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Abstract—: To assess the performance of an end-to-end
computer vision algorithm for the early screening and diagnosis
of glaucoma from fundus photographs. Development and
evaluation of a computer vision approach for the extraction of
physiologic measurements from the optic nerve head (ONH) and
the detection of glaucoma. 101 fundus photographs were
included for the development and validation of the screening
algorithm. We automatically detect and extract the ONH within
the retina, and compute two methods for segmenting of the optic
cup (OC) and the optic disc (OD). Referable ophthalmic features
including the cup-to-disc ratio (CDR), the Inferior- Superior-
Nasal-Temporal (ISNT) rule and the neuroretinal rim (NRR)
area are exploited, to quantify the structural changes within the
ONH. Then, we elaborate a clinical protocol to provide
trustworthy, easily interpretable glaucoma screening process,
and indications about the stages of disease spreading.

Proposed approach allows to accurately estimate the clinical
measurements with 0.11 £+ 0.08 to 0.15 £+ 0.12 mean-std error
rates on CDRs, ISNT sectors and NRR area. Also, outstanding
glaucoma screening performance was achieved with 93.07%
(95% confidence interval (CI), 86.24% to 97.17%) accuracy,
98.57% (95% CI, 92.30% to 99.96%) sensitivity and 80.65%
(95% CI, 62.53% to 92.55%) specificity rates, competing with
the state-of-the-art. We formulated a clinical protocol aiming at
evaluating the structural changes occurring within the ONH, for
assessing the different spreading stages of the neuropathy.
Excellent performance has been obtained on glaucoma
screening process, allowing to integrate such algorithm into

computer-aided diagnosis systems and support
ophthalmologists.
Keywords—  Glaucoma  screening, Computer-aided

diagnosis (CAD), Retinal fundus images, Optic nerve head
(ONH), optic cup (OC), optic disc (OD), cup-to-disc ratio (CDR),
Inferior-Superior-Nasal-Temporal (ISNT) rule, Neuroretinal
Rim (NRR) area.

I. INTRODUCTION

Glaucoma is one of the most prevalent ocular diseases
worldwide, and the second leading cause of blindness in the
Globe [1]. The development of the disease is highlighted by
inflicting progressive loss of visual field, leading to blind-
ness in critical circumstances [2] (see Figure 1).

(a) Healthy

(b) Early

(c) Moderate (d) Advanced

Fig. 1. Differences between healthy (a) and glaucomatous (early (b),
moderate (c) and advanced (d)) vision: glaucoma induces a gradual
narrowing of the field of view, until complete blindness for critical incurred
cases.
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Because of the asymptomatic traits of the disease at earlier
stage, patients are often unaware of suffering from glaucoma
until the pathology reaches advanced stage, undergoing with
dramatical and irreversible visual disturbance. Hence, early
screening and diagnosis of glaucoma is the key to curb
glaucoma development and prevent from the induced
irreversible ocular disorders, and then provide in-time
treatment, dedicated clinical care and follow-up allowing to
sustainably maintain visual functions.

Glaucoma is generally diagnosed with a bunch of clinical
tests conducted by the ophthalmologist, including: visual field
control (i.e. perimetry), IOP measurement (operated with a
tonometer, and aims at detecting an unusual increased
pressure within the eye, possibly related to glaucoma) and
retinal examination. However, visual field assessment is not
an adequate control for early screening and diagnosis of
glaucoma, since clinical disturbances occur at advanced and
irremediable stages. Otherwise, increased IOP is neither a
necessary nor sufficient criterion for assessing the presence of
the disease, since glaucoma could manifest itself without an
increased pressure [3].

Retinal examination consists in assessing the optic nerve
head (ONH) and its surroundings, and detecting eventual
lesions and defects related to the neuropathy [4]. Indeed,
fundus photography has longer been, and remains the main
used imaging tool for assessing the retina. It consists in a 2D-
acquisition of retinal surface, highlighting the different parts
of the retina such as the ONH, the macula and the retinal
vasculature. Fundus photography then allows to inspect ONH
(bright circular area on the surface of the retina) topography,
by extracting quantitative measurements related to optic cup
(OC) and optic disc (OD) structures for glaucoma assessment
(see Figure 2, (b)). Evaluation of the retina has been
recognized by prominent studies in ophthalmology as a more
reliable way for screening the presence of glaucoma at its
earlier stage. Automated early screening and diagnosis of
glaucoma from retinal fundus images involves the
computation of measures and shape features, for evaluating
the structural changes within and around the ONH in a
longitudinal manner [5].

(a)
1) -

Fig. 2. Example of healthy (1) and glaucomatous (2) retinal images: (a)
Retinal image with framed ONH region, (b) ONH sub-image. In (1) regular
OC size inside the OD, no RNFL loss and hemorrhages are apparent. In (2),
there is a prominent cupping inside the OD, localized RNFL loss around the
ONH, tiny and localized hemorrhages inside the NRR.

(b)
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In this work, our main contributions are to lead an in-depth
clinical analysis of glaucoma, through the ONH structural
changes caused by the rise, the evolution and the spreading of
the neuropathy; to establish comprehensive relationships
between the development of glaucoma and well-known
referable ophthalmic measurements related to the presence of
the disease. Developed solutions give arise to intelligent,
accurate and interpretable diagnosis-help systems, offering
ophthalmologists, optometrists, and trained medical
professionals guidance on the pathway to screening glaucoma,
and widespreading eye health services through useful mass
screening programs.

The remainder of this paper is organized as follows.
Section Il reviews the current work conducted by state-of- the-
art methods for the screening of glaucoma, using the well-
known and reliable clinical measurements. Based on this
thorough investigation of the literature, Section III gives a
prior in-depth clinical analysis of glaucoma and the correlated
morphological alterations of the ONH, and introduces the path
forward identifying glaucomatous patterns with the ONH
measurements. Thereupon, proposed methods are described in
section IV. Overall contributions and reached results are
discussed in section V. Finally, conclusions are addressed in
section VI.

II.  RELATED WORKS

In the field of biomedical engineering, fully-automated
screening and diagnosis of glaucoma from retinal fundus
involves the computation of clinical measurements, to
quantify the alteration of ONH topography and the structural
changes induced by the neuropathy along its different stages.
Among several attributes formulated in the state-of-the-art,
the cup-to-disc ratio (CDR), the inferior-superior-temporal-
nasal (ISNT) rule and the NRR area have been widely
exploited for the diagnosis of the pathology, and validated by
specialists as relevant indicators to analyse the structural
changes of the ONH, then assess the presence of glaucoma
disorder. From a clinical point of view, these attributes and
measures allow to early detect the presence of the disease,
monitor its progression over time, and then deliver an
effective treatment to blunt its spread and avoid visual loss.
These measures allow to undertake in-depth examination of
the ONH, and are easily interpretable by the specialist to
deliver a diagnosis of the presence of the pathology. To
compute these measurements from retinal fundus images, a

joint OC-OD segmentation is required. Hence, precise
calculation of the intended features for glaucoma screening
directly depends on an accurate segmentation of both OC and
OD regions. In this context, many methods have been
introduced in the literature, performing joint OC-OD
segmentation for further glaucoma assessment with the
exposed referable measurements. A summary of the state-of-
the-art is outlined in Table I.

In this work, we answer the lacks of existing methods, as
these clinical measurements are not systematically provided
or not combined to automatically deduce the most adequate
association for a better diagnosis. Hence, this work aims at
delivering a thorough analysis of structural-to-functional
damages caused by glaucoma, by studying the induced
structural changes of the ONH and their link with well-known
clinical measurements. In this direction, we give an in-detailed
explanation of retinal structure and how the glaucomatous
neuropathy impacts the topography of the ONH along its
progression, and their relationship with referable ophthalmic
features. After a thorough explanation on how to extract such
measurements from a geometrical and image processing
aspect, we provide reliable measurement of the clinical
features, and establish a clinical protocol towards glaucoma
assessment.

III. IN-DEPTH CLINICAL ANALYSIS OF GLAUCOMA

Glaucomatous neuropathy manifests itself within the
retinal layer, across optic nerve head (ONH) zone. Its
progressive development leads to a gradual alteration of the
visual field. These visual disturbances have been shown to be
intrinsically correlated with the structural alterations of the
ONH, responsible for transmitting the received light
information to the brain. The ONH is made up of the
convergence of the optical fibers, and comprises the OC,
appearing as a whitish central depression, surrounded by the
OD appearing as a circular peripheral area. The NRR emerges
itself outside the OC, inside the disc. The basic structural
changes occurring within the ONH mainly consist in a gradual
growing of the OC area inside the OD area, also called
cupping, inducing an antagonist thinning of the NRR. The
gradual widening of the cupping is also featured by a specific
growth of the OC across its longitudinal and transversal
directions. Evaluation of these structural changes through
clinical measurements of the ONH components allows to
early feature the glaucomatous patterns.

TABLE L SUMMARY OF THE STATE-OF-THE-ART METHODS FOR GLAUCOMA SCREENING FROM RETINAL IMAGES: AUTHORS, CLINICAL MEASUREMENTS,
ADVANTAGES AND LIMITATIONS.
Authors Clinical measurements Advantages Limitations

Nayak et [6] al.

IDiameter-based CDR, ISNT rule

The use of different measurements to feature to
assess the presence of the disease

The use of a neural network classifier, decreasing]
the ability in interpreting the diagnosis

Cheng et [7] al.

IDiameter-based CDR

lAccurate segmentation of the OC and the OD|
through a supervised classification method

(The use of a single feature for glaucoma screening,|
with a fixed threshold value

Das et al. [8]

IDiameter-based CDR, ISNT rule

The use of different measurements to assess the
presence of the disease

IA few explanations on how to combine the features|
for glaucoma screening, no indications about the|
spreading stage of glaucoma

IDiaz-Pinto al.Et
[9]

|Accurate segmentation phase through a color

|Area-based and diameter- basedispace comparative study, the use of three clinicall

ICDR, ISNT rule

features for glaucoma assessment

IA few explanations on how to combine the features|
for glaucoma screening, no indications about thel
spreading stage of glaucoma

Mvoulana al.Et
[10]

|Area-based CDR

|Accurate segmentation of the OC and the OD with|
a non-supervised method, accurate glaucomal
screening process

The use of a single feature for glaucoma screening,|
with a fixed threshold value

Kumar et [11]al.

IRim-to-disc ratio (RDR)

The use of a brand-new NRR-derivated feature,
indications about disease severity with

The use of a single feature for glaucoma screening,|
a few explanations about the clinical aspect of]

IDDLS indicator

glaucoma
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Fig. 3. Evolution of glaucoma during time, in concordance with the structural changes occurring within the ONH along the different stages of the disease: (a)
healthy patient, (b) glaucoma at its earlier stage, (c) glaucoma at its moderate stage, (d) glaucoma at its advanced stage. Clinical measurements (area-based
CDR, diameter-based CDR, ISNT rule, NRR area) allow to discriminate the different stages of development of the disease. Optic cup (OC) appearing on

dashed line refers to the previous stages.

In the presence of a healthy case (see Figure 3, (a)), OC
size inside the OD does not exceed a certain proportion of the
disc, fewer than half the OD area [48]. Also, in most cases,
OD has an oval shape along the vertical axis, while the OC
tends to be oval along the horizontal axis. The NRR follows a
precise configuration: the rim is thicker along the inferior
sector (6 o’clock), then along the superior sector (12 o’clock),
followed by the nasal (9 o’clock) and temporal sectors (3
o’clock). In normal controls, NRR show off an area higher
than half the OD area.

In the presence of a pathological case, morphological
evolution of ONH structures is observed, and several
configurations are upset. The major sign to detect the disease
is the progressive widening of the OC within the OD, until the
usual cup proportions from a healthy patient are exceeded (see
Figure 3 (b), (c) and (d)). The appearance or accentuation over
time of this sign induces a progression of the neuropathy, and
excessive preponderance of the OC within the disc allows to
discriminate the pathological cases (see Figure 3 (d)). Also,
the enlargement of cup area is generally faster along the
vertical axis than along the horizontal axis, inducing a vertical
elongation of the cup area (see Figure 3 (c)). Measuring and
monitoring this elongation over time allows a more accurate
tracking of patients with glaucoma at moderate-to-advanced
stage of structural changes. At advanced stages of the disease,
the cup tends to grow uniformly in both directions, and the
surface criterion helps reaching better recognition of
glaucomatous cases. Finally, a disruption of the configuration
of rim thickness is also observed in certain pathological cases:
it becomes abnormally thinner in the lower and upper sections
(see Figure 3 (b)). The upheaval of this rule allows the
detection of the few earliest cases of the pathology.

Figure 4 illustrates the different extracted measures,
allowing to evaluate the structural changes of the ONH and
determine whether a subject is potentially suffering from
glaucoma with the formulated criteria.

Fig. 4. Extracted features for the clinical evaluation of the ONH: (a) OC
and OD areas for area-based CDR, (b) OC and OD vertical diameters for
diameter-based CDR, (c) ISNT sectors for ISNT rule, (d) NRR area.

Area-based CDR corresponds to the ratio of the area of the
OC and the area of the OD (see Figure 4, (a)). Diameter- based
CDR, on his side, corresponds to the ratio of the vertical
diameter of the OC and the vertical diameter of the OD (see
Figure 4, (b)). Both quantify the amount of cupping within the
ONH, and the preponderance of the OC inside the OD,
respectively in a 1-D and a 2-D manner with longitudinal and
surface study.

In either case, such measures allow distinguishing healthy
subjects (with lower CDR value) from subjects suffering from
moderate-to-advanced glaucoma (with greater CDR value), as
well as monitoring the progression of the disease [7, 12]. On
the one hand, area-based CDR aCDR is measured by
computing the ratio between the area AOC of the OC region,
and the area AOD of the OD:

aCDR = Aoc €))
Aop

In biomedical engineering and image processing, the area
of both regions is expressed as the number of pixels belonging
to each zone. The ratio then allows to obtain a normalized
factor, further exploited to detect glaucomatous discs. On the
other hand, diameter-based CDR vCDR is defined as the ratio
of the vertical diameter DOC of the OC and the vertical

diameter DOD of the OD:

vCDR = 2o¢ )
Dop

The ISNT sectors for ISNT rule refer to the inferior IS,
superior SS, nasal NS and temporal TS sectors. Each sector
represents the distance between the borders of the OC and the
OD, according to the four quadrant directions (see Figure 4,
(c)). In our study, the sectors are measured as the distance
between the edges of each bounding box around the OC and
OD areas, along the four directions. As for calculating the
area-based and diameter-based CDR, each distance is
expressed then compared in pixels. With healthy subjects, the
rule is obeyed as the sectors are greater inferiorly, then
superiorly, then nasally, and temporally [13]. With suspicious
subjects, the rule tends not to be obeyed. The ISNT rule can
be modelized as:

obeyed,
not obeyed,

Ig > Sg > Ng > T
otherwise

ISNT = { 3)
However, prior knowledge about nasal and temporal
sectors, depending on the captured eye (right or left), is most

of the time a missing information from the processed retinal



images. Thus, in concordance with relevant studies exploiting
the ISNT rule for glaucoma screening, an adaptation of the
rule is operated by considering two sub-rules ISN and IST
[14]. ISNT criterion is then defined as:

obeyed,

not obeyed,

ISNT = ISN N IST = { ;
otherwise

Finally, the NRR area refers to the area of the rim included
in the OD zone, outside the OC (see Figure 4, (d)). NRR area
NRRa is then defined as:

NRRa = Ayp — Apc (5)

where AOD and AOC denotes the respective area of the
OD and the OC, expressed as the number of pixels belonging
to each region.

Consequently, we firstly propose in this paper a brand-new
approach for the clinical evaluation of the ONH from retinal
fundus images. Here, we leverage the challenge of segmenting
the OC and OD regions in a precise manner, for further
assessment of the ONH through ophthalmic measurements. In
this way, we formulate two segmentation pipelines, and
carefully analyse their impact and reliability on the estimation
of the clinical features, but also alongside glaucoma screening
route. We secondly employ these clinical measurements to
propose accurate early screening and diagnosis of glaucoma,
combining them to consider all the morphological alterations
of the ONH when glaucoma spreads. Provided clinical
strategy allows final glaucoma assessment of the
glaucomatous neuropathy, and gives crucial indications to the
specialist about the prevailing stage of the disease.

IV.  PROPOSED METHODS FOR THE CLINICAL EVALUATION
OF THE OPTIC NERVE HEAD

The clinical evaluation of the ONH from retinal fundus
images implies the segmentation of the OC and OD regions.
The intended segmentation process has a critical importance
for quantitatively evaluate the structural changes of the ONH
with the clinical measurements, for the assessment of
glaucoma. Hence, automated evaluation of the ONH from
retinal images involves the subsequent stages: prior detection
and extraction of the ONH, joint OC-OD segmentation and
extraction of clinical features. The flowchart of the overall
proposed method for glaucoma screening from retinal fundus
images is illustrated in Figure 6.

Retinal image Optic cup and optic disc segmentation

Input

Optic nerve head detection and extraction

Texture-based pixel classifcation WModelbased
boundary fitting
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ey | |
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Early glaucoma Extraction of clinical features
screening and

grading

® Healthy

Output

Fig. 5. Flowchart of the proposed method for glaucoma screening and
diagnosis: optic nerve head (ONH) detection and extraction, optic cup (OC)
and optic disc (OD) segmentation, extraction of clinical features and clinical
protocol for glaucoma screening. In this example, the proposed clinical
protocol allows a reliable assessment of an advanced glaucoma.

A. Prelude: Benchmark datasets

Publicly-available DRISHTI-GS1 dataset [15] has been
used as a standard retinal image dataset for the evaluation of
our proposed methods, on the pathway to clinical evaluation

Is> Ss>Ng and I;> S5>Ts (4 f the ONH for glaucoma screening. The dataset consists of

101 retinal color images from a cohort of 101 patients. The
retinal images were collected at Aravind Eye Hospital,
Madurai, India, with full consent of residents. On the one
side, glaucomatous subjects were selected by clinical
investigators, based on structural-to-functional clinical
findings. On the other side, patients not found to be
glaucomatous along refraction test and retinal examination
were assigned to the healthy class. Overall selected patients
were between 40-80 years with equally-distributed gender.
The images were captured with dilated eye, 30-degree field-
of-view (FOV), ONH centered, each image made up of a high
2896 x 1944 resolution.

For each retinal image, ground-truth collection has been
operated by four well-experienced and trained
ophthalmologists, providing OC and OD segmentation and
glaucoma assessment. First, the manual marking of each OC
and OD boundaries was computed by the four
ophthalmologists, with a dedicated and well-designed
computer-aided tool.

B. Optic nerve head detection and extraction

Detecting and extracting the ONH from retinal fundus
images plays a substantial role towards identifying ocular
disorders, such as diabetic retinopathy or glaucoma.
However, locating the ONH in a precise manner within the
retina is challenging due to various constraints: individual
differences, uneven illumination, or variation in ONH
appearance and shape [16]. In particular, ONH localization
may be complex in the presence of bright lesions on the
retinal layer, caused by pathological conditions.

To answer the drawbacks of these respective methods, our
ongoing work for ONH detection is based on our previous
contributions [10]. First, the detection of the bright regions
allows to localize the center of each bright area appearing in
retinal layer, including the ONH and eventual bright lesions
caused by specific pathological conditions. In this direction,
image processing techniques including histogram
equalization, thresholding and distance transform are
successively applied to the retinal image, leading to the
detection of the brightness peaks. Then, from the center of
each detected area, template matching is operated to find the
actual position of the ONH among the detected centers.
Predicted ONH position then corresponds to the area reaching
the maximum likelihood with the template, among all
detected bright points within the retina. The global approach
finally allows to robustly detect the nerve head, even in the
eventual presence of lesions. From the detected location, the
sub-window is extracted, thereafter leading to ONH
examination for glaucoma screening.

C. Optic cup and optic disc segmentation

Segmenting the OC and the OD is a key stage when
conducting the evaluation of glaucoma, for assessing the
structural changes occurring within the ONH related to the
visual disturbances caused by the neuropathy. However,
leading joint OC-OD segmentation process is challenging,
due to several constraints this medical context brings on:



structures with not well-defined boundaries, individual
differences, variations in image acquisition, etc. To carry out
this task, we introduce two efficient methods for segmenting
the cup and the disc. Starting from the extracted ONH sub-
image, the segmentation approach consists of the three
following steps: texture- based pixel classification, model-
based prior boundary fitting and convex hull transform.

In this segmentation context, the K-means clustering
algorithm is employed using an intensity-based nearness
criterion. Thus, this approach allocates each area of the retinal
sub-image among K clusters following its gray-level. Since
the main retinal components are the OC, the OD, the
background and the blood vessels, a fixed value K = 4 is
selected. Appliance of the K-means clustering algorithm then
gathers all pixels belonging to the same retinal structures.
Then, since the OC and the OD are the retinal structures with
the greatest gray-level in the ONH sub-image, they are both
associated to the two cluster centers with the two greatest
gray-level values. Thus, the cluster with the greatest intensity
corresponds to the OC, when the second greatest intensity
corresponds to the NRR (OD without the cup). The gathering
of each region finally forms the OD. To remedy the non well-
defined boundaries of OC and OD, we compute a circle-based
fitting of the regions since the regions are known for their
circular feature, and then finding circular shapes in the image.
Finally, from the computed circle fitting, only the white
pixels inside the detected circle are considered as part of the
segmented OC and OD areas. To smooth final segmentation,
we operate a well-known image processing technique, called
convex hull transform, which consists in computing the
convex hull of all white pixels inside the circle.

Hence, the first segmentation method derives from the
detected circular regions after a Model-based boundary
fitting, where a circularity-based segmentation (Ci-SEQG)
approach is employed [10]. Thereupon, the second
segmentation method derives from the detected convex
regions after a Pattern refining, where a convexity-based
segmentation (Co-SEG) approach is employed. The basic
idea behind proposing two parallel pipelines is to enhance our
ability to extract the clinical measurements, for ensuring
glaucoma screening process.

D. Clinical protocol for glaucoma screening

After OC and OD segmentation, clinical features are
extracted for further detection of the subjects suffering from
glaucoma. The aim is to establish a clinical protocol, bringing
together the extracted clinical features as a specialist would
carry out its examination of the ONH, to assess the structural
changes linked to the presence of glaucoma. To do so, we first
analyze the ability of these attributes to discriminate healthy
patients from patients suffering from glaucoma, through their
sensitivity and specificity in screening pathological subjects.
This study is conducted with both Ci-SEG and Co-SEG
segmentation approaches, to enhance our ability to extract the
intended features and improve the capacity of each feature to
detect the disease with the most adapted segmentation
approach. Given their relationship with glaucoma
progression, and their intrinsic capacity in discriminating
such glaucomatous patterns, we articulate a clinical
arborescence, describing the clinical pathway on disease
screening. Hence, the arborescence finally contributes to
reliable assessment of glaucoma, exploiting the clinical

features and combining them in a hierarchical manner to
screen the disease and give indications about the different
stages of disease spreading (early, moderate, advanced).

V.  DISCUSSION AND OBTAINED RESULTS

Given our thorough study, the proposed clinical protocol
for glaucoma screening is a hierarchical arborescence
(Decision Tree). Since the area-based CDR is the most
relevant feature to discriminate the presence of glaucoma, it
appears on top of the arborescence and is the first feature to
explore when evaluating the ONH morphological evolution.
Given the value obtained on area-based CDR across different
intervals of values to study. Reached values on area-based
CDR are divided into 5 intervals of study I®,cpg,
corresponding to the different phases of disease development
according to the International Classification of Diseases

(ICD) [17]:
I(I)HCDR = [0, 025], I(Z)ach :]0.25; 04], 1(3)ach :]0.4; 07],
1(4)aCDR :]0.7; 0. 9], and I(S)G,CDR :]0.9; 1] (6)

Each interval of values corresponds to a level of progress
of the disease as described in section III, from healthy subject
with a CDR value comprises into IV,cpr to advanced
glaucoma with area-based CDR value comprises into I®),cpg.
However, when area-based CDR value reaches an
intermediate interval of values, we assign another clinical
feature to inspect along other assigned intervals, according to
the clinical aspect of glaucoma. For example, the ISNT rule
is computed in {aCDR € I®,cpr} instance, corresponding to
an eventual early glaucoma. Obedience or not of the rule
allows to distinguish the pathological cases belonging to this
interval of study, corresponding to an early presence of
glaucoma. Likewise, the diameter-based CDR vCDR
operates in {aCDR € I®%,cpr} instance, corresponding to an
eventual more advanced glaucoma (for clarification, /0¥ = J
U [9). Reached values on vCDR are also divided into the
following intervals of study:

ID,cpr = [0; 0.45], 1P,cpr =10.45; 0.6], I®ycpr =]0.6; 0.8],
and I¥ycpr =10.8; 1] (7)

These intervals, also specified according to the ICD [17],
allows to disseminate the different stages of disease
spreading, and manage all clinical cases according to the
induced structural changes in the ONH. In accordance with
the reached value on diameter-based CDR, we then assign the
stage of the disease, or the feature to further inspect for
glaucoma assessment. For example, {aCDR € I®,cpr and
vCDR € [B%,cpg} instance corresponds to a moderate
glaucoma. Likewise, {aCDR € [®,cpr and vCDR €
I23,cpg} allows to detect an eventual early glaucoma with
ISNT rule. Moreover, the NRR area appears as being the most
discriminative feature to assess the most challenging clinical
cases. In this direction, the computation of the nNRRa when
{aCDR € [W,cpr and vCDR € [C%,cpr} permits to
examine the gradual thinning of the NRR in a more precise
manner, then assess the rare but existing glaucomatous cases.

In sum, the proposed clinical protocol, established as a
hierarchical arborescence according to the relevance of each
feature in glaucoma assessment, permits to manage all
clinical cases and give indications about the development
stage of the neuropathy. All arborescence is established as the
ophthalmologist would carry out its examination, to conduct



patient meta-data, would enable to overcome the presence of
false-positive or false-negative outcomes within the cohort

TABLE IL OBTAINED PERFORMANCE RATES FOR
GLAUCOMA SCREENING AND DIAGNOSIS ON DRISHTI-GS1
DATASET.
Metrics Accuracy Sensitivity Specificity PPV NPV F-score
Sivaswamy 80 84.38 72.22 72.22 84.38 77.83
etal. [51]
Dutta et al. 83.17 84.13 81.58 88.33 75.61 86.18
[74]
Diaz-Pinto 65.34 60 74.19 84 45.09 58.68
et al. [43]
SVMs (RBF | 90 90.77 89.23 89.39 90.63 89.99
kernel)
Proposed 93.07 98.57 80.64 92 96.15 97.34
method

an in-depth clinical evaluation of the structural changes
caused by the disease and give precise indications about the
current progression of glaucoma. Relevance evaluation
metrics of the extracted clinical features and the obtained
glaucoma assessment within the proposed clinical protocol
are drawn in Table II. These results are compared with a few
reference, evaluated with the same benchmark dataset,
methods of the state-of-the-art for glaucoma screening.
Depending on the proposed method, different clinical
features are exploited such as the aCDR, the vCDR or the
ISNT sectors for ISNT rule.

The method reaches astonishing performance in glaucoma
screening, with a global accuracy of 93.07% testifying the
capacity of the proposed method to conduct glaucoma
assessment. Particularly, sensitivity of 98.57% is reached,
assessing the ability of the algorithm to effectively detect
glaucomatous subjects across the clinical cohort.

VI. CONCLUSION

In this paper, we alleviated the challenge of fully-
automated glaucoma screening and diagnosis from retinal
fundus images. Based on a clinical analysis of the structural
changes of the ONH induced by the onset and evolution of
glaucoma, and a thorough investigation of the clinical
benchmarks in the field of ophthalmology, we identified
reliable ophthalmic measurements for quantifying the
morphological alterations induced by the neuropathy. Hence,
our performed algorithm automatically extracts such
measurements, using a robust detection and extraction of the
ONH, and the parallel computation of two segmentation
approaches. From the clinical measurements, we conducted a
prior exhaustive study of their sensitivity in the task of
glaucoma assessment, and elaborated a clinical protocol
appearing as a hierarchical arborescence, to answer the issue
of proper management of all clinical cases for accurate
glaucoma assessment and grading. Excellent performance
has been reached on final evaluation with the computed
metrics. As a perspective, we further propose to investigate
the clue of articulating the clinical protocol for glaucoma
screening with dynamic intervals to study, and enhance our
ability to generalize the process of glaucoma assessment.
Such adaptive features, taking into account important
parameters correlated with retinal image acquisition or

for more accurate glaucoma screening.
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