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Abstract: Glaucoma is a leading cause of blindness. The measurement of vertical cup-to-disc
ratio combined with other clinical features is one of the methods used to screen glaucoma. In
this paper, we propose a deep level set method to implement the segmentation of optic cup (OC)
and optic disc (OD). We present a multi-scale convolutional neural network as the prediction
network to generate level set initial contour and evolution parameters. The initial contour will be
further refined based on the evolution parameters. The network is integrated with augmented
prior knowledge and supervised by active contour loss, which makes the level set evolution yield
more accurate shape and boundary details. The experimental results on the REFUGE dataset
show that the IoU of the OC and OD are 93.61% and 96.69%, respectively. To evaluate the
robustness of the proposed method, we further test the model on the Drishthi-GS1 dataset. The
segmentation results show that the proposed method outperforms the state-of-the-art methods.

© 2021 Optical Society of America under the terms of the OSA Open Access Publishing Agreement

1. Introduction

Retinal image analysis has a wide range of clinical applications in the diagnosis of ophthalmic
diseases. Many eye diseases can be revealed by the morphology of the optic cup (OC) and
optic disc (OD). For instance, glaucoma, the leading cause of chronic and irreversible blindness
globally, is usually characterized by the thinning of the neuro retinal rim and the growing of
optic cup [1]. Glaucoma can lead to progressive damage to the vision system. Therefore, it is of
great significance to accurately diagnose and treat glaucoma at an early stage. The symptoms of
glaucoma include the structural changes on the nerve fiber layer and/or optic nerve head (ONH),
which occurs preferentially at the superior and inferior poles of the OD, and the OC enlarges
vertically more than horizontally [2]. These characteristics can be evaluated by the vertical
cup-to-disc ratio (vCDR), which is computed as the division of the vertical diameter of the OC
by the vertical diameter of the OD. Due to glaucoma usually leads to a significant increase in
the vCDR values, the measurement of vVCDR combined with other clinical features in ONH
assessments is widely used to diagnose glaucoma [1,3]. In clinical application, color fundus
photography is the most effective imaging modality for the examination of retinal disorders [4].
The OD appears as a bright yellow elliptical region in the fundus image, and the center depression
of the OD is OC. Examples of normal eye and glaucoma are shown in Fig. 1.

Manually segmenting the OC and OD and measuring the vCDR are time-consuming and are
affected by the clinical experience of the ophthalmologist. Therefore, a lot of significant progress
has been made in the field of automatic fundus image segmentation. Based on the working
principle, the existing methods for OC and OD segmentation can be mainly divided into three
categories, which are non-model-based method, model-based method, and deep learning-based
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Fig. 1. Examples of the (a) whole fundus image and the enlarged optic disc area for the (b)
normal and (c¢) glaucoma cases. The optic disc and cup are indicated by the outer blue and
inner green dash lines, respectively. VCD and VDD indicate the vertical diameter of the
optic cup and disc, respectively.

method. The non-model-based methods usually use traditional algorithms to detect the boundary
of OD and OC, like clustering, thresholding, and morphological operation [5]. The model-based
methods include template matching and deformable model-based methods.

For the template-based method, Lalonde et al. [6] proposed a Hausdorff-based template
matching method, which is guided by a pyramidal decomposition and confidence assignment
to localize the OD. Youssif et al. [7] proposed a two-dimensional Gaussian matched filter to
segment retinal vessels and predict a vessels direction map. An OD edge map can be obtained by
training a classifier based on structure learning. Aquino et al. [8] and Cheng et al. [9] modeled
the OD as a circle and an ellipse boundary, respectively. They utilized edge detection techniques
followed by the Hough transform to detect the edges in the image. Zheng et al. [10] integrated
prior information with the OC and OD. The segmentation task was performed by using a general
energy function based on the graph cut technique. Mukherjee et al. [11] localized the OD
region based on a parameterized membership function defined on the cluster regions and the
convergence point of the retinal vasculature. The template matching focuses on incorporating the
shape of OC and OD by matching the edge with a circle or an ellipse. However, they often require
a lot of sampling points and fail to detect the object shape irregularity due to the shape variation.

Deformable model-based methods need an initial contour for initialization and deformation
towards the target contour according to various energy terms. The energy terms are usually
defined by image gradient, image intensity, and boundary smoothness [12]. Typical deformable
models include the active contour model, level set model, and Chan-Vese level set model. Osareh
etal. [13] and Lowell et al. [14] localized the OD region through active contour fitting combined
with grey-level morphology and specialized template matching, respectively. Xu et al. [15]
proposed a boundary detection method for OC and OD region based on snake model, which
includes knowledge-based clustering and smooth updating. They labeled the contour points
as positive or uncertain points after each snake deformation, which is used to refine the object
boundary before the next contour deformation. Joshi et al. [16] improved the Chan-Vese model
by using two texture feature spaces near the analyzed pixels and local red channel intensities. A
modified region-based active contour model was used to segment OD boundary. A deformable
model could acquire desirable results and have shown promise for segmentation tasks of OC and
OD. However, due to they are sensitive to the initialization, and the OD usually has a blurred
edge against OC or outside region of OD, the deformable models still have challenges for the
segmentation of OC and OD.

Recently, the deep learning-based method has gained a lot of attention for segmentation tasks
of the OC and OD in fundus images. The deep convolutional neural network has the ability
to explore intricate structures from high-dimensional data. Most methods of fundus images
segmentation are based on the classic convolutional neural network (CNN) [17-20]. Maninis et
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al. [21] performed OD segmentation by using fully-convolutional neural network [17] based on
VGG-16 [22] and the transfer learning technique. Based on U-Net, Sevastopolsky et al. [23] and
Fu et al. [24] proposed a modified U-Net for joint segmentation of OC and OD in retinal images,
respectively. Shankaranarayana et al. [25] employed the concept of residual block and proposed
a dilated residual inception network for OC and OD segmentation.

Although significant progress has been achieved, the following difficulties still need to be
solved. Firstly, the deep learning-based methods tend to perform well when being applied to
well-annotated datasets with consistent image distributions. However, the distribution of retinal
fundus image datasets is usually inconsistent. Due to the variance among the diverse data domains,
most of the state-of-the-art methods can not give a satisfying segmentation result on the test set
that has a different data distribution from the training set. Figure 2 illustrates fundus images from
different datasets captured by different fundus cameras. Secondly, the segmentation of OC and
OD is challenging due to the pathological lesions on the boundaries or regions, which lead to
the variations in the shape, size, and color in the OC and OD regions. Thirdly, the pixel-wise
segmentation methods focused on inferring label for each pixel independently, which may come
short at yielding compact and uniform predictions and require more computation resources.
In this respect, the contour-based method, level set, formulates the segmentation problem as
an energy minimization problem. However, the traditional level set method is usually used as
a post-processing tool. Recent works [26,27] proposed modified level set methods for image
segmentation, which combine the traditional level set method with deep learning architecture.
Although these methods have achieved outstanding performance on natural image segmentation,
are still insufficiently accurate for clinical use due to the fundus images features mentioned above.
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Fig. 2. Examples of REFUGE and DRISHTI-GS|1 dataset, and the RGB histogram of the
corresponding image.

In this paper, to overcome the aforementioned problems, we propose a semi-auto deep level
set model for the OD and OC segmentation. The proposed method includes two main parts, as
illustrated in Fig. 3. The first part is a multi-scale convolutional neural network, which is used to
predict the level set evolution parameters. The second part is based on level set evolution to further
refine the predicted contour. The input of the evolution part is the initial contour and evolution
parameters predicted by the prediction part. The proposed method takes the segmentation task as
a contour prediction problem, which can generate compact and uniform predictions. Moreover,
the augmented prior knowledge is proposed to make the level set evolution have a more accurate
shape. The network is supervised by weighted cross-entropy loss and active contour loss, which
can introduce more boundary details to the deep level set model. The proposed method can be
trained in an end-to-end manner.

The rest of the paper is organized as follows. The details of the proposed method are described
in Section 2. Experimental results are shown in Section 3, including the data description,
evaluation results of the proposed method, and the comparison with other segmentation methods.
Finally, a discussion is provided with a conclusion in Section 4.
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Fig. 3. Overview of the proposed method. The yellow and green dash frames represent the
prediction part and the evolution part, respectively. The prediction part predicts an initial
contour and three parameters for level set evolution. After T steps evolution, the initial
contour is further updated to obtain the refined prediction result.

2. Methods
2.1. Network architecture

The network architecture consists of two parts, the prediction part and the evolution part. The
prediction part is a multi-scale convolutional neural network, which is used to predict the level
set evolution parameters. The evolution part is based on level set and is used to evolve the initial
contour. An overview of the proposed method is shown in Fig. 3.

The CNN encoder is a modified ResNet-101 [28] with skip connections and attention module
[29] for getting multi-scale and more powerful representation features of the input images. The
last average pooling layer and the fully connected layer of ResNet-101 are removed. Four 3 x 3
convolution operations are used to encode features from the 7 X 7 convolution, residual block 1,
2, 4, respectively. To concatenate features from the four 3 X 3 convolution operations, the bilinear
up-sampling operations with 2 and 4 scale factors are used to make the feature maps have the
same spatial size of 128 x 128. Finally, the concatenated feature map is feed into the prediction
block, which predicts three level set evolution parameters and an initial contour. The prediction
block is based on the pyramid parsing module [19] to extract multiscale features. The structure
of the CNN encoder and the prediction block is shown in Fig. 4.

Given an input image, users can click on the top, bottom, left-most and right-most parts of
the region of interest (Rol) to get four extreme points. Moreover, two intersecting segments are
derived by pairing and connecting the four extreme points [30]. Then, the addition of the two
intersecting segments and the four extreme points are taken as our augmented prior knowledge
and feed into the CNN network together with the input image. Feature maps will be extracted by
the CNN encoder and fed into the prediction block, which is used to predict the initial contour
and the evolution parameters. The evolution parameters include external energy and internal
energy. The external energy is used to promote the initial contour to the desired position. The
internal energy is used to avoid excessive smoothing. Based on the evolution parameters, the
initial contour is evolved T steps to get the final prediction. To make the level set evolution result
yield more accurate shape and boundary details, we take the inside and outside area and the size
of boundaries into account by using the active contour (AC) loss. Moreover, the prediction block
is designed to predict the foreground and background binary probability map. The AC loss can
be calculated by the binary probability map and the binary masks obtained from the ground truth.
The network is supervised by the weighted cross-entropy (CE) loss and the AC loss. Finally, the
CNN parameters are updated by backpropagation.
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Fig. 4. Architecture of the CNN encoder and prediction block. k X k conv represents the
convolution operation with kernel size k. X2 up and x4 up represent the bilinear up-sampling
operation with 2 and 4 scale factors, respectively. The orange tensor is the input of the
prediction block.

2.2. Level set evolution

Level set method represents the curve C as the intersection of zero level set with level set function:

C = {(xy)l¢(x,y) =0} )]

The target of segmentation task is to find the curve C. The inside and the outside area of the
curve C indicate the foreground and background, respectively.

The level set function is usually represented as a signed distance function (SDF). In this paper,
the initial contour is represented as a truncated signed distance function (TSDF), which makes
the training process more stable and reduce the deviation of the output. The TSDF is defined as:

d1spr(x,y) = sgn(¢spr(x, y))min{¢spr(x, y)|d}, 2

where the sgn(-) represents step function, and the d represents truncated threshold.

The initial contour ¢o(x, y) is represented as a distance map, where the zero distance point
set represents the initial contour, the positive and negative distance points represent the inside
and outside points of the contour, respectively. The closer the point to the object boundary
is, the smaller the absolute distance. The evolution parameters include external and internal
energy. External energy is designed as the gradient map at x and y direction, indicating the
evolution direction of the contour. Generally, the level set evolution is regularized by moving the
contour along the direction of curvature, which smooth the contour and eliminates boundary
noise. Internal energy is designed as a probability map to selectively smooth the contour and
give the model more flexibility. The initial contour is iteratively evolved based on the evolution
parameters. After T steps of evolution, the prediction result ¢7(x,y) is obtained. T is set by
experience.

2.3. Confidence map

To improve the segmentation performance, the prior knowledge is expanded based on the extreme
points [31]. The main idea is using the four extreme points to generate two intersecting segments,
and taking the combination of the segments and extreme points as an augmented prior knowledge.
Specifically, each pixel in the image has a distance from the intersecting segments. The distance
is used to generate a confidence map, which assigns a confidence score to each pixel in the
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image domain. Then, the extreme points are combined with the confidence map together as an
additional channel concatenates with the input image to feed into the network.

Through the extreme points, the following information is suitable for most situations: 1) Four
extreme points can be paired and connected to form two intersecting line segments sy, so. 2) The
intersection point o of the two line segments is more likely to belong to the Rol. 3) The point x in
the image Q have a distance from the line segments, the smaller the distance between x and the
two line segments, the more likely it is to belong to the Rol, and vice versa. The line segments s,
s and intersection point o are collectively used as a coordinate frame, the confidence map can be
calculated as the following formula:

dist(x, s1) do(x) = dist(x, s2)
’ S - £

s1 052

dsi(x) = 3

where dy(x) and dy(x) are the weight distances from pixel x to line segments s and s,. dist(x, )
is the Euclidean distance from point x to line segment s. o7 is the variance along segment s.

di(x) = min{ds (x), dp(x)}, 4
dr(x) = Vd1(x)* + dp(x)?, )
CM(x) = ! ©)

1 +di(x) + da(x)’

where d}(x) and d,(x) measure the Chebyshev and Mahalonobis distance of the point x to line
segments s; and s,, respectively.

2.4. Loss function

To let the network learn more discriminative features and improve the segmentation performance.
Inspired by Chen et al. [32], the inside and outside area and the size of boundaries are taken into
account by combining the active contour loss L,. with the weighted cross-entropy loss L, as
follows:

L=Lc+ ALg, @)

where A is the AC loss weight. In the experiment, we set it to le-4. Specifically, the AC loss
function is defined as follows:

Lue = @Lgreq + Lien, (8)
i=1j=1 i=1j=1
Larea = Z uij(cr = vig)*| + Z (1= uij)(c2 = vij)|, ©)
Q Q
i=1j=1
Lin= Y \/|(Vuxl_’,_)2 + (Vg 2] + €, (10)
)

where the L., and L;, measure the area of region and length of contour, respectively. The
parameter « is used to balance the weight of area loss and contour length loss. In the experiment,
we set it to 0.5. The range of « is [0,1]. The parameter u represent the segmentation result,
v represent the given image. c¢; and ¢, represent the energy inside and outside the object
curve, respectively. x and y from u,,; and uy,, represent the horizontal and vertical directions,
respectively. € is a parameter to avoid square root is zero.
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3. Results
3.1. Materials

The proposed method is evaluated on two public retinal fundus datasets, REFUGE [4] and
Drishti-GS1 [33]. The REFUGE dataset contains a total of 1200 two-dimensional color fundus
images in JPEG format, 120 with glaucoma and 1080 without. The dataset is divided into
three subsets officially, each of them contains 400 fundus images and has an equal proportion
of glaucomatous (10%) and non-glaucomatous (90%) cases. The training and testing set are
captured by different cameras so that the color and texture of the images are different. Specifically,
the training set is acquired by Zeiss Visucam 500 fundus camera with a resolution of 2124 x 2056
pixels, and the validation and test set are acquired by Canon CR-2 camera with a resolution of
1634 x 1634 pixels. The Drishti-GS1 dataset comprises 101 fundus images with a resolution of
2045 x 1752 to 2896 x 1944 pixels, and stored in PNG format. All images were taken with the
eyes dilated centered on OD with a Field-of-View of 30-degrees. No other imaging constraints
were imposed on the acquisition process. The dataset is officially split into 50 and 51 images
for training and test, respectively. Manual annotations of the OD and OC were provided by 7
and 4 independent glaucoma experts for REFUGE and DRISHTI-GS|1 dataset, respectively. All
the experts independently reviewed and delineated the OD and OC in all the images. For the
REFUGE dataset, a senior expert adjudicates the 7 segmentation results to remove incorrect ones.
For the DRISHTI-GS|1 dataset, it does not involve the adjudication process.

3.2. Evaluation metrics

For the segmentation task of OD and OC, Intersection over Union (IoU) and Dice similarity
coefficient (DSC) are used to evaluate the overlap between the prediction result and ground
truth. For classification of glaucoma and normal cases, Sensitivity and Specificity are used to
show the percentage of glaucoma and normal cases correctly identified by the proposed method,
respectively. The classification of glaucoma cases is based on the vCDR, which is calculated by
the vertical diameter of the OD and OC. The mean absolute error (MAE) is used to evaluate the
estimation of vCDR. Furthermore, ROC graph is used to visualize the classification performance

of the proposed method.
The IoU and DSC are defined as:
i N
U = MO h0g, (11)
YU Yyl
21%: N Y,
Cr = M X 100%, (12)

k= =
|Yil + Yl
where the Y and Yy are the ground truth and predicted segmentations of the region of interest k,

respectively (with k = OD or OC).
The Sensitivity (Sen.) and Specificity (Spec.) are defined as:

TP
Sen. = ———— x 100%, (13)
TP + FN
TN
Spec. = ————— x 100%, (14)
TN + FP
where TP, TN, FP, and FN present true positive, true negative, false positive, and false negative,
respectively.
The MAE is defined as:
MAE = abs(vCDR(Yoc, Yop) — vCDR(Yoc, Yop)), (15)
where the vCDR(OD, OC) = ngg; is a function that estimates the vCDR based on the vertical

diameter d of the segmentations of the OD and the OC, respectively.
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3.3. Training details and parameter setting

The proposed method is implemented by the deep learning framework PyTorch 0.4.0. and all
experiments were performed using GTX 1080Ti GPU. The training process of the proposed
method executes 30 epochs with a mini-batch size of 8, and converges around 25 epochs. It is
validated every 5 epochs during the training process. The training process takes a total of 1.5
hours, including 30 epochs of training and 6 validations. We perform the image normalization
on each image for the two datasets and resize the region of interest to 256 x 256 for input into the
network. Apart from this, no additional pre-processing and data augmentation were used in the
training and testing processes. For a fair comparison, we preprocess the images with Rol crop for
all automatic methods. The level set evolution phase uses 7' = 5 both in the training and testing.
Specifically, random noise was added to the ground-truth annotation to get extreme points used
for training. A 2D Gaussian is placed around each of the extreme points to get a heatmap. For
other hyperparameters, the initial learning rate is 3e-4 and decayed by 0.3. Momentum is 0.9 and
weight decay is le-6. The training loss curve and the validation results are shown in the Fig. 5.
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Fig. 5. Training loss curve of the proposed method and the validation results for the
corresponding epochs.

3.4. Experimental results

The quantitative results of the proposed method on the REFUGE validation set and test set are
shown in Table 1. From the table, it can be observed that the segmentation accuracy on the test
set is close to the validation set. It demonstrates the effectiveness of the proposed method. The
average IoU of OD is higher than that of OC. It is mainly because glaucoma leads to changes in
the morphology and structure of the OC. Figure 6 shows the maximum and minimum IoU index
of the OD and OC for the test set, respectively.

Cupg6U: 97359% A Cup AB60: 8527.0% CupABU: 94.46%
i " DiSc ToU: 92.69% Disc Iol: 98.70%

Cup ToU: 91.32%
Disc IolU: 91.10%

¢ @

Fig. 6. The maximum and minimum IoU of segmentation result for optic cup and disc.

Correlation analysis is performed to assess the reliability of the proposed method, which is
shown in Fig. 7. The predicted area (total number of pixels) and the expert manually labeled area
are used as the assessment criteria. The high correlation coefficient demonstrates the proposed
method can predict the OD/OC area with satisfactory performance. A high determination
coefficient means most points are near to the line, which shows no systematic difference.
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Table 1. Quantitative results of the proposed method on the REFUGE validation and test set. Avg.,
Std., Max and Min represent average values, standard deviations, maximum and minimum,
respectively.

Cup DISC
Avg. Std. Max Min Avg. Std. Max Min
Test ToU(%) 93.61 1.87 97.59 85.70 96.95 1.13 98.70 91.10
DSC(%) 96.69 1.01 98.78 92.30 98.45 0.59 99.35 95.34
Val ToU(%) 93.72 1.97 97.78 85.98 97.04 1.04 98.74 90.09
DSC(%) 96.75 1.06 98.88 92.46 98.50 0.54 99.37 94.79
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Fig. 7. Correlation analysis of the segmentation results with expert labeled results for
optic cup and disc in REFUGE test set. ¢ and = represent the correlation coefficient and
determination coefficient, respectively. The black line represents no systematic difference.

The area deviations of OD and OC are shown in the Bland-Altman plot (Fig. 8), which
measures the agreement between the ground truth and the segmentation result obtained from the
proposed method. Two blue dotted lines indicate the average + 1.96 standard deviations, and the
interval formed by the two blue dotted lines indicates the 95% limits of agreement (LoA). The
prediction result and ground truth are consistent as most of the scattered points fall within the
95% LoA. Specifically, 5% (20/400) points fall outside of the 95% LoA for OC and 4% (16/400)
for OD. The green solid and red dotted lines indicate the mean value of the differences and zero
bias line, respectively. The closer the green line with the red line, the better the segmentation
performance. In the region of 95% LoA, the maximum difference between the ground truth and
the prediction for OC is -1400 (bottom point), for OD is -2600, and the average difference for OC
and OD is -399.5 and -60.2, respectively. It can be observed that for the segmentation of OC, the
model slightly tends to be over-segment.
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Fig. 8. Bland-Altman plot of the agreement between the ground truth and the segmentation
result. The horizontal and vertical axis represent the average value and the difference of the
predicted (PRE) area and the ground-truth (GT) area, respectively.
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The proposed method is compared with classic networks in segmentation tasks under identical
and unbiased settings. The official implementation codes were used for all the experiments,
and the parameters were established by the authors. Moreover, the proposed method is also
compared with other state-of-the-art segmentation methods for OD and OC segmentation. The
experimental results are shown in Table 2. We preprocess the images with Rol crop for all
automatic methods. The evaluation results are reported as average + standard deviation. From
the table, it can be observed that the proposed method achieves the highest IoU and the lowest
standard deviation. Table 3 shows the comparison of the proposed method with the state-of-the-art
segmentation methods on the REFUGE leaderboard. Ranked first and second methods are chosen
for comparison.

Table 2. Comparison with other segmentation methods on the REFUGE test set. The method with *
represent semi-auto segmentation method.

Model Optic Cup Optic Disc
ToU(%) DSC(%) ToU(%) DSC(%)

FCN [17] 73.82 £10.23 84.52 +7.08 93.67 £2.43 96.71 + 1.34
U-Net [18] 60.53 + 13.26 74.51 £ 11.08 88.66 £ 5.59 93.89 +3.39
PSPNet [19] 80.59 + 8.47 88.99 +5.47 94.03 £2.48 96.90 + 1.34
DeepLabv3+ [20] 77.96 +£9.67 87.25+6.74 90.77 £ 3.65 95.12 £2.07
POSAL [34] - 88.26 - 96.02
CFEA [35] - 86.27 - 94.16
DEXTR* [31] 85.27 £8.02 91.84 +4.89 87.99 + 10.56 93.15 + 8.46
DELSE* [27] 90.07 +2.96 94.75 + 1.65 93.80 +2.36 96.78 +1.29
Ours* 93.61 + 1.87 96.69 + 1.01 96.95 + 1.13 98.45 + 0.59

Table 3. Comparison with the REFUGE leaderboard. DSC is used for evaluating the segmentation
of optic cup and disc, and the MAE is used for evaluating the vertical cup-to-disc ratio (vCDR).

Method Disc rank Cup rank vCDR MAE rank Disc DSC(%) Cup DSC(%) MAE

CUHKMED 1 2 2 96.02 88.26 0.0450
Masker 7 1 1 94.64 88.37 0.0414
Ours - - - 98.45 96.69 0.0015

Figure 9 shows several segmentation results of the OD and OC with different appearance
situations, where red and blue lines indicate the segmentation results of the proposed method and
the ground truth. It can be observed that the existence of a blurred border confuses the other
methods and causes erroneous segmentation results. In contrast, the proposed method works
well for most cases in the given examples and the segmentation results are relatively accurate.
Figure 10 shows the segmentation results of 21 glaucoma cases in the REFUGE test set. The
colors of OD include yellowish, reddish, brownish, and whitish. The structure of the OC is
vertically enlarged, and the border between OC and OD is blurred. From the segmentation results,
the proposed method derives a relevant satisfying prediction for most glaucoma situations.

To evaluate the robustness of the model, the model trained on the REFUGE training set is
directly tested on the Drishti-GS1 test set (51 images). The evaluation results are shown in
Table 4. From the table, it can be observed that the proposed method has more advantages in
OC segmentation. The visualization result is shown in Fig. 11. To verify the robustness of the
proposed method on the normal and glaucoma cases, the segmentation results of the two classes
are evaluated respectively. Table 5 illustrates the segmentation results on the REFUGE and
Drishti-GS1 test set, respectively.
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Fig. 9. Segmentation result visualization of the optic cup (OC) and optic disc (OD), where
the blue and red lines indicate the ground truth and the predictions of the proposed method.
The first column shows five fundus image with different appearance and structure of OC and
OD, including boundary blurring or structural changes. The rest of each column represents
the segmentation results of different segmentation method.

Fig. 10. Segmentation results of the proposed method for glaucoma cases in the REFUGE
test set, where the blue and red lines indicate the ground truth and the predictions of the
proposed method.

Fig. 11. Segmentation results of the proposed method in Drishti-GS1 test set. The blue and
red lines represent the ground truth and the prediction result, respectively. The model is
trained on the REFUGE dataset, and test on the Drishti-GS1 test set directly without any
preprocess.
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Table 4. Comparison with other state-of-the-art methods on Drishti-GS1 test set.

Cup Disc

IoU DSC IoU DSC
Wang et al. [36] 63.5 71.7 86.4 92.7
shankaranarayana et al.(a) [25] - 81.6 - 97.4
shankaranarayana et al.(b) [25] - 84.8 - 96.3
Zhang et al. [37] - 93.1 - 97.5
Wang et al. [34] - 90.1 - 97.4
Shah et al. [38] 80 89 93 96
Ours 94.7 97.3 96.5 98.2

Table 5. The segmentation result of the proposed method for glaucoma and normal cases on the
REUFGE and Drishti-GS1 test set, respectively.

Glaucoma Normal
Cup Disc Cup Disc
ToU(%) 95.30 + 1.70 97.24 + 1.08 93.42 +1.80 96.92 + 1.14
REFUGE
DSC(%) 97.58 + 0.90 98.60 + 0.56 96.59 + 0.97 98.43 + 0.59
L ToU(%) 94.83 + 1.60 96.40 + 1.39 94.36 +2.03 96.90 + 1.06
Drishti-GS1
DSC(%) 97.34 + 0.85 98.16 + 0.73 97.09 + 1.09 98.42 + 0.54

Figure 12 shows the receiver operating characteristics (ROC) curve of the proposed method
and ground truth on two datasets, respectively. The classification of glaucoma and normal cases
is based on vCDR without using any other additional processing. The ROC curve is plotted by
calculating the true positive rate (TPR) against the false positive rate (FPR) at various threshold
settings. From the figure, we can observe that the calculation of the vCDR derived from the
proposed method performs similarly to the ground truth.

TPR (Sensitivity)

REFUGE Ours (AUC=0.950)

REFUGE GT (AUC=0.949)

Drishti-GS1 Ours (AUC=0.941)

= = Drishti-GS1 GT (AUC=0.943)
L L f

L L L
0.0 02 04 0.6 08 1.0
FPR (1-Specificity)

Fig. 12. The receiver operating characteristics (ROC) curves of the proposed method and
ground truth for REFUGE and Drishti-GS1, respectively.

The ablation study of the proposed method is shown in Table 6. The segmentation accuracy is
the ToU of OD and OC, respectively. From the table, we can see the effectiveness of the level set
evolution and the modified ResNet-101, respectively.

Based on the encoder ResNet-101 and modified ResNet-101, we calculated the cost of
computation resources and the segmentation accuracy of the proposed method, respectively.
The results are shown in Table 7. From the table, the parameters and the FLOPs of modified
ResNet-101 are larger than ResNet-101. However, the average segmentation accuracy of the OD
and OC improves 7.52%.
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Table 6. Ablation study of the proposed method. LSE represent level set evolution.

Model ResNet-101 ResNet-101+LSE Modified ResNet-101 Modified ResNet-101+LSE (Ours)
Cup IoU (%) 81.39 82.52 93.24 93.61
Disc IoU (%) 89.58 92.69 95.00 96.95

Table 7. The cost of computation resource and the segmentation accuracy on the REFUGE test set
of the proposed method based on the ResNet-101 and the modified ResNet-101, respectively. The
segmentation accuracy is the average Intersection over Union (loU) of the optic disc and optic cup.

Training Testing time

time (sec- (sec- Parameters
Backbone ond/epoch) ond/image) ™M) FLOPs (G) IoU (%)
ResNet-101 69 0.4 67.69 53.22 87.76
Modified ResNet-101 104 0.5 109.31 78.05 95.28

4. Discussion and conclusion

In this work, a semi-auto deep level set method for the segmentation task of OC and OD in fundus
images is proposed. There are two main elements, including the prediction part and the evolution
part. The prediction part is designed as a multi-scale convolutional neural network (CNN) with a
prediction block. The CNN is employed as a feature extractor, and the prediction block is used to
predict the parameters of the level set evolution. The evolution part takes the prediction result as
an initial contour and further refines the contour based on the evolution parameters.

A series of experiments were performed on the REFUGE and Drishti-GS1 datasets to evaluate
the accuracy and robustness of the proposed method. Quantitative results and the correlation
analysis demonstrate the effectiveness of the proposed method, which gets the mean IoU of 93.61%
and 96.95% for optic cup and disc, respectively. The model is evaluated on the Drishti-GS1
test set without extra training. The quantitative results show that the mean IoU of optic cup
and disc are 94.7% and 96.5%, respectively. The results demonstrate that the proposed method
is robust between different datasets. For the estimation of vCDR, we calculated the vCDR by
the segmentation result of the optic cup and disc directly. The mean absolute error of vCDR is
0.0015, which shows that the proposed method achieves comparable results to the ground truth.
For the classification of glaucoma, ROC curves show the classification result on the two datasets,
respectively. We can observe that the curve derived from the proposed method is close to the
curve derived from the ground truth. It also demonstrates that the results from the proposed
method are comparable to the expert manually annotated one. From the visualization of the
segmentation results, it can be observed that other segmentation methods tend to be affected by
structural changes and blurred edges. However, the proposed method gives more reliable results
for both normal and glaucoma cases. The proposed method also have some limitations. The
level set evolution may rely on the predictions of the initial contour and the evolution parameters.
Therefore, the prediction network needs to be able to predict the parameters well, otherwise the
evolution result may deviate from expectations. A potential solution is to design a more reliable
prediction network, which can balance the hardware requirements and segmentation accuracy.

In summary, we propose a contour-based optic cup and disc segmentation method, which can
segment the object with more boundary details. The proposed method can give a reliable result
for both optic cup and disc and is robust in different datasets. In our subsequent studies, we will
further study the advantages of the contour-based segmentation method and apply the proposed
method to more organ segmentation tasks.
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