Ll castroenterology

=%l insights

Article

UPolySeg: A U-Net-Based Polyp Segmentation Network Using
Colonoscopy Images

Subhashree Mohapatra !, Girish Kumar Pati 2, Manohar Mishra 3*

check for
updates

Citation: Mohapatra, S.; Pati, G.K.;
Mishra, M.; Swarnkar, T. UPolySeg:
A U-Net-Based Polyp Segmentation
Network Using Colonoscopy Images.
Gastroenterol. Insights 2022, 13,
264-274. https://doi.org/10.3390/
gastroent13030027

Academic Editors: Chien-Feng Li,
Ching-Chieh Yang, Nai-Jung Chiang
and Toshimi Chiba

Received: 11 May 2022
Accepted: 8 August 2022
Published: 10 August 2022

Publisher’s Note: MDPI stays neutral
with regard to jurisdictional claims in
published maps and institutional affil-

iations.

Copyright: © 2022 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by /
4.0/).

and Tripti Swarnkar 4

Department of Computer Science & Engineering, Siksha O Anusandhan Deemed to Be University,
Bhubaneswar 751030, India

Department of Gastroenterology, Institute of Medical Science and SUM Hospital, Bhubaneswar 751003, India
Department of Electrical and Electronics Engineering, Siksha O Anusandhan Deemed to Be University,
Bhubaneswar 751030, India

Department of Computer Application, Siksha O Anusandhan Deemed to Be University,

Bhubaneswar 751030, India

*  Correspondence: manoharmishra@soa.ac.in

Abstract: Colonoscopy is a gold standard procedure for tracking the lower gastrointestinal region. A
colorectal polyp is one such condition that is detected through colonoscopy. Even though technical
advancements have improved the early detection of colorectal polyps, there is still a high percentage
of misses due to various factors. Polyp segmentation can play a significant role in the detection
of polyps at the early stage and can thus help reduce the severity of the disease. In this work,
the authors implemented several image pre-processing techniques such as coherence transport
and contrast limited adaptive histogram equalization (CLAHE) to handle different challenges in
colonoscopy images. The processed image was then segmented into a polyp and normal pixel
using a U-Net-based deep learning segmentation model named UPolySeg. The main framework
of UPolySeg has an encoder-decoder section with feature concatenation in the same layer as the
encoder—-decoder along with the use of dilated convolution. The model was experimentally verified
using the publicly available Kvasir-SEG dataset, which gives a global accuracy of 96.77%, a dice
coefficient of 96.86%, an IoU of 87.91%, a recall of 95.57%, and a precision of 92.29%. The new
framework for the polyp segmentation implementing UPolySeg improved the performance by 1.93%
compared with prior work.
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1. Introduction
1.1. Motivation and Incitement

Colorectal cancer (CC) is a major concern in the modern era, where it ranks second
in worldwide mortality [1]. It is also the third most common cancer in both genders [2].
Figure 1 shows the cases of colorectal cancer worldwide considering both genders [2].
Polyps are considered an initial sign of colorectal cancer and need to be detected at the early
stage. Colorectal polyps can be categorized into various types such as adenoma, serrated
adenoma polyp, hyperplastic polyp, and inflammatory polyp sessile [3]. Each category has
a different level of risk of developing into CC [4]. Inflammatory and hyperplastic polyps
have the lowest risk of developing into CC, while adenoma and serrated adenoma polyps
have a high risk of developing into CC. Detection at the early stage is a very crucial task that
is carried out by experienced gastroenterologists through colonoscopy [5]. Even though
colonoscopy is very effective, it comes with its own limitations. In many cases, polyps
can be missed by professionals due to technical or professional errors. This can be due
to several factors such as quick scanning through the affected area, polyps not appearing
within the visual field, or the polyp size and texture not being very specific [1]. Sometimes,
neoplastic polyps can be very hard to detect, even by experts. Another limitation is that it is
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a time-consuming process for gastroenterologists and is also a labor-intensive procedure [3].
For these reasons, the cost of the examination is high in high-population countries [3]. In
this regard, a smart system can help practitioners reduce the polyp miss rate and thus
can further reduce the severity of colorectal cancer. To be more specific, implementing an
intelligent segmentation system that can segment the specific polyp region within an image
will definitely increase the effectiveness of detecting polyps.

Cancer Worldwide, both genders, all ages
(Total Cases: 19,292,789)(Source: Globocan 2020)
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Figure 1. Chart showing the incidences of colorectum cancer worldwide.

The main challenge in the case of region-of-interest extraction in polyps is that the
number, size, and shape of polyps vary widely [6]. This can be well visualized in Figure 2 [7].
To handle this, an efficient segmentation network is required to segment each type of
polyp in an image. Another point is that, in the colonoscopy polyp images, there can be
some artifacts such as a green or black patch signifying the placement of the colonoscope
inside the body, specularity (white patch or spots due to reflection of light) [8], as well as
image contrast [9]. This fact motivated the authors to take up the challenge of efficiently
segmenting the polyp region in colonoscopy images by implementing various image-
processing techniques to remove these artifacts and by designing an intelligent deep
learning model based on U-Net [10].

MEEn

Figure 2. Sample of polyp images along with their masks showing the difference in number, shape,

and size of polyps. The first and third images show the original image, while the second and fourth
images show the corresponding ground truths provided in the Kvasir-SEG [7] dataset.

1.2. Prior Work

There are several studies available in the literature that show the automatic segmen-
tation of polyp. These methodologies can be broadly divided into two categories. The
first approach is based on implementing machine learning techniques that use the hand-
crafted feature for segmentation. The second approach is based on using deep learning
techniques for polyp segmentation. Here, a summarized review is presented for previous
work on polyp detection and segmentation. Yao and Summers [11] proposed a fuzzy
c-mean clustering technique for segregating the polyp region using computed tomography
colonography images. The fuzzy c-mean was followed by adaptive deformable models
for polyp segmentation. Sanchez-Gonzalez et al. [12] proposed a system to segment the
polyp by considering features such as the shape, color, region, and curvature of the edges
of the polyps. Yuan et al. [13] proposed automatic detection of polyps using colonoscopy
videos. They considered using sparse autoencoders to extract super-pixel features along
with various saliency techniques to segment polyp areas.
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The authors in [14] designed and implemented two variants of a fully convolution neu-
ral network for Gastrointestinal Image ANAlysis (GIANA) polyp segmentation. Baldeon-
Calisto and Lai-Yuen [15] proposed a multi-objective adaptive residual U-Net for the
segmentation of medical images that can adapt to any new dataset while reducing the
network size. Tomar et al. [16] designed a novel network dual decoder attention network
experimented on the Kvasir-SEG [7] dataset and validated on an unseen dataset. The
network achieved a dice coefficient of 0.7874, a mean intersection of union (mloU) of
0.7010, a recall of 0.7987, and a precision of 0.8577. Zhang et al. [17] proposed a fused
network for segmentation combining transformers and convolutional neural networks
(CNNSs) in a parallel way known as TransFuse as well as a BiFusion module that compe-
tently combines multi-level features from both branches. Zhang et al. [18] proposed an
adaptive context selection-based encoder—-decoder model for polyp segmentation using
the Kvasir-seg and EndoScene datasets. The network comprises different modules such as
local context attention, a global context module, and an adaptive selection module.

The authors in [19] designed a CNN named HarDNet-MSEG for the segmentation of
polyps using five different datasets, one of which was the Kvasir-SEG polyp dataset, and for
this data, the model delivered a mean dice score of 0.904 for 86.7 fps. An encoder-decoder
module-dependent deep neural network framework was proposed by Mahmud et al. [20]
for polyp segmentation using four different datasets. The network was named PolypSegNet
and aims to handle various issues of traditional models. The authors in [6] benchmarked
various state-of-the-art techniques using the Kvasir-SEG dataset on ColonSegNet for polyp
detection, localization, and segmentation. The model achieved a competitive dice coefficient
of 0.8206 and a best average speed of 182.38 frames per second for the segmentation task
using 512 x 512 images. The network was implemented using PyTorch, and the model was
trained using NVIDIA Quadro RTX 6000 hardware. The authors in [6] did not consider any
image pre-processing techniques to enhance the data. As stated earlier, colonoscopy images
can have some issues such as specularity [8], saturation, contrast, and a few others for
which some pre-processing steps can be incorporated. Additionally, the hyperparameters
of the deep network were not tuned in [6].

1.3. Major Contribution

The above-mentioned literature review provides a detailed analysis of related re-
cent approaches proposed for polyp segmentation. The major outcomes, challenges,
and research gaps are clearly highlighted and discussed. In order to deal with the
above-mentioned challenges, this study proposed a new model comprising an image
pre-processing unit for handling image issues and a deep learning-based network for
polyp segmentation.

The main contribution of this work can be stated as follows.

e Animage pre-processing module that pre-processes the input image in three general
steps was designed. In the first step, the image was resized and then a coherent
transport module was used to remove specularity in the image. The final step included
the contrast enhancement module, which used the contrast limited adaptive histogram
equalization (CLAHE) technique to enhance the image.

e A U-Net model (UPolySeg) was designed from scratch by implementing some ad-
vanced modules within the architecture for segmentation of the polyp using the
Kvasir-SEG dataset.

The hyperparameters for the UPolySeg were selected after extensive experimental work.
To justify the effectiveness of the UPolySeg, it was compared with a similar model,
ColonSegNet, which was designed for the segmentation of polyps.

The authors hypothesize that handling the specularity and contrast issue of colonoscopy
images through coherence transport and CLAHE, respectively, will help the segmentation
network segment out each polyp more effectively. Again, improving the U-Net structure
by applying advanced processing parameters and tuning the hyperparameters can help
the network accomplish necessary tasks more accurately.
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2. Materials and Methods

The authors designed a U-Net [10]-based polyp segmentation (UPolySeg) framework
using the publicly available Kvasir-SEG dataset. Details about the dataset and the tech-
niques used in this work are described in this section. The complete framework of the
proposed model is illustrated in Figure 3.
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Figure 3. A complete framework of the proposed model.

2.1. Dataset

There are various datasets available [20], such as CVC-ClinicDB [21], ETIS-Larib [22],
Endoscene [23], CVC-ColonDB [24], and Kvasir-SEG, that consist of different polyp images
along with their ground truths. This study was carried out using the Kvasir-SEG dataset.
The dataset consists of two different folders, one with the polyp images and another
with the corresponding ground truth of the original polyp images. Each of these folders
have 1000 images of the polyps and the ground truth mask images. The dataset also has a
JavaScript Object Notation (JSON) file that consists of bounding boxes for the corresponding
polyp images. The mask of the polyp region of the original polyp images was created
using the Labelbox tool. The margin of polyp regions was manually constructed under the
supervision of an engineer and a medical professional. The final annotation of the polyp
mask was later confirmed by experienced gastroenterologists. Out of these 1000 images,
900 images were used for training and 100 were used for testing.

2.2. Image Pre-Processing

In this work, the dataset used was the publicly available Kvasir-SEG dataset consisting
of colorectal polyp images captured through colonoscopy. In general, the images can be
of different sizes and can have some artifacts or noise, affecting the performance of any
classification or segmentation model. Then, image pre-processing was performed. In the
image pre-processing process, the first step was resizing the image. As each image in the
dataset was of varying sizes, the images were resized to 416 x 416 pixels. This size was
chosen after an experimental analysis was performed; higher dimension images increased
the execution time as well as the memory required. The next two steps are explained in
detail in this section.

2.2.1. Specular Reflection and Patch

To remove the image artifacts, the authors used the inpainting method. One inpaint-
ing technique is the partial differential equation (PDE)-based coherence transport (CT)
technique, which is a pixel-based method. CT is an efficient PDE technique that uses a
first-order PDE, so iterates through each pixel only once [25]. The first step is to find a
binary mask of the image using an image segmenter, where the nonzero pixels in the mask
represent the region to be filled up. CT inpaints the pixels by sequentially traversing the
particular pixels beginning from the boundary and moving towards the interior. The pixels
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are ordered by evaluating the Euclidean distance of the pixel to the image boundary. Each
ordered pixel is inpainted according to Equation (1).

Yoxen<. (p) U (Pj, X)wi (x)
wi(pj) _ xeNS; (pj) ( ] ) , ] =1,2,....,m (1)
ZXEN:,' (pj) u (p]/ JC)

where w; gives the weight value of any given pixel; p; represents ordered pixels to be
inpainted; m signifies the total number of pixels to be inpainted; u ( p;, x) is a non-negative
weight function; and N, €< :(pj) is a space that contains original or previously inpainted
pixels, which is given by Equation (2).

N&i(ps) == {p € Nei(pj) : Ki(p) <Kilpj) if p € ai} 2
where &; contains the pixels outside the inpainting area.

2.2.2. Contrast

To enhance the quality of the colonoscopy images, the contrast limited adaptive
histogram equalization (CLAHE) technique was implemented as it is the most popular
technique used for medical image enhancement [26]. The whole process of CLAHE is
performed in two broad steps. In the first step, the original image is divided into mul-
tiple non-overlapping areas of almost the same size. The individual region is evaluated.
After the histogram is evaluated, each region is redistributed such that the height of the
histogram does not exceed the clip limit. The clip limit is set by the value « and is given
by Equation (3).

w =5 (1 St~ 1) ®)
where « represents the clip limit; RC represents the pixel value in each area; N is the
number of grayscales; 5 represents the clip factor, which ranges from 0 to 100; and Sl is
the maximum allowable slope. In this work, the R and C values are taken to be 8, and the
clip limit is set to 0.002. Figure 4 illustrates a sample image after each pre-processing step.

Figure 4. The first image is the original image from the Kvasir-SEG dataset, the second image is the
image after artifact removal, and the third is the image after contrast enhancement.

2.3. Deep Learning for Image Segmentation

In this work, the UPolySeg model was designed based on the U-Net [10] architecture.
U-Net is a very popular deep learning network specially designed for medical image
segmentation and performs better than other architectures [27]. The detailed deep learning
architecture of UPolySeg is illustrated in Figure 5. The main module is the encoder-decoder
connected in a U-shaped structure. Each encoder—-decoder in the same layer is linked for
feature concatenation. The proposed UPolySeg model has three levels of encoder-decoders.
Each of the encoders in the contracting path consists of a 3 x 3 convolution followed by a
leaky rectified linear unit (LReLU). Each contracting module is followed by a 2 x 2 max
pooling layer for downsampling. Again, each module of the decoder in the expanding path
starts with 2 x 2 transposed convolutions for upsampling. Then, 3 x 3 convolutions are
followed by LReLU with 2 x 2 max pooling. The output of the last decoder module is sent
to 1 x 1 convolution layers. A softmax activation unit is used for evaluating the probability
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of each pixel. Finally, a pixel classification unit with dice loss is used to generate the binary
mask of the image.

[] ] A
Feature Concatenation
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Figure 5. UPolySeg architecture.

As there is a class imbalance in the segmentation task, dice loss helps improve the
condition. In this network, the convolution used is the dilated convolutions with various
dilation factors [28]. Dilated convolutions are used as it does not increase the number of
parameters but expands the area of the receptive field. The dilation factor controls the
area of the receptive field. Again, LReLU, which is an advanced version of ReLU, is used.
LReLU is represented by ¢(y) = max(0.01 *y, y), where y is an input value. The main
significance of LReLU is that it always generates an output value for both negative and
positive input data. Therefore, it helps eliminate dead neurons in the network.

2.4. Performance Indicators

The network was evaluated using various parameters [6], such as global accuracy
(GA), dice coefficient (DC), intersection over union (IoU), recall (R), and precision (P). The
UPolySeg model was trained using different hyper parameters. Here, the global accuracy
represents the proportion of correct predictions. The global accuracy is calculated using
Equation (4). The intersection over union, also known as the Jaccard index, shows the
proportion of overlap between the predicted value and the ground truth mask (represented
in Equation (5)). The dice coefficient is quite similar to the IoU, but it double counts
the intersection, as shown in Equation (6). Precision signifies the purity of a positive
detection compared with the ground truth, whereas recall signifies the completeness of
a positive detection compared with ground truth. Precision and recall can be evaluated
using Equation (7) and Equation (8), respectively. Each of the parameters was evaluated
by taking into account the true-positive (T}), true-negative (T},), false-positive (F,), and
false-negative (F,) rates.

T, +T,
GA = ptn (4)
Ty+ Tu+Fp+ Fy
TP
IoU @)

T, + Fy + Fy
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3. Results

The proposed UPolySeg model was trained on a system with Intel Core 2.60 GHz i7
CPU running Windows 10 with 16 GB RAM, NVIDIA GeForce GTX 1650 GPU. All of the
experiments were performed using MATLAB version 2020.

The hyperparameters were set after performing experimental work in exactly five
different sets of parameters. Table 1 presents the training accuracy (TA) for different
parameter sets. Here, the optimizer used was stochastic gradient descent with momentum
(SGDM), the learning rate (LR) was set to 0.0001, L2regularization (L2reg) was 0.005,
momentum was 0.9, and the network was trained for 50 epochs. As the network was stable
and achieved an accuracy of 97.66% for the training set (Table 1), training was performed
for 50 epochs. The evaluated performance measures were compared with the performance
value of ColonSegNet [6].

Table 1. Training accuracy for different parameter sets.

LR L2reg Momentum Epoch TA
0.0001 - - 20 85.23%
0.0001 - - 40 87.82%
0.0001 0.001 0.5 40 90.87%
0.0001 0.005 0.5 40 93.02%
0.0001 0.005 0.9 50 97.66%

Figure 6 illustrates an overlay of the final segmented image along with the ground
truth image for the best case. Here, the IoU obtained was 0.98, whereas the worst-case IoU
achieved 0.8. Figure 7 illustrates an overlay of the final segmented image along with ground
truth image for the worst case. Table 2 presents the calculated values of the evaluation
parameters for UPolySeg compared with ColonSegNet. It is observed from the evaluation
matrix (Table 2) that the UPolySeg model performed better than ColonSegNet. The global
accuracy of UPolySeg was 96.77%, DC was 96.86%, IoU was 87.91%, recall was 95.57%, and
precision was 92.29%.

Figure 6. The first image is the original image, the second image is the ground truth, and the third is

an overlay of the ground truth and the segmented image for the best case.

Table 2. Performance evaluation of UPolySeg with ColonSegNet.

Model GA DC IoU R P
ColonSegNet 0.9493 0.8206 0.7239 0.8597 0.8435
UPolySeg (Proposed) 0.9677 0.9686 0.8791 0.9557 0.9229
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Figure 7. The first image is the original image, the second image is the ground truth, and the third is
an overlay of the ground truth and the segmented image for the worst case.

4. Discussion

In this work, the authors designed a framework for colonoscopy polyp image pre-
processing along with polyp segmentation. Various challenges from ColonSegNet were
addressed in this work. Handling the artifacts present in medical images along with
incorporating various advanced options in UPolySeg helped improve the performance of
the segmentation task. In the pre-processing stage, various techniques such as coherence
transport and CLAHE were implemented. UPolySeg, a segmentation network that gives a
better performance than a prior work such as ColonSegNet, was proposed. Here, dilated
convolution was used to increase the area of the receptive field and LReLU helped remove
dead neurons in the network to enhance the efficiency of the network. The proposed
model obtained a global accuracy of 96.77%, a DC of 96.86%, an IoU of 87.91%, a recall of
95.57%, and a precision of 92.29%, whereas the values given by ColonSegNet were 94.93%
overall accuracy, 82.06% DC, 72.39% IoU, 85.97% recall, and 84.35% precision. These results
show an improvement of 1.93% in accuracy obtained by UPolySeg. The authors conclude
that enhancing the input image by applying coherence transport and CLAHE before
training, implementing various advanced parameters in the deep network, and tuning the
hyperparameters of the network helped UPolySeg obtain a better performance. It is to
be noted that the hardware environment and the hyperparameters used in ColonSegNet
are different compared with that of this work of art. Therefore, this comparison could be
conducted because the dataset is the same and the approach is quite similar. The deep
learning model could be deployed to assist gastroenterologists and can help reduce the
adenoma miss rate and detect the disease at the early stage to reduce the death rate due to
colorectal cancer.

Even though the network has shown a good performance, there is still room for further
exploration. In this work, the authors implemented image pre-processing techniques and
tried to improve the U-Net model by applying various advanced units in the training
network. Another aspect of the research that can be explored is an ablation study to
determine the improvement in efficiency at each step of the study. Here, the authors have
used image processing for handling the specularity and contrast of the colonoscopy images.
In medical images, there can be other issues (such as noise and distortion) that need to
be resolved for better classification performance. Another limitation is that the authors
have focused on enhancing only the U-Net architecture for the segmentation of polyps. It
would be more effective if several other deep networks could be designed and trained for
such a purpose along with a comparative analysis. This will help researchers understand
the strengths and weaknesses of various networks used for polyp segmentation. Some
advanced optimization techniques can be implemented to tune the hyperparameters of
the network. This work is carried out by taking the polyp images from a single source:
the Kvasir-SEG database. In this regard, more sophisticated retrospective studies can be
carried out by combining different datasets available for public research. The study can
even be converted into a prospective study by taking into account a case study of patients
directly from a hospital. The research scope remains open for researchers working in this
domain to develop a more efficient system for the segmentation of polyps.
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5. Conclusions

Even though colonoscopy can help obtain a detailed visual of an internal portion
of the colon and is better at determining the presence of a polyp, the adenoma miss
rate is still high. This can be reduced by considering deep learning and finding polyps
by segmenting colonoscopy images. This could help professionals even determine the
severity of the disease by observing the size of the polyp that is segmented out. In the
literature, various state-of-the-art work has been carried out on the segmentation of polyps
but few challenges have yet to be handled. The proposed framework was designed by
keeping in mind unresolved challenges in ColonSegNet. UPolySeg has a pre-processing
module for enhancing the image contrast and for removing specularity in coloscopy images.
Additionally, some advanced options are selected and designed in the network based
on the U-Net architecture. The pre-processing unit along with UPolySeg increased the
performance by 1.93% compared with other work, but there is still room for improvement.
Detecting different categories of polyps using deep learning techniques can be very helpful
for experts to determine the level of risk for colorectal cancer. Other segmentation networks
can also be implemented to evaluate the segmentation task on the Kvasir-SEG dataset or a
different dataset. Fine-tuning of the network can be performed using various optimization
techniques, which gives a scope for future research.
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Abbreviations

The following abbreviations are used in the manuscript.

CcC Colorectal Cancer

CLAHE Contrast Limited Adaptive Histogram Equalization
CT Coherence Transport

IoU Intersection over Union

CNN Convolutional Neural Network
JSON JavaScript Object Notation

PDE Partial Differential Equation

LReLU  Leaky Rectified Linear Unit

GA Global Accuracy

DC Dice Coefficient

R Recall

p Precision

TA Training Accuracy

SGDM  Stochastic Gradient Descent with Momentum
LR Learning Rate

L2reg L2regularization
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