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Abstract: Analysis of colonoscopy images plays a significant role in early detection of colorectal
cancer. Automated tissue segmentation can be useful for two of the most relevant clinical target
applications—lesion detection and classification, thereby providing important means to make both
processes more accurate and robust. To automate video colonoscopy analysis, computer vision
and machine learning methods have been utilized and shown to enhance polyp detectability and
segmentation objectivity. This paper describes a polyp segmentation algorithm, developed based
on fully convolutional network models, that was originally developed for the Endoscopic Vision
Gastrointestinal Image Analysis (GIANA) polyp segmentation challenges. The key contribution of
the paper is an extended evaluation of the proposed architecture, by comparing it against established
image segmentation benchmarks utilizing several metrics with cross-validation on the GIANA
training dataset. Different experiments are described, including examination of various network
configurations, values of design parameters, data augmentation approaches, and polyp characteristics.
The reported results demonstrate the significance of the data augmentation, and careful selection of
the method’s design parameters. The proposed method delivers state-of-the-art results with near
real-time performance. The described solution was instrumental in securing the top spot for the
polyp segmentation sub-challenge at the 2017 GIANA challenge and second place for the standard
image resolution segmentation task at the 2018 GIANA challenge.

Keywords: fully convolutional dilation neural networks; polyp segmentation; data augmentation;
cross-validation; ablation tests

1. Introduction

Colorectal cancer (CRC) is one of the major causes of cancer incidence and death worldwide; e.g., in
the United States, it is the third largest cause of cancer deaths, whereas in Europe, it is the second largest
with 243,000 deaths in 2018. Globally there were 1,096,601 new cases and 551,269 deaths in 2018 [1].
Colon cancer’s five-year survival rate depends strongly on an early detection—decreasing from 95%,
when detected early, to only 35% when detected in the later stages [2,3], hence the importance of colon
screening. It is commonly accepted that the majority of CRCs evolve from precursor adenomatous
polyps [4]. Typically, a colonoscopy screening is proposed to detect polyps before any malignant
transformation or at an early cancer stage. Optical colonoscopy is the gold standard for colon screening
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due to its ability to discover and treat the lesions during the same procedure. However, colonoscopy
screening has significant limitations. Various recent studies [5,6] have reported that between 17% and
28% of colon polyps are missed during routine colonoscopy screening procedures, with about 39% of
patients having at least one polyp missed. It has also been estimated that an improvement of polyp
detection rate by 1% reduces the risk of CRC by 3% [7]. It is therefore essential to improve analysis of
colonoscopy images to ensure more robust and accurate polyp characterization, as it can reduce the risk
of colorectal cancer and healthcare costs. With new advanced machine learning (ML) methodologies, it
is conceivable to significantly increase the robustness and effectiveness of CRC screening.

Clinicians have identified lesion detection and classification as the two most relevant tasks for
which intelligent systems can play key roles in improving the effectiveness of the CRC screening
procedures [8]. Lesion segmentation can be used to determine whether there is a polyp-like structure in
the image, assist in polyp detection, and accurately delineate the polyp region, which helps with lesion
histology prediction [9]. This paper provides a comprehensive study showing how polyp segmentation
can be effectively addressed by using deep learning methodology.

Segmentation is an essential enabling technology for medical image analysis with a great
variety of methods [10-16]. Analysis of colonoscopy images, including polyp segmentation, is a
challenging problem because of intrinsic image appearance and polyp morphology variabilities. Polyp
characteristics change at different development stages, with evolving polyp shape, size, and appearance
(see Figure 1). Initially, colorectal polyps are generally small, with no strongly distinctive features.
Therefore, at this stage they could be easily mistaken for other intestinal structures, such as wrinkles and
folds. Later, when they evolve, they often get bigger and their morphology changes, with the features
becoming more distinctive. Polyps” appearance in colonoscopy images is also strongly dependent on
the imaging devices used and illumination conditions. Illumination can produce substantial image
changes with varying local overexposure highlights, specular reflections, and low contrast regions.
Polyps may look very different even from slightly altered camera positions and may not have visible
transitions between themselves and their surrounding tissues. Furthermore, various other artefacts,
such as defocus, motion blur, intestinal content, and possibly surgical instruments present in the
camera view, can inevitably lead to segmentation errors.

Figure 1. A sample of typical polyps from the GIANA SD (CVC-ColonDB) training dataset: (a,h) Small
size. (b) Blur. (c) Intestinal content. (d) Specular highlights/defocused. (e) Occlusion. (f) Large size.
(g) Overexposed areas. (a,e,h) Luminal region.

With new, advanced machine learning methodologies, including the so-called deep learning,
it seems conceivable to significantly increase the robustness and effectiveness of colorectal cancer
screening, and improve the segmentation accuracy, lesion detectability, and the accuracy of the
histological characterization. In recent years there have been several efforts to apply advanced machine
learning tools for automatic polyp segmentation. This work has been inspired by the limitations
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of these previously proposed methods. This paper is focused on the evaluation of a novel fully
convolutional neural network (FCN) specifically developed for this challenging segmentation task.
The proposed FCN system outputs polyp incidence probability maps. The final segmentation result
was obtained either by a simple thresholding of these maps, or a hybrid level-set [17,18] was used to
smooth the polyp contour and eliminate small, noisy network responses.

The paper is an extended version of the paper presented at the 2019 Medical Image Understanding
and Analysis (MIUA) conference [19]. Compared to that conference paper, this paper extends the
analysis by proving more in-depth evaluation, including added justification for the network architecture,
test-time data augmentation, analysis of the cross-validation, results visualization, processing-time,
and comparisons with other segmentation methods evaluated on equivalent segmentation problem.

2. Related Work

Segmentation has an important role to play in colonoscopy image analysis. This becomes
clear even when considering how different terminology is used to describe similar processes and
objectives. Indeed, many existing polyp detection and localization methods can already be interpreted
as segmentation as they provide heat maps and different levels of polyp boundary approximations.
Equally, segmentation tools can be used to provide polyp detection and localization functionality and
they can be of great help when delimiting the region to be analyzed for a posterior automatic histology
prediction process. Polyp segmentation methods can generally be divided into two categories, those
based on shape and those based on texture, with machine learning methods becoming more popular
in both categories.

The earliest approaches in the shape-based segmentation category used predefined polyp shape
models, required manual contour initialization heavily depending on the presence of complete polyp
contours, and were less effective for atypical polyps. Hwang et al. [20] used ellipse fitting techniques
based on image curvature, edge distance, and intensity values for polyp detection. Gross et al. [21]
used the Canny edge detector to process prior-filtered images, identifying the relevant edges using a
template matching technique for polyp segmentation. Breier et al. [22,23] investigated applications of
active contours for finding polyp outline.

The shortcomings of these early methods led to the development of robust edge detectors.
The “depth of valley” concept was introduced by Bernal et al. [24] and further improved in [25-27].
This allowed one to detect more general polyp shapes, and then segment the polyp through evaluating
the relationship between the pixels and detected contour. Later work by Tajbakhsh et al. [28] used edge
classification, utilizing the random forest classifier and a voting scheme producing polyp localization
heat maps, and was then improved via the use of sub-classifiers [29,30].

Polyp segmentation methods within the texture category typically operated on a sliding window.
Karkanis et al. [31] combined gray-level co-occurrence matrix and wavelets. Using the same database
and classifier, lakovidis et al. [32] proposed a method that provided the best results in terms of area
under the curve metric.

Advances in deep learning techniques have recently allowed the gradual replacement of
hand-crafted feature descriptors by convolutional neural networks (CNN) [33,34]. Ribeiro et al. [35]
looked at a CNN with a sliding window approach and found that it performed better at polyp
classification than the state-of-art hand-crafted feature methods. However, sliding window techniques
are inefficient and find it difficult to use image contextual information. Consequently, an improvement
has been suggested in the form of fully convolutional networks (FCN) [36,37], which can be trained
end-to-end and output complete segmentation results, without the need for any post-processing.
As shown by Vazquez et al. [38], even a retrained off-the-shelf FCN produced competitive polyp
segmentation results. Zhang et al. [39] showed that the same architecture can be improved by adding
a random forest to decrease false positives. One of the most popular architectures for biomedical
image segmentation, the U-net [37], was used by Li et al. [40] to encourage smooth contours in
polyp segmentation.
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The existence of a relationship between the size of the CNN receptive field and the quality of
segmentation results has prompted the introduction of a new layer, the dilation convolution, in order
to control the CNN receptive field in a more efficient way [41]. Chen et al. [42] utilized this to develop a
new architecture called atrous spatial pyramid pooling (ASPP). The ASPP module consists of multiple
parallel convolutional layers with different dilations to facilitate learning of multi-scale features.

There is an increasing trend of colonoscopy image analysis becoming more automated and
integrated, making use of more machine learning techniques. Polyp segmentation can be seen as a
semantic instance segmentation problem, and therefore many of the techniques and improvements
developed for a generic semantic segmentation can possibly be adopted for polyp segmentation.
There is a clear trend of deep feature learning and the end-to-end architectures gradually replacing
hand-crafted and deep features operating on a sliding window. All of this allows for significant
improvements, creating more efficient and accurate methods for polyp segmentation.

3. Method

The Dilated ResFCN polyp segmentation network investigated in this paper, previously introduced
in [19,43], is shown in Figure 2. Its design was inspired by the FCN [36], DeepLab [42], and Global
Convolutional [44] networks. The proposed solution consists of feature extraction, multi-resolution
classification, and fusion sub-networks.

E>m»
Sub-Net: Sub-Net: Sub-Net: Sub-Net:
Res5 « Res4 « Res3 « Res2
Dilated Conv5 Dilated Conv4 Dilated Conv3 Dilated Conv2
K: 5x5x2048 K: 9x9x1024 K: 17x17x512 K: 33x33x256
Pixel Pixel Pixel Pixel
Classifier5 Classifierd Classifier3 Classifier2

Fusion |:> Fusion E> Fusion |:> Fusion

» Down-sampling x0.5 K : Kernel size

E>: Up-sampling 2

Figure 2. Dilated ResFCN network architecture with feature extraction, classification, and fusion
sub-networks shown respectively in blue, green, and orange.

The ResNet-50 model [45] has been selected as the feature extraction sub-network because, as
shown later in this section, it provides a reasonable balance between network capacity and required
resources for the polyp segmentation problem. The ResNet-50 can be partitioned into five constituent
parts: Res1-Res5 (see Table 1 in [45]). Res1 includes the first convolutional (Conv1) and pooling (Pool1)
layers. Res2-Res5 incorporate sub-networks, having respectively 9, 12, 18, and 9 convolutional layers
with 256, 512, 1024, and 2048 feature maps. Each of these subnets works on gradually reduced maps,
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down sampled with stride two when moving from right to left (Figure 2). The sizes of these feature
maps are 62 X 72, 31 X 36, 16 x 18, and 8 X 9 respectively.

Table 1. The Dice coefficient results obtained on V1-V4 validation folds for the FCN8s, ResFCN, and
Dilated ResFCN. The Dice coefficient and standard deviation, averaged over all validation sets, are

also shown.
Network %! V2 V3 V4 Average  Standard Deviation
FCN8s 0.68 0.60 0.50 0.75 0.63 0.11
ResFCN 0.68 0.71 0.63 0.82 0.71 0.08
Dilated ResFCN 0.77 0.80 0.70 0.88 0.79 0.08

The classification sub-network encompasses four multi-resolution parallel paths connected to
the outputs from Res2-Res5 of the feature extraction sub-network. Each parallel path consists of
dilation and 1 X 1 (denoted as “Pixel Classifier”) convolution layers to, respectively, assemble image
information at different spatial ranges and perform the pixel-level classification at different resolution
levels. Furthermore, a dropout layer [46] is included to improve the network training performance.
The results section shows that the key to the success of the proposed architecture is the use of
dilated kernels, as they increase the receptive field without increasing network information capacity
or computational complexity. With the large receptive field, the network can extract long range
dependencies, incorporating image contextual information into pixelwise decisions. The process
of selecting suitable dilation rates in each of the parallel paths of the classification sub-network is
explained in some detail later in this section. The essential part of that process is to match the receptive
field to the statistics of polyp size. Based on the available training data, the 5 X 5 kernel was selected
for the lowest resolution path, which is connected to Res5 (see Figure 2). This kernel corresponds to a
dilation rate of 2 and it can adequately represent 91% of all polyps in the training dataset. The regions
of dilation convolutions should be overlapping, and therefore the dilation rates increase with resolution.
The dilation rates for sub-nets connected to Res4—Res2 are 4, 8, and 16 and the corresponding kernel
sizes are 9, 17, and 33. The fusion sub-network corresponds to the deconvolution layers of the FCN
model. In the proposed architecture, a bilinear interpolation is used to up-sample results from each
multiresolution classification path to match the image sizes, and the fusion is completed by simply
adding such aligned corresponding sub-network responses.

As explained above, ResNet-50 is selected as the backbone network for image feature extraction,
as it has been previously shown to provide a good compromise between accuracy, required memory
footprint, and computational requirements [47]. However, the question is whether deeper networks
would help to improve the segmentation performance. To test this, the ResNet-50 in the Dilated
ResFCN architecture, shown in blue in Figure 2, was replaced by ResNet-101 and ResNet-152. Figure 3
shows, as red crosses, the corresponding mean Dice coefficients, and the number of operations required
for each given backbone network. The corresponding Dice coefficient standard deviation (STD) is
represented by the vertical bars. The area of the circles represents the number of parameters for the
corresponding network. ResNet-152 is the worst one, with the smallest mean Dice coefficient; and the
largest standard deviation, number of operations, and required number of parameters. ResNet-101
and ResNet-50 have similar mean values, but ResNet-101 has a larger standard deviation and larger
numbers of parameters and operations. Therefore, the segmentation performance gets worse when a
deeper backbone network is used. This can possibly be explained by the fact that, for the given polyp
segmentation problem, ResNet-101 and ResNet-152 provide too much information capacity, leading
to overfitting.
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Figure 3. Chart comparing performance of three tested CNNs, explaining the selection of the backbone
feature extraction network in the Dilated ResFCN architecture. Number of operations corresponds
to a single forward pass of the backbone network. The number of parameters for each network is

represented by the corresponding circle [47]. The values shown as red crosses were obtained using
Dilated ResFCN architecture with ResNet50, ResNet101, and ResNet152 as feature extraction backbone
networks (shown as blue in Figure 2), with the corresponding standard deviation estimates represented

by the blue vertical bars.

Following the methodology described in [48], the numbers of active kernel weights in the left and
right paths of the classification subnetwork are shown in Figure 4. It can be seen that with the dilation
rate too high, the 3 X 3 kernel is effectively reduced to a 1 X 1 kernel. On the other hand, too small
a dilation rate leads to a small receptive field negatively affecting the performance of the network.
The selected dilation rates of 2 and 16, for the “left” and “right” networks respectively, provide a
compromise with a sufficient number of kernels having 4-9 valid weights.
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Figure 4. The count of valid weights in the dilation kernel for the left and right classification

sub-networks in Figure 2.

The Dilated ResFCN feature extraction module (ResNet-50) was initialized with the weights
trained on the ImageNet database. The remaining convolutional and up-sampling sub-networks were
initialized by Xavier [49] and bilinear interpolation weights respectively. Subsequently, the whole
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network was trained on the polyp training dataset. Dilated ResFCN was trained using the Adam
algorithm [50] using the Caffe framework. They were trained with thirty epochs and an initial learning
rate of 107#, which was reduced by a factor of 0.1 after every 10 epochs.

4. Data

The proposed polyp segmentation method has been developed and evaluated on the data from the
2017 Endoscopic Vision GIANA Polyp Segmentation Challenge [51]. The data includes both standard
definition (SD) and high definition (HD) polyp images.

The SD set consists of the publicly available CVC-ColonDB [24,52] used for training and the
CVC-ClinicDB [26,53,54] used for testing. The CVC-ColonDB contains 300 polyp images acquired
from 15 video sequences, all of them showing different polyps. Each image has a resolution of 500
by 574 pixels. On average, 20 images were selected from each sequence, warranting the maximum
variability between images of the same polyp. Each image has a corresponding pixel-wise mask,
annotated by an expert, to create the associated ground truth data. The CVC-ClinicDB contains 612
polyp images selected from 31 colonoscopy video sequences, each showing a different polyp. As in the
case of the CVC-ColonDB, an average of 20 images, each of 288 by 384 pixels, were selected from each
video, with the aim of having as many different polyp views as possible. In this case, several experts
contributed to the definition of ground truth data. A single expert generated the pixel-wise masks
representing the polyp regions and the remining experts contributed to the definition of the clinical
metadata describing each polyp characteristics.

The GIANA HD dataset [51] is a collection of high-definition white light colonoscopy images
assembled as part of the effort to develop and validate methods for automatic polyp histology
prediction [9]. These data of 1080 by 1920 pixel images is divided into two subsets. The fist subset
with 56 images was used for training, and the second subset with 108 images was used for testing.
For the ground truth, an expert generated pixel-wise binary masks using GTCreator [55], which were
subsequently reviewed by a panel of experts.

The results reported in this paper are based on a cross-validation approach using the training
dataset only. Selected results obtained on the SD test dataset were reported in [43].

Data Augmentation

The performance of the CNN-based methods relies heavily on the size of training data used.
Clearly, the set of training images is very limited in this case, at least from the perspective of a typical
training set used in a context of deep learning. Moreover, some polyp types are not represented in the
database, and for some others there are just a few exemplar images available. Therefore, it is necessary
to enlarge the training set via data augmentation. Data augmentation is designed to provide more
polyp images for CNN training. Although this method cannot generate new polyp types, it can provide
additional data samples based on modelling different image acquisition conditions, e.g., illumination,
camera position, and colon deformations.

All training images are rescaled to a common image size (250 by 287 pixels) in such a way thatimage
aspect ratio is preserved. This operation includes random cropping equivalent to image translation
augmentation. Subsequently, all images are augmented using four transformations. Specifically, each
image is: (i) rotated with the rotation angle randomly selected from a range of 0°-360°, (ii) scaled
with the scale factor randomly selected between 0.8 and 1.2, (iii) deformed using a thin plate spline
(TPS) model with a fixed 10 x 10 grid and a random displacement of the each grid point with a
maximum displacement of 4 pixels, and (iv) color adjusted, using color jitter, with the hue, saturation,
and value randomly changed, with the new values drawn from the distributions derived from the
original training images [56]. After augmentation, the training dataset consists of 19,170 images in
total. A representative sample of the augmented images is shown in Figure 5.
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Original Rotation Deformation Colour jitter Scale

Figure 5. An example of an standard definition (SD) image augmentation using rotation, local
deformation, color jitter, and scale.

For the purpose of validation, the original training images were divided into four V1-V4
cross-validation subsets with 56, 96, 97, and 106 images respectively. Following augmentation, the
corresponding sets had 4784, 4832, 4821, and 4733 images for training. Following the standard 4-fold
validation scheme, any three of those subsets were used for training (after image augmentation) and
the remaining subset (without augmentation) for validation. Frames extracted from the same video
are always in the same validation sub-set; i.e., they are not used for training and validation at the
same time.

Figure 6 demonstrates the impacts different augmentation techniques have on network
performance. The ablation tests show that the combination of different augmentation techniques
significantly improves the segmentation results when compared to any standalone augmentation
method, with the real combined method median being better than any other individual augmentation
median with a 95% confidence level.
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Figure 6. Box plot showing Dice coefficient results for data augmentation ablation tests with dilated
ResFCN network.

5. Results

5.1. Evaluation Metrics

Evaluation of image segmentation quality is an important task, particularly for biomedical
applications. Suitable evaluation measures should reflect segmented object properties relevant to
the specific application [57]; e.g., when the precise location of the organ/tissue boundaries is of
concern. the spatial distance measures, such as Hausdorff distance or boundary Jaccard index [58],
should be used. When overall organ/tissue location is of importance, the overlap based measures
are often used (e.g., Dice coefficient, Jaccard index, precision, and recall), whereas when comparative
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segmentation quality is needed without access to the ground truth, pair-counting-based methods are
used (e.g., Rand index or adjusted Rand index). The GIANA challenges [51] have become a benchmark
for the assessment of colonoscopy polyp analysis, and therefore it has been decided to use the measures
adopted by the GIANA challenges.

The Dice coefficient (also known as F1 score), precision, recall, and the Hausdorff distance are
used, for each detected polyp, to compare the similarity between the binary segmentation results and
the ground truth. For the results reported here, a simple thresholding operation on the networks
output was used, followed by the morphological opening and hole filling operations to create binary
networks’ response.

Precision and recall are standard measures used in a context of binary classification:

TP

Recall = TP—I——FI\]

TP
Precision = TP P 1)
where TP, FP, and FN denote, respectively, true positive, false positive, and false negative. Precision
and recall can be used to quantify the over-segmentation and under-segmentation. The Dice coefficient

is one of standard evaluation measures used in image segmentation and is defined as:

. 2% TP
Dice = S TP+ EPT IN @)

It should be noted that the other popular overlap-based measure, the Jaccard index:

TP
Jaceard = o FP T N ®
can be expressed as function of the Dice coefficient:
Dice
d= 4
Jaccar 2 — Dice @

Therefore, the evaluation reported here is based on the Dice coefficient only.
The Hausdorff distance provides the means to quantify similarities between the boundaries G and
S of two objects, with zero indicating that the object contours completely overlap. It is defined as:

H(G,S) = max{supxec infyes d(x,y), supxes infyec d(x, y)} (5)

where d(x, y) denotes the distance between points x and y. It should be noted that the Hausdorff
distance is sensitive to outliers and is not bounded. For these reasons it has been argued that shape
measures such as the boundary Jaccard index, which is both robust to outliers and bounded, should be
used instead. However, due to the above-mentioned compatibility with the results reported for the
GIANA challenges, the Hausdorff distance is also used in this paper.

5.2. Test Time Data Augmentation

The proposed deep segmentation networks are not rotation invariant, so it is possible to perform
additional rotation data augmentation in the prediction mode to tweak their segmentation accuracy.
The adopted implementation of the test time augmentation uses 24 images obtained from the original
input image, which is rotated in 15 degrees intervals. These 24 augmented images are subsequently
presented to the network input and the corresponding output images are averaged after being converted
to the original image reference frame. The whole procedure is graphically represented in Figure 7.
Although it is possible to implement other types of the test time augmentation, it should be recognized
that any such augmentation will increase computation time, and therefore a trade-off is required
between quality of segmentation and computation time. For the problem considered in this work, it
has been concluded that the rotation-only augmentation approach provides such a trade-off.



J. Imaging 2020, 6, 69 10 of 21

- - - -
b ) I J° 2
MMMNMNE
EEKKR
HEHAN

Figure 7. Graphical representation of the test time data augmentation; the images on the left show the

network binary outputs for each rotation augmented image; the image in the middle shows the results
of averaging of these binary images after transferring them into the original image reference frame; the
image on the right shows final segmentation results, superimposed on the original image, with three
contours showing ground truth (in blue), results without data augmentation (in green), and with the
data augmentation (in red).

The proposed test time augmentation better utilizes the generalization capabilities of the network.
The quantitative comparison of the segmentation results for FCN8s, ResFCN, and Dilated ResFCN
with and without data augmentation is shown in Figure 8. For the Dilated ResFCN, the test time
data augmentation increases the median, from 0.90 without to 0.92 with the test time augmentation.
The distribution of the results with test time augmentation is also more compact.

1r ]
0.8 |- ﬁ .
| |
=
L 0.6 | .
9
&
v
S
o 04F .
=
a
=+
0.2 + $ ]
: ¥
0F F + 1
Dilated ResFCN Dilated ResFCN
Without test time augmentation With test time augmentation

Figure 8. Box plot of the Dice coefficient obtained for the Dialted ResFCN without and with the test
time augmentation.

5.3. Results

This section reports on several experiments performed to evaluate the proposed methods and
compare their characteristics. The two reference network architectures FCN8s [36] and ResFCN have
been selected as benchmarks for comparative analysis of the proposed methods. Whereas FCN8s is
a well-known fully convolutional network, the ResFCN is a simplified version of the network from
Figure 2, with the dilation kernels removed from the parallel classification paths. The ResFCN is
included to verify the significance of the dilated kernels in the Dilated ResFCN model.

Table 1 reports mean Dice coefficients computed on all tested networks on four validation subsets
described in Section 4. The last two table columns list the Dice coefficient and standard deviations
values averaged over all four validation subsets. The Dilated ResFCN is the best (indicated by bold
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typeface) on all validation subsets, demonstrating consistent performance with respect to changes in
the training data.

The results from Table 1, are represented in a graphical form in Figure 9. It is evident that, on
the available data, the Dilated ResFCN has the best performance with the contour representing that
method encompassing contours representing other methods.

e FCN 8 ResFCN Dilated ResFCN

V1
1

0.8
AN

Mean 04 V2
0.2

0

V4 V3

Figure 9. Graphical representation of Dice coefficient results for different segmentation methods overall
and different validation subsets. The more outwardly located the contour, the better the results.

The distribution of the Dilated ResFCN results as a function of the cross-validation folds is shown
in Figure 10. The results obtained on the fourth and third folds are respectively the best and worst.
A closer examination of these folds reveals that images in the fourth fold are mostly showing larger
polyps, whereas images in third fold are mostly depicting small polyps.

A=A S
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g o06f e ]
2 : :
£ | |
S] :
() '
+ +
+ t
02} + + + + i 1
0+ + + + R
Vi V2 V3 V4 All

Cross validation

Figure 10. Statistics of the Dice coefficient computed for different cross-validation folds visualized
using boxplots.

To further investigate the performance of the proposed method as a function of the polyp size,
Figure 11 shows the boxplot representing Dice coefficient, precision, and recall as functions of the
polyp size. The “Small” and “Large” polyps are defined as being smaller than the 25th and larger than
the 75th percentile of the polyp sizes in the training dataset. The remaining polyps are denoted as
“Normal.” The results demonstrate that the small polyps are hardest to segment. However, it should
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be said that the measures used are biased towards larger polyps as a relatively small (in pixels) over
and under-segmentation for small polyps would lead to more significant deterioration of the measure.
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Figure 11. Statistics for different measures on the validation results obtained for the Dilated ResFCN

network grouped as a function of the poly size.

To check whether the segmentation results depend on polyp’s shape, a circularity of the polyp
ground truth is used as a proxy for shape. It is calculated as a scaled ratio of a polyp area and square
of its perimeter, so the values are between zero and one. A perfectly circular shape has a circularity
of one, and smaller values correspond to more irregular shapes. As in Figure 11, statistics of the
three metrics have been calculated for polyps grouped into three sub-sets with small, normal, and
large circularity. The small and large sub-sets were constructed from polyps for which ground truth
circularity was smaller than the 25th and larger than the 75th percentile of the training data polyp
population circularity. The normal sub-group is constituted from the remining polyps. The results are
shown in Figure 12. Although there is some variability of the measures’ statistics in each subgroup,
these are not as distinctive as in case of the polyp size.
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Figure 12. Statistics for different measures on the validation results obtained for the Dilated ResFCN
network grouped as a function of the polyp circularity.

Table 2 lists the median and mean results for all three tested methods and all four evaluated
metrics. As can be seen from that table, the Dilated ResFCN method achieved the best results for all
four metrics. It got the highest values for Dice coefficient, precision, and recall, and the smallest value
for the Hausdorff distance, demonstrating the stability of the proposed method.
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Table 2. Median and mean values recorded for different measures and segmentation methods.

Dice Precision Recall Hausdorff
Median  Mean Median Mean  Median Mean  Median  Mean
FCN8s 0.69 0.63 0.75 0.68 0.71 0.65 207 193
ResFCN 0.82 0.71 0.89 0.75 0.84 0.74 229 201
Dilated ResFCN 0.89 0.79 0.95 0.81 0.89 0.81 20 54

Figure 13 demonstrates the results’ statistics for all the methods and all the measures using box
plots, with the median represented by the central red line, the 25th and 75th percentiles represented
by the bottom and top of each box, and the outliers shown as the red points. It can be concluded
that the proposed methods achieve better results than the benchmark methods. For all the measures,
the true medians for the Dilated ResFCN are better, with 95% confidence, than the other methods.
The significantly smaller Hausdorff distance measure obtained for the Dilated ResFCN indicates a
better stability of that method with boundaries of segmented polyps better fitting the ground truth data.
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Figure 13. The summative polyp segmentation results for different methods and evaluation measures.

The distribution of segmentation results for all the data points in the Dice coefficient-Hausdorff
distance and recall-precision spaces are shown in Figure 14. Each point represents an image, with
the color corresponding to the specific segmentation method. It can be seen that the Dilated ResFCN
outperforms all other methods, with the majority of corresponding points more tightly grouped
together in the bottom right corner of the Dice coefficient-Hausdorff distance space and the top right
corner of the recall-precision space. However, even for this method there are some outliers, which
seem to be uniformly distributed in both spaces. It could be therefore concluded that the Dilated
ResFCN is not biased towards under or over-segmentation. The ResFCN, although better than FCN8s
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with the majority of points within upper ranges of the Dice coefficient, seems to be poor in correctly

detecting polyp boundaries, with a cluster of points on the left-hand side of the Hausdorff distance-Dice
coefficient plot.
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Figure 14. Distribution of the results when using different segmentation methods, where each point
corresponds to one of the validation images.

Typical segmentation results obtained using the FCN8, ResFCN, and Dilated ResNet networks

are shown in Figure 15, with the blue and red contousr representing, respectively, ground truth and
the segmentation results.

Figure 15. A sample of typical results for the FCN8s (the first row), ResFCN (the second row),
and Dilated ResFCN (the last row) with the ground truth represented by the blue contour and the
segmentation by the red contour.
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Mean segmentation processing times for a single image with CPU and GPU implementations
are shown in Table 3. When implemented on the GPU all the methods have comparable processing
times, enabling near real-time performance. It is expected that further code optimization could provide
real-time processing (approximately 30 frames/s).

Table 3. Mean processing time of a single image, without test-time augmentation, using CPU and GPU.

Network 17-3820 (CPU) GTX-1080 (GPU)
FCN8s 8.00s 0.047 ¢
ResFCN 0.70s 0.040 s
Dilated ResFCN 1.80s 0.050's

5.4. Comparative Analysis

Section 2 reviews some of the most important polyp segmentation methods previously proposed
in the literature. The purpose of this section is to provide a brief quantitative comparison of the
proposed method with other reported polyp segmentation methods. However, such a comparison is
not a simple task. This is because the implementation details for the reported in literature methods
are often not provided. This may include details of the methods” design parameters or the network
training arrangements. Therefore, it is difficult to reproduce evaluation results or make meaningful
comparisons with the reported results. Furthermore, the training and test data used by different
methods are not always the same. This makes it difficult to compare their performances under the same
test conditions. Finally, when reporting on the methods’ performances, some of authors use the test
data, which is the same as or highly correlated with the training data. This could happen, for example,
because data are split between training/validation and test sets with random image selection rather
than random video selection. In the former case it is likely that similar images, taken from a slightly
different camera position, of the same polyp, can be separated and assigned to the training and the
testing sets. Therefore, such evaluation results may not reflect the real performances of these methods.

The comparison provided here only includes polyp segmentation methods for which Dice
coefficient evaluation results have been published (i.e., the averaged Dice coefficient is selected as a
measure for methods comparison). The proposed network, as described in this paper, was applied to
the segmentation of the CVC-ClinicDB dataset, with a resulting average Dice coefficient of 0.8293.

Table 4 lists results from a sample of other methods reported in literature. Only deep learning-based
approaches have been included as they outperform the handcrafted feature-based methods by some
margin [24,59]. The shaded cells represent cases where the training and test data overlap and therefore
may not reflect a true performance of that method. Some of the methods reported in the table provide
results for different configurations. In these cases, the best performing configuration as measured by
the average Dice coefficient is indicated in bold; subsequently, these configurations can be used in a
direct comparison with the proposed method. It should be made clear that Table 4 does not provide a
comprehensive summary of the results reported in the literature, as only the papers using the CVC
datasets (which are also used in this paper) and reporting Dice coefficient results have been included.
Furthermore, only the methods published in the last two years, which clearly describe the experimental
arrangement for selection of the training and test data subsets, have been listed. Interested readers
can find more about other recently proposed methods in [60-62]. The information about other related
colonoscopy image analysis problems, use of handcrafted features, and use of different modalities can
be found in [9,24,27,63,64].
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Table 4. The comparison of existing polyp segmentation methods.

Methods Dice Coefficient Training Data Testing Data
FCNB8s [65] 0.810 CVC-ColonDB
0.691 CVC-ClinicDB CVC-ColonDB
0.323 CVC-ClinicDB ETIS-Larib
R t-
Fcels\gs [ g g] Resized test images 0.462 CVC-ClinicDB ETIS-Larib
0.585 CVC-ColonDB CVC-ClinicDB
Pre-processing 0.679 CVC-ClinicDB CVC-ColonDB
ResNet50 0.716 CVC-ColonDB
CVC-ColonDB
ResNet50 0.804 ETIS-Larib
Mask-RCNN [67] CVC-ClinicDB
ResNet101 0.704 CVC-ColonDB
CVC-ColonDB
ResNet101 0.775 ETIS-Larib
Multiple Encoder-Decoder network [68 0.8%9 CVC-ClinicDB
ultiple Encoder-Decoder network [65] 0.829 CVC-ClinicDB ETIS Larib
CVC-ClinicVideoDB
U-Net with Dilation Convolution [69] 0.825 CVC-ColonDB CVC-ClinicDB
GIANA HD
Detailed Upsamling Encoder-Decoder 0913 CVC-ClinicDB
Networks [70]
ResUNet++ [71] 0.7955 CVC-ClinicDB

From the results in Table 4, it can be seen that the multiple encoder-decoder network (MEDN) [68]
and the U-Net with dilatation convolution methods [69] have a comparable performance to the method
described in this paper. However, it should be noted that for the reported results the Dilated ResFCN
method used only 355 images for training, whereas in [68] 612 images were used. Furthermore, the
mean Dice coefficient results reported here for the Dilated ResFCN used 612 test images, whereas
results reported in [68] are based on only 196 test images. Although the same test data were used
in [69] as in this paper, compared to the results reported here, an additional 10,025 images from the
CVC-Clinic VideoDB were used to train the U-Net with the dilatation convolution method. The results
reported in [70] are better than for any other method listed in Table 4. However, it seems these results
were computed based on a random selection of images into the training and test subsets, rather
than a random selection of video sequences, making the interpretation of the method performance
somewhat difficult.

The Dilated ResFCN, ResNet-50 FCN8s, and Mask-RCNN were all created based on the ResNet
network’s backbone for the deep feature extraction. It can be seen from the results that although the
Mask-RCNN: ResNet-101 has a deeper architecture than ResNet-50, its segmentation performance
is worse. This is consistent with the experimental results reported in this paper (Section 3), and this
further confirms the rationale behind the selection of the ResNet-50 as the base for the feature extraction
subnetwork for the proposed Dilated ResFCN network.

As mentioned above, direct comparison of the methods is rather difficult due to different testing
regimes used by different authors. One possible way to overcome this limitation is to evaluate different
methods through common challenges. In such cases, all the methods are trained on the same training
set and by definition evaluated on the common test subsets using the same set of metrics. Furthermore,
as the evaluation is performed at the same time, it can provide a useful snapshot of the current
state-of-the-art and reference for further development. The Endoscopic Vision Gastrointestinal Image
Analysis (GIANA) polyp segmentation challenges [51] organized at the Medical Image Computing and
Computer Assisted Intervention (MICCAI) conferences were designed to provide such snapshots of
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the state-of-the-art. The Dilated ResFCN network evaluated in this paper was instrumental in securing
the first place for the image segmentation tasks at the 2017 GIANA challenge and second place for the
SD images at the 2018 GIANA challenge.

6. Conclusions

This paper describes Dilated ResFCN, a deep fully convolutional neural network, designed
specifically for segmentation of polyps in colonoscopy images. The main objective has been to propose
a suitable validation framework and evaluate the performance of that network. The Dilated ResFCN
method has been compared against two benchmark methods: FCN8s and ResFCN. It has been shown
that suitably selected dilation kernels can significantly improve the performance of polyp segmentation
on multiple evaluation metrics. More specifically, it has been shown that the Dilated ResFCN method is
the best ay locating polyps with the highest values of the Dice coefficient. It is also good at matching the
shape of the polyp with the smallest and most consisted value of the Hausdorff distance. Furthermore,
it does not seem to be biased with respect of under/over-segmentation, or indeed polyp shape. However,
it preforms better for medium and large polyps.

The improvement of the method performance has been achieved through test-time augmentation,
though that improvement needs to be measured against increased computational cost important for
real-time method applications. Further improvement is still required, possibly through additional
optimization of the dilation spatial pooling and more effective use of extracted image features, which
could potentially be achieved using the squeeze and excitation module [72] recently proposed in
literature. Due to a small number of training images, data augmentation is the key for improving
segmentation results. It has been shown that in this case rotation is the strongest augmentation
technique, followed by local image deformation and color jitter. Overall, the combination of different
augmentation techniques has a significant effect on the results. It has been shown that further
improvements can be achieved with test time augmentation. The method provides competitive results
when compared to other methods reported in the literature. In particular, the method was tested
against state-of-the-art at the MICCAI's Endoscopic Vision GIANA Challenges, securing the first place
for the SD and HD image segmentation tasks at the 2017 challenge and second place for the SD images
at the 2018 challenge.

Author Contributions: Conceptualization, Y.G. and B.].M.; methodology, Y.G. and B.J.M.; software, Y.G,;
validation, Y.G. and B.].M.; data curation J.B.; writing—original draft preparation, Y.G. and B.].M.; writing—review
and editing, Y.G., ].B., and B.].M,; visualization, Y.G. and B.].M. All authors have read and agreed to the published
version of the manuscript.

Funding: This research received no external funding.

Acknowledgments: The authors would like to acknowledge the organizers of the Gastrointestinal Image
Analysis—(GIANA) challenges for providing video colonoscopy polyp images.

Conflicts of Interest: The authors declare no conflict of interest.

References

1.  Ferlay, J.; Colombet, M.; Soerjomataram, I.; Dyba, T.; Randi, G.; Bettio, M.; Gavin, A.; Visser, O.; Bray, F.
Cancer incidence and mortality patterns in Europe: Estimates for 40 countries and 25 major cancers in 2018.
Eur. . Cancer 2018, 103, 356-387. [CrossRef] [PubMed]

2. Tresca, A. The Stages of Colon and Rectal Cancer. Available online: https://www.verywellhealth.com/what-
are-the-stages-of-colon-and-rectal-cancer-1941590 (accessed on 29 April 2020).

3. Jemal, A; Siegel, R.; Ward, E.; Hao, Y.; Xu, J.; Murray, T.; Thun, M.J. Cancer Statistics, 2008. CA Cancer ]. Clin.
2008, 58, 71-96. [CrossRef] [PubMed]

4. Salmo, E.; Haboubi, N. Adenoma and Malignat Colorectal Polyp: Pathological Considerations and Clinical
Applications. EM] Gastroenterol. 2018, 7, 92-102.

5. Kim, N.H; Jung, Y.S.; Jeong, W.S.; Yang, H.-].; Park, S.-K.; Choi, K.; Park, D.I. Miss rate of colorectal neoplastic
polyps and risk factors for missed polyps in consecutive colonoscopies. Intest. Res. 2017, 15, 411. [CrossRef]


http://dx.doi.org/10.1016/j.ejca.2018.07.005
http://www.ncbi.nlm.nih.gov/pubmed/30100160
https://www.verywellhealth.com/what-are-the-stages-of-colon-and-rectal-cancer-1941590
https://www.verywellhealth.com/what-are-the-stages-of-colon-and-rectal-cancer-1941590
http://dx.doi.org/10.3322/CA.2007.0010
http://www.ncbi.nlm.nih.gov/pubmed/18287387
http://dx.doi.org/10.5217/ir.2017.15.3.411

J. Imaging 2020, 6, 69 18 of 21

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

Lee, J.; Park, SW.,; Kim, Y.S.; Lee, KJ.; Sung, H.; Song, PH.; Yoon, W.J.; Moon, J.S. Risk factors of missed
colorectal lesions after colonoscopy. Medicine 2017, 96, €7468. [CrossRef]

Corley, D.A,; Jensen, C.D.; Marks, A.R.; Zhao, W.K,; Lee, ].K.; Doubeni, C.A.; Zauber, A.G.; de Boer, J.;
Fireman, B.H.; Schottinger, ].E.; et al. Adenoma Detection Rate and Risk of Colorectal Cancer and Death.
N. Engl. J. Med. 2014, 370, 1298-1306. [CrossRef]

Bernal, J.; Sanchez, EJ.; de Miguel, C.R.; Fernandez-Esparrach, G. Building up the Future of Colonoscopy—A
Synergy between Clinicians and Computer Scientists. In Screening for Colorectal Cancer with Colonoscopy;
Ettarh, R., Ed.; InTech: Rijeka, Croatia, 2015; ISBN 978-953-51-2225-8.

Séanchez-Montes, C.; Sanchez, F.; Bernal, J.; Cérdova, H.; Lopez-Cerén, M.; Cuatrecasas, M.; Rodriguez de
Miguel, C.; Garcia-Rodriguez, A.; Garcés-Duran, R.; Pellisé, M.; et al. Computer-Aided prediction of polyp
histology on white light colonoscopy using surface pattern analysis. Endoscopy 2019, 51, 261-265. [CrossRef]
Histace, A.; Matuszewski, B.; Zhang, Y. Segmentation of Myocardial Boundaries in Tagged Cardiac MRI
Using Active Contours: A Gradient-Based Approach Integrating Texture Analysis. Int. ]. Biomed. Imaging
2009, 2009, 1-8. [CrossRef]

Zhang, Y.; Matuszewski, B.J.; Histace, A.; Precioso, F.; Kilgallon, J.; Moore, C. Boundary Delineation in
Prostate Imaging Using Active Contour Segmentation Method with Interactively Defined Object Regions.
In Proceedings of the Prostate Cancer Imaging: Computer-Aided Diagnosis, Prognosis, and Intervention,
Beijing, China, 24 September 2010; Springer: Berlin/Heidelberg, Germany, 2010; pp. 131-142. [CrossRef]
Matuszewski, B.J.; Murphy, M.E,; Burton, D.R.; Marchant, T.E.; Moore, C.J.; Histace, A.; Precioso, F.
Segmentation of cellular structures in actin tagged fluorescence confocal microscopy images. In Proceedings
of the 2011 18th IEEE International Conference on Image Processing (ICIP 2011), Brussels, Belgium,
11-14 September 2011; IEEE: New York, NY, USA, 2011; pp. 3081-3084. [CrossRef]

Zhang, Y.; Matuszewski, B.J.; Histace, A.; Precioso, F. Statistical Model of Shape Moments with Active
Contour Evolution for Shape Detection and Segmentation. J. Math Imaging Vis. 2013, 47, 35-47. [CrossRef]
Meziou, L.; Histace, A.; Precioso, F.; Matuszewski, B.J.; Murphy, M.E. Confocal microscopy segmentation
using active contour based on Alpha-Divergence. In Proceedings of the 2011 18th IEEE International
Conference on Image Processing, Brussels, Belgium, 11-14 September 2011; IEEE: New York, NY, USA, 2011;
pp. 3077-3080. [CrossRef]

Lee, L.K.; Liew, S.C.; Thong, W.J. A Review of Image Segmentation Methodologies in Medical Image.
In Proceedings of the 2015 2nd International Conference on Communication and Computer Engineering
(ICOCOE 2015), Phuket, Thailand, 9-10 June 2015; Springer: Cham, Switzerland, 2015; Volume 315,
pp. 1069-1080. [CrossRef]

Zhou, T,; Ruan, S.; Canu, S. A review: Deep learning for medical image segmentation using Multi-Modality
fusion. Array 2019, 3, 100004. [CrossRef]

Zhang, Y.; Matuszewski, B.J.; Shark, L.-K.; Moore, C.]. Medical Image Segmentation Using New Hybrid
Level-Set Method. In Proceedings of the 2008 Fifth International Conference BioMedical Visualization:
Information Visualization in Medical and Biomedical Informatics (MedVis 2008), London, UK, 9-11 July 2008;
IEEE: New York, NY, USA, 2008; pp. 71-76. [CrossRef]

Zhang, Y.; Matuszewski, B.]. Multiphase active contour segmentation constrained by evolving medial axes.
In Proceedings of the 2009 16th IEEE International Conference on Image Processing (ICIP 2009), Cairo, Egypt,
7-10 November 2009; IEEE: New York, NY, USA, 2009; pp. 2993-2996. [CrossRef]

Guo, Y.; Matuszewski, B.J. Polyp Segmentation with Fully Convolutional Deep Dilation Neural Network:
Evaluation Study. In Proceedings of the 23rd Conference on Medical Image Understanding and Analysis
(MIUA 2019), Liverpool, UK, 22-26 July 2019; Springer: Cham, Switzerland, 2020; pp. 377-388. [CrossRef]
Hwang, S.; Oh, J.; Tavanapong, W.; Wong, J.; de Groen, P.C. Polyp Detection in Colonoscopy Video using
Elliptical Shape Feature. In Proceedings of the 2007 IEEE International Conference on Image Processing
(ICIP 2007), San Antonio, TX, USA, 16-19 September 2007; IEEE: New York, NY, USA, 2007; pp. 11-465-11-468.
[CrossRef]

Gross, S.; Kennel, M.; Stehle, T.; Wulff, J.; Tischendorf, J.; Trautwein, C.; Aach, T. Polyp Segmentation
in NBI Colonoscopy. In Proceedings of the 2009 Bildverarbeitung fiir die Medizin, Berlin, Germany,
22-25 March 2009; Springer: Berlin, Germany, 2009; pp. 252-256. [CrossRef]


http://dx.doi.org/10.1097/MD.0000000000007468
http://dx.doi.org/10.1056/NEJMoa1309086
http://dx.doi.org/10.1055/a-0732-5250
http://dx.doi.org/10.1155/2009/983794
http://dx.doi.org/10.1007/978-3-642-15989-3_15
http://dx.doi.org/10.1109/ICIP.2011.6116316
http://dx.doi.org/10.1007/s10851-013-0416-9
http://dx.doi.org/10.1109/ICIP.2011.6116315
http://dx.doi.org/10.1007/978-3-319-07674-4_99
http://dx.doi.org/10.1016/j.array.2019.100004
http://dx.doi.org/10.1109/MediVis.2008.12
http://dx.doi.org/10.1109/ICIP.2009.5414505
http://dx.doi.org/10.1007/978-3-030-39343-4_32
http://dx.doi.org/10.1109/ICIP.2007.4379193
http://dx.doi.org/10.1007/978-3-540-93860-6_51

J. Imaging 2020, 6, 69 19 of 21

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

Breier, M.; Gross, S.; Behrens, A.; Stehle, T.; Aach, T. Active contours for localizing polyps in colonoscopic
NBI image data. In Proceedings of the 2011 International society for optics and photonics (SPIE 2011),
Lake Buena Vista, FL, USA, 12-17 February 2011; p. 79632M. [CrossRef]

Du, N.; Wang, X.; Guo, J.; Xu, M. Attraction Propagation: A User-Friendly Interactive Approach for Polyp
Segmentation in Colonoscopy Images. PLoS ONE 2016, 11, e0155371. [CrossRef] [PubMed]

Bernal, J.; Sanchez, ].; Vilarifio, F. Towards automatic polyp detection with a polyp appearance model.
Pattern Recognit. 2012, 45, 3166-3182. [CrossRef]

Bernal, ].; Sanchez, J.; Vilarino, F. Impact of image preprocessing methods on polyp localization in colonoscopy
frames. In Proceedings of the 2013 35th Annual International Conference of the IEEE Engineering in Medicine
and Biology Society (EMBS 2013), Osaka, Japan, 3-7 July 2013; IEEE: New York, NY, USA, 2013; pp. 7350-7354.
[CrossRef]

Bernal, J.; Sanchez, FJ.; Fernandez-Esparrach, G.; Gil, D.; Rodriguez, C.; Vilarifio, . WM-DOVA maps for
accurate polyp highlighting in colonoscopy: Validation vs. saliency maps from physicians. Comput. Med.
Imaging Graph. 2015, 43, 99-111. [CrossRef] [PubMed]

Bernal, J.; Tajkbaksh, N.; Sanchez, FJ.; Matuszewski, B.J.; Chen, H.; Yu, L.; Angermann, Q.; Romain, O.;
Rustad, B.; Balasingham, L; et al. Comparative Validation of Polyp Detection Methods in Video Colonoscopy:
Results from the MICCAI 2015 Endoscopic Vision Challenge. IEEE Trans. Med. Imaging 2017, 36, 1231-1249.
[CrossRef] [PubMed]

Tajbakhsh, N.; Gurudu, S.R.; Liang, J. A Classification-Enhanced Vote Accumulation Scheme for Detecting
Colonic Polyps. In Proceedings of the International Medical Image Computing and Computer Assisted
Intervention Society Workshop on Computational and Clinical Challenges in Abdominal Imaging
(ABD-MICCAI 2013), Nagoya, Japan, 22-26 September 2013; Springer: Berlin/Heidelberg, Germany,
2013; pp. 53-62. [CrossRef]

Tajbakhsh, N.; Chi, C.; Gurudu, S.R; Liang, ]J. Automatic polyp detection from learned boundaries.
In Proceedings of the 2014 IEEE 11th International Symposium on Biomedical Imaging (ISBI), Beijing, China,
30 March-2 April 2014; IEEE: New York, NY, USA, 2014; pp. 97-100. [CrossRef]

Tajbakhsh, N.; Gurudu, S.R.; Liang, ]J. Automatic Polyp Detection Using Global Geometric Constraints
and Local Intensity Variation Patterns. In Proceedings of the 2014 17th Medical Image Computing and
Computer-Assisted Intervention (MICCAI 2014), Boston, MA, USA, 14-18 September 2014; Springer: Cham,
Switzerland, 2014; pp. 179-187. [CrossRef]

Karkanis, S.A.; Iakovidis, D.K.; Maroulis, D.E.; Karras, D.A.; Tzivras, M. Computer-aided tumor detection
in endoscopic video using color wavelet features. IEEE Trans. Inform. Technol. Biomed. 2003, 7, 141-152.
[CrossRef] [PubMed]

Iakovidis, D.K.; Maroulis, D.E.; Karkanis, S.A.; Brokos, A. A Comparative Study of Texture Features for
the Discrimination of Gastric Polyps in Endoscopic Video. In Proceedings of the 18th IEEE Symposium on
Computer-Based Medical Systems (CBMS 2005), Dublin, Ireland, 23-24 June 2005; IEEE: New York, NY, USA,
2005; pp. 575-580. [CrossRef]

Lecun, Y.; Bottou, L.; Bengio, Y.; Haffner, P. Gradient-Based learning applied to document recognition.
Proc. IEEE 1998, 86, 2278-2324. [CrossRef]

Krizhevsky, A.; Sutskever, I.; Hinton, G.E. ImageNet classification with deep convolutional neural networks.
Commun. ACM 2017, 60, 84-90. [CrossRef]

Ribeiro, E.; Uhl, A.; Hafner, M. Colonic Polyp Classification with Convolutional Neural Networks.
In Proceedings of the 2016 IEEE 29th International Symposium on Computer-Based Medical Systems
(CBMS 2016), Belfast and Dublin, Ireland, 20-23 June 2016; IEEE: New York, NY, USA, 2016; pp. 253-258.
[CrossRef]

Long, J.; Shelhamer, E.; Darrell, T. Fully convolutional networks for semantic segmentation. In Proceedings
of the 2015 IEEE Conference on Computer Vision and Pattern Recognition (CVPR 2015), Boston, MA, USA,
7-12 June 2015; IEEE: New York, NY, USA, 2015; pp. 3431-3440. [CrossRef]

Ronneberger, O.; Fischer, P; Brox, T. U-Net: Convolutional Networks for Biomedical Image Segmentation.
In Medical Image Computing and Computer-Assisted Intervention—MICCAI 2015; Lecture Notes in Computer
Science; Navab, N., Hornegger, J., Wells, WM., Frangi, A.E, Eds.; Springer International Publishing: Cham,
Switzerland, 2015; Volume 9351, pp. 234-241. [CrossRef]


http://dx.doi.org/10.1117/12.877986
http://dx.doi.org/10.1371/journal.pone.0155371
http://www.ncbi.nlm.nih.gov/pubmed/27191849
http://dx.doi.org/10.1016/j.patcog.2012.03.002
http://dx.doi.org/10.1109/EMBC.2013.6611256
http://dx.doi.org/10.1016/j.compmedimag.2015.02.007
http://www.ncbi.nlm.nih.gov/pubmed/25863519
http://dx.doi.org/10.1109/TMI.2017.2664042
http://www.ncbi.nlm.nih.gov/pubmed/28182555
http://dx.doi.org/10.1007/978-3-642-41083-3_7
http://dx.doi.org/10.1109/ISBI.2014.6867818
http://dx.doi.org/10.1007/978-3-319-10470-6_23
http://dx.doi.org/10.1109/TITB.2003.813794
http://www.ncbi.nlm.nih.gov/pubmed/14518727
http://dx.doi.org/10.1109/CBMS.2005.6
http://dx.doi.org/10.1109/5.726791
http://dx.doi.org/10.1145/3065386
http://dx.doi.org/10.1109/CBMS.2016.39
http://dx.doi.org/10.1109/CVPR.2015.7298965
http://dx.doi.org/10.1007/978-3-319-24574-4_28

J. Imaging 2020, 6, 69 20 of 21

38.

39.

40.

41.
42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

Vazquez, D.; Bernal, J.; Sdnchez, FJ.; Fernandez-Esparrach, G.; Lopez, A.M.; Romero, A.; Drozdzal, M.;
Courville, A. A Benchmark for Endoluminal Scene Segmentation of Colonoscopy Images. J. Healthc. Eng.
2017, 2017, 1-9. [CrossRef]

Zhang, L.; Dolwani, S.; Ye, X. Automated Polyp Segmentation in Colonoscopy Frames Using Fully
Convolutional Neural Network and Textons. In Proceedings of the 2017 21st Medical Image Understanding
and Analysis (MIUA 2017), Edinburgh, UK, 11-13 July 2017; Springer: Cham, Switzerland, 2017; pp. 707-717.
[CrossRef]

Li, Q.; Yang, G.; Chen, Z.; Huang, B.; Chen, L.; Xu, D.; Zhou, X.; Zhong, S.; Zhang, H.; Wang, T. Colorectal
polyp segmentation using a fully convolutional neural network. In Proceedings of the 2017 10th International
Congress on Image and Signal Processing, BioMedical Engineering and Informatics (CISP-BMEI 2017),
Shanghai, China, 14-16 October 2017; IEEE: New York, NY, USA, 2017; pp. 1-5. [CrossRef]

Yu, F; Koltun, V. Multi-Scale Context Aggregation by Dilated Convolutions. arXiv 2016, arXiv:1511.07122.
Chen, L.-C.; Papandreou, G.; Kokkinos, I.; Murphy, K.; Yuille, A.L. DeepLab: Semantic Image Segmentation
with Deep Convolutional Nets, Atrous Convolution, and Fully Connected CRFs. IEEE Trans. Pattern Anal.
Mach. Intell. 2018, 40, 834-848. [CrossRef]

Guo, Y,; Matuszewski, B.]. GIANA Polyp Segmentation with Fully Convolutional Dilation Neural Networks.
In Proceedings of the 14th International Joint Conference on Computer Vision, Imaging and Computer
Graphics Theory and Applications—Volume 4: GIANA, Prague, Czech Republic, 25-27 February 2019;
SCITEPRESS: Setubal, Portugal, 2019; pp. 632-641. [CrossRef]

Peng, C.; Zhang, X.; Yu, G.; Luo, G.; Sun, J. Large Kernel Matters—Improve Semantic Segmentation by
Global Convolutional Network. In Proceedings of the 2017 IEEE Conference on Computer Vision and
Pattern Recognition (CVPR 2017), Honolulu, HI, USA, 21-26 July 2017; IEEE: New York, NY, USA, 2017;
pp. 1743-1751. [CrossRef]

He, K.; Zhang, X.; Ren, S.; Sun, J. Deep Residual Learning for Image Recognition. In Proceedings of the
2016 IEEE Conference on Computer Vision and Pattern Recognition (CVPR 2016), Las Vegas, NV, USA,
26 June-1 July 2016; IEEE: New York, NY, USA, 2016; pp. 770-778. [CrossRef]

Srivastava, N.; Hinton, G.; Krizhevsky, A.; Sutskever, I.; Salakhutdinov, R. Dropout: A Simple Way to Prevent
Neural Networks from Overfitting. . Mach. Learn. Res. 2014, 15, 1929-1958.

Canziani, A.; Paszke, A.; Culurciello, E. An Analysis of Deep Neural Network Models for Practical
Applications. arXiv 2017, arXiv:1605.07678.

Chen, L.-C.; Papandreou, G.; Schroff, F; Adam, H. Rethinking Atrous Convolution for Semantic Image
Segmentation. arXiv 2017, arXiv:1706.05587.

Glorot, X.; Bengio, Y. Understanding the difficulty of training deep feedforward neural networks.
In Proceedings of the thirteenth international conference on artificial intelligence and statistics
(AI & Statistics 2010), Sardinia, Italy, 13—-15 May 2010; pp. 249-256.

Kingma, D.P; Ba, J. Adam: A Method for Stochastic Optimization. arXiv 2014, arXiv:1412.6980.
Gastrointestinal Image ANAlysis (GIANA) Challenge. Available online: https://endovissub2017-giana.
grand-challenge.org/Home/ (accessed on 29 April 2020).

CVC-ColonDB dataset. Available online: http://mv.cvc.uab.es/projects/colon-qa/cvccolondb (accessed on
5 June 2020).

Fernandez-Esparrach, G.; Bernal, J.; Lopez-Cerén, M.; Cérdova, H.; Sdnchez-Montes, C.; de Miguel, C.R;
Sanchez, EJ. Exploring the clinical potential of an automatic colonic polyp detection method based on the
creation of energy maps. Endoscopy 2015, 48, 837-842.

CVC-ClinicDB Dataset. Available online: https://polyp.grand-challenge.org/CVCClinicDB/ (accessed on
5 June 2020).

Bernal, J.; Histace, A.; Masana, M.; Angermann, Q.; Sanchez-Montes, C.; Rodriguez de Miguel, C.;
Hammami, M.; Garcia-Rodriguez, A.; Cérdova, H.; Romain, O.; et al. GTCreator: A flexible annotation tool
for image-based datasets. Int. ]. CARS 2019, 14, 191-201. [CrossRef]

Must Know Tips/Tricks in Deep Neural Networks. Available online: http://persagen.com/files/ml_files/
Must%20Know%20Tips, %20Tricks%20in%20Deep %20Neural %20Networks.pdf (accessed on 29 April 2020).
Taha, A.A.; Hanbury, A. Metrics for evaluating 3D medical image segmentation: Analysis, selection, and
tool. BMC Med. Imaging 2015, 15, 29. [CrossRef]


http://dx.doi.org/10.1155/2017/4037190
http://dx.doi.org/10.1007/978-3-319-60964-5_62
http://dx.doi.org/10.1109/CISP-BMEI.2017.8301980
http://dx.doi.org/10.1109/TPAMI.2017.2699184
http://dx.doi.org/10.5220/0007698806320641
http://dx.doi.org/10.1109/CVPR.2017.189
http://dx.doi.org/10.1109/CVPR.2016.90
https://endovissub2017-giana.grand-challenge.org/Home/
https://endovissub2017-giana.grand-challenge.org/Home/
http://mv.cvc.uab.es/projects/colon-qa/cvccolondb
https://polyp.grand-challenge.org/CVCClinicDB/
http://dx.doi.org/10.1007/s11548-018-1864-x
http://persagen.com/files/ml_files/Must%20Know%20Tips,%20Tricks%20in%20Deep%20Neural%20Networks.pdf
http://persagen.com/files/ml_files/Must%20Know%20Tips,%20Tricks%20in%20Deep%20Neural%20Networks.pdf
http://dx.doi.org/10.1186/s12880-015-0068-x

J. Imaging 2020, 6, 69 21 of 21

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

Fernandez-Moral, E.; Martins, R.; Wolf, D.; Rives, P. A New Metric for Evaluating Semantic Segmentation:
Leveraging Global and Contour Accuracy. In Proceedings of the 2018 IEEE Intelligent Vehicles Symposium
(IV 2018), Changshu, China, 26-30 June 2018; IEEE: New York, NY, USA, 2018; pp. 1051-1056. [CrossRef]
Ganz, M,; Yang, X.; Slabaugh, G. Automatic Segmentation of Polyps in Colonoscopic Narrow-Band Imaging
Data. IEEE Trans. Biomed. Eng. 2012, 59, 2144-2151. [CrossRef]

Kang, J.; Gwak, J. Ensemble of Instance Segmentation Models for Polyp Segmentation in Colonoscopy
Images. IEEE Access 2019, 7, 26440-26447. [CrossRef]

Wang, R.; Ji, C.; Fan, J.; Li, Y. Boundary-aware Context Neural Networks for Medical Image Segmentation.
arXiv 2020, arXiv:2005.00966v1.

Fang, Y.; Chen, C.; Yuan, Y.; Tong, K. Selective Feature Aggregation Network with Area_Boundary Constraints
for Polyp Segmentation. In Medical Image Computing and Computer Assisted Interventions, MICCAI 2019;
Springer: Cham, Switzerland, 2019; pp. 302-310. [CrossRef]

Tajbakhsh, N.; Shin, J.Y.; Gurudu, S.R.; Hurst, R.T.; Kendall, C.B.; Gotway, M.B.; Liang, J. Convolutional
Neural Networks for Medical Image Analysis: Full Training or Fine Tuning? IEEE Trans. Med. Imaging 2016,
35, 1299-1312. [CrossRef] [PubMed]

Wijk, C.; Ravesteijn, V.F; Vos, EM.; Vliet, L.J. Detection and Segmentation of Colonic Polyps on Implicit
Isosurface by Second Principal Curvature Flow. IEEE Trans. Med. Imaging 2010, 29, 688-698. [CrossRef]
Akbari, M.; Mohrekesh, M.; Nasr-Esfahani, E.; Soroushmehr, SM.R.; Karimi, N.; Samavi, S.; Najarian, K.
Polyp Segmentation in Colonoscopy Images Using Fully Convolutional Network. In Proceedings of the
2018 40th Annual International Conference of the IEEE Engineering in Medicine and Biology Society (EMBC
2018), Honolulu, HI, USA, 17-21 July 2018; IEEE: New York, NY, USA, 2018; pp. 69-72. [CrossRef]
Dijkstra, W.; Sobiecki, A.; Bernal, J.; Telea, A. Towards a Single Solution for Polyp Detection, Localization
and Segmentation in Colonoscopy Images. In Proceedings of the 14th International Joint Conference on
Computer Vision, Imaging and Computer Graphics Theory and Applications—Volume 4: GIANA, Prague,
Czech Republic, 25-27 February 2019; pp. 616-625. [CrossRef]

Qadir, H.A.; Shin, Y.; Solhusvik, J.; Bergsland, J.; Aabakken, L.; Balasingham, I. Polyp Detection and
Segmentation using Mask R-CNN: Does a Deeper Feature Extractor CNN Always Perform Better?
In Proceedings of the 2019 13th International Symposium on Medical Information and Communication
Technology (ISMICT), Oslo, Norway, 8-10 May 2019; IEEE: New York, NY, USA, 2019; pp. 1-6. [CrossRef]
Nguyen, Q.; Lee, S.-W. Colorectal Segmentation Using Multiple Encoder-Decoder Network in Colonoscopy
Images. In Proceedings of the 2018 IEEE First International Conference on Artificial Intelligence and
Knowledge Engineering (AIKE), Laguna Hills, CA, USA, 26-28 September 2018; IEEE: New York, NY, USA,
2018; pp. 208-211. [CrossRef]

Sun, X.; Zhang, P; Wang, D.; Cao, Y.; Liu, B. Colorectal Polyp Segmentation by U-Net with Dilation
Convolution. In Proceedings of the 18th IEEE International Conference on Machine Learning and Applications
(ICMLA), Boca Raton, FL, USA, 16-19 December 2019; pp. 851-858. [CrossRef]

Nguyen, N.-Q.; Vo, D.M.; Lee, S.-W. Contour-Aware Polyp Segmentation in Colonoscopy Images Using
Detailed Upsamling Encoder-Decoder Networks. IEEE Access 2020, 8, 99495-99508. [CrossRef]

Jha, D.; Smedsrud, P.H.; Riegler, M.A_; Johansen, D.; de Lange, T.; Halvorsen, P; Johansen, H.D. ResUNet++:
An Advanced Architecture for Medical Image Segmentation. IEEE Int. Symp. Multimed. (ISM) 2019, 225-230.
[CrossRef]

Hu, J.; Shen, L.; Sun, G. Squeeze-and-Excitation Networks. In Proceedings of the 2018 IEEE Conference on
Computer Vision and Pattern Recognition (CVPR 2018), Salt Lake City, UT, USA, 18-22 June 2018; IEEE: New
York, NY, USA, 2018; pp. 7132-7141. [CrossRef]

@ © 2020 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 (http://creativecommons.org/licenses/by/4.0/).


http://dx.doi.org/10.1109/IVS.2018.8500497
http://dx.doi.org/10.1109/TBME.2012.2195314
http://dx.doi.org/10.1109/ACCESS.2019.2900672
http://dx.doi.org/10.1007/978-3-030-32239-7_34
http://dx.doi.org/10.1109/TMI.2016.2535302
http://www.ncbi.nlm.nih.gov/pubmed/26978662
http://dx.doi.org/10.1109/TMI.2009.2031323
http://dx.doi.org/10.1109/AIKE.2018.00048
http://dx.doi.org/10.5220/0007694906160625
http://dx.doi.org/10.1109/ISMICT.2019.8743694
http://dx.doi.org/10.1109/AIKE.2018.00048
http://dx.doi.org/10.1109/ICMLA.2019.00148
http://dx.doi.org/10.1109/ACCESS.2020.2995630
http://dx.doi.org/10.1109/ISM46123.2019.0049
http://dx.doi.org/10.1109/CVPR.2018.00745
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Related Work 
	Method 
	Data 
	Results 
	Evaluation Metrics 
	Test Time Data Augmentation 
	Results 
	Comparative Analysis 

	Conclusions 
	References

