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Artificial Intelligence
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Purpose: This study uses deep neural network–generated rim-to-disc area ratio
(RADAR) measurements and the disc damage likelihood scale (DDLS) to measure the
rate of optic disc rim loss in a large cohort of glaucoma patients.

Methods: A deep neural network was used to calculate RADAR and DDLS for each optic
disc photograph (ODP). Patient demographics, diagnosis, intraocular pressure (IOP), and
mean deviation (MD) from perimetry were analyzed as risk factors for faster progression
of RADAR. Receiver operating characteristic (ROC) curves were used to compare RADAR
and DDLS in their utility to distinguish glaucoma from glaucoma suspect (GS) and for
detecting glaucoma progression.

Results: A total of 13,679 ODPs with evidence of glaucomatous optic nerve damage
from4106 eyes of 2407 patientswith glaucomaor GSwere included. Of these eyes, 3264
(79.5%) had a diagnosis of glaucoma, and 842 (20.5%) eyeswereGS.Mean± SDbaseline
RADAR of GS and glaucoma were 0.67 ± 0.13 and 0.57 ± 0.18, respectively (P < 0.001).
Older age, greater IOP fluctuation, baseline MD, right eye, and diagnosis of secondary
open-angle glaucoma were associated with slope of RADAR. The mean baseline DDLS
of GS and glaucoma were 3.78 and 4.39, respectively. Both RADAR and DDLS showed a
less steep slope in advanced glaucoma. In glaucoma, the change of RADAR and DDLS
correlated with the corresponding change in MD. RADAR and DDLS had a similar ability
to discriminate glaucoma from GS and detect disease progression. Area under the ROC
curve of RADAR and DDLS was 0.658 and 0.648.

Conclusions: Automated calculation of RADAR and DDLS with a neural network can
be used to evaluate the extent and long-term rate of optic disc rim loss and is further
evidence of long-term nerve fiber loss in treated patients with glaucoma.

Translational Relevance:Our study provides a large clinic-based experience for RADAR
and DDLS measurements in GS and glaucoma with a neural network.

Introduction

Glaucoma is a chronic, progressive optic neuropa-
thy defined by the presence of characteristic patterns
of damage to the optic nerve head (ONH) and typical
visual field loss.1 In general, clinically detectable
structural changes precede perimetrically measured
functional defects, and thus it is important to identify

early structural changes associated with retinal
ganglion cell loss. The rapid and accurate evalu-
ation of structural changes and measurement of
progression rate in the ONH plays a very important
role in the diagnosis and management of patients
with glaucoma.2,3 Knowing the rate of glaucoma
progression is essential to our long-term goal of
preservation of vision in glaucoma patients. The
ability to differentiate fast progressors from slow
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progressors would direct appropriately aggressive
treatment to those who are at highest risk for visual
disability.4

Optic disc photography (ODP), scanning laser
polarimetry, confocal scanning laser ophthalmoscopy,
optical coherence tomography (OCT), and other
techniques have been used for the evaluation of struc-
tural changes in glaucoma.5,6 Compared with other
imaging modalities, ODPs are relatively low-cost, easy
to acquire, and widely accessible, and they have stable,
standard platforms.6–8 They have been collected for
decades without essential changes in technology that
might otherwise make them noncomparable over time.
However, the interpretation of ODPs is subjective,
and poor agreement among examiners and low repro-
ducibility have been reported as major disadvan-
tages.6,9 ODPs would benefit from more standard-
ized metrics for interpreting the extent of glauco-
matous structural damage. Several such metrics have
been used with some success. The most common,
cup-to-disc ratio (CDR), is a traditional parameter
for the detection of glaucoma and is a predictor of
glaucoma progression.10–12 However, CDR has signif-
icant limitations; CDR does not account for optic
disc size; a small cup in a small optic disc can be
associated with advanced glaucomatous damage, while
a large cup in a large optic disc can be entirely
normal. Therefore, CDR is less reliable for evaluat-
ing small or large optic discs.13 Additionally, CDR
is insensitive to focal disc rim changes.14–16 For this
reason, the disc damage likelihood scale (DDLS)
was developed by Spaeth to minimize the issues of
rim configuration and disc size,17,18 although it may
not be sensitive to small (intraclass) changes, and
grading is subjective.19 The rim to disc area ratio
(RADAR) is a metric representing the entire rim area
and as such can partly compensate for the limita-
tions of CDR and DDLS but again may not be
sensitive to small but significant focal areas of rim
loss.15–21

Recently, we reported a deep neural network
pipeline for automated identification of the optic
disc rim and calculation of optic disc size.22,23
This approach demonstrated acceptably accurate,
objective, and highly reproducible rim segmenta-
tion and optic disc size estimates. The automated
calculation of RADAR and DDLS can compen-
sate for some of the limitations of convention-
ally used metrics for evaluating structural optic
disc damage.17,18,22–24 The present study uses deep
neural network–generatedRADARmeasurements and
DDLS gradings to measure the long-term rate of
optic disc rim loss in a large cohort of glaucoma
patients.

Methods

Participants

This retrospective study was conducted at the Stein
Eye Institute of the University of California, Los
Angeles (UCLA); adheres to the tenets of the Declara-
tion of Helsinki; was approved by the UCLA Human
Research Protection Program; and conforms to Health
Insurance Portability and Accountability Act policies.

ODPs were taken from the UCLA Stein Eye
Glaucoma database. Detailed inclusion and exclusion
criteria about enrolled images can be found in the previ-
ously published studies.20,21 Briefly, eligible patients
met the following criteria: (1) clinical diagnosis of
glaucoma or glaucoma suspect (GS), (2) age≥18 years,
(3) at least two ODPs, and (4) at least 2 years of follow-
up. The exclusion criteria were any other causes for
optic nerve or retinal abnormalities potentially affect-
ing structural or functional status, including but not
limited to proliferative diabetic retinopathy, central
retinal vein occlusion, retinal detachment, and exuda-
tive age-related macular degeneration.

The diagnosis of glaucoma was based on a detailed
review of paper charts (prior to 2013) and electronic
medical records (after 2013). Eyes were classified as
glaucomatous if they had, on ophthalmoscopic exam
or ODPs, a glaucomatous optic disc (asymmetry of the
disc rim width between the two eyes, focal or gener-
alized neuroretinal rim thinning, notching, or charac-
teristic retinal nerve fiber layer (RNFL) defects typical
of glaucoma) and at least two consecutive abnormal
visual field (VF) tests. An abnormal VF was defined as
three or more nonedge points in the pattern deviation
plot (with locations typical for glaucoma), with sensi-
tivities below the 5th percentile and one of these points
below the 1st percentile in a reliably performed field,
a corrected pattern standard deviation with P < 0.05,
and a Glaucoma Hemifield Test result outside normal
limits. The GS cohort included patients with preglau-
coma, ocular hypertension, anatomic narrow angle,
and primary angle closure without glaucoma damage.
Preglaucoma patients were defined as having a suspi-
cious appearance of the optic nerve based on ODPs
but normal VF results on at least two of their baseline
visits. Ocular hypertension included patients who
had a history of elevated intraocular pressure (IOP)
over 21mmHg and had no glaucomatous damage
on the optic disc, retinal nerve fiber layer, or visual
field.

Patient demographics, diagnosis, IOP, RADAR,
DDLS, and mean deviation (MD) values from visual
fields were analyzed.
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Ophthalmic Examinations

A deep neural network was used to calculate the
optic disc size and automate the optic disc rim segmen-
tation and output RADAR and DDLS for each
ODP.20,21 The progression rate of RADAR andDDLS
was defined as the slope of RADAR and DDLS,
respectively.

IOP fluctuation was defined as the standard devia-
tion (SD) of IOP measurements while peak IOP was
the highest single measurement.

Visual fields were performed with Humphrey
Field Analyzer’s Swedish Interactive Thresholding
Algorithm Standard 24-2 strategy and a size III white
stimulus (Carl Zeiss Meditec, Dublin, CA, USA).
Reliable exams were defined as those with false-positive
rates of 30% or less and fixation loss rates of 15% or
less. Progression of visual field damage was defined as a
significant (P < 0.05) MD rate of change of −0.5 dB/y
or less.25

Patient Subgroups

Glaucoma patients were partitioned into primary
open-angle glaucoma (POAG), primary angle closure
glaucoma (PACG), and secondary open-angle
glaucoma (SOAG) based on the diagnosis made
by clinicians at baseline. SOAG included exfoliative
glaucoma, pigmentary glaucoma, uveitic glaucoma,
and steroid induced glaucoma. In addition, the
glaucoma patients were divided into subgroups based
on MD values according to the Anderson–Patella
classification26 into early-stage glaucoma with MD >

−6 decibels (dB), moderate stage glaucoma with −6
≥ MD > −12 dB, and advanced-stage glaucoma with
MD ≤ −12 dB.

Statistical Analysis

Statistical analyses were performed with R statis-
tical software (version 4.2.2; R Project for Statistical
Computing, Vienna, Austria). The Shapiro test or the
Kolmogorov–Smirnov test was used to test for normal-
ity. Mean and SD were used for normally distributed
variables and median and interquartile range were
used for nonnormally distributed variables. Categori-
cal variables were analyzed by the χ2 test or the Fisher
exact test. Student’s t-test or the Mann–Whitney U
test was used for the analysis of continuous variables.
Linear regression of RADAR and DDLS was used
to measure the rates of rim loss. Differences regard-
ing summary IOP measures and slope of RADAR
were compared among different types of glaucoma
with one-way analysis of variance with post hoc multi-

ple comparisons. For comparison of the diagnostic
ability to separate glaucoma fromGS and the ability to
detect progression of glaucoma between RADAR and
DDLS, receiver operating characteristic (ROC) curves
were built and the area under the ROC curve (AUC)
was calculated. Pairwise comparisons of AUC were
performed between RADAR and DDLS. P values less
than 0.05 were used to indicate statistical significance.

Binomial logistic mixed-model analysis was
performed on eyes with four or more fundus images to
investigate which factors were associated with negative
RADAR slope. Risk factors with P < 0.2 between
eyes with negative RADAR slopes and others were
then selected in the multivariable logistic mixed model.
Random effect based on patient was applied to account
for within-patient correlations due to the inclusion of
both eyes.

Results

A total of 13,679 ODPs with evidence of glauco-
matous optic nerve damage from 4106 eyes of 2407
patients with glaucoma or suspected glaucoma were
included. Of these eyes, 3264 (79.5%) eyes had a
diagnosis of glaucoma and 842 (20.5%) eyes were
GS. Table 1 represents the baseline demographics and
clinical characteristics of each group. The mean ± SD
baseline RADAR in the glaucoma andGS groups were
0.57 ± 0.18 and 0.67 ± 0.13, respectively (P < 0.001).
The mean ± SD baseline DDLS in the glaucoma and
GS groups were 4.39 ± 1.23 and 3.78 ± 0.95, respec-
tively (P = 1.000).

The frequency distribution according to glaucoma
diagnosis is presented in Table 2. The majority of
patients had a diagnosis of POAG (2969, 72.3%)
followed by GS (842, 20.5%), SOAG (164, 4.0%), and
PACG (131, 3.2%).

Figure 1 shows RADAR change over the entire
follow-up time. RADAR decreased at a rate of –0.010
per year, and there was a statistically significant differ-
ence between baseline RADAR and final RADAR (P
< 0.001). For GS patients, there was also a statisti-
cally significant difference between baseline RADAR
and final RADAR (P < 0.001), and the decreasing rate
of RADAR was –0.008 per year.

The baseline and slope of RADAR according
to stage of glaucoma is shown in Table 3. There
was a statistically significant difference in baseline
RADAR between GS, early, moderate, and advanced
glaucoma (Fig. 2). Eyes with GS and advanced
glaucoma progressed significantly slower (defined by
slope of RADAR) than eyes with early and moderate
glaucoma.
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Table 1. Demographics

Variables
Glaucoma

n = 1906 (3264 Eyes)
GS

n = 501 (842 Eyes)

Age (IQR, range), y 65.1 (14.6, 18.2 to 100) 61.0 (15.4, 18.1 to 89.2)
Sex, female, n (%) 1104 (58.0) 328 (65.5)
Follow-up (IQR, range), y 5.0 (8.4, 2.0 to 21.7) 4.1 (5.5, 2.0 to 21.1)
IOP, mean ± SD, mm Hg 14.2 ± 3.21 15.1 ± 3.20
IOP, n (IQR, range) 13.0 (17.0, 1.0 to 141.0) 7.0 (9.0, 1.0 to 96.0)
Baseline RADAR, mean ± SD 0.57 ± 0.18 0.67 ± 0.13
Final RADAR, mean ± SD 0.49 ± 0.19 0.62 ± 0.15
Baseline DDLS, mean ± SD 4.39 ± 1.23 3.78 ± 0.95
Final DDLS, mean ± SD 4.98 ± 1.47 4.11 ± 1.12
Baseline MD (IQR, range), dB −1.93 (4.36, −28.12 to 3.16) −0.72 (2.43, −27.45 to 3.66)
Final MD (IQR, range), dB −2.64 (6.35, −29.03 to 8.96) −0.45 (2.68, −25.41 to 4.95)
Race, n (%)
Caucasian 1088 (57.1) 271 (54.1)
Asian 259 (13.6) 67 (13.4)
Black or African American 163 (8.6) 30 (6.0)
Hispanic 139 (7.3) 28 (5.6)
Others 257 (13.5) 105 (20.1)

IQR, interquartile range.

Table 2. Frequency Distribution According to
Glaucoma Diagnosis

Diagnosis Number (%) of Eyes

POAG 2969 (72.3)
PACG 131 (3.2)
SOAG 164 (4.0)
Exfoliative glaucoma 98 (2.4)
Pigmentary glaucoma 56 (1.4)
Steroid-induced glaucoma 10 (0.2)

GS 842 (20.5)
Preglaucoma 477 (11.6)
Anatomic narrow angle 265 (6.5)
Primary angle closure
without glaucoma damage

5 (0.1)

Ocular hypertension 95 (2.3)

The baseline RADAR, slope of RADAR, and
characteristics of IOP according to type of glaucoma
are shown in Table 4. Baseline RADAR in POAG,
PACG, and SOAG was significantly lower than in GS
(Fig. 2).When comparing baseline RADARof POAG,
PACG, and SOAG, the baselineRADAR in POAGwas
significantly lower than in PACG (Fig. 3). RADAR in
SOAG progressed significantly faster than GS, POAG,
and PACG (P < 0.001). In addition, SOAG had higher

peak IOP and SD of IOP than GS, POAG, and PACG
(peak IOP: P < 0.001; SD of IOP: P < 0.001).

The results of the multivariable linear regression
analyses for identifying the risk factors for progres-
sion of RADAR are shown in Table 5. In total, 1477
eyes (left eyes: 651, 44.1%; right eyes: 826, 55.9%) were
included in the risk factor analysis. Older age (P <

0.001), higher SD of IOP (P < 0.001), baseline MD (P
< 0.001), right eye (P= 0.002), and diagnosis of SOAG
(P = 0.021) were associated with a negative RADAR
slope.

The baseline and slope of DDLS according to
stage of glaucoma are shown in Table 6. There
was a statistically significant difference in baseline
DDLS between GS, early, moderate, and advanced
glaucoma (P < 0.001) (Fig. 4). In the post hoc
multiple-comparison (Scheffé method) results of the
slope of DDLS, there was a statistically significant
difference between moderate and advanced glaucoma
(P = 0.007).

The baseline and slope of DDLS according to type
of glaucoma are shown in Table 7. A comparison of the
baseline DDLS among GS, POAG, PACG, and SOAG
can be found in Figure 5. There was no significant
difference in the slope of the DDLS between any of the
groups (GS and POAG: P = 0.566; GS and PACG: P
= 0.854; GS and SOAG: P= 0.355; POAG and PACG:
P = 0.946; POAG and SOAG: P = 0.505; PACG and
SOAG: P = 0.605).
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Figure 1. Change of rim to disc area ratio over follow-up time. Blue line: positive regression. Red line: negative regression.

Correlation between change in RADAR (final
RADAR – baseline RADAR) and change in MD is
shown in Figure 6. For glaucoma patients, the overall
difference in RADAR significantly correlated with the
difference in MD, although the relationship was weak
(R2 = 0.03,P< 0.001). In subgroup analyses, the differ-
ence inRADAR significantly correlatedwith difference
inMD in each type of glaucoma except SOAG (POAG:
R2 = 0.03, P < 0.001; PACG: R2 = 0.09, P < 0.001;
SOAG: R2 = 0.01, P = 0.297).

Figure 7 displays the correlation between the differ-
ence in DDLS (final – baseline) and the difference
in MD (final – baseline). For glaucoma patients, the
difference in DDLS significantly correlated with the
difference in MD (R2 = 0.03, P < 0.001). In subgroup
analyses, the difference in DDLS significantly corre-
lated with difference in MD in each type of glaucoma
(POAG: R2 = 0.03, P < 0.001; PACG: R2 = 0.11, P <

0.001; SOAG: R2 = 0.03, P = 0.039).

Figure 8 shows ROC curves for RADAR and
DDLS for GS and glaucoma. AUCs of RADAR
and DDLS were 0.69 and 0.67, respectively. The
optimal cutoff values of RADAR and DDLS to
distinguish between GS and glaucoma were 0.602
and 5, respectively. There was a statistically signifi-
cant difference in AUC between RADAR and DDLS
(P = 0.03).

Figure 9 shows the comparison between the ability
of the slope of RADAR and DDLS to predict
glaucoma progression at early and moderate stages
of glaucoma. To reduce the floor effect of struc-
tural glaucomatous change, we removed eyes with VF
baseline MD ≤ −12 dB.27 The slopes of RADAR
(AUC = 0.60) and DDLS (AUC = 0.59) were both
able to discriminate progression of glaucoma from no
progression in early- to moderate-stage glaucoma, with
no statistically significant differences between the two
(P = 0.50).

Table 3. Baseline RADAR and Slope of RADAR According to Stage of Glaucoma

Characteristic GS Early Moderate Advanced

Number (%) of eyes 842 2607 (79.9a) 409 (12.5a) 248 (7.6a)
Baseline RADAR 0.67 ± 0.13 0.60 ± 0.16 0.46 ± 0.17 0.37 ± 0.16
Slope of RADAR −0.008 ± 0.032 −0.011 ± 0.029 −0.007 ± 0.031 −0.007 ± 0.032

Values are presented as the mean ± SD unless otherwise indicated.
aProportion of all glaucoma patients.
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Figure 2. Comparison of baseline rim to disc area ratio according
to stage of glaucoma. Early = early-stage glaucoma; moderate =
moderate-stage glaucoma; advanced = advanced-stage glaucoma.
*Statistical significance by one-way analysis of variance with post
hoc multiple comparison (Scheffé method).

Discussion

Several metrics have been used to quantify the
extent of structural glaucomatous optic disc damage
from ODPs. Conventionally, CDR has been used for
glaucoma diagnosis and determination of glaucoma
progression.10–12 However, because of the previously
discussed limitations of CDR, an alternative param-
eter for the evaluation of glaucomatous optic nerve
damage is desirable.15–21 We usedRADARandDDLS,
both automatically calculated from ODPs by a neural
network, to measure structural glaucomatous optic
disc damage.

Figure 3. Comparison of baseline rim to disc area ratio according
to type of glaucoma. *Statistical significance by one-way analysis of
variance with post hoc multiple comparison (Scheffé method).

Table 5. Results of Multivariable Risk Factor Analysis
for Slope of Rim Area to Disc Area Ratio

Variables Odds Ratio 95% CI

Age 0.96 0.95–0.98
SD of IOP 0.87 0.79–0.97
Race

Caucasian Reference Reference
Asian 0.42 0.25–0.69
Black or African American 0.83 0.45–1.54
Hispanic 0.61 0.31–1.20
Other 0.90 0.58–1.39

MD baseline 1.05 1.01–1.08
Diagnosis

POAG Reference Reference
PACG 0.98 0.39–2.43
SOAG 0.87 0.39–1.95
GS 1.2 0.77–2.03

Table 4. Baseline RADAR and Slope of RADAR According to Type of Glaucoma

Characteristic GS POAG PACG SOAG

Number (%) of eyes 842 2971 (91.0a) 131 (4.0a) 164 (5.0a)
Baseline RADAR 0.67 ± 0.13 0.57 ± 0.18 0.59 ± 0.17 0.58 ± 0.18
Slope RADAR −0.008 ± 0.032 −0.010 ± 0.027 −0.010 ± 0.028 −0.013 ± 0.031
Baseline MD, dB −1.36 ± 3.11 −3.38 ± 4.72 −4.4 ± 5.31 −3.76 ± 5.61
mean IOP, mm Hg 15.1 ± 3.20 14.3 ± 4.38 14.8 ± 3.02 14.5 ± 2.97
Peak IOP, mm Hg 18.8 ± 5.78 20.1 ± 7.12 21.1 ± 7.43 22.3 ± 7.26
SD of IOP, mm Hg 2.14 ± 1.35 2.7 ± 1.60 2.97 ± 2.01 3.33 ± 2.07

Values are presented as the mean ± SD unless otherwise indicated.
aProportion of all glaucoma patients.
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Table 6. Baseline DDLS and Slope of DDLS According to Stage of Glaucoma

Characteristic GS Early Moderate Advanced

Number (%) of eyes 842 2607 (79.9a) 409 (12.5a) 248 (7.6a)
Baseline DDLS 3.78 ± 0.95 4.14 ± 1.01 5.09 ± 1.32 5.92 ± 1.62
Slope of DDLS 0.11 ± 0.28 0.11 ± 0.27 0.14 ± 0.34 0.07 ± 0.39

Values are presented as the mean ± SD unless otherwise indicated.
aProportion of all glaucoma patients.

Figure 4. Comparison of baseline disc damage likelihood scale
according to stage of glaucoma. Early = early-stage glaucoma;
moderate = moderate-stage glaucoma; advanced = advanced-
stage glaucoma. *Statistical significance by one-way analysis of
variance with post hoc multiple comparison (Scheffé method).

We broadly evaluated longitudinal change of
RADAR in glaucoma and GS patients and found that
RADAR was significantly decreased after a follow-up
period of approximately 5 years in glaucoma and
GS patients. Previously published studies confirmed
that structural changes over time are occurring in
both glaucomatous and healthy eyes.28,29 Therefore,
some of this decrease in our study could be a physio-
logic change over time in glaucoma patients receiving
treatment and in GS patients.

Figure 5. Comparison of baseline disc damage likelihood scale
according to type of glaucoma. *Statistical significance by one-way
analysis of variance with post hoc multiple comparison (Scheffé
method).

Several studies have reported RADAR in patients
with glaucoma and GS.24,28,29 Rolando et al.,24
Baskaran et al.,30 and Tezel et al.31 reported that mean
± SD RADAR in patients with glaucoma was 0.47
± 0.04, 0.17 ± 0.01, and 0.34 ± 0.17, respectively. In
Baskaran et al.,30 RADAR was manually calculated
with data derived fromCirrus high-definitionOCT and
included in the analysis as a measure adjusting for
variation in disc area. Tezel et al.31 and Rolando et al.24
used data derived from ODPs. In the present study,

Table 7. Baseline DDLS and Slope of DDLS According to Type of Glaucoma

Characteristic GS POAG PACG SOAG

Number (%) of eyes 842 2971 (91.0a) 131 (4.0a) 164 (5.0a)
Baseline DDLS 3.78 ± 0.95 4.41 ± 1.24 4.10 ± 1.09 4.37 ± 1.20
Slope of DDLS 0.11 ± 0.28 0.11 ± 0.29 0.11 ± 0.27 0.12 ± 0.29

Values are presented as the mean ± SD unless otherwise indicated.
aProportion of all glaucoma patients.



Rate of Optic Disc Rim Loss in Glaucoma Patients TVST | September 2024 | Vol. 13 | No. 9 | Article 9 | 8

Figure 6. Correlation between difference in rim to disc area ratio and difference in mean deviation at each glaucoma group. *Statistical
significance. P < 0.05.

the neural network–calculated mean ± SD baseline
RADAR derived from ODPs in glaucoma patients
was 0.57 ± 0.18. The RADAR that we reported was
higher compared with previous studies.24,30,31 This
result may be due to differences in the glaucoma stage
distribution among the studies. Our study included
a greater portion of early-stage glaucoma (79.9%),
with a baseline MD of −1.93 db. Baskaran et al.30
and Rolando et al.24 reported baseline MD values of
−8.1 dB and−5.53 dB. This indicates a greater propor-
tion of moderate or advanced stage of glaucoma than
in our patient cohort, although they did not include
a full distribution of the glaucoma stages represented
in their study population. The study by Tezel et al.31
did not provide the distribution of glaucoma stage or
baseline MD.

When adjusting for MD, the baseline RADAR of
POAG was significantly lower than that of PACG.
No other differences between POAG, PACG, and
SOAG were observed with this metric. There are
no previous studies comparing RADAR in various
types of glaucoma. However, several previous studies
have reported certain characteristics of ONH param-
eters between two different subtypes of glaucoma.
Sihota et al.32 reported that chronic primary angle
closure glaucoma (CPACG) eyes, in comparison
to POAG eyes, had a significantly higher RADAR
(CPACG RADAR: 0.56; POAG RADAR: 0.41).
Nouri-Mahdavi et al.33 also reported that CACG
patients had a significantly higher RADAR than
POAG patients (CACG RADAR: 0.57; POAG
RADAR: 0.48). Our results, in which baseline
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Figure7. Correlationbetweendifference indisc damage likelihood scale anddifference inmeandeviation at eachglaucomagroup. *Statis-
tical significance. P < 0.05.

RADAR of POAG was lower than that of PACG,
are consistent with the findings of these previous
studies.32,33 However, Borand et al.34 found there
are no significant differences in ONH topography
between POAG and PACG. They used data includ-
ing cup area, rim area, cup-to-disc area ratio, cup
volume, rim volume, mean cup depth, and cup
shape measure. Zhao et al.35 reported that there
was no difference in RADAR derived from Heidel-
berg retina tomograph (HRT) between CACG and
normal-tension glaucoma (NTG) (CACG RADAR:
0.659; NTG RADAR: 0.547). This variation among
previous studies and our study was also likely a
product of a difference in the metrics evaluating
structural glaucomatous damage and the glaucoma
populations.

We also evaluated characteristics of DDLS accord-
ing to stage and type of glaucoma. AbdulMajid et al.36
reported that eyes with GS and glaucoma had mean
± SD DDLS of 5.33 ± 1.39 and 2.55 ± 1.93, respec-
tively. In our study, the mean ± SD DDLS in GS and
glaucoma patients was 3.78 ± 0.95 and 4.39 ± 1.23.
In a study conducted by Kara-José et al.,37 the median
DDLS of glaucoma, including POAG and preperimet-
ric glaucoma, was 5. Kitaoka et al.38 reported that the
mean± SDDDLS of POAG, includingNTG, was 3.77
± 0.95. Our study found that the mean ± SD DDLS
in POAG was 4.41 ± 1.24. Direct comparison between
previous studies and our study is not possible because
the type and stage of glaucoma differed.

In our study, both suspected and advanced
glaucoma had a less steep slope of RADAR compared



Rate of Optic Disc Rim Loss in Glaucoma Patients TVST | September 2024 | Vol. 13 | No. 9 | Article 9 | 10

Figure 8. ROC curves of rim area to disc area ratio and disc damage
likelihood scale to distinguish glaucoma suspect and glaucoma.
CI, confidence interval.

Figure 9. ROC curves of rim area to disc area ratio and disc damage
likelihood scale to discriminate progression of glaucomatous visual
field defect from no progression. CI, confidence interval.

to that of early or moderate glaucoma. In addition,
we also found that the DDLS had a less steep slope
in advanced glaucoma. There exists a floor effect for
evaluating structural glaucomatous progression in
advanced glaucoma; as measurements approach their
floor, the apparent rate of decline diminishes.39 Several
studies reported similar results.19,40,41 Caprioli40
demonstrated that the ratio of the rate of structural
change (measured by disc rim area) to functional

change (measured by visual field–corrected loss
variance) decreases as the disease progresses. There-
fore, at more advanced stages, perimetric measure-
ments may be more sensitive than optic disc evaluation
to detect disease progression. Zeyen et al.and Capri-
oli41 demonstrated that the ratio of disc change to
visual field change is low in more advanced glaucoma,
which supports this conclusion. Danesh-Meyer et al.19
similarly showed that advanced stages of structural
glaucomatous change were associated with minimal
visual field change. Our results, in which RADAR
and DDLS both demonstrated slower progression in
advanced glaucoma, are consistent with a floor effect
and the findings of these previous studies.

Our results showed that a diagnosis of SOAG is
also a risk factor for glaucoma progression. In our
study population, the SOAG subgroup was predom-
inantly composed of exfoliation glaucoma. Several
studies have shown that exfoliation glaucoma runs a
more aggressive and severe course than other types
of glaucoma.42–44 In addition, SOAG patients tend to
have higher peak IOPs and greater IOP fluctuations as
compared to patients with GS, POAG, and PACG and
therefore are predisposed to progression of RADAR.

Our study also examined the correlation between
the difference in both RADAR and DDLS and that
of MD. We found that changes in both metrics
were positively correlated with changes in MD in
glaucoma patients. There was also a significant corre-
lation between RADAR and MD in each analyzed
subtype of glaucoma, confirming that this metric
reflected the change of MD in POAG, PACG, and
SOAG. However, the correlation coefficient between
the difference in both RADAR and DDLS and that of
MD was low. This is thought to be because structural
and functional changes in glaucoma differ in the timing
and degree of occurrence. Despite a low correlation
coefficient, this study demonstrates the value to deter-
mine whether glaucoma progresses with deep neural
network–generated RADAR and DDLS, which both
represent structural glaucomatous damage.

We compared RADAR and DDLS in their utility
in distinguishing glaucoma from GS and detecting
glaucoma progression. There have been several studies
comparing DDLS and CDR in both tasks. Philip-
pin et al.45 reported that both DDLS and CDR
can differentiate severe glaucoma from less severe
disease, with a moderate advantage of DDLS over
CDR. Kara-José et al.37 reported that DDLS and
CDR demonstrated excellent accuracy in distinguish-
ing glaucomatous from healthy eyes. However, there
were no previous studies on the ability of RADAR or
DDLS to distinguish glaucoma from GS. In our study,
we confirmed that RADAR and DDLS had similar
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diagnostic abilities to discriminate glaucoma from GS
and to detect glaucoma progression. Therefore, our
results are relevant since it is the first study to confirm
the ability of RADAR and DDLS, measured with
machine learning techniques, to distinguish glaucoma
from GS despite their low AUC.

Our study is not without limitations. First, the
retrospective design involved a tertiary care setting
that may have introduced selection bias. Second, we
defined functional glaucomatous damage with MD
and compared this metric to RADAR or DDLS for
evaluation of correlation; we did not use any other
parameter or methods to assess functional glaucoma-
tous damage. Third, we could not determine whether
the change in RADAR over time was entirely due
to the progression of glaucoma because there are no
predefined criteria for age-related changes of RADAR.
Fourth, our study population had a high propor-
tion of early-stage glaucoma eyes compared to the
proportion of moderate or advanced glaucoma eyes.
Fifth, our results did not reflect aging changes of
RADAR and DDLS. To the best of our knowl-
edge, this is the first study reporting large population-
based data of baseline and longitudinal change of
artificial intelligence–derived RADAR and DDLS
based on ODPs according to type and stage of
glaucoma.

In conclusion, our study provides large-scale data
for RADAR and DDLS in glaucoma and GS patients
calculated with artificial intelligence. The differences in
RADAR and DDLS were both weakly but statistically
significantly correlated with a corresponding change
in MD. RADAR and DDLS had similar diagnos-
tic abilities to discriminate glaucoma from GS and
to detect glaucoma progression. This demonstrates
that automated segmentation of ODPs and calcula-
tion of RADAR and DDLS with a neural network
can be used to evaluate the extent and long-term
rate of optic disc rim loss and is further evidence
of long-term nerve fiber loss in patients treated for
glaucoma.
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