, which enhancing tumor is
entirely replaced by necrosis if the predicted volume is less than a certain threshold. It
means that the correct prediction for the small enhancing tumor will be removed by the
post-processing. We did not adopt this method because it ignores true positive predic-
tions and increases false negative predictions which are more harmful to patients.

This study has some potential limitations. To improve the generalization ability, we
used online data augmentation including variance shift (—0.1 to 0.1) with a probabil-
ity of 0.2, intensity shift (0.9-1.1) with a probability of 0.2 and mirroring along three
axes with a probability of 0.5. However, the method may not be the best way to improve
the generalization ability, and may not be ideal for all datasets. The data augmentation
should be investigated further. In addition, for the proposed method, there should be
no significant differences between training data and test data. The problem is common
when applying deep learning methods to clinical medical practice. Moreover, the train-
ing data relies on a large number of 3D MRI images with pixel-level annotations. In the
future, we will adopt a semi-supervised framework to reduce the manual annotation
workload.

T1 T2 Flair Tlce Prediction Ground Truth

M Edema
Enhancing tumor

M Necrosis and non-enhancing tumor

Fig. 8 The two examples from outlier segmentation results with a Dice score of O for ET. a False positive
prediction; b False negative prediction
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Conclusion

Since the spatial information is very important for accurate brain tumor segmentation and
most 3D networks are complex, we proposed a highlight brain tumor segmentation net-
work based on 3D CNN. Because the size of the brain tumor is great difference and there
are multiple tumors in some patient’s brain. To solve this problem, we used 3D Res2Net,
which uses a multi-scale convolution strategy on the channels to obtain multi-scale recep-
tive fields. It is beneficial for the network to well-segment tumors of different sizes. In
addition, because the hierarchical residual-like connections in 3D Res2Net may cause the
network to pay too much attention to high-dimensional information, we designed the 3D
RHC. Finally, we combined 3D Res2Net, 3D RHC and 3D U-Net to propose LHC-Net.
According to the experiment results on BraT$2020 and BraT'S2018 datasets, our network
has a better brain tumor segmentation performance than 3D U-Net, especially for multi-
tumor. Compared to the state-of-the-art methods, LHC-Net has less parameters and less
FLOPs while keeping competitive performance.

Abbreviations

2D Two-dimensional

3D Three-dimensional

4D Four-dimensional

BCE Binary cross entropy

CNN Convolutional neural network
MRI Magnetic resonance imaging
FLOPs Floating point operations

Acknowledgements
The authors acknowledge the Center for Biomedical Image Computing & Analytics, and their free publicly available
BraTS2020 and BraTS2018 datasets used in this study.

About this supplement

This article has been published as part of BMC Bioinformatics Volume 22 Supplement 5 2021: Proceedings of the Inter-
national Conference on Biomedical Engineering Innovation (ICBEI) 2019-2020. The full contents of the supplement are
available at https://bmcbioinformatics.biomedcentral.com/articles/supplements/volume-22-supplement-5.

Author contributions

YC designed the methodology. YW performed the experiments and wrote the manuscript. JL preprocessed the data.
HW analyzed the results. SW modified the manuscript. HY and XD provided the medical support. All authors read and
approved the final manuscript.

Funding
This paper was supported by Major Science and Technology Projects in Tianjin (18ZXZNSY00240).

Availability of data and materials
The dataset used in our paper were available through https://ipp.cbica.upenn.edu/. This dataset requires permission
from the Center for Biomedical Image Computing and Analysis at the University of Pennsylvania.

Declarations

Ethics approval and consent to participate
Not applicable.

Consent for publication
Not applicable.

Competing interests
The authors declare that they have no competing interests.

Received: 3 November 2022 Accepted: 4 November 2022
Published online: 13 December 2022


https://bmcbioinformatics.biomedcentral.com/articles/supplements/volume-22-supplement-5
https://ipp.cbica.upenn.edu/

Wang et al. BMC Bioinformatics (2021) 22:636 Page 16 of 17

References

1.

2.

20.

21.
22.

23.

24,

25.

26.
27.

28.

29.

30.

31

32.

33

34.

Lerch JB, van der Kouwe AJW, Raznahan A, Pans T, Johansen-Berg H, Miller KL, Smith SM, Fischl B, Sotiropoulos SN.
Studying neuroanatomy using MRI. Nat Neurosci. 2017;20(3):314-26.

Bauer S, Wiest R, Nolte L, Reyes M. A survey of MRI-based medical image analysis for brain tumor studies. Phys Med
Biol. 2013;58(13):R97-129.

Menze BH, Jakab A, Bauer S, Kalpathy-Cramer J, Farahani K, Kirby J, Burren'Y, Porz N, Slotboom J, Wiest R, et al. The
multimodal brain tumor image segmentation benchmark (BRATS). IEEE Trans Med Imaging. 2015;34(10):1993-2024.
Yeo YH, Yen KS. Impurities detection in intensity inhomogeneous edible bird’s nest (EBN) using a U-Net deep learn-
ing model. Int J Eng Technol Innov. 2021;11(2):135-45.

Chao-Ching H, Su E, Li P-C, Bolger MJ. Pan H-NJAITI: machine vision and deep learning based rubber gasket defect
detection. Adv Technol Innov. 2020;5(2):76-83.

Tripathi S, Anand R, Fernandez E. A review of brain MR image segmentation techniques. In: Proceedings of interna-
tional conference on recent innovations in applied science, engineering and technology. 2018, pp. 16-17.

Dora L, Agrawal S, Panda R, Abraham A. State-of-the-art methods for brain tissue segmentation: a review. IEEE Rev
Biomed Eng. 2017;10:235-49.

Angulakshmi M, Deepa M. A review on deep learning architecture and methods for MRI brain tumour segmenta-
tion. Curr Med Imaging. 2021;17(6):695-706.

Havaei M, Davy A, Warde-Farley D, Biard A, Courville A, Bengio Y, Pal C, Jodoin P-M, Larochelle H. Brain tumor seg-
mentation with deep neural networks. Med Image Anal. 2017;35:18-31.

. Banerjee S, Mitra S, Shankar BU. Multi-planar spatial-ConvNet for segmentation and survival prediction in brain

cancer. In: International MICCAI brainlesion workshop. Springer; 2018, pp. 94-104.

. Jungo A, McKinley R, Meier R, Knecht U, Vera L, Pérez-Beteta J, Molina-Garcia D, Pérez-Garcia VM, Wiest R, Reyes M.

Towards uncertainty-assisted brain tumor segmentation and survival prediction. In: International MICCAI brainlesion
workshop. Springer; 2017, pp. 474-485.

. Chandra S, Vakalopoulou M, Fidon L, Battistella E, Estienne T, Sun R, Robert C, Deutsch E, Paragios N. Context aware

3D CNNs for brain tumor segmentation. In: International MICCAI brainlesion workshop. Springer; 2018, pp. 299-310.

. Zhao X, Wu, Song G, Li Z, Zhang Y, Fan Y. A deep learning model integrating FCNNs and CRFs for brain tumor

segmentation. Med Image Anal. 2018;43:98-111.

. LiY, Shen L. Deep learning based multimodal brain tumor diagnosis. In: International MICCAI brainlesion workshop.

Springer; 2017, pp. 149-158.

. Isensee F, Kickingereder P, Wick W, Bendszus M, Maier-Hein KH. No new-net. In: International MICCAI brainlesion

workshop. Springer; 2018, pp. 234-244.

. Myronenko A. 3D MRI brain tumor segmentation using autoencoder regularization. In: International MICCAI brainle-

sion workshop. Springer; 2018, pp. 311-320.

. XuH, Xie H, LiuY, Cheng C, Niu C, Zhang Y. Deep cascaded attention network for multi-task brain tumor segmenta-

tion. In: International conference on medical image computing and computer-assisted intervention. Springer; 2019,
pp. 420-428.

. Guan X, Yang G, Ye J, Yang W, Xu X, Jiang W, Lai X. 3D AGSE-VNet: an automatic brain tumor MRI data segmentation

framework. BMC Med Imaging. 2022;22(1):6.

. Huang H, Yang G, Zhang W, Xu X, Lai XJFO. A deep multi-task learning framework for brain tumor segmentation.

Front Oncol. 2021;11:690244.

Zhang W, Yang G, Huang H, Yang W, Xu X, LiuY, Lai X. ME-Net: multi-encoder net framework for brain tumor seg-
mentation. Int J Imaging Syst Technol. 2021;31(4):1834-48.

Hawkins DM. The problem of overfitting. J Chem Inf Comput Sci. 2004;44(1):1-12.

Chollet F. Xception: deep learning with depthwise separable convolutions. In: 2017 IEEE conference on computer
vision and pattern recognition (CVPR): 21-26 July 2017. 2017, pp. 1800-1807.

Xie S, Girshick R, Dollar P, Tu Z, He K. Aggregated residual transformations for deep neural networks. In: 2017 IEEE
conference on computer vision and pattern recognition (CVPR): 21-26 July 2017. 2017, pp. 5987-5995.

Szegedy C, Vanhoucke V, loffe S, Shlens J, Wojna Z. Rethinking the inception architecture for computer vision. In:
2016 IEEE conference on computer vision and pattern recognition (CVPR): 27-30 June 2016. 2016, pp. 2818-2826.
Gao SH, Cheng MM, Zhao K, Zhang XY, Yang MH, Torr P. Res2Net: a new multi-scale backbone architecture. IEEE
Trans Pattern Anal Mach Intell. 2021;43(2):652-62.

Larsson G, Maire M, Shakhnarovich G. FractalNet: ultra-deep neural networks without residuals. 2016.

Nuechterlein N, Mehta S. 3D-ESPNet with pyramidal refinement for volumetric brain tumor image segmentation. In:
International MICCAI brainlesion workshop. Springer; 2018, pp. 245-253.

ChenW, Liu B, Peng S, Sun J, Qiao X. S3D-UNet: separable 3D U-Net for brain tumor segmentation. In: International
MICCAI brainlesion workshop. Springer; 2018, pp. 358-368.

Chen L-C, Papandreou G, Kokkinos |, Murphy K, Yuille AL. Deeplab: Semantic image segmentation with deep convo-
lutional nets, atrous convolution, and fully connected crfs. IEEE Trans Pattern Anal Mach Intell. 2017;40(4):834-48.
Tustison NJ, Avants BB, Cook PA, Zheng Y, Egan A, Yushkevich PA, Gee JC. N4ITK: improved N3 bias correction. IEEE
Trans Med Imaging. 2010;29:1310-20.

Raghu M, Poole B, Kleinberg J, Ganguli S, Sohl-Dickstein J. On the expressive power of deep neural networks. In:
Proceedings of the 34th international conference on machine learning. 2016.

Kingma D, Science JBJC. Adam: a method for stochastic optimization. 2014.

Isensee F, Jager PF, Full PM, Vollmuth P, Maier-Hein KH. nnU-Net for brain tumor segmentation. In: Brainlesion:
Glioma, multiple sclerosis, stroke and traumatic brain injuries: 6th international workshop, BrainLes 2020, held in
conjunction with MICCAI 2020, Lima, Peru, October 4, 2020, revised selected papers, Part Il. Springer; 2021, pp. 118.
Bakas S, Akbari H, Sotiras A, Bilello M, Rozycki M, Kirby JS, Freymann JB, Farahani K, Davatzikos C. Advancing the
cancer genome atlas glioma MRI collections with expert segmentation labels and radiomic features. Sci Data.
2017;4(1):170117.



Wang et al. BMC Bioinformatics (2021) 22:636 Page 17 of 17

35.

36.

37.

38.

Bakas S, Reyes M, Jakab A, Bauer S, Rempfler M, Crimi A. Identifying the best machine learning algorithms for brain
tumor segmentation, progression assessment, and overall survival prediction in the BRATS challenge. 2018.

Bakas S, Akbari H, Sotiras A, Bilello M, Davatzikos C: Segmentation labels and radiomic features for the pre-operative
scans of the TCGA-GBM collection. In: The cancer imaging archive. 2017.

Kao P-Y,Ngo T, Zhang A, Chen JW, Manjunath B. Brain tumor segmentation and tractographic feature extraction
from structural MR images for overall survival prediction. In: International MICCAI brainlesion workshop. Springer;
2018, pp. 128-141.

Wang YX, Zhang Y, Liu Y, Lin ZH, Tian J, Zhong C, Shi ZC, Fan JP, He ZQ. ACN: adversarial co-training network for
brain tumor segmentation with missing modalities. In: International conference on medical image computing and
computer assisted intervention (MICCAI): Sep 27-Oct 01 2021; Electr Network; 2021, pp. 410-420.

Publisher’s Note

Springer Nature remains neutral with regard to jurisdictional claims in published maps and institutional affiliations.

Ready to submit your research? Choose BMC and benefit from:

fast, convenient online submission

thorough peer review by experienced researchers in your field

rapid publication on acceptance

support for research data, including large and complex data types

gold Open Access which fosters wider collaboration and increased citations

maximum visibility for your research: over 100M website views per year

At BMC, research is always in progress.

Learn more biomedcentral.com/submissions . BMC




	A lightweight hierarchical convolution network for brain tumor segmentation
	Abstract 
	Background: 
	Results: 
	Conclusion: 

	Background
	Methods
	Preprocessing
	3D Res2Net module
	3D RHC module
	LHC-Net
	Complexity analysis
	Inference and post-processing
	Experiment settings
	Evaluation metrics and loss function

	Results
	Datasets
	Comparison of LHC-Net with different hyper-parameters
	Ablation of LHC-Net
	Comparison with 3D U-Net and classic improved 3D U-Net
	Comparison with the state-of-the-art methods

	Discussion
	Conclusion
	Acknowledgements
	References


