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ABSTRACT The Foveal Avascular Zone (FAZ) is a capillary-free area that is placed inside the macula and its
morphology and size represent important biomarkers to detect different ocular pathologies such as diabetic
retinopathy, impaired vision or retinal vein occlusion. Therefore, an adequate and precise segmentation of
the FAZ presents a high clinical interest. About to this, Angiography by Optical Coherence Tomography
(OCT-A) is a non-invasive imaging technique that allows the expert to visualize the vascular and avascular
foveal zone. In this work, we present a robust methodology composed of three stages to model, localize,
and segment the FAZ in OCT-A images. The first stage is addressed to generate two FAZ normality models:
superficial and deep plexus. The second one uses the FAZ model as a template to localize the FAZ center.
Finally, in the third stage, an adaptive binarization is proposed to segment the entire FAZ region. A method
based on this methodology was implemented and validated in two OCT-A image subsets, presenting
the second subset more challenging pathological conditions than the first. We obtained localization success
rates of 100% and 96% in the first and second subsets, respectively, considering a success if the obtained FAZ
center is inside the FAZ area segmented by an expert clinician. Complementary, the Dice score and other
indexes (Jaccard index and Hausdorff distance) are used to measure the segmentation quality, obtaining
competitive average values in the first subset: 0.84 +0.01 (expert 1) and 0.85 £ 0.01 (expert 2). The average
Dice score obtained in the second subset was also acceptable (0.70 &+ 0.17), even though the segmentation

process is more complex in this case.

INDEX TERMS Foveal avascular zone, OCT-angiography, modeling, localization, segmentation.

I. INTRODUCTION

Optical Coherence Tomography Angiography (OCT-A) [1]
represents a new image modality that is commonly used
in the ophthalmic field and allows the expert to visualize
non-invasively the vascularization at different levels of the
retinal layers. The OCT-A image acquisition process is com-
plex. It can be divided into several steps, as we can graph-
ically see in Fig. 1. Specifically, in step 1, it is necessary
to extract several OCT images in the region of interest by
forming a cube of OCT images. This process is repeated
several times, being obtained different OCT cubes at different
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consecutive moments in time. This is necessary to compare
the respective sections and generate OCT images with the
vascular differences between subsequent moments in time.
Note that the tissue remains fixed while the blood flow varies
between respective sections as time advances. Once the dif-
ferences are calculated, we obtain a new OCT cube where
the blood vessels are highlighted in each section (step 2).
Finally, by selecting the desired layer (superficial or deep),
which is specified by the configuration of the OCT-A capture
device, the cross-section of the cube is made in the region
of interest, being the final OCT-A image obtained (step 3).
Usually, OCT-A images are inspected by the expert clinicians
in two different depth configurations: superficial and deep
plexus; both of them representing the more relevant regions
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FIGURE 1. Representative steps of the OCT-A image acquisition.

of interest. The superficial plexus allows us the visualization
and analysis of the main retinal vessels, while the deep plexus
contains the deepest vessel information. Additionally, once
selected the depth to analyze, there are two typical levels of
zoom that are commonly used in the clinical field (3 x 3 mm?
or 6 x 6 mm?), allowing us to see a region of smaller area
and higher resolution or a region of a larger area and lower
resolution, respectively.

Retinal microcirculation represents valuable information
in the diagnosis and monitoring process of different systemic
and eye diseases that directly affect the blood flow, as could
be the retinal vein occlusion or diabetes, among others. In this
sense, the non-invasive imaging feature, which is associated
with OCT-A, implies a clear advantage over previous imag-
ing modalities. Furthermore, with OCT-A, it is possible to
analyze small regions, providing the option of monitoring the
more insignificant changes that can be relevant in the disease
identification process. In particular, one of these regions is
the foveal avascular zone (FAZ), whose morphology and size
represent relevant clinical biomarkers that have been recur-
rently analyzed in different ophthalmic image modalities [2].
The value of the parameters that measure these two properties
change with different diseases or phases of the same pathol-
ogy. In this sense, OCT-A allows us the visualization of the
FAZ region with a high level of quality, given that the images
are typically captured centered in this region. In Fig. 2, we
can see some representative examples of variable FAZ shapes
and sizes, clearly intuiting the usefulness of the study of
this region in the clinical diagnostic and monitoring process:
the FAZ in healthy subjects (Fig. 2.a) is characterized by a

FIGURE 2. Representative examples of the variation of the FAZ area and
contour in different OCT-A images and scenarios: (a) without pathology,
(b) diabetic retinopathy, and (c) retinal vein occlusion.
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regular circular contour and a small size; on the contrary,
the FAZ contour in pathological cases (Fig. 2.b and 2.c) is
more irregular and presents larger sizes.

There is a high number of clinical studies that analyze
the FAZ in OCT-A images. The FAZ is related to the visual
acuity of the patient in different diseases, as could be diabetic
retinopathy (DR) and retinal vein occlusion [3]-[5], among
others [6]. In the same line, there are clinical studies that
demonstrate that the FAZ area varies with healthy and patho-
logical subjects [7], [8], as well as with different degrees of
the same disease [9]. Additionally, it has also been discovered
that the size of the FAZ region changes with some risk
habits, as occurs, for example, with tobacco consumption
[10]. In any case, not only the FAZ size is relevant, it is also
important the regularity of its contour [11].

In this context, a method aimed at automatically segment-
ing the FAZ is desirable, due to the objectivity and repro-
ducibility properties associated with this type of method.
There are several approaches in the literature that identify
and segment the FAZ in different retinal image modalities.
For example, there exist methods for the FAZ segmentation
in retinography images [12], [13]. In other cases, the FAZ
identification method is also used to obtain the DR degree
[14], [15]. There are also other studies where the FAZ is
segmented in images obtained by fluorescein angiography
[16], an invasive image modality that allows the experts a
better visualization of the retinal vessels and FAZ than with
traditional retinography.

However, given the novelty of the OCT-A imaging, there
are few computational studies based on the automatic extrac-
tion of the FAZ in this new image modality. Most of them are
based on semi-automatic approaches. For example, Lu et al.
[17] introduced a semi-automatic approach to extract the FAZ
region and used this result to classify images in healthy or
diabetic subjects. Specifically, a manual initialization placed
a seed on the center of the FAZ region and, then, region
growing and morphological operators were applied to this
seed to obtain the final FAZ region. Similarly, Alam et al.
[18] proposed a semi-automatic approach, where the FAZ
contour was semi-automatically demarcated and the FAZ was
segmented using an active contour model, being the seed
point manually placed at the center of the fovea. Meanwhile,
Eladawi et al. [19] implemented an automatic method to
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perform the early detection of DR using different biomarkers:
the blood vessels density, the retinal vascular appearance and
the distance map of the FAZ (map that shows the Euclidean
distance between each pixel in the segmented FAZ area and
its nearest boundary pixel). In particular, for obtaining the last
biomarker, the authors carried out a semi-automatic extrac-
tion of the FAZ: the fovea center is manually selected as a
seed that is used by region growing techniques and morpho-
logical operators with the final objective of segmenting the
FAZ. Finally, in a different way, Diaz et al. [20] proposed the
first fully automatic method to extract the FAZ and it works as
follows. First, the largest dark blob in the image is localized
(itis assumed that this region always corresponds to the FAZ).
Then, the localization blob is used as a seed to apply region
growing techniques to precisely extract the FAZ contour.

In this work, we propose a three-stage approach to auto-
matically identify the FAZ in OCT-A images. The first stage
generates two FAZ normality models: one of them charac-
terizes the superficial plexus and, the other, the deep plexus.
The second stage uses cross-correlation-based adaptive tem-
plate matching to precisely and robustly localize the FAZ.
The OCT-A image and FAZ model play the role of frame
and template, respectively. The template matching applied
is said adaptive because the best-scaled template is auto-
matically chosen for each analyzed image. Finally, the third
stage uses global adaptive binarization for segmenting the
FAZ. Specifically, the implemented segmentation method
exploits different binarization thresholds oriented to find an
optimum segmentation that minimizes the root mean square
error between two sub-windows: the first one is centered in
the FAZ center of the input OCT-A image and the second
one contains two types of pixels that result of binarizing and
processing the first sub-window. Additionally, to reduce the
computational cost and noise, the three stages are applied
using a resolution lower than the original resolution of the
OCT-A images stored in the database used.

The rest of the manuscript is organized as follows:
Section II describes the features of the two OCT-A image
subsets used in the different experiments. Section III explains
in detail the approach that was proposed for modeling, local-
izing, and segmenting the FAZ region. Section IV shows and
analyzes the results obtained in the experiments performed to
validate our approach. Finally, Section V exposes the main
conclusions of this work.

Il. MATERIALS
To validate the proposed method, we used two public subsets
of images belonging to the denominated OCTAGON database
(version 2) [21]. In this database, all the images were taken
using the optical coherence tomography capture device DRI
OCT Triton at the typical configurations: two different levels
of zoom (3 x 3 mm? and 6 x 6 mm?) and depths (superficial
and deep), and with a resolution of 320 x 320 pixels.

The first subset, also known in the literature as OCTAGON
database (version 1) or, simply, the OCTAGON database,
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contains 213 OCT-A images (144 healthy and 69 with
diabetic retinopathy) grouped into different categories. The
FAZ in the images belonging to the “healthy” category was
manually labeled and segmented by two expert clinicians
(expert#l and expert#2) and, in the case of the ‘“‘diabetic
retinopathy” category, by just one expert. Table 1 summarizes
the number of images belonging to each category. A more
detailed description of this subset of images can be consulted
in [20].

TABLE 1. The number of images belonging to each category in the first
subset of the OCTAGON database (version 2).

3 X 3 mm? 6 X 6 mm?

superficial deep superficial deep
Healthy 36 36 36 36
Diabetic retinopathy 19 17 17 16

The second subset contains 48 OCT-A images in which
the task of localizing and segmenting the FAZ is much
harder than the first subset. Three circumstances in this
dataset can difficult the automatic identification of the FAZ:
(i) the presence of ischemic areas, where blood circulation
has decreased or stopped, can increment the number of false
positives; (ii) the existence of different artifacts can lead to
the misidentification of the FAZ, especially if some of these
artifacts are dark or located within the FAZ; and (iii) the
handling of OCT-A images not centered in the FAZ can
be a great challenge since there are localization or seg-
mentation methods that assume that the image is always
centered in the FAZ. Table 2 summarizes the number of
images belonging to each category. In this subset, only one
expert clinician manually segmented the FAZ region of each
image.

TABLE 2. The number of images belonging to each category in
the second subset of the OCTAGON database (version 2).

6 x 6 mm?
superficial deep

3 x 3mm?
superficial deep

With ischemia 2 6 6 6
With artifacts 2 2 3 7
Not centered in the FAZ 0 0 8 6

Ill. METHOD DESCRIPTION

The complete description of the proposed method implies
three main stages. The first is dedicated to generating two
representative FAZ normality models (3 x 3 mm?): one of
them is associated with the superficial capillary plexus and,
the other, with the deep capillary plexus. Then, a template
matching-based method uses the superficial or deep FAZ
model as a template to localize the FAZ in superficial or
deep plexus images (independently of the level of zoom),
respectively. Finally, using the FAZ localization information,
a method based on adaptive binarization is applied to pre-
cisely segmenting the entire FAZ region. In this section, each
one of these stages is described in detail.
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A. GENERATING FAZ NORMALITY MODELS

This section describes how to create a FAZ normality model
for later use as a template in the FAZ localization method.
Specifically, we created two FAZ normality models, consid-
ering the superficial and deep plexus, and both of them with
a level of zoom of 3 x 3 mm2. To do so, each model was
calculated as the average intensity of N square sub-windows
centered in the FAZ. We only used the images belonging
to the “healthy” category of the first subset of images (see
Section II). In particular, each sub-window has a width of
L x L, being centered in the actual FAZ center and extracted
from each 3 x 3 mm? image, I;, which is previously scaled
with a factor scale «; defined as:

=K A 1
o = . Ea ()

where A is the average FAZ area (calculated from the FAZ
of N “healthy” images), A; is the FAZ area corresponding to
the current image, and K is called the work scale and is given
by:

K=1/24 2)

being ¢ € N. The reduction of the image size that results
in applying the work scale, K, helps to decrease the image
processing time and also to eliminate some noisy artifacts
that are present in the original image. Additionally, the term

\/A/A;in Eq. (1) allows us to slightly readjust the size of each
image to ensure that the size of the FAZ is similar in all the
sub-windows considered to calculate the model. For example,
ifA, > A, the value of «; will be slightly smaller than K, and
the size of the FAZ will decrease slightly before contributing
to the calculation of the mean. On the contrary, if A; < A,
then o; will be slightly larger than K and the size of the FAZ
will increase conveniently.

Algorithm 1 shows the steps that are followed to obtain the
superficial plexus FAZ model. A similar procedure was used
to obtain the deep plexus FAZ model. The only difference
is that 3 x 3 mm? superficial plexus healthy images were
just used in the construction of the superficial model and
3 x 3mm? deep plexus healthy images were used in the deep
model. Although the OCT-A images are gray-scale images,
they are stored in the TIFF file format with three channels,
where each channel has the same information. Therefore,
we use the RGB-to-grayscale operator to highlight the pres-
ence of the three channels in the input image, but the result
obtained by this operator is the same as selecting one of the
three channels.

The values of the parameters used to build both models
(see Algorithm 1) were the following: N = 36, that is, all
the “healthy” images (superficial or deep) of the first subset
of images with the level of zoom 3 x 3 mm? were used (see
Table 1). The exponent used to calculate the work scale was
g = 2. This value is high enough to reduce the image size
and to eliminate some artifacts that are present at higher sizes,
as well as low enough so that the FAZ does not loose details
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Algorithm 1 Pseudo-Code to Obtain the Superficial Plexus
FAZ Model (3 x 3 mm?)
Inputs

Irgs = {Ii, ..
3 mm2)

C = {Cy,...Cy}, FAZ centers of superf. plexus healthy
imgs (3 x 3 mm? )

A = {Aq,..., Ay}, FAZ areas in superf. plexus healthy
imgs (3 x 3 mmz)

g, exponent to calculate the work scale (K = 1/29)

m, m-by-m neighborhood used by the median filter

L, sub-window size (L x L)
Output

Mpaz, superficial plexus FAZ model (3 x 3 mm?)

., In}, superficial plexus healthy imgs (3 x

1. A« mean(Aq, .., AN)

2. for i< 1 toN

3: o < K - Z/A,-;

4: C <« scale-center (C;, a;);

5: I, < RGB-to-grayscale (I));

6: I;, < resize-image (Iy, oy);

7. I, < normalize-image (I;,);

8: I, <« median-filter (I,, m);

9:  Wgaz() <~ extract-FAZ-subwindow
@n, C',L);

10: end-for

11: Mpaz < mean (Wgaz(D), ..., Wpaz(V));
12: Mpaz < median-filter (Mpaz, m);

of interest (taking into account that 3 x 3 mm?> OCTAGON
images have a resolution of 320 x 320 pixels); the size of
m x m neighborhood used by the median filter was set to
m =5 (at the work scale), considering that was a reasonable
size to indirectly produce the following actions: (i) blur the
vessels, (ii) preserve the typical pattern of contour lines of
the FAZ periphery, and (iii) eliminate the typical salt&pepper
noise associated with the FAZ in this image modality. Finally,
the value that was chosen for the sub-window size, L =
(2 x D) + 1, was high enough to include the FAZ and its
periphery, being D the average FAZ diameter in pixels. To use
the maximum range of gray intensity, a normalization based
on contrast stretching was applied, where the bottom and
top 1% of all the pixel values are saturated to O and 255,
respectively. The values of FAZ areas, Ay, ..., Ay, and FAZ
centers, Cp, ..., Cy, were obtained from the expert#1.
Figures 3.a-b show the two obtained gray-level models.
It can be seen (and computed) that the average FAZ area asso-
ciated with the deep plexus (289.5 + 83.9 pixels) is greater
than that associated with the superficial plexus (226.7 + 65.3
pixels). This result is consistent with other related studies in
the literature [22], [23]. Additionally, Figs. 3.c-d show the
contour plots of each model. It can be seen that all the contour
lines (isolines) in the periphery of an average healthy FAZ are
nested (assuming that blood vessels are blurred), the intensity
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(c)

(d)

FIGURE 3. The two FAZ normality models (3 x 3 mm?2) at work scale: (a) the superficial plexus model (gray-level); (b) the deep
plexus model (gray-level); (c) the contour plot of the superficial plexus model; and (d) the contour plot of the deep plexus

model.

of the image grows from the FAZ center towards its periphery
and the slope of the intensity growth in the deep plexus is
greater than that corresponding to the superficial plexus.

Finally, note that to obtain the superficial and deep FAZ
normality model at work scale and for a level of zoom 6 x
6 mm?, it will be enough to resize its respective 3 x 3 mm?
model, using a scale factor equal to 1/2. As will be seen in
Section IV, the generation of these normality models will
provide stability and robustness to the localization method,
not only facilitating the FAZ identification in normal cases
but also, and especially, in the most complex scenarios (with
presence of noise, artifacts or pathological FAZ).

B. FAZ LOCALIZATION STAGE

Using the FAZ model as a reference, the FAZ localization is
done using cross-correlation-based adaptive template match-
ing [24], [25]. In general, template matching (TM) is the pro-
cess of finding the position(s) at which a specified template
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is located inside an image frame (search area of a larger
size than the template). Specifically, the matching process
involves the following steps: (i) the template is shifted from
left to right and from top to bottom within the frame, (ii) at
each template location, the similarity between the template
and the frame sub-window covered by the template is com-
puted, and (iii) those positions that obtain a high similarity
are stored. Although mean absolute error or other similar
error measurements have been used to compute the simi-
larity, the advantages of using correlation are its reliability
and accuracy [26]. Specifically, the correlation coefficient is
independent of any offset or linear transformation in the set
of pixel values to compare and, if we compute its normalized
version, its value will always be bounded in the interval
[—1,1].

In the TM context, we use the OCT-A image as the
frame, and the FAZ model, associated with the OCT-A image
type (superficial or deep), as the template. Previously, it is
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necessary to make two considerations. First, before applying
TM, we have to apply to the image input the same preprocess-
ing steps that were used to build the FAZ model: (i) RGB-
to-grayscale, (ii) resize to the work scale, (iii) normalize,
and (iv) median filter. Second, it must be noted that the
FAZ of each patient’s eye may be slightly different in size
from our FAZ model. Therefore, we apply an adaptive TM,
where different sizes of the original FAZ model (template)
are used. For each template scale, the TM produces a matrix
of intensity levels with the property of having high-intensity
values where the degree of matching is high. However, due
to the existence of noise and other artifacts in the image,
the TM output can include one or more zones (blobs) with
high response. To count the number of blobs that present
this property, we binarize the TM output obtained for each
template size, using a threshold that represents a percentage
of the maximum correlation value that was obtained. This
percentage is predefined empirically. Finally, the FAZ center
is selected as the pixel of maximum correlation, considering
only those correlation matrices (one or more) where the num-
ber of maximum correlation blobs was minimum (ideally, one
blob per matrix).

Algorithm 2 summarizes the different steps followed to
localize the FAZ in 3 x 3 mm? superficial plexus images.
Note that, in each iteration of the “for” loop, a different
scale is applied to the template; additionally, the FAZ cen-
ter, Craz, and the maximum correlation value, MAX corr,
are just updated when the number of maximum correlation
blobs obtained is: (i) less than that obtained in any previous
iteration, independently of the maximum correlation reached
until now; or (ii) equal to the minimum number of maxi-
mum correlation blobs obtained until now and the maximum
correlation obtained in the iteration is greater than or equal
to that stored in MAX corg. A similar algorithm could be
used to localize the FAZ in 3 x 3 mm? deep plexus images.
The only difference is that the input image and the FAZ
model would be associated with the 3 x 3 mm? deep plexus.
Similarly, the described algorithm could be used to localize
the FAZ in 6 x 6 mm? deep and superficial plexus images:
the only consideration to take into account is that the original
resolutions of the 3 x 3 mm? and 6 x 6 mm? OCT-A images
are equal (see Section II). Therefore, in the case of 6 x 6 mm?
OCT-A images, the value of exponent used to calculate the
work scale has to be setto ¢ = ¢/ — 1, being g’ = 2 the value
used to calculate the FAZ model.

The values of the parameters used to localize the FAZ
(see Algorithm 2), considering the different configurations in
the OCTAGON database, were the following: the parameter
values related to the preprocessing stage, m and g, were equals
to those used to build the FAZ models (see Section III-A).
Here, as already mentioned above, the only exception is the
value of parameter g for the case of 6 x 6 mm? images,
which is set to ¢ = 1 (¢ = 2 for 3 x 3 mm? images). The
template scale is varied from 0.5 to 1.5 times the original
size of the FAZ model, using a step size equal to 0.1 (see
ScaleSet parameter). Finally, the percentage of the maximum
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Algorithm 2 Pseudo-Code to Localize the FAZ in 3 x 3 mm?
Superficial Plexus Images. To Adapt This Algorithm to 3 x
3mm? Deep, 6 x 6mm? Superficial or 6 x 6mm? Deep Plexus
Images, See Section III-B
Inputs

IrGa, 3 x 3 mm? superficial plexus image

Mgz, superficial plexus FAZ model

q, exponent to calculate the work scale

m, m-by-m neighborhood used by the median filter

ScaleSet, set of values to scale the template

Thg,, percentage of maximum correlation value
Output

Cpaz., FAZ center

1: MAX cOrRr < —1;

2: NBLoBs < 09;

3 K <« 1/29;

4: Frame < preprocess (Iggs, K, m);

5: for TemplateScale € ScaleSet

6:  Template <« resize-template
(Mgaz, TemplateScale);

7. My <« template-matching

(Frame, Template);
8:  max < max(Mrpy);
9:  Th < Thg X max;
10 Mp < binarize My, Th);
11:  npps < count-blobs (Mp);
12:if npiops < NpLOBS

13: NBLOBS < Nblobss

14: MAX corr < max;

15: Craz < extract-coordinates(Mrpy,
MAX corr);

16: end-if

17: if (Mpiors = NpLops) A (max > MAX corr)

18: MAX corr < max;

19: Craz < extract-coordinatesMrpy,
MAX corr);

20: end-if

21: end-for

22: Cpaz < scale-center (Cpz, 1/K);

correlation value was set to Thg, = 0.75. The tuning of this
parameter was made by trial and error, but it is not critical, that
is, other values close to the chosen value work adequately.
Figure 4 shows different steps of interest related to the
localization stage. Specifically, Fig. 4.a shows the result of
preprocessing the input image (frame) at the work scale.
In this case, the original input image corresponds to a 3 x
3 mm? superficial healthy OCT-A image. Figure 4.b shows
a plot where each point represents the maximum correlation
value (y-axis) of the correlation matrix obtained when the
template matching uses a template resized with a scale given
(x-axis). Figure 4.c shows the optimal size template that
was automatically selected. Figure 4.d shows the correlation
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matrix at work scale obtained by template matching using
the template of optimal size. The result of binarizing the
correlation matrix of Fig. 4.d is shown in Fig. 4.e, where
just one blob appears. Finally, the FAZ center is obtained
from the pixel coordinates of the maximum correlation in
the correlation matrix of Fig. 4.d. However, these coordinates
are expressed at the work scale. Therefore, they have to be
transformed at the original scale, as shown in Fig. 4.f.

(d) (e) )

FIGURE 4. Different steps related to the localization stage (see

Section 111-B for more information): (a) preprocessed input image (frame)
at work scale (80 x 80 pixels); (b) plot of maximum correlation value vs.
template scale; (c) optimum size template (25 x 25 pixels); (d) correlation
matrix obtained by template matching and using the optimum size
template (80 x 80 pixels); (e) binarized correlation matrix where one blob
only appears (80 x 80 pixels); (f) FAZ center on the original input image at
original scale (320 x 320 pixels).

C. FAZ SEGMENTATION STAGE

The FAZ segmentation is carried out using an adaptive bina-
rization process applied to an image sub-window centered
in the FAZ center. In this context, the optimum binarization
threshold will produce a binary image where the pixels cor-
responding to the actual FAZ region present value zero, and
the rest of the pixels present values equal to 1. There exists
in the literature different binarization techniques [27], [28],
but we propose here a global adaptive binarization method
that was adapted to segment the FAZ region. Specifically,
Algorithm 3 shows the procedure in pseudo-code. First of
all, a preprocessing stage is applied to the input OCT-A
image, Iggp, that includes the same steps as the localization
preprocessing stage: (i) RGB-to-grayscale, (ii) resize to the
work scale, (iii) normalize, and (iv) median filter. Next, a sub-
window, W47, centered in the FAZ center, Cgaz, is extracted
from the preprocessed image, I. We assume that the FAZ
center is obtained as a result of applying our localization
algorithm (see Section III-B). However, any other localiza-
tion method could be used. Then, an iterative process of
binarization is applied to Wg4z. In each iteration, a different
binarization threshold, belonging to a set of possible values,
is used. In order to evaluate each FAZ sub-window segmen-
tation result, WI}AZ, obtained for each binarization threshold,
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Algorithm 3 Pseudo-Code to Segment the FAZ in OCT-A
Images
Inputs:

Irgp, OCT-A image

g, exponent to calculate the work scale

m, m-by-m neighborhood used by the median filter

Craz, FAZ center of Ixgp

w, size of sub-window (w x w)

ThresholdSet, set of thresholds to binarize the sub-window
Output:

FAZ, FAZ segmented

ERROR < o0;
K <« 1/29;
I <« preprocess (Igga, K, m);
Wrz < extract-subwindow (I, Cgaz, w, m);
x < mean(Wgaz);
for Th € ThresholdSet
W?«"AZ <« binarize (Wpgz, Th),
thp «~X- W};TAZ;
error; < RMSE(W gz, Wip);
if error; < ERROR
ERROR < errorj;
Sraz < Wb,
end-if
end-for
: FAZyyp <«
(Smz, 1/K);
: FAZ < postprocess (FAZy,;);
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we apply the following procedure: W?AZ is multiplied by
the mean value of Wgz, denoted by X, obtaining Wy,
and then the root mean square error (RMSE) is calculated
between W sz and W,,,,. The hypothesis of the segmentation
method is the following: the binarization that produces the
best approximation to the actual FAZ segmentation will also
return the smallest RMSE.

To clarify our segmentation hypothesis, we can consider
three scenarios clearly differentiated, depending on the bina-
rization threshold value: (i) it is too large; (ii) it is too
small; and (iii) it is close to the optimum value. In particular,
Fig. 5 illustrates each of these scenarios. Thus, using a very
large threshold, almost all the pixels of the preprocessed
sub-window (Fig. 5.a) are binarized to zero (Fig. 5.b), that is,
almost all the pixels are considered as belonging to the FAZ.
Then, the multiplication by X produces a matrix Wy, with
almost all its elements equal to zero (Fig. 5.c) and, therefore,
practically all the pixels, except those that actually belong
to the FAZ region, will contribute to increasing the RMSE
(Fig. 5.d). Conversely, the use of a very small threshold makes
that almost all the pixels of the sub-window are binarized to 1
(Fig. 5.e); now, the multiplication by X produces a matrix
Wimp with almost all its elements equal to X (Fig. 5.f) and,
therefore, those elements that actually belong to the FAZ,
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FIGURE 5. Three FAZ segmentation scenarios (rows) based on the
binarization threshold value (see Section IlI-C for more details):

(a) sub-window centered in the FAZ (Wg,7); (b), (e) and (h) matrices
resulting (Wg ) from applying a maximum, minimum and near optimal
binarization threshold value to Wg,, respectively; (c), (f) and (i) matrices
resulting (Wyp,) from multiplying the scalar X = mean(Wg,7) and the
matrix obtained in (b), (e) and (h), respectively; (d), (g) and (j) error
matrices resulting from calculating Werror = (Wgyz — thp)z, where
Wemp is obtained from (c), (f) and (i), respectively. Note that, in the
matrices Werror (last column), a greater intensity level implies a greater
error.

(e ®
(@

()

but have not been labeled correctly, will contribute mainly to
increase the RMSE (Fig. 5.g). Finally, the use of the optimum
threshold, or close to the optimum, makes that those pixels
actually belonging to the FAZ region are binarized to zero,
and the remaining pixels are binarized to 1 (Fig. 5.h). The
multiplication by X produces a matrix Wy, with elements
associated with the actual FAZ equal to zero and with the
remaining elements equal to x (Fig. 5.i); this is the case
in which the contribution to the RMSE will be minimal:
the elements equal to zero (FAZ pixels) will not contribute
practically to the error and the remaining elements, whose
value are equal to X, will contribute minimally to the error
(Fig. 5.).

Note that Algorithm 3 can be used without any change with
deep and superficial plexus OCT-A images and with both
levels of zoom. The only particularity is that the exponent to
calculate the work scale is set to ¢ = 1 for the level of zoom
6 x 6 mm? and ¢ = 2 when the level of zoom 3 x 3 mm?
is considered. This is because the OCT-A image resolution
for both levels of zoom is the same (see Section II). The
values used for the preprocessing parameters are the same
as those used in the FAZ localization (see Section III-B).
The size of the sub-window, w x w, defined at the work
scale was set to w = L + 14, where L x L is the size of
the template used in the localization stage. The idea is that,
in the calculation of the mean value, X, there were much more
retina background pixels than FAZ pixels in the sub-window.
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In any case, the chosen sub-window size is not critical and any
other similar value could have been chosen. The ThresholdSet
parameter varies from 0 to 0.5 with a step of 0.01 (values
belonging to the interval (0.5, 1] were not utilized because
they always guaranteed the largest RMSE values). Addition-
ally, the FAZ segmentation includes a post-processing stage
that implies the following sequence of steps: (i) elimination
of holes; (ii) selection of the blob of the maximum area;
(iii) eroding image; (iv) selection of the blob of the maximum
area; (v) dilating image. The justification for these steps is
as follows. The step (i) eliminates possible holes in the FAZ
blob. The step (ii) assumes that, if the binarization process
produces two o more blobs, the largest will correspond to
the FAZ blob. Finally, the objective of the steps (iii) - (V) is
to eliminate the possible appearance of noisy artifacts in the
form of small appendages protruding from the FAZ blob.

IV. RESULTS AND DISCUSSION

We conducted different experiments to validate the proposed
localization and segmentation method using the two image
subsets belonging to the public dataset described in Section II.
With the first subset, we compare our results to the manual
labeling of each expert clinician and to the results obtained in
[20], considering the different levels of complexity associated
with the six possible configuration criteria (deep or super-
ficial plexus, two levels of zoom, and healthy vs. diabetic
retinopathy). With the second subset, we are more interested
in the behavior of the localization and segmentation method
in each category of difficulty (images with ischemia, with
artifacts or not centered in the FAZ), comparing the results
obtained with those labeled by the expert.

A. LOCALIZATION RESULTS

To evaluate the FAZ localization method, we consider that a
localization result was successful if the obtained FAZ center
is placed inside the manual segmentation of the expert clin-
ician. Besides, we provide the average distance considering
the obtained FAZ centers and the expert FAZ centroids. Note
that, in [20], a localization result is successful if the obtained
FAZ blob centroid is placed inside the expert manual seg-
mentation, and the average distance is calculated considering
the obtained blob centroids and the expert FAZ segmentation
centroids. Hereinafter, the two mentioned average distances
will be called the average inter-centroid distances. Tables 3
and 4 show the localization results obtained in the first subset
of the OCTAGON database for the “‘healthy” and ‘‘diabetic”
images, respectively. As can be seen, our success rate (SR)
is equal to 100% in all the considered scenarios. Comparing
our method with the localization method used in [20], the
results are very similar. There is only a slight difference in
the case of 6 x 6 mm? superficial healthy OCT-A images,
where the SR in the second method drops to 88.9% (for
expert#1 and expert#2). In addition, if we consider the total
number of images in the mentioned subset, our SR is 100%
vs. 98.1% (four wrong localizations) in the method imple-
mented by Diaz et al. On the other hand, about the average
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TABLE 3. Results of the FAZ localization success rate (SR) and the average inter-centroid distance (D) calculated for the “healthy” images in the first
subset of the OCTAGON database (version 2). The standard deviation (SD) is also included. The best result in the comparison for each configuration and

method is highlighted in bold.

Superficial Deep
Level of zoom — Method SR (%) DZSD(mm) SR(%) DESD (mm)
3 x 3mm? Expert#1 vs. Expert#2 — 0.02 +0.01 — 0.06 +0.03
Method [20] vs. Experti1 100 0.02£0.01 100 0.04 £ 0.02
Proposed method vs. Expert#1 100 0.03 £0.02 100 0.05 £0.03
Method [20] vs. Expert#2 100 0.02+0.01 100 0.04 £ 0.02
Proposed method vs. Expert#2 100 0.03 + 0.02 100 0.04 +£0.02
6 x 6 mm? Expert#1 vs. Expert#2 — 0.06 +0.03 — 0.07 +0.03
Method [20] vs. Expert#1 88.9 0.07£0.04 889 0.07 £0.04
Proposed method vs. Expert#1 100 0.06 = 0.03 100 0.09 £ 0.04
Method [20] vs. Expert#2 88.9 0.05 + 0.09 88.9 0.05 £ 0.03
Proposed method vs. Expert#2 100 0.05+0.03 100 0.05£0.03

TABLE 4. Results of the FAZ localization success rate (SR) and the average inter-centroid distance (D) calculated for the “diabetic” images in the first
subset of the OCTAGON database (version 2). The standard deviation (SD) is also included. The best result in the comparison for each configuration and

method is highlighted in bold.

Superficial Dee
Level of zoom  Method SR(%) DESD m) SR (%) DESD (wim)
3 x 3mm? Method [20] 100 0.01 £0.01 100 0.05 +0.04
Proposed method 100 0.04 £ 0.02 100 0.07 £ 0.07
6 X 6 mm? Method [20] 100 0.05 +£0.04 100 0.13 +0.30
Proposed method 100 0.07 £ 0.04 100 0.11 +0.12

inter-centroid distance, the results are also very similar when
both approaches are compared and, the most important, they
are also similar compared to the average distance between
both experts (see Table 3). In summary, we can say that
our localization method has adequate performance in typical
scenarios where previous approaches were also satisfactory.

Additionally, for evaluating our method in a more chal-
lenging scenario, we used the second subset of images,
which includes more complex and challenging conditions
(see Section II). Table 5 includes the obtained localization
results. In this case, we only show the SR and the average
inter-centroid distance for each indicated category, since the
value of these two parameters for the other criteria (zoom or
depth levels) could produce results that are not statistically
significant, given the low number of images associated with
some of these criteria (zero in some cases). Therefore, con-
sidering the total number of images in this subset, we obtain
a SR and average inter-centroid distance of 95.8% and
0.13 £ 0.19 mm, respectively. The errors only appear in two
images belonging to the category “‘images with ischemia”
and the rest of the images are successfully localized. Note
that the most penalized average distance also corresponds to

TABLE 5. Results of the FAZ localization success rate (SR) and the

average inter-centroid distance (D) calculated for the images in the
second subset of the OCTAGON database (version 2). The standard
deviation (SD) is also included.

Category SR (%) DZSD (mm)
With ischemia 90.0 0.19 + 0.26
With artifacts 100 0.10 £ 0.12
Not centered in the FAZ 100 0.06 £ 0.05
All the images 95.8 0.13+0.19
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the mentioned category. On the other hand, the images not
centered in the FAZ have an average distance and standard
deviation very similar to those shown in Tables 3 and 4.
This result evidences that the performance of our localization
method does not depend on the position of the FAZ in the
input image. Fig. 6 shows some localization examples in this
complex image subset.

Finally, taking into account both subsets of images,
the localization SR of our method is 99.2%. We think that
this global result is good enough to consider our localization
method as an alternative to the initialization phase used in
some semi-automatic methods where a point inside the FAZ
has to be manually selected [17]-[19]. Furthermore, given
that our localization method is based on a model, it works
well without assuming that the FAZ has to be centered [17],
[19], [20] or is the larger avascular zone in the image [20].
Note that the presence of a large dark or avascular area may
be associated with the presence of an artifact or ischemia,
respectively, and not necessarily with the FAZ. Summarizing,
the proposed localization method, based on a robust and
versatile FAZ model, takes advantage of the characteristics
of the FAZ region and offers satisfactory results, not only in
normal and typical conditions but also in those challenging,
noisy and pathological scenarios that are frequent in clinical
practice.

B. EVALUATING THE ROBUSTNESS OF THE
LOCALIZATION METHOD

An interesting aspect of working with two OCT-A images
of the same patient’s eye with two different levels of zoom
(3 x 3 mm? and 6 x 6 mm?) is that it is possible to consider
the idea of comparing the FAZ centers obtained in each level
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FIGURE 6. Examples of localization results in the more complex subset of the OCTAGON database (version 2): (a)-(b) images with artifacts; (c)-(d)
images not centered in the FAZ; (e)-(f) images with ischemia (successful localization); (g)-(h) images with ischemia (wrong localization).

of zoom. Thus, if the distance obtained between both centers
is close, the automatic FAZ localization system can give more
credit to the obtained localization results. However, the com-
parison of these two FAZ centers cannot be made directly,
since the origin of the coordinate system of each of them
is different. In order to solve this inconvenience, we again
utilize correlation-based template matching. In this case, the
3 x 3 mm? OCT-A image is considered as the template and,
the 6 x 6 mm?> OCT-A image, as the frame. Algorithm 4
summarizes the steps proposed to carry out the comparison.
First, a preprocessing stage is applied in order to reduce the
effect of noise and other artifacts. This stage includes the
same steps as those used in the localization stage: (i) RGB-to-
grayscale, (ii) resize to the work scale, (iii) normalize, and (iv)
median filter. Here, the exponent used to calculate the work
scale in each image depends on the exponent used to obtain
the FAZ center in each level of zoom, that is, g3x3 = 2
for the 3 x 3 mm? images and ggx6 = q3x3 — 1 for the
6 x 6 mm? images. Then, assuming that template matching
produced maximum correlation in position (xg, yo) and the
FAZ center coordinates obtained in the localization stage for
the corresponding 3 x 3 mm? and 6 x 6 mm? OCT-A images
were C3x3 = (X3x3, ¥3x3) and Cex6 = (X6x6, Yox6), respec-
tively, then the FAZ center, C’3x3, of the 3 x 3 mm? OCT-A
image referred to the coordinate system of the 6 x 6 mm?
OCT-A image will be:

X3 = X0 + X3x3
Y3x3 = Y0 + V3x3 3)
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and the distance between C} 5 y Cegxe is now easily
computable:

D(C}, 3, Coxe) = \/(xéx3 —X6x6)*+ (V3,3 Yox6)?  (4)

Note that the distance expressed by Eq. (4) is finally mul-
tiplied by 1/Kg in Algorithm 4. The idea is to obtain the
distance value at the original scale.

We can compare the FAZ centers obtained by the localiza-
tion method for the corresponding 6 x 6 mm? and 3 x 3 mm?
OCT-A images in each eye. However, this comparison can
only be done systematically here for images belonging to the
“healthy” category in the first image subset, since only in
this case there are pairs of images of the same patient’s eye
with the two zoom levels. Figure 7 shows the box-plots of the
inter-center distances, expressed in mm, for superficial and
deep plexus. We can observe that the box-plots are nearly
identical, with the only exception of the one distance value
that is labeled as an outlier in the box-plot associated with
the superficial plexus. The median obtained was 0.038 mm
in both cases. To put in context the two obtained distance
distributions, we have to take into account that the average
FAZ radius is 0.315 and 0.356 mm for superficial and deep
OCT-A “‘healthy” images, respectively. The largest obtained
distance corresponds to the outlier (0.191 mm), that is, all
the distances are less than any of the two average FAZ radii,
even considering the worst case. Therefore, assuming that
the FAZ gold standard was unknown, we could trust in the
obtained localization results. This hypothesis is confirmed
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Algorithm 4 Pseudo-Code to Compute the Distance Between
the FAZ Centers of the Corresponding 6 x 6 mm? and 3 x
3 mm? OCT-A “healthy” Images Obtained in the Localiza-
tion Stage

Inputs

Isx6, 6 x 6 mm? OCT-A image

1343, 3 x 3 mm? OCT-A image

q3x3, exponent used to calculate the work scale of 13,3

C343, FAZ center of I3«3 obtained at work scale (g3x3)

Cox6, FAZ center of Igx¢ obtained at work scale (gex6 =
@3x3 — 1)

m, m-by-m neighborhood used by the median filter
Output

D, distance between FAZ centers C3z«3 and Cgx¢ at origi-
nal resolution

1: K3y < 1/2933;

2. Kexo < 1/2(43x3—1);

3: Frame < preprocess (Isxs, Koxe, M);

4: Template < preprocess (I3x3, K3x3, m);

5: My < template-matching (Frame, Template);
6: Max.orr < max(Mry);

7: Cy < extract-coordinatesMry, Maxcorr);
8: C'3x3 < Co+ Csx3;

9: D < (1/Kgxg)xdistance(C'3x3, Cex6);

0.1

I

|

|

|

0.08 [ |
|

Inter-center Distance (mm)

Superficial plexus Deep plexus

FIGURE 7. Box-plots of the inter-center distances considering each of the
two FAZ centers obtained by the localization method when it is applied to
the corresponding 6 x 6 mm?2 and 3 x 3 mm?2 “healthy” images in the first
subset of the OCTAGON database (version 2).

when we assess the obtained location results based on their
gold standard (100% success).

C. SEGMENTATION RESULTS

To evaluate the FAZ segmentation results, we use three well-
known indexes in the related literature: Jaccard index [29],
Dice score [30] and Hausdorff distance [31]. In particu-
lar, the Jaccard (J) index, and Dice (D) score is defined,
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respectively, as:

|Ags NAs|

= — )
|Ags UAs|
2|Ags NAs]|

= (6)
|Ags| + |As|

where Agg is the gold standard area, Ag, the segmented area,
and |x| represents the cardinality of x. Both indexes measure
the degree of overlap between Ags and Ag, being equal to
1 when the segmentation is perfect and equal to zero when
there is no overlap. The Dice score is different from the
Jaccard index which only counts true positives once in both
the numerator and denominator. Additionally, the Hausdorff
distance (HD) is defined as:

HD(Ags, As) = max{dy, d»} @)
being:
diy = sup inf d(x,y)
X€AGs Y€EAs
dy = sup inf d(x,y)
yEAs x€AGS

and where sup is the supremum, inf is the infimum, and
d(x,y) is the Euclidean distance. These three indexes are
frequently used in the evaluation of numerous medical image
segmentation methods [32], [33].

Tables 6 and 7 show the segmentation method results
obtained for the “healthy”” and ““diabetic”” images in the first
subset of the OCTAGON database (version 2), respectively.
In each table, the results are divided according to several
scenarios (combinations for different values of zoom level,
plexus depth and expert). With regards to the Jaccard index
and Dice score, we can see that the method described in
[20] is better than ours in the configuration “3 x 3 mm?2
plus superficial plexus™ (regardless of the expert or if the
image is “healthy” or “‘diabetic’’). Conversely, our method
performs better in the configuration “6 x 6 mm? plus deep
plexus’ (regardless of the expert or if the image is “‘healthy”
or ““diabetic”). In the rest of the configurations, the result of
the comparison depends on the expert considered or the type
of image (“‘healthy” or “‘diabetic’’). Regarding the Hausdorff
distance, in general, our approach gives better results. This
could be interpreted as that the segmentation obtained by
our approach adjusts better the expert’s contour. Additionally,
Table 8 shows the average Dice score obtained for each of the
configuration criteria in isolation. From a global point of view
(see the last column in this table), we can say that the behavior
of both methods is very similar, although we can observe
that our proposal is slightly better and presents somewhat
less variability (lower standard deviation). Low variability
is highly desired in the performance of any computational
approach applied to medical image analysis. In any case,
when interpreting these results, the high inter-observer vari-
ability of the two experts in each “healthy” image category
must be taken into account (see Table 6). This makes it
difficult to evaluate and compare the quality of the obtained

152233



IEEE Access

E. ). Carmona et al.: Modeling, Localization, and Segmentation of the FAZ on Retinal OCT-Angiography Images

TABLE 6. Jaccard (J) index, Dice (D) score and Hausdorff Distance (HD) calculated for the “healthy” image FAZ segmentation in the first subset of the
OCTAGON database (version 2). The standard deviation (SD) is also included. The best result in the comparison for each configuration and method is

highlighted in bold.
Superficial Deep

Level of zoom — Method JESD DESD HDLSD (mm) _ JESD DESD HD=LSD (mm)

3 X 3 mm? Exp#1 vs. Exp#2 0.83 £ 0.04 0.91 £ 0.03 0.09 £ 0.04 0.72+0.13 0.80 £0.11 0.16 £ 0.06
Method [20] vs. Exp#1 0.81 +£0.04 0.90 £ 0.03 0.13£0.13 0.74 £ 0.11 0.84 £ 0.09 0.15+0.13
Proposed method vs. Exp#1 0.76 £ 0.06 0.87 £0.04 0.12 + 0.04 0.69 £0.11 0.81 £ 0.08 0.16 £ 0.06
Method [20] vs. Exp#2 0.82 +0.15 0.90 + 0.04 0.11 £ 0.05 0.72+0.11 0.82 £+ 0.08 0.14 £ 0.05
Proposed method vs. Exp#2 0.77 £0.07 0.87 £ 0.05 0.11 + 0.04 0.76 +0.10 0.86 + 0.07 0.13 + 0.05

6 X 6 mm? Exp#1 vs. Exp#2 0.72 £ 0.10 0.82 £+ 0.07 0.13 £ 0.05 0.68 £+ 0.09 0.80 £ 0.07 0.16 £ 0.05
Method [20] vs. Exp#1 0.72+£0.16 0.79 £0.16 0.31 £0.75 0.66 £+ 0.09 0.79 £ 0.07 0.18 £ 0.06
Proposed method vs. Exp#1 0.73 £ 0.08 0.84 + 0.06 0.13 £ 0.05 0.68 £ 0.10 0.81 +£0.07 0.17 + 0.07
Method [20] vs. Exp#2 0.77 £ 0.19 0.81 £0.19 0.14 £0.14 0.72 £+ 0.09 0.83 £ 0.06 0.15 £ 0.06
Proposed method vs. Exp#2 0.75 £ 0.08 0.86 £ 0.06 0.12 £ 0.05 0.76 £ 0.08 0.86 £ 0.05 0.14 + 0.07

TABLE 7. Jaccard (J) index, Dice (D) score and Hausdorff Distance (HD) calculated for the “diabetic” image FAZ segmentation in the first subset of the
OCTAGON database (version 2). The standard deviation (SD) is also included. The best result in the comparison for each configuration is highlighted in

bold.
Superficial Deep
Level of zoom  Method JESD DESD HDLSD (mm) _ J£SD DESD HDESD (mm)
3% 3 mm? Method [20] 083006 090+004 008+004 069+010 08L+008 0.16+0.06
Proposed method ~ 0.76 +0.08  0.86+0.06  0.14+0.07 0.71+0.13 0.824+0.10  0.17+0.11
6 x 6 mm2 Method [20] 075+ 008 086+005 014+007 064+020 076+021  0.27+0.32
Proposed method 0.73 £0.05 0.84 £+ 0.04 0.15 £+ 0.06 0.72 4+ 0.13 0.83 £0.10 0.20 +0.16

TABLE 8. Comparison of the average Dice score obtained for the FAZ segmentation in the first subset of the OCTAGON database (version 2), considering
each of the configuration criteria in isolation. The best result in the comparison for each criterion is highlighted in bold. The label “SD" denotes standard

deviation. Note that the “diabetic” images were only labeled by one expert.

Method 3 x 3mm? 6 X 6mm> Sup. Deep Healt. Diab. Total=SD

Method [20] vs. Exp#1 0.86 £0.04 0.80£0.04 0.86+0.05 0.80+0.03 0.83 £ 0.05 0.83 £ 0.06 0.83 + 0.03
Proposed method vs. Exp#l ~ 0.84 4+ 0.03  0.83 + 0.01 0.85 £ 0.01 0.82+0.01 083+0.03 084+0.02 0.84+0.01
Method [20] vs. Exp#2 0.86 £0.05 0.81+0.04 0.87+0.04 0.80+0.03 0.84 £ 0.04 — 0.84 & 0.03
Proposed method vs. Exp#2 0.85 £ 0.02 0.85 + 0.01 0.86 £ 0.01 0.84 +£0.02 0.86 + 0.01 — 0.85 +£0.01

segmentation results since it is hard to select an appropriate
gold standard based on which to perform a fair evaluation
or comparison. Additionally, Figs. 8 and 9 allow us to com-
pare the best and worst FAZ segmentation results for the
“healthy” and “diabetic” images, respectively. In Fig. 8§,
the segmentation of expert#1 is used as a reference to order
the segmentation results from best to worst regarding the
value provided by the Dice score.

To study the behavior of our segmentation method in more
noisy and pathological images, we show in Table 9 the results
obtained in the second subset of the OCTAGON database
(version 2). Although each image in this subset is included
in one of the three categories shown in the mentioned table,
some of them could simultaneously belong to several of
these categories or, in other cases, belong to a new category
related to a high degree of FAZ damage. All this makes
the FAZ segmentation task in this subset harder than the
first subset of images, as can be seen when the standard
deviations are compared: much higher in the second subset
than in the first. Figure 10 allows us to compare our best and
worst segmentation results with the expert and also clearly
shows the degree of difficulty associated with the images
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TABLE 9. Jaccard (J) index, Dice (D) score and Hausdorff Distance (HD)
calculated for the images in the second subset of the OCTAGON database
(version 2). The label “SD” denotes standard deviation.

Category J+SD D+SD HD=+SD (mm)
With ischemia 0.58£0.14 0.72+£0.12 0.40+0.34
With artifacts 0.50 £0.25 0.63+£0.26 0.39£0.38
Not centered in the FAZ ~ 0.60 £0.11  0.74 £0.09  0.25 £0.16
All of images 0.56 £0.17 0.70£0.17 0.35+£0.31

that belong to this subset. These results corroborate that the
proposed segmentation method not only offers satisfactory
results in normal and typical foveal conditions but also in
those noisy and pathological scenarios that are common in
clinical practice.

We can also compare our proposal with other works. How-
ever, the comparison will not be fair because the approach
proposed here is fully automatic and those proposals exist-
ing in the related literature are semi-automatic. Furthermore,
in some cases, the comparison of results may be impos-
sible because other proposals focused on addressing the
diagnostic task and not on evaluating the quality of the
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FIGURE 8. Comparing the best (1st row) and worst (2nd row) FAZ segmentation results (magenta) with expert#1 (green) for the “healthy” images in
the first subset of the OCTAGON database (version 2). The expert#2’s segmentation (yellow) is also shown: (a) 3 x 3 mm? superf. plexus

(D; = 0.94, D, = 0.86); (b) 3 x 3 mm?2 deep plexus (D; = 0.93, D, = 0.93); (c) 6 x 6 mm? superf. plexus (D; = 0.92, D, = 0.91); (d) 6 x 6 mm?2 deep
plexus (D; = 0.94, D, = 0.93); (e) 3 x 3 mm? superf. plexus (D; = 0.77, D, = 0.73); (f) 3 x 3 mm? deep plexus (D; = 0.59, D, = 0.85); (g) 6 x 6 mm?
superf. plexus (D; = 0.68, D, = 0.88); (h) 6 x 6 mm? deep plexus (D; = 0.58, D, = 0.89). The variable D; denotes the Dice score regarding the

expert#i.

obtained segmentation. For example, in the Alam et al.’s
approach [18], there were two steps with human intervention:
the contour of the FAZ was semi-automatically delimited
and the center of the fovea was placed manually. The rea-
son for manually providing this kind of information is that
their main goal was to obtain the FAZ area as accurately
as possible. In particular, a comparison of the FAZ area for
normal patients and patients with sickle cell disease was
reported. Similarly, in [19], the FAZ segmentation process
also required human intervention (the fovea center was man-
ually selected) and the goal of this study was to make an early
diagnosis of DR. Therefore, different performance measures
from different classifiers, which distinguish sub-clinical RD
patients from normal cases, were provided. Finally, in the
Lu et al.’s approach [17], manual selection of the fovea center
was also required. However, in this case, for the configura-
tion “3 x 3mm? plus superficial layer”, we can compare
their Jaccard index results, 0.87 and 0.86 in healthy and
diabetic cases, respectively, with our proposal, 0.77 and 0.76,
respectively. However, to add context to this comparison,
it should be noted that the scope of our proposal is wider
(it includes more configuration criteria, such as 6 x 6 mm?
zoom level and deep plexus) and the images of the dataset
used are better adjusted to the real conditions faced by the
expert clinicians, including significant variability in the dif-
ferent scenarios analyzed. For example, our first subset of
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images contains 69 diabetic OCT-A images with advanced
stages of RD, whereas the dataset of [17] contains 66 images,
being 16 of them without RD, 22 mild to moderate RD and
28 with severe RD. Furthermore, our approach also provides
acceptable results under more difficult conditions, as is the
case of the second subset of the OCTAGON database, which
is characterized by images with the presence of ischemia or
artifacts, or by images not centered in the FAZ.

Finally, we analyze the computational cost associated with
the methods implemented in this work. Thus, the average
costs of the localization method (including its standard devi-
ation) were 133.2+15.9 and 234.8+£30.9 ms/image for the
3 x 3 mm? and 6 x 6 mm? level of zoom, respectively.
On the other hand, the average costs of the segmentation
method, including the cost associated with the FAZ center
search, were 148.4416.0 and 262.6£25.3 ms/image for the
3 x 3mm? and 6 x 6 mm? level of zoom, respectively. These
costs were obtained for a code implemented in MATLAB and
using a computer with a processor Intel Core i5-3350CPU @
3.10GHz (8GB RAM). Note that much of the computational
cost associated with the segmentation process corresponds to
the process of localizing the FAZ center. This is so since the
convolution process associated with template matching has
a much higher cost than that associated with the adaptive
binarization process. In any case, the magnitude order of
the times obtained for both methods is not prohibitive. The
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®)
FIGURE 9. Comparing the best (1st row) and worst (2nd row) FAZ segmentation results (magenta) with expert's segmentation (green) for the
“diabetic” images in the first subset of the OCTAGON database (version 2): (a) 3 x 3 mm? superf. plexus (D = 0.93); (b) 3 x 3 mm? deep plexus
(D = 0.93); (c)6 x 6 mm? superf. plexus (D = 0.91); (d) 6 x 6 mm?2 deep plexus (D = 0.92); (e) 3 x 3 mm? superf. plexus (D = 0.73); (f) 3 x 3 mm2 deep
plexus (D = 0.58); (g) 6 x 6 mm?2 superf. plexus (D = 0.76); (h) 6 x 6 mm? deep plexus (D = 0.58). The variable D denotes the Dice score.

(g)
FIGURE 10. Comparing the best (1st row) and worst (2nd row) FAZ segmentation results (magenta) with expert's segmentation (green) for the images
in the second subset of the OCTAGON database (version 2): (a) artifacts (and image not centered in the FAZ) (D = 0.92); (b) image not centered in the
FAZ (D = 0.91); (c) ischemia (D = 0.89); (d) ischemia (D = 0.83); (e) ischemia (D = 0.65); (f) ischemia (D = 0.57); (g) artifacts (D = 0.46); (h) ischemia
(D = 0.35). The variable D denotes the Dice score.

cost could be reduced even more if a compiled language V. CONCLUSION
is used instead of an interpreted language, as is the case This paper presents a new approach for modeling, localizing,
of MATLAB. and segmenting the FAZ in OCT-A images. The first stage
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generates two FAZ normality models (superficial and deep
plexus). The second stage uses the FAZ model created in
the first stage to define a robust method based on template
matching that allows us to automatically localize the FAZ
center. Finally, the third stage uses the FAZ center obtained
in the second stage to define a method based on an adap-
tive binarization process that segments the FAZ region. The
localization and segmentation methods are validated in the
OCTAGON database (version 2). This database is public and
contains two image subsets with different scenarios (“dia-
betic’’/”’healthy”, superficial/deep plexus, and two levels of
zoom) and different levels of complexity.

In terms of localization, we obtained a SR of 100% and
96% in the first and second subset of images, respectively.
These results evidence that: (i) the two generated FAZ nor-
mality models (3 x 3 mm?) are enough to address the local-
ization problem, independently of the level of zoom, level of
depth, and absence/presence of noise and pathology of the
images considered; and (ii) the localization method exhibits
arobust behavior, given that it also works quite well in images
with serious limitations, including the presence of ischemia,
artifacts, or images not centered in the FAZ. Additionally,
we propose a simple mechanism based on template matching
to compare the FAZ centers obtained in two OCT-A images
of the same patient’s eye, but with different level of zoom
(3 x 3 mm? and 6 x 6 mm?). This mechanism represents a
new procedure to automatically validate any FAZ localization
method in OCT-A images. In particular, when it is applied to
evaluate our method, the obtained results support the hypoth-
esis of being a robust localization method.

Finally, the segmentation results obtained in the first subset
of images were significantly stable and competitive. Thus,
the global average values of the Dice score (including its
standard deviation) were 0.84 £ 0.01 and 0.85 4= 0.01, when
compared to the expert 1 and 2, respectively. The low standard
deviation obtained explains the fairly homogeneous behavior
of the method in the different configurations of this dataset.
The global average value of the Dice score in the second
subset of images was 0.70 & 0.17. However, it is important
to note that the last subset contains images in which FAZ
segmentation is a more difficult task to accomplish than in
the first subset.
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