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Abstract

Objectives: The accurate preoperative segmentation of the uterus and uterine
fibroids from magnetic resonance images (MRI) is an essential step for diagno-
sis and real-time ultrasound guidance during high-intensity focused ultrasound
(HIFU) surgery. Conventional supervised methods are effective techniques for
image segmentation. Recently, semi-supervised segmentation approaches have
been reported in the literature. One popular technique for semi-supervised
methods is to use pseudo-labels to artificially annotate unlabeled data. How-
ever, many existing pseudo-label generations rely on a fixed threshold used to
generate a confidence map, regardless of the proportion of unlabeled and labeled
data.

Materials and Methods: To address this issue, we propose a novel semi-supervised
framework called Confidence-based Threshold Adaptation Network (CTANet)
to improve the quality of pseudo-labels. Specifically, we propose an online
pseudo-labels method to automatically adjust the threshold, producing high-
confident unlabeled annotations and boosting segmentation accuracy. To fur-
ther improve the network’s generalization to fit the diversity of different patients,
we design a novel mixup strategy by regularizing the network on each layer in
the decoder part and introducing a consistency regularization loss between the
outputs of two sub-networks in CTANet.

Results: We compare our method with several state-of-the-art semi-supervised
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segmentation methods on the same uterine fibroids dataset containing 297 pa-
tients. The performance is evaluated by the Dice similarity coefficient, the
precision, and the recall. The results show that our method outperforms other
semi-supervised learning methods. Moreover, for the same training set, our
method approaches the segmentation performance of a fully supervised U-Net
(100% annotated data) but using 4 times less annotated data (25% annotated
data, 75% unannotated data).

Conclusion: Experimental results are provided to illustrate the effectiveness of
the proposed semi-supervised approach. The proposed method can contribute
to multi-class segmentation of uterine regions from MRI for HIFU treatment.

Keywords: HIFU therapy, semi-supervised segmentation,
threshold-adaptation, uterine fibroids

1. Introduction

Uterine fibroids are common benign clonal neoplasms of the uterus and are
clinically apparent in 20-40% of child-bearing women [I]. They may cause per-
sistent menstrual bleeding and iron deficiency anemia [2]. Surgical therapy has
been the primary treatment for uterine fibroids, and hysterectomy eliminates
symptoms and reduces the risk of recurrence [3]. However, patients with uter-
ine fibroids-related infertility who strictly refuse surgical treatment or who have
very high or unacceptable surgical risks can only try other surgical options.

High-intensity focused ultrasound (HIFU) is a high-precision medical proce-
dure for local heating and ablation of diseased tissue and has been widely used
to treat uterine fibroids. Compared to other surgical therapies, HIFU has the
advantages of being non-invasive and having a low number of registered com-
plications. HIFU can be considered as a promising treatment option for women
who wish to conceive a child [4].

HIFU can be guided either by MRI (Magnetic resonance-guided HIFU -
MRgHIFU) or ultrasound (Ultrasound-guided HIFU - USgHIFU). The clinical
use of MRgHIFU is limited due to the need for a dedicated MR device to guide
the treatment and the duration of the procedure [5]. In this paper, we explore
USgHIFU, which provides real-time performance, but the low resolution of the
ultrasound itself may make the surgery less accurate. Therefore, the segmen-
tation of the uterine regions from preoperative MR is crucial to determine the
exact position of the targeted fibroid and the adjacent organs in order to guide
the HIFU procedure. In uterus region segmentation from MR images, the doc-
tors need to manually annotate, slice by slice, the contours of the uterus, uterine
fibroids, and organs at risk (OAR) such as the spine. Therefore, automatic seg-
mentation of uterine regions could therefore free physicians from this tedious
and time-consuming work.

Recently, deep learning (DL) has made tremendous progress in medical im-
age segmentation, such as U-Net [6] and V-Net [7]. These fully-supervised learn-
ing (FSL)-based methods can handle the medical image segmentation tasks.
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However, the accuracy and robustness of the DL methods rely on a large number
of learning data annotated by experts. Acquiring good and accurate annotations
requires laborious work, and inter-expert delineation results vary.

Unlike the above FSL methods, semi-supervised learning (SSL) can take ad-
vantage of large numbers of unlabeled data to improve network performance
when labeled data is insufficient. One popular SSL approach is to adopt con-
sistency learning, which regularizes the network to be consistent with the pre-
dictions of perturbation [§]. Another common way for SSL is pseudo-labeling
by producing an artificial label for unlabeled images. Specifically, a pre-trained
model is first used on a small number of labeled data. Then, the unlabeled data
are fed to the model, and the class with the maximum predicted probability
is selected and called pseudo-label. After that, the labeled data are co-trained
with the pseudo-labeled data. The above procedures are repeated to make the
model more efficient. The effectiveness of this mechanism is similar to that of
entropy regularization. This pseudo-labeling method can combine almost all
neural network models and training methods. However, it has been shown that
the use of Denoising Auto-Encoder and Dropout gave very good results [9].

Because of the lack of annotated data, some data augmentation methods
have been considered in SSL. One simple and effective method is Mixup [10],
which can improve the generalization and robustness of the model by mixing the
data pairs. This strategy can also be interpreted as an empirical risk minimiza-
tion on data modified with random perturbations [I1]. Based on the Mixup,
CutMix [12], and Mixmatch [13] were developed to further improve the perfor-
mance of the SSL.

However, the quality of pseudo-labels will affect the optimization of the
model when it is updated. In the existing methods, the generation of pseudo-
labels relies on time-consuming artificial offline selection, usually based on ex-
perience or after experiments on a small validation set. Then a threshold is set
to generate a credible confidence map. This threshold is usually determined on
an ad-hoc basis and is not generalizable. We believe that an adaptive thresh-
old strategy needs to be developed for an automatic adaptation to different
semi-supervised data distributions. This should improve the generalization and
robustness of the semi-supervised methods. In addition, we also plan to extend
the regularization in the Mixup to adapt the framework to more complex semi-
supervised medical image segmentation tasks. To this end, we propose a novel
approach named Confidence-based Threshold Adaptation Network (CTANet).
The contributions of our method are as follows:

e CTANet introduces a novel online threshold-adaptation strategy to gen-
erate high-confidence maps for pseudo-labels, improving the model per-
formance even under different ratios of annotated to unannotated data
numbers.

e CTANet adopts an augmentation method named Hidden Mixup inspired
by Mixup to improve the generalization under different patient data dis-
tribution.
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e CTANet contains two networks in which consistency regularization and
dropout are used to address the overfitting issue.

o To the best of our knowledge, CTANet is the first network that investigates
the problem of semi-supervised learning for uterine regions segmentation
for HIFU surgery.

e Experiments conducted on a uterus dataset indicate that CTANet is bet-
ter than state-of-the-art (SOTA) semi-supervised methods and has the
potential to generalize well to other segmentation tasks.

2. Related work

2.1. Segmentation Methods of Uterus and Uterine fibroids

Some conventional methods for uterus and uterine fibroids segmentation
have been reported in the literature. Methods based on level sets [I4 [T5] usually
rely on user feedback and intervention. Fuzzy C-Means [16, [I7] and Region-
growing [I8|[19] based methods suffer from the well-known problem of sensitivity
to noise. Also, these methods are not efficient on large-scale datasets and are
limited by their computational time and power requirements.

Recently, with the development of deep learning, some CNN-based auto-
matic segmentation methods have been applied to the uterine fibroid segmen-
tation task. Kurata et al. [20] used an optimized U-Net to segment the uterus
on T2-weighted MR images. Zhang et al. [2I] proposed a large kernel Encoder-
Decoder Network based on a 2D segmentation model named HIFUNet to seg-
ment all uterine regions from MR images. Ning et al. [22] developed a multistage
segmentation network to segment the fibroids. In the first stage, a classification
network is used to select the slices with existing fibroids. Then, the processed
images are fed into the second stage to remove the unrelated regions in prepara-
tion for the final fibroids segmentation in the third stage. Behboodi et al. [23]
combined 2D U-Net and MobileNet-v2 [24] to make the first fully-automatic
segmentation try in ultrasound uterus images. Generally, these methods rely
on very large amounts of annotated data to perform segmentation.

2.2. Semi-supervised Learning

The emergence of SSL avoids the dependence on large amounts of labeled
data as in traditional FSL neural networks. Therefore, the SSL approach is
closer to the real-world application. The main idea is to improve the model
performance by training it on the available labeled data and then using un-
labeled data as constraints. The algorithms can be divided into 4 categories:
graph-based, Generative Adversarial Networks(GAN)-based, self or co-training,
and consistency training methods.

Graph-based methods: The advantage of graphs is that they are convex, scalable,
and efficient for modeling relationships between different entities [25]. Kipf et
al. [26] presented an approach to use graph topology and node side information
for semi-supervised classification. Wang et al. [27] proposed the mixed-order
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graph convolutional networks (MOGCN) to improve the performance of semi-
supervised node classification by employing a novel ensemble module.
Generative Adversarial Networks (GAN)-based methods: Berthelot et al. pro-
posed GAN [13] to learn deep representations and capture statistical distribu-
tion by playing two neural networks (a Generative network and an Adversarial
network) against each other. GAN-based SSL methods can generate a perfect
discriminator by learning imperfect generators on labeled and unlabeled data.
Sricharan et al. [28] proposed the semi-supervised GAN (SS-GAN) to condi-
tionally generate data-given attributes by using a pair of stacked discrimina-
tors. Hung et al. [29] applied adversarial learning for semi-supervised semantic
segmentation by combining two semi-supervised loss terms to leverage the un-
labeled data.
Self-training or co-training: Self-training or co-training is a proxy label method
that produces proxy labels on unlabeled data without supervision. Self-training
methods use labeled data to pre-train a model and then predict pseudo-labels to
unlabeled data. Yalniz et al. [30] trained a teacher-student model to exploit the
large-scale unlabeled data and gained a 4.8% accuracy improvement compared
to ResNet-50. Similarly, Xie et al. [31] designed a simple and efficient teacher-
student model based on EfficientNet to improve ImageNet classification. Chen
et al. [32] considered the global shape constraint in anatomical landmarks and
proposed a model-agnostic shape-regulated self-training framework.
Co-training was originally proposed to describe a model where a set of un-
labeled data is used to augment a smaller set of labeled data [33]. Inspired
by this idea, Qiao et al. [34] extended co-training to deep co-training for
semi-supervised image recognition. Especially, adversarial examples are used
in different views to prevent a model from collapsing. Peng et al. [35] applied
co-training to the image segmentation problem, and experiments conducted on
three public medical image datasets showed the robustness and generalization
of their method. They also added the adversarial learning technique to enforce
diversity in the ensemble models.
Consistency training: Consistency regularization can obtain similar output re-
sults for the same input with different data enhancements or networks. II-Model
and temporal ensembling [8] are typical implementations of consistency regu-
larization. However, temporal ensembling has its limitations for large datasets
because each target is updated once per epoch. Tarvainen et al. [36] over-
come the problem by averaging the model weights instead of the predictions.
The method is called Mean Teacher, which includes two networks: the teacher
network and the student network. The two networks have the same structure
but are updated in different ways. The student network updates parameters by
back-propagating gradient descent and the teacher network updating parame-
ters by exponential moving average (EMA) of the student network parameters.
Compared with the temporal ensembling, Mean Teacher can update the moving
average of the network parameters once per backpropagation, which is more ef-
ficient. Ouali et al. [37] proposed a cross-consistency training (CCT) network,
where an invariance of the predictions is enforced over different perturbations
applied to the outputs of the encoder. In addition, adopting adversarial learn-
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ing can enforce the distributions of segmentation of unannotated images to be
similar to those of the annotated images.

2.3. Semi-supervised Learning for Medical Image Segmentation

Semi-supervised learning approaches have been widely applied to medical
image segmentation tasks. Nie et al. [38] employed an adversarial network
named ASDNet to produce high-confidence unannotated data to train the seg-
mentation network. Li et al. [39] used transformation consistency learning to
do the semi-supervised skin lesion segmentation and got a new record in the
ISIC2017 skin lesion segmentation challenge. Bai et al. [40] proposed an SSL
framework in which the pseudo labels of the unlabeled data were obtained by
non-rigid image registration in the cardiac cycle. This method was evaluated
on a short-axis cardiac MR image dataset and obtained average Dice values of
0.92, 0.85, and 0.89 for the left ventricular (LV) cavity, LV myocardium, and
right ventricular (RV) cavity, respectively. Similarly, Ito et al. [4I] also used
the registration-based SSL method to achieve the brain tissue segmentation and
evaluated it on human and marmoset brain image datasets to show the effec-
tiveness of the method.

Compared to existing semi-supervised learning methods, our work differs in
the following aspects: (1) It is the first effective work to segment uterine regions
using semi-supervised methods. Thus, we address a segmentation challenge
due to the ambiguous boundaries of uterine fibroids and the fact that they are
highly variable in size and shape. Therefore, we design a novel Mixup strategy
in hidden layers to maintain the robustness of the model against perturbations
brought by the ”noisy” background regions or unreliable pseudo labels. In
addition, the feature space of different layers is ”smoothed” to improve the
model’s generalization and extract more multi-scale features. (2) A confidence-
based adaptive thresholding module is proposed for the multi-class segmentation
problem in the uterine region. The existing segmentation algorithms adopt
time-consuming ad-hoc threshold selection (or empirically set it to 0.5) in the
pseudo-label generation. This fixed threshold ignores the differences among
patients and segmented targets. Our method can automatically and adaptively
perform pixel-level weighting, resulting in more attention to regions with high
weights. In addition, the module prompts the model to learn features ranging
from easy (spine) to challenging (uterine fibroids).

3. Methodology

In this paper, we aim to take advantage of unannotated data by optimizing
the generation of pseudo-labels and improving the generalization capability of
the model. In this section, we first introduce the main structure of CTANet,
then describe the adopted confidence-based threshold adaptation strategy, and
finally, we describe four essential components of the framework: Confidence-
based threshold adaption module, Hidden Mixup augmentation, consistency
regularization and dropout.
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Figure 1: The framework of the proposed CTANet. It consists of a Pretrained Segmentation
Network (PSN) and a Fine Segmentation Network (FSN).

8.1. Overview of CTANet

The training pipeline: The proposed CTANet is shown in Fig. which
consists of a Pre-trained Segmentation Network (PSN) and a Fine Segmenta-
tion Network (FSN). We use the simple and efficient CNN model U-Net as the
backbone. These two base networks are both trained from scratch. Note that
for the cascade between the two networks, we modify the output of the PSN.
The output of PSN consists of the probability values of the four channels (One
per class: background, uterus, fibroid, and spine). And each of these probabil-
ity maps is multiplied using a dot-product by the input raw image so that each
channel has only the region of interest for the current category. We now delve
into the details.

We first train the PSN on labeled data ! supervﬁe_d\ by the cross-entropy

loss L..1 between the predicted outputs of PSN mask:iDSN and the ground-
truth annotated by experts maskLp. In the second stage, FSN is also trained
on the labeled data x! supervised by the cross-entropy loss L..2 between the

predicted outputs of FSN mask%s N and masleT. Similarly, for the unlabeled

image z*, we use maskpg, and ﬁS\N to define the outputs of two networks.

Specifically, maské; gn and ma/sl-cES n» Which are four-channel probability maps,

—

are respectively associated by a dot product with z!, 2% to generate yégs N and

gs\N- In the second stage, ﬁS\N is produced by feeding ﬁS\N into the FSN.
The pseudo-labels for z* generated by FSN are used to optimize PSN by the
weighted cross-entropy loss L... However, pseudo-labels with low confidence
must be discarded from the optimization process. For this, usually a confidence
threshold T is set. The network is trained only if prediction confidence is over
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T. In most of the paper, this threshold is fixed at the start. In our case,
the threshold T is designed on the loss function in Lyp,., which continuously
optimizes the estimated global threshold as training proceeds, thus continually
improving the quality of the pseudo-label.

The two networks carry out cooperative training and constantly update un-
der four losses: the Hidden Mixup loss Ly,,, the weighted cross-entropy loss
Lyce, the threshold loss Ly, and consistency regularization loss Leoy,. Specifi-
cally, Lp., is used to improve the generalization performance of the model, Ly ce
and Ly, are related to the loss of unlabeled data to achieve the automatic online
generation of high-confidence pseudo-labels and L., helps the two networks to
produce similar reference results. These losses will be detailed later on.

The inference pipeline: The bottom part of Fig. shows the inference
process. Simply, a new input image to be segmented is fed into the previously
trained FSN to obtain the inference result.

3.2. Confidence-based Threshold Adaptation

In the pseudo-label generation, the previous methods rely on grid search or
experience, which are very time-consuming and have limitations in the multi-
class medical image segmentation tasks. Inspired by [42], which was the first
attempt of an online weighted pseudo-label in unsupervised domain adaptation
(UDA), we introduce an adaptive method as an alternative to the manual grid
search method to obtain the threshold 7. Specifically, for each FSN output
pixel, if it is lower than T', we set the weight of this pixel as 0. On the contrary,
if the pixel output of FSN is higher than T, the weight of this pixel will be
calculated by:

max p/“—\ -T . /u\
w— % if max (pFSN) >T (1)
0 otherwise

—_—
where max(plgy) refers to the maximum confidence value for each pixel

—

Phgn in Yien andw represents the pixel-wise weights of the pseudo-labels. No-
tice that % is actually a feature map containing multiple channels, where
each channel represents a segmentation category. In this way, the pixels with
higher confidence can be used to calculate the loss, while a lower ones will be
discarded. By using pixel-by-pixel weighting, the network can pay more atten-
tion to pixels with correct predictions in pseudo-labels, and reduce the negative
impact of pixels with inaccurate predictions. The loss function of unlabeled
data, namely L,,, is defined by:

Lu - Lwce + Lthr (2)

where Ly, is the weighted cross-entropy loss function, and Ly, is the adaptive
threshold loss function. They are given by:
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Lipy = log?(1 = T) (4)

Here N is the number of pixels in one image and py,.,, ; represents each pixel in
one pseudo-label generated by the FSN. [ is the number of channels. For the
initialization of T', in the early training process, we first chose a threshold value
that is high enough to quickly get a good result for easy-to-segment targets.
As the training process proceeds, the threshold value is gradually reduced so
that high weights are learned for the hard-to-segment pixels. Considering the
training efficiency, we set the initial value of T" to 0.8, which provides acceptable
results.

3.3. Hidden Mizup

Mixup [I0] aims to improve the network generalization by a linear com-
bination of paired input data and their labels. Recently, [43] extended this
regularization strategy to both the input space and latent space to regularize
different parts of the network. Considering the semi-supervised multi-category
image segmentation task, we should use limited labels to generate more data to
avoid over-fitting and achieve generalization over different patients.

Hidden Mixup in FSN achieves this goal by regularizing the output of each
layer in the decoder part. The Hidden Mixup loss (Fig.) is computed in
the hidden layers of FSN. For tﬁz\encoder input in FSN, we first generate a

multiple-channel attention map yb ¢, by multiplying the labeled image z! with
its predicted result of PSN defined as maskl, gn» then the unlabeled image gets

its corresponding attention map %' After that, we linearly mix the two
attention maps as follows:

A ~ Beta(a, a) (5)

A =max(\,1—)\) (6)
Y= Ny + (1= N) Ups (™)
2™ = N (1= N\ 2 (8)

where Beta is a Beta distribution with « its positive shape parameter. « is
considered as a hyperparameter in this work. In (§), 2! is #! multiplied by

U

maskLy and 2" is x* multiplied by maskll..,,. y™* and 2™ are respectively
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Figure 2: The illustration of the Hidden Mixup loss (Lp,,) and cross-entropy loss in the
CTANet.

sent into the FSN, and their outputs at each layer k of the decoder are marked
as two sets H = {f{k} and H = {hy} where 1 < k < K. K is the depth of FSN.

Here we set K to 3.
Cross entropy loss function is used for computing Hidden Mixup:

Lo =~ i log () (9)
k=1

3.4. Consistency Regularization and Dropout

Due to the existence of pseudo-labels, some noise will inevitably be intro-
duced. Therefore, regularization plays an important role in our task. The
purpose of consistency regularization is to ensure that the sample and the ex-
tended version of its network prediction have the same conceptual meaning as
possible in the problem.

The dropout layer is another technique to prevent our model from over-
fitting. It randomly drops neurons from the network during training. The
consistency regularization loss is defined as:

Leon =0.5"Drr (ypsnl[Ursn) + 0.5*Dir, (Yrsn [ypsn) (10)

where ypsy and yrsy represent the prediction outputs of PSN and FSN for
both labeled and unlabeled data, respectively.

3.5. Loss function

The training of CTA-Net is divided into three steps: 1) the PSN is trained
with a limited proportion of labeled data; 2) then the parameters are shared
to the FSN; 3) the whole network is trained with all training data, including
labeled and unlabeled data. The loss function is as follows:

L= Ll + Lu + Lhm + Lcon (11)

10
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where the Ly, Lpm, Leon were introduced in sections[3.2] [3.3]and [3.4] respectively.
L; is the loss function of the labeled data and is composed of two standard cross-

entropy loss functions (Fig.(2)):
Ly = 0.5% (Leer + Leea) (12)

Here Lge; is computed between the PSN for the output of the labeled image

maskfpSN and its ground-truth maskﬂ;SN, and Lo is computed using the FSN
for the output of the labeled image y5 ¢y and maskbg,. Under the supervision
of the labeled loss function, both PSN and FSN can improve the predicted
segmented regions.

4. Experimental configurations

4.1. Data Description

The HIFU dataset was collected at the State Key Laboratory of Ultra-
sound in Medicine and Engineering (Chongging Medical University, Chongging,
China). Sagittal T2-weighted images were performed using a 3.0-T MRI system
(Signa HD, GE Healthcare, Milwaukee, WI, USA). The standardized param-
eters of the T2WI sequence were as follows: repetition time (TR) 3030 ms,
echo/time (TE) 107.5 ms, slice thickness 6 mm, slice gap 1 mm. The median
age of the patients was 40.8 years.

The MR dataset is a uterine fibroids dataset containing 297 labeled 3D fat-
suppressed T2-weighted MRI scans with the uterus, uterine fibroids, and spine.
Each MR volume consists of 25 slices of 304x304 pixels. We split them into
260 scans for training and the remaining 37 scans for testing. The ground-truth
was manually annotated and confirmed by two radiologists through a proper
annotation process to ensure the consensus agreement of the annotation.

The ethics committee approved the study at Chongging Medical University.
The patients signed an informed consent form before each procedure.

4.2. Experimental Setup and details

The framework is implemented using Pytorch and trained by the Adam
optimizer. In the training data, the segmentation models of PSN and FSN are
called M1, M2, respectively. Firstly, M1 is pre-trained with labeled data for 50
epochs, and the model parameters are saved. We then import the pre-trained
model parameters and train M1 and M2 with both labeled and unlabeled data
for 50 epochs. The training set is further divided into training and validation sets
in an 8:2 ratio. For example, if 10% of the training data is used as labeled data,
we use data from 26 patients for training (21 patients as the training set and
5 patients as the validation set). The data division is randomized and different
slices of the same patient do not appear in both the training or validation sets.
All the models are trained with an initial learning rate of 0.001, which decays
by 0.5 after every 10 epochs. The best model is saved based on the validation
accuracy, and then the best weights are saved to infer the test data. The Mixing

11
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parameter « for the datasets is set to 1.0. The batch size is 4. The computation
was performed on an RTX 2080Ti GPU.

The data and hyperparameters are fixed during the comparison experiments
and ablation experiments.

4.3. Evaluation Criteria

To evaluate the performance of the segmentation, we employed some of the
most commonly used metrics such as the Dice similarity coefficient (Dice or
DSC), precision (PR), and recall (RE).

4.4. Comparison with Other Deep Learning Methods

We compared our CTANet with four SOTA semi-supervised learning ap-
proaches, including ASDNet [38], Latent Mixup [43], and Cross-Consistency
Training (CCT) [37], this for 3 different labeled /unlabeled data ratios. Besides,
we added two fully-supervised methods: the classical Vanilla U-Net [6] and HI-
FUNet [2I] with the whole set of labeled data as the performance reference. All
the experiments were conducted in a fair way with the same training, test data,
and network hyperparameters.

For quantitative comparison, Table (1) shows the Dice, PR, and RE indices
obtained on the HIFU dataset by the different methods. In order to test the
impact of the ratio of labeled/unlabeled data on the results of the methods,
we used respectively 10%, 25%, and 40% of the training data as labeled data
(26, 65, and 104 patients) and the remainder as unlabeled data. As can be
seen in this table, our method is better than other semi-supervised learning
methods, and this is for all ratios of labeled/unlabeled data. This trend is
also more pronounced for low ratios of labeled/unlabeled data. As expected,
the segmentation performance is improved when the number of labeled data
increases. However, it should be noted that our method still shows segmentation
performance close to that of a fully supervised U-Net (100% of the labeled data)
even when the number of labeled datasets is only 65 scans (25% of the labeled
data)lﬂ If we now look at the segmentation performance on an organ by organ
basis, we can see that the spine has the highest segmentation accuracy due
to the large contrast difference between the spine and the surrounding organs,
which makes segmentation less difficult. As we suspected, the performance is
lower for organs with a smaller contract and/or greater variability in shape.

Fig. compares the segmentation results on two different slices (one with
one fibroid -bottom- and one with multiple fibroids -top-) by using the differ-
ent SOTA methods at different labeled /unlabeled ratios to the corresponding
ground-truth. On these images, we can make several qualitative observations
on the behavior of the different methods:

IThese same observations were also confirmed in a comparative study of our method per-
formed on multicentric cardiac data (different machines, sequences and operators). The results
of this study (see supplementary material) show the robustness and adaptability of our method
whatever the data.
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Figure 3: Segmentation results of 2 slices obtained by different SOTA methods with 3 different
percentages of labeled data (10%, 25%, and 40%) and the corresponding ground-truth. From
left to right are the (a) raw image, (b) results of U-Net, (¢) CCT, (d) ASDNet, (e) Latent
Mixup, (f) our CTANet and, (g) the ground-truth. Blue represents the uterus, pink the
fibroids and yellow the spine.

1) The spine is segmented with higher accuracy than the uterus and the fibroid.
This is due to the more fixed size and shape of the spine, and the more obvious
difference in contrast with the surrounding tissues on the MRI image.

2) The case of multiple fibroids is much more complex than that of single fi-
broids. One explanation could be that in cases of multiple fibroids, the contrast
and size of the fibroids are sometimes not the same. As shown in the case of
multiple-fibroids at the top of Fig., the two fibroids have different intensities,
and it is easy to confuse them with the surrounding tissues whose contrast is
similar to those of the fibroids.

3) As the ratio of annotated data increases, it does not always improve the
segmentation results. For example, on the case of multiple-fibroids(the top of
Fig.), we can see that from 10% to 25%, the segmentation result of each
method is improved significantly. However, from 25% to 40%, the performance
of all the methods decreases except U-Net (b) and CCT(c). However, in the
single-fibroid case (bottom of Fig.(3)), from 10% to 40%, the segmentation re-
sults of all methods are significantly improved.

4) Some of the methods show relatively poor results. For example, the CCT
(c) method shows jagged boundaries. On the other hand, our method shows a
segmentation behavior relatively consistent with the ground truth.
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Table 2: Dice(%) of the proposed Confidence-Based Threshold Adaptation module on a 25%
labeled dataset (best results are indicated in bold)

Threshold Uterus Fibroid Spine Average
0.1 69.57 69.78 82.61 73.99
0.2 68.29 68.88 83.07 73.41
0.3 71.56 73.17 84.54 76.42
0.4 71.36 74.42 83.37 76.38
0.5 70.61 69.63 82.41 74.22
0.6 69.78 70.60 82.87 74.42
0.7 68.60 69.13 81.50 73.08
0.8 70.38 67.90 77.58 71.95

Adaptive 74.72 73.51 84.61 77.61

4.5. Ablation Studies

We also conducted a series of ablation studies to justify the effectiveness of
the proposed approach.

First, we analyzed the confidence-based threshold adaptation under 25%
training data of the HIFU dataset. We compared our automatic adaptive thresh-
old strategy with different offline fixed threshold settings, ranging from 0.1 to
0.8. The results in Table show that some of the fixed thresholds can give a
good segmentation performance for one specific organ. For example, 0.4 is the
best threshold for fibroid segmentation, while a threshold of 0.3 shows better
performance for uterus and spine segmentation. However, our method achieves
the best average performance and the best performance for almost all the target
organs.

Fig. shows the adaptation of the threshold value during the training pro-
cess. It can be seen that the threshold gradually converges from 0.80 to about
0.25, and there is a sharp to slow decrease during the training process. This
finding indicates that more training rounds are needed when the network learns
difficult segmentation regions.

We also wanted to estimate the impact of our several improvements on the
segmentation results. Table (3]) presents the ablation study of our CTANet with
the several components or variants introduced in Section All these experi-
ments were performed using the same dataset with a 25%/75% labeled /unlabeled
ratio. First, we compared the classic Vanilla U-Net (Netl) with our PSN-FSN
architecture based on 2 U-Nets but without any other improvements (Net2).
The 2 U-Nets slightly improved the results. Next, we added the CTA (Confidence-
based Threshold Adaptation) to the architecture (Net3). CTA brought steady
improvements in the segmentation of the uterus and fibroids. On this basis,
we then compared the original Mixup (Net4) with our HMP (Hidden MixUp,
Net5) and found that our HMP improved the segmentation accuracy by more
than 1% on each of the three targets. Finally, the full solution (Net6) with RAD
(consistency Regularization and Dropout) added to the system gave the best
results. This table shows that each component plays an important role in our
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Figure 4: CTANet threshold adaptation during the training process (from 0.8 to 0.25).

semi-supervised scheme. Moreover, each of these components is independent of
the other and can be applied to other semi-supervised learning networks. In the
last column, we also report the computation time corresponding to each network
to process a slice of the test data. We find that the additional computation time
brought by each new component is acceptable.

Fig.(??) shows the segmentation results for 3 different images obtained after
adding several components or variants, ¢.e., with the networks Netl to Net6
(Fig.(??). (b)-(g)). Visually comparing (b) and (c), we can see that the seg-
mentation accuracy is improved for all three segmentation targets when we add
the semi-supervised mechanism. Looking at (d), we see that although the adap-
tive threshold may have a negative impact on the segmentation of the spine.
It allows to solve the "hole” problem that occurs in the segmentation. When
comparing (e) and (f), we can see that HMP can further refine the segmentation
of the uterus and improve the boundary segmentation problem compared to the
traditional Mixup. One explanation could be the data augmentation at each
scale of the feature map, especially for the continuous segmentation of the spine
or, more obviously, the refinement of the cervical part of the uterus. Finally,
using the strategy of incorporating regularization (g), the generalization and
robustness of the model are further improved, which allows to enhance of the
details of the segmentation targets to reduce the false segmentation caused by
the noise in the pseudo-labels, and to make the morphology of the segmentation
targets (smoothness of the fibroid, integrity of the uterine shape, and continuity
of the spine) more consistent with the real situation.
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5. Discussion and Conclusion

By setting pixel-level weights (see ), a higher-confidence pixel corresponds
to higher weights. In this way, the network focuses more attention on regions
with high weights, thus improving the quality of the training data. Second, the
thresholds are determined using an adaptive approach, which can alleviate the
problem of time-consuming manual grid search. The threshold value gradually
converges from the initial set value of 0.8 to 0.25. In the early epochs, the
network focuses on pixels with higher confidence, corresponding to the easy-to-
learn areas in an image. During the learning progression, the threshold gradually
decreases, and the network starts to focus on some areas with lower confidence,
which correspond to the hard-to-learn areas. The network gradually learns the
features of the images by the threshold adaptive method from easy to difficult.

The introduction of the Hidden Mixup improves the generalizability of the
model and effectively avoids over-fitting the data. The core of the strategy is
to add complexity control to the space that is not covered by the training data.
Our strategy performs linear interpolation using the data points generated in the
encoding-decoding structure. This data augmentation model allows the neural
network to learn a simple linear interpolation function in the ”blank region”,
thus reducing the complexity of the uncovered space. The input of FSN is the
product of the original image and the four-channel feature. We consider making
the network pay more attention to the region of interest by adding soft attention
to each channel, reducing the effect of irrelevant regions on the segmentation
results.

By introducing the consistency regularization loss, the intermediate rep-
resentation of the same data in two networks tends to be consistent, which
improves the robustness and generalization of the model.

One possible limitation would be that the model is biased toward the domi-
nant class. The model is trained based on labeled data distribution at the early
training stage. Thus, a biased distribution of categories for the pretrained la-
beled data may directly affect the quality of pseudo-label generation and may
impact the training results. Second, we used a simple U-Net for feature extrac-
tion, ignoring the difficulties of low tissue contrast around the uterus and fibroids
with varying sizes and shapes, which is insufficient for feature extraction.

In conclusion, we have proposed a novel semi-supervised framework named
Confidence-based Threshold Adaptation Network (CTANet) to improve the
quality of pseudo-labels. The main contribution of our approach is the adap-
tive thresholds learning to automatically generate high-quality pseudo-labels for
semi-supervised learning. This allows us to abandon offline threshold tuning.
We validated our method on data used for HIFU fibroid treatment planning.
This evaluation demonstrated that our segmentation network performed better
than the SOTA semi-supervised learning methods.

The most prominent future work is to improve the quality of pseudo-labels by
designing class-wise thresholds to generate unbiased pseudo-labels. In addition,
we plan to extend our approach to external datasets from different sites. We
will explore how to select and annotate representative data and extract richer
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feature representations from limited data annotation.
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Appendix A. Supplementary material

The folowing is the Supplementary material related to this article.

Complementary test to evaluate the robustness and adaptability of our method

In order to complete the study conducted in section [£.4] on the comparison
with other semi-supervised deep learning methods and to prove the robust-
ness and adaptability of our method, we applied our experimental setting on a
dataset proposed in the Multi-Center, Multi-Vendor & Multi-Disease Cardiac
Image Segmentation Challenge (M&Ms) [1]. The M&Ms dataset is composed of
375 patients and scanned in clinical centers from different countries using four
different MRI platforms of major companies. The images have been segmented
by experienced clinicians from the respective institutions, including contours
for the left (LV) and right ventricles (RV), as well as for the left ventricular
myocardium (MYO). The training set contains 150 annotated images from two
different MRI vendors (75 each) and 25 unannotated images from a third com-
pany. The testing set compromises 200 patients from three mentioned vendors
and one unseen vendor for testing the model generalization. The acquisition
size of each case is different, uniformly cropped to 256 x 256.

We performed the same experimental setting as described in section
and compared our CTANet to U-Net and Latent Mixup with 3 different la-
beled /unlabeled data ratios. We compared the methods in terms of Dice simi-
larity coefficient and Hausdorff Distance between the segmented Left Ventricle
(LV), Myocardium (MYO) and Right Ventricle (RV) and the annotated ones.

Table S [I] shows the quantitative results on the M&Ms dataset. As for the
experiment on the HIFU dataset we used 10%, 25%, and 40% of training data
as labeled data. The trends observed in the HIFU study are also found when
applying the methods to this cardiac data. Our method shows better results
than other methods and achieves the best results when trained with different
amounts of labeled data. Our method overcame the difficulty of this dataset,
which lay in the fact that the data are collected from different equipment and
hospitals, which places higher demands on the robustness and generalizability
of the model. Besides that, we can also notice that the scores obtained by the
different methods are higher on M&Ms dataset than on the HIFU dataset. This
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Table S 1: Quantitative comparisons of semi-supervised segmentation models on the M&M
dataset (best results are indicated in bold)

#Scan used Dice(%) 95HD (voxel)

Method - Ted wnlabeled| IV. MYO RV | LV MYO RV

Latent Mixup |60(40%) 90(60%) | 80.95 76.91 79.18| 2.76 1.35 0.91

Ours 60 90  |86.17 78.58 79.84|0.35 1.08 1.17
U-Net  [38(25%) 112(75%)] 77.04 65.13 69.10| 2.58 4.16 2.6
U-Net+semi | 38 112 |81.49 72.09 74.55|2.06 2.29 2.16
Latent Mixup| 38 112 | 8279 72.61 74.05|1.28 144 1.51
Ours 38 112 |85.57 77.29 79.20|0.98 1.27 1.10

Latent Mixup|15(10%) 135(90%) | 77.55 64.59 56.19 | 7.17 7.11 11.5

Ours 15 135 81.64 71.68 71.24| 2.33 1.47 2.01

proves that the segmentation of fibroids is more challenging than the segmen-
tation of cardiac elements.
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