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e PURPOSE: To investigate glaucoma progression based
on Optical Coherence Tomography (OCT) Guided Pro-
gression Analysis (GPA) according to baseline B-zone
parapapillary atrophy (PPA) morphology in glaucoma pa-
tients.

* DESIGN: Retrospective cohort study.

* METHODS: Patients over 20 years of age who had been
diagnosed with primary open-angle glaucoma (POAG)
at Seoul National University Hospital, Seoul, Korea be-
tween 2010 and 2020. This study included POAG pa-
tients with a minimum of 5 years of follow-up. We quan-
titatively measured the baseline 8-zone PPA parameters,
classified 8-zone PPA morphology according to new clas-
sification standard we created and analyzed the corre-
sponding GPA progression of the retinal nerve fiber layer
(RNFL).

e RESULTS: A total of 210 patients with POAG (mean
age: 53.8 years) were enrolled in the study. The mean
follow-up period was 9.8 years. The average value of the
baseline mean deviation in visual field perimetry was -
2.48 dB. Longer radial extent and larger angular extent
of B-zone PPA were significantly associated with progres-
sion on GPA, as was the presence of disk hemorrhage.
Among the 4 classified 8-zone PPA morphologies (Cres-
cent type 1 & 2, Solar-eclipse type 1 & 2), the Solar-
eclipse type 2 group showed the highest progression. A
Kaplan-Meier survival analysis demonstrated significant
differences among the 4 types.

e CONCLUSIONS: The larger the radial and angular ex-
tents of B-zone PPA, the more progression that was
shown on OCT GPA. Furthermore, significant differ-

ences in progression were noted based on the morpholog-
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ical type of B-zone PPA. Our findings indicate that base-
line B-zone PPA parameters and morphology are valu-
able predictors of future glaucoma progression. (Am
J Ophthalmol 2024;267: 19-29. © 2024 Elsevier Inc.
All rights are reserved, including those for text and data
mining, Al training, and similar technologies.)

INTRODUCTION

LAUCOMA, CHARACTERIZED BY OPTIC NERVE

damage and visual field loss, is a progressive

and chronic eye disease that often leads to ir-
reversible blindness if left untreated. Understanding the
factors that influence glaucoma progression is crucial for
early identification and management of patients at risk.
The progression of glaucoma is known to be associated
with numerous factors, among which B8-zone parapapillary
atrophy (PPA) has been extensively implicated in various
studies. '

PPA, manifesting very close to the optic nerve head
(ONH), is known to be more extensive in glaucoma pa-
tients.”” B-zone PPA is characterized by marked atrophy of
the retinal pigment epithelium and choriocapillaris, with
good visibility of the sclera and choroidal vessels.'” Exam-
ining the impact of 8-zone PPA parameters such as angular
extent, radial extent, and PPA area on glaucoma, Park et al.
discovered a significant association with the increase of vi-
sual field defects.!” Teng et al. reported that in glaucoma pa-
tients experiencing both 8-zone PPA and VF progression,
the location of the largest B-zone PPA was spatially corre-
lated with the area of fastest VF progression in the future.'!

Furthermore, an increasing body of recent research in-
dicates a connection between S-zone PPA and the subse-
quent progression of glaucoma. Bak et al., through a long-
term observational study, reported that an enlargement of
the B-zone PPA area was associated with the progression
of glaucoma. Additionally, an increase in the angular ex-
tent was linked to the progression of retinal nerve fiber layer
(RNFL) defects.'>!* Ha et al. reported that the irregularity
of the baseline 8-zone PPA margin could be a marker for
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vulnerability to glaucomatous damage.'* Considering the
limited research on baseline 8-zone PPA morphology and
its association with glaucoma progression, our study aims
to provide crucial insights to enhance the understanding of
PPA as a biomarker for glaucoma progression.

To elucidate the association between baseline B-zone
PPA morphology and glaucoma progression, we utilized Op-
tical Coherence Tomography (OCT) Guided Progression
Analysis (GPA), a method employed in prior studies.””*° In
the present study, inspired by the literature and using new
morphological classification criteria, we investigated glau-
coma progression based on OCT GPA according to baseline
B-zone parapapillary atrophy (PPA) morphology in glau-
coma patients.

METHODS

The study was approved by the Institutional Review Board
(IRB) of SNUH complied with the tenets of the Declara-
tion of Helsinki. The IRB (No. 2312-124-1494) waived the
need for participants’ informed consent owing to the study’s
retrospective nature.

e STUDY PARTICIPANTS: All of the participants visited
SNUH’s Glaucoma Clinic in Seoul, Korea, between Jan-
uary 2010 and December 2020. They were enrolled consec-
utively based on a retrospective medical-record review. We
initially recruited 750 patients diagnosed with POAG. Sub-
sequently, we classified a group of 524 patients in whom B3-
zone PPA could be identified through fundus photography
and OCT. Among them, patients with a follow-up period of
less than 5 years and those who did not undergo sufficient
glaucoma-related examinations suitable for this study were
excluded. Ultimately, a final group of 210 patients was in-
cluded in the analysis. The various criteria applied to select
the final patient group will be described below.

On their initial visit to the Clinic, all of the participants
underwent a full ophthalmic examination, including a med-
ical history review, slit-lamp biomicroscopy, Goldmann
applanation tonometry (Haag-Streit, Koniz Switzerland),
gonioscopy, funduscopic examination (90 diopter lens),
stereoscopic optic disk photography, red-free retinal nerve
fiber layer (RNFL) photography, RNFL and optic nerve
head (ONH) imaging by Cirrus spectral domain (SD)-OCT
(Carl Zeiss Meditec, Dublin, CA, USA) and a central 24-2
threshold test of the Humphrey visual field (HVF) (HFA 1I;
Humphrey Instruments Inc., Dublin, CA, USA).

The participants all had clearly detectable B-zone PPA
at baseline and had undergone RNFL and ONH imaging
by Cirrus OCT every year for 5 or more years. Diagnosis
of POAG was defined as follows: the presence of glaucoma-
tous optic disk change (e.g., focal notching, thinning of rim,
and RNFL defect), glaucomatous VF defect corresponding
to structural change, and an open angle. B-zone PPA was
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considered not to be a criterion for classification of glauco-
matous optic neuropathy. The criteria for glaucomatous vi-
sual field (VF) defect were as follows: (1) a 3-point cluster
of less than 5% probability in a typical location on a pat-
tern deviation map, with at least one of the points having
a less than 1% probability; (2) glaucomatous hemifield test
results beyond the normal limits; or (3) pattern standard de-
viation greater than 95% of the normal limits, as confirmed
on 2 or more examination results deemed to have been re-
liable (false-positives/false-negatives <15%, fixation losses
<15%).

The POAG patients who met the following inclusion
criteria were consecutively enrolled in the study: (1) more
than 5 years of follow-up; (2) 5 or more consecutive RNFL
photographs representative of the follow-up period; (3)
baseline OCT scans with images clear enough for a visi-
ble scan circle and a signal strength of at least 6. The ex-
clusion criteria were as follows: (1) history of intraocular
surgery other than uncomplicated cataract surgery or his-
tory of disease(s) potentially impacting on the RNFL or
VF examination results (e.g., ischemic optic neuropathy,
diabetic retinopathy, uveitis, inflammatory disease, retinal
vein occlusion, demyelinating disease, or pituitary lesion);
(2) pallor of the optic disk; (3) media opacity (i.e., aster-
oid hyalosis, vitreous opacity, or significant cataract) ren-
dering reading of diagnostic fundus imaging difficult; (4)
advanced-stage glaucoma defined as the “severe” category
of VF loss based on the Hodapp-Parrish-Anderson crite-
ria. We required good-quality disk photographs and OCT
images; poor-quality photographs that would render B-zone
PPA border identification difficult were excluded. In cases
where both eyes proved eligible for inclusion, one was se-
lected randomly.

¢ MEASUREMENT OF PARAMETERS RELATED TO B-ZONE
PARAPAPILLARY ATROPHY (PPA): Presence of B-zone PPA
was defined as a chorioretinal-atrophied area with visible
sclera and optic-disk-adjacent choroidal vessels. Also, with
the use of OCT, OCT defined B-zone PPA (with Bruch’s
membrane) and y-zone PPA (without Bruch’s membrane)
were evaluated as previously described.”” The parameters
related to B-zone PPA were evaluated via stereoscopic optic
disk photography, similarly to relevant previous studies.''"?
The parameters were (1) maximal radial extent, (2) angu-
lar extent around the disk (circumference), and (3) B-zone
PPA-to-disk-area ratio (PDR), as indicated in Figure 1. The
pixel areas of B-zone PPA and clinical disk were obtained
by Image] software (V.1.48; developed by Wayne Rasband,
National Institute of Health, Bethesda, MD). The pixel ar-
eas (in square millimeters) were calculated by a formula
for optic disk area correction using disk photography and
spectral-domain OCT; this procedure has been described in
detail by others.”?> All of the PPA parameters were mea-
sured independently by 2 glaucoma specialists. Images were
evaluated in a masked fashion without knowledge of the pa-
tients’ clinical diagnosis or any other clinical information.
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Disc area

PPA area

FIGURE 1. Measurement of B-zone parapapillary atrophy (PPA) parameters. The parameters of B-zone PPA were (A) maximal
radial extent and (B) angular extent. The PPA area and disk area were each outlined manually (area within yellow dotted line),
and the pixel area was calculated automatically using the software. The PPA-to-disk-area ratio (PDR) was obtained through the
calculated pixel area ratio. (For interpretation of the references to color in this figure legend, the reader is referred to the web version
of this article.)

Angular extent < 180° Crescent

Angular extent 2 180° Solar eclipse

- , Ceﬁter

FIGURE 2-1. Idea of B-zone PPA morphological classification based on angular extent. PPA with an angular extent of less than
180° resembles a crescent moon shape. When the angular extent was more than 180°, a similarity to the shape of a solar eclipse,
where the moon blocks the sun, was noted. That is, if we assume that the center of the moon is a disk center, we can see that the
shape of the PPA is similar to that of the light of the sun shining more than 180° around the moon.

The measurements were performed more than 3 times for
each patient. The representative value was considered to
be the average of those measurements.

o CLASSIFICATION OF B-ZONE PPA MORPHOLOGY: In this
study, we classified B-zone PPA morphology according to
a combination of PPA parameters, angular extent and ra-
dial extent. First, they were classified into “Crescent type”
and “Solar-eclipse type” based on the 180-degree angular
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extent (Figure 2-1). Second, we classified the morphology
of PPA once again based on the radial extent value, which
is the average value of the population. If the radial extent
was shorter than the average, PPA morphology was classi-
fied into "Type 1," and "Type 2" if longer (Figure 2-2, 2-3).

e DEFINITION OF PROGRESSION ON GUIDED PROGRES-
SION ANALYSIS (GPA): All of the OCT scans were acquired
after pupillary dilatation using an internal fixation target.
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Angular extent < 180°

Angular extent = 180°

Angular extent < 180°

Angular extent 2 180°

Crescent type 1

Solar-eclipse type 1

Crescent type 1

Solar-eclipse type 1

Crescent type 2

Solar-eclipse type 2

Radial extent 2 0.40 mm | Radial extent < 0.40 mm

FIGURE 2-2. Model of B-zone PPA type-classification criteria.
First, B-zone PPA was classified by angular extent. If it was less
than 180°, it was named the Crescent type, and if it was more
than 180°, it was named the Solar-eclipse type. Next, the B-
zone PPA type was classified once again, this time based on the
average radial extent of the population, which is 0.4 mm. If the
radial extent was shorter than 0.4 mm, it was named type 1, and
if it was longer than 0.4 mm, it was named type 2.

The Optic Disk Cube 200 x 200 scan protocol was applied.
The Guided Progression Algorithm (OCT-GPA), which
compares RNFL thickness between baseline and follow-up
images, was used to generate a topographical display indi-
cating the area and location of significant changes. The av-
erage thickness for the first two visits was taken as the base-
line. If the change on follow-up exceeded the test-retest
variability on visit or two visits, the pixel was coded in yel-
low (possible loss) or in red (likely loss), respectively. Based
on these analyses, we defined GPA progression as the situ-
ation wherein “likely loss (coded in red)” was found in one
or more of the following sectors: Average, Superior, and In-

ferior RNFL.

o STATISTICAL ANALYSIS: The data herein are presented
as mean standard deviations (range) for normally dis-
tributed continuous variables; as median values with in-
terquartile ranges for nonparametrically distributed contin-
uous variables, and as frequencies (percentages) for categor-
ical variables. Logistic regression models were used with the
generalized estimating equation to investigate the factors
related to progression on GPA. All of the variables show-
ing associations with a P value of < .05 in the univariate re-
gression analysis were included in the following binary mul-
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Radial extent 2 0.40 mm | Radial extent < 0.40 mm

FIGURE 2-3. B-zone PPA morphologies according to classifica-
tion criteria. Various actual B-zone PPA morphologies are clas-
sified according to the new classification criteria proposed in this
study.

tivariate regression analysis. In the analysis of the clinical
characteristics of the four groups as classified by B-zone PPA
type, the P value were calculated with the use of one-way
analysis of variance for normally distributed clinical charac-
teristics, and by Fisher’s exact test for categorical variables.
All other data, which were nonparametrically distributed
and recorded as median values with interquartile ranges,
were analyzed with the use of the Kruskal-Wallis test for
between-group comparisons, as well as the Mann-Whitney
test for comparisons between pairs of groups when appro-
priate. All of the analyses were conducted using R Version

1.4.1717.

» DECISION TREE ANALYSIS: For a given dataset, decision
tree models (DTMs) learn to predict the target variable ac-
cording to decision rules inferred from the data features.
Each decision rule is contained in each node. Every child
node is connected to the question by the answer. The root
node, the starting topmost node, is connected to the inter-
nal nodes. The internal nodes are divided into child nodes
until leaf nodes are reached, and leaf nodes cannot be fur-
ther divided by questions.

In the present study, a decision tree analysis was used to
discriminate those patients with progression on GPA, us-
ing partitioning algorithms for age, sex, IOP, axial length,
central corneal thickness, history of disk hemorrhage, and
type of B-zone PPA. We used the “ctree” function of the
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TABLE 1. Comparison of Demographic and Baseline Clinical Characteristics Between Progressors and Non-Progressors

Total Non-Progressors Progressors P-Value
(N =210) (N = 116) (N =94)
Demographic data
Age (yrs) 53.8 + 12,5 53.3 + 12.1 54.4 +13.2 540
Male, n (%) 89 (42.4%) 52 (44.8%) 37 (39.4%) .67
Hypertension, n (%) 56 (26.7%) 31 (26.7%) 25 (26.6%) 1.002
Diabetes mellitus, n (%) 28 (13.3%) 18 (15.5%) 10 (10.6%) 462
Follow-up duration (years) 9.8+ 35 9.6 £3.7 10.2 +£ 3.1 120
Clinical data
Axial length (mm) 24.48 +1.42 24.54 +1.53 24.42 +£1.29 .62°
Central corneal thickness (um) 536.2 + 38.0 537.3 + 36.1 534.7 £ 40.6 .63°
Baseline IOP (mmHg) 14.8 £ 3.2 14.6 £ 3.2 15.1 £ 3.1 27°
Mean deviation (dB) —2.48 +2.89 —2.43 +2.90 —2.55 +2.89 77°
OCT data
Average RNFL thickness (um) 80.2 £ 9.0 79.6 £ 8.6 80.9 +£ 9.6 .33°
Inferior RNFL thickness (um) 92.1 + 18.6 90.3 + 18.6 94.3 +18.3 13°
Superior RNFL thickness (um) 101.2 £ 176 99.8 + 17.0 103.1 + 18.2 A7°
Rim area (mm?) 0.91 £0.17 0.91 £0.18 0.90 £ 0.17 .85°
Average CDR 0.71 £ 0.1 0.71 £ 0.11 0.71 £ 0.10 .59°
Vertical CDR 0.70 + 0.11 0.70 £ 0.12 0.70 £ 0.11 .67°
Cup volume (mm?) 0.44 +0.30 0.46 +0.32 0.42 +£0.27 440

Data are the mean =+ standard deviation (range) unless otherwise indicated.
IOP = intraocular pressure; RNFL = retinal nerve fiber layer; CDR = cup-to-disk ratio.
4The P values in the table refer to the comparison between the progressors and non-progressors.

bStudent t-test or Mann-Whitney U test, *Chi-square test.

“party” R software package (version 4.0.5; default settings).
A decision tree was split by these variables in a hierarchical
manner until leaf nodes were reached.

RESULTS

¢ DEMOGRAPHICS, BASELINE CLINICAL CHARACTERIS-
TICS, AND FOLLOW-UP CHARACTERISTICS: A total of 210
eyes of 210 patients with an average follow-up of 9.8 &+ 3.5
years were included in the present study. Their average age
at the initial visit was 53.8 £ 12.5 years. No differences
were observed regarding age, sex, baseline intraocular pres-
sure (IOP), axial length (AXL), central corneal thickness
(CCT) or mean deviation (MD) between progressor and
non-progressor groups. Even in the OCT data, there were
no intergroup differences in baseline RNFL thickness, rim
area, cup-to-disk ratio (CDR) or cup volume (Table 1).
However, radial extent, angular extent and PPA-to-disk
area ratio (PDR) showed, in a comparative analysis of the
parameters related to B-zone PPA, significant differences
(Table 2). There was no intergroup difference in mean IOP
during the follow-up period. Likewise, there was no differ-
ence in maximum, minimum IOP or IOP fluctuation. How-
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ever, disk hemorrhage was more frequent in the progressor

group (Table 3).

e PROGRESSION ON OCT GPA AND RELATED FACTORS:
As for the logistic regression analysis models, in the univari-
ate analysis, disk hemorrhage, radial extent, angular extent
and PDR were all found to be significantly associated with
progression on GPA (P = .035, P < .001, P < .001, and
P = .002). In the multivariate analysis, both radial extent
and angular extent were found to be significantly associated
with progression on GPA (P < .001, P < .001) (Table 4).

¢ PROGRESSION ON OCT GPA ACCORDING TO PPA TYPE:
There were no differences observed in age, gender, AXL, or
disk hemorrhage among the four types of PPA. Neverthe-
less, discrepancies were noted in OCT GPA progression.
Post hoc analysis revealed significant differences between
Crescent type 1 and the other three types, as well as be-
tween Solar-eclipse type 1 and Solar-eclipse type 2. The rate
of RNFL change also exhibited differences, with variations
in the change rates of average, superior, and inferior RNFL
thickness between Crescent type 1 and Solar-eclipse type
2 (Table 5). A Kaplan-Meier survival curve showed differ-
ences in the rates of progression on GPA between the 4
types of PPA. The median survival line showed rapid pro-
gression in the following order: Solar-eclipse type 2, Cres-
cent type 2, Solar-eclipse type 1, Crescent type 1 (Figure 3).
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TABLE 2. Comparison of B-Zone Parapapillary Atrophy Parameters Between Progressors and Non-Progressors

Total (N = 210) Non-Progressors (N = 116) Progressors (N = 94) P-Value
B-zone PPA parameter
Radial extent (mm) 0.39 + 0.20 0.33+0.15 0.47 +0.23 <.001
Angular extent (°) 210.9 £+ 79.1 190.5 £ 75.1 2370 £ 76.7 <.001
PPA-to-disk-area ratio 0.46 + 0.37 0.38 + 0.30 0.57 +0.43 <.001
Data are recorded as mean =+ standard deviation.
PPA = parapapillary atrophy.
The P values were calculated by Student t-test or Mann-Whitney U test.
TABLE 3. Comparison of Follow-Up Characteristics Between Progressors and Non-Progressors
Total Non-Progressors Progressors P-Value
(N = 210) (N = 116) (N =94)
Mean IOP (mmHg) 12.7 £ 1.7 12.6 + 1.6 128 £ 1.7 .86
Maximum IOP (mmHg) 152+ 24 15.0 £ 2.3 15.3 + 2.1 .852
Minimum IOP (mmHg) 9.2+21 92+20 93+24 912
IOP fluctuation (mmHg) 1.5+ 09 15+0.9 15+0.8 .872
Optic disk hemorrhage, n (%) 71 (33.8%) 32 (27.6%) 39 (41.5%) .002°
Bold value indicates P < 0.05.
Data are the mean + standard deviation (range) unless otherwise indicated.
IOP = intraocular pressure.
4Student t-test or Mann-Whitney U test.
bChi-square test.
TABLE 4. Univariate and Multivariate Logistic Regression Analysis for Progression on OCT GPA
Univariate Multivariate
Odds Ratio (95% Cl) P-Value Odds Ratio (95% Cl) P-Value
Demographic variables
Age 1.01 (0.98-1.03) .57
Sex 1.25 (0.72-2.18) 43
Hypertension 0.99 (0.53-1.84) .98
Diabetes mellitus 0.65 (0.27-1.46) .30
Follow-up duration (years) 1.05 (0.97-1.14) .21
Clinical variables
Axial length 0.94 (0.74-1.17) .57
Central corneal thickness 1.00 (0.99-1.00) 47
Baseline IOP 1.04 (0.96-1.14) .33
Mean IOP 1.05 (0.97-1.15) 42
IOP fluctuation 1.04 (0.97-1.14) .38
Disc hemorrhage 1.86 (1.05-3.33) .035 1.84 (0.98-3.47) .06
PPA parameters
Radial extent 1.53 (1.28-1.87) <.001 1.70 (1.33-2.23) < .001
Angular extent (°) 1.01 (1.00-1.01) < .001 1.01 (1.00-1.01) < .001
PPA-to-disk-area ratio 4.25 (1.79-11.35) .002 0.34 (0.09-1.35) .10

Bold value indicates P < 0.05.

OCT = optic coherence tomography; GPA = guided progression analysis; Cl = confidence interval; IOP = intraocular pressure; PPA = para-

papillary atrophy.
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TABLE 5. Comparison of Characteristics Between 4 PPA Types

Crescent Crescent Solar-Eclipse Solar-Eclipse P-Value
Type 1 Type 2 Type 1 Type 2
(N = 60) (N = 43) (N = 49) (N =58)
Age 54.3 + 13.6 53.6 £ 11.5 58.7 £9.9 55.1 £ 11.2 .38
Axial length (mm) 24.05 £ 1.29 25.13 £ 1.18 23.70 + 0.92 24.96 + 1.62 12
CCT (um) 541.3 £ 32.2 539.6 + 34.9 524.4 + 38.6 5373 £ 44.2 14
Baseline MD (dB) -2.09 £+ 3.11 -2.66 + 2.73 -2.23 + 2.66 -2.96 + 2.94 .21
Disk hemorrhage, n (%) 13 (21.7%) 15 (34.9%) 17 (34.7%) 22 (37.9%) 14
OCT data
Baseline RNFL thickness
Average thickness (um) 79.4 £ 9.5 80.6 £ 8.7 80.5+9.6 80.3+8.4 .88
Superior thickness (um) 101.6 £+ 18.1 100.2 £+ 16.1 103.3 + 19.1 99.9 + 171 .88
Inferior thickness (um) 92.4 +19.6 91.0 + 154 95.8 + 18.6 89.3 + 194 .20
Change rate of RNFL
Average RNFL (um/yr) -0.99 £ 0.78 -1.31 £ 1.21 -1.15 £ 1.42 -1.43 £ 0.69 .0011-4, 3-4
Superior RNFL (um/yr) -1.52 + 145 -1.79 £ 1.78 -1.54 + 2.14 -1.89 + 1.32 .046'4
Inferior RNFL (um/yr) -1.30 + 1.11 -2.05 + 1.68 -2.02 £ 2.52 -2.16 + 1.32 .001"-4
GPA progression, n (%) 10 (16.6%) 21 (48.8%) 21 (42.9%) 42 (72.4%) <.001"-2, 1-3, 1-4, 3-4

Bold value indicates P < 0.05.

Data are the mean + standard deviation (range) unless otherwise indicated.

PPA = parapapillary atrophy; CCT = central corneal thickness; MD = mean deviation; OCT = optic coherence tomography; RNFL = retinal
nerve fiber layer; GPA = guided progression analysis.

Next to the P-value of less than .05, the group in which there was a difference through post hoc analysis is indicated. (1 = Crescent type 1,
2 = Crescent type 2, 3 = Solar-eclipse Type 1, 4 = Solar-eclipse Type 2).

Strata <+ Crescent 1 -+ Crescent2 -~ Solar-eclipse 1 -~ Solar-eclipse 2
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FIGURE 3. Kaplan-Meier survival curve. The Kaplan-Meier survival curve shows the survival rate of progression on guided pro-
gression analysis (GPA) according to the 4 B-zone PPA morphology types. Differences in survival rates were seen depending on the
4 types, and differences in median survival time (black dotted line) also were seen.
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» DECISION TREE ANALYSES: The decision tree model
(DTM) results for prediction of progression on GPA are
plotted in Figure 4. Among the candidate variables (age,
sex, IOP, AXL, CCT, baseline MD, disk hemorrhage, and
PPA type), only disk hemorrhage and PPA type were identi-
fied as decision nodes determinative of progression on GPA.
According to the DTM, (1) Crescent type 1 was predicted
to have less progression than the remaining three types, and
(2) Solar-eclipse type 2 was strongly predicted to progress
more than the remaining three types. (3) Crescent type 2
and Solar-eclipse type 1 were predicted to progress more
when disk hemorrhage is present in both groups, and be-
tween the two groups, (4) Crescent type 2 was predicted to
show further progression.

DISCUSSION

The results of this longitudinal observational study shed
light on the relationship between B-zone PPA morphol-
ogy and glaucoma progression, as assessed on OCT GPA
in POAG patients. Understanding this relationship is es-
sential for early glaucoma detection and management.
The parapapillary atrophy surrounds the optic nerve head
and has been differentiated into alpha zone and beta zone,”’
More recently, it was differentiated into gamma zone and
delta zone.”* The classic 8-zone PPA was subdivided into
newly defined B-zone PPA with Bruch’s membrane and y -
zone PPA without overlying Bruch’s membrane.”* Among
these, the 8-zone PPA has been found to be related to glau-
coma in several studies, and the y-zone PPA was related to
myopic change rather than glaucomatous change.””>?® The
association of B-zone PPA and glaucoma has been widely
studied using morphometric techniques. In fact the pres-
ence of B-zone PPA, which increases the risk of glaucoma
progression,”*% is useful for the purposes of early diagnosis
of glaucoma.”’”’! Therefore, in this study, we analyzed the
B-zone PPA area of glaucoma patients, newly classified the
shape of B-zone area, and analyzed the clinical course.
This study found that several parameters related to 8-
zone PPA, including radial extent, angular extent, and
PPA-to-disk-area ratio (PDR), showed significant differ-
ences between progressor and non-progressor groups. These
findings suggest a strong correlation between B-zone PPA
morphology at baseline and the glaucoma progression. PPA
has long been associated with glaucoma development and
progression, and indeed, this study reinforces its importance
as a predictive factor. Logistic regression analysis identified
disk hemorrhage, radial extent, and angular extent as sig-
nificant factors associated with progression on GPA. disk
hemorrhage is a well-established risk factor for glaucoma
progression, and its presence in the findings of this study
further supports this relationship. The radial and angular
extents of PPA provide quantitative measures of PPA mor-
phology, and their significance in predicting glaucoma pro-
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gression highlights the importance of assessing PPA char-
acteristics in glaucoma patients.

Teng et al. reported that the location of largest B-zone
PPA typically correlates spatially with the region of the
most rapid future VF progression.!! However, this study did
not analyze the location of the largest beta zone and its
correlation with glaucoma progression. This aspect was ex-
cluded from the analysis because the primary aim of this
study was to determine the effect of morphological char-
acteristics of PPA on glaucoma progression. Nevertheless,
as the aforementioned study results suggest, the location of
the PPA may potentially influence glaucoma progression.
Therefore, future analyses will be necessary to combine the
morphological classification presented in this study with
the location of the PPA.

This study classified B-zone PPA morphology into "Cres-
cent type" and "Solar-eclipse type" based on angular extent
and "type 1” and "type 2" based on radial extent. This classi-
fication approach provides a valuable framework for under-
standing and categorizing B-zone PPA characteristics. The
significant differences in glaucoma progression and RNFL
change rate among these B-zone PPA types further empha-
size the clinical relevance of PPA morphology. Our results
suggest that the frequency and rate of glaucoma progression
will be higher and faster in B-zone PPA types with larger
radial and angular extents. Furthermore, in the comparison
between Crescent type 2 (PPA with only longer radial ex-
tent) and Solar-eclipse type 1 (PPA with only larger angu-
lar extent), it is anticipated that Crescent type 2 will lead
to a faster and more frequent progression of glaucoma. Al-
though the exact mechanisms underlying these findings re-
main unclear, B-zone PPA area likely reflects the vascular
and mechanical vulnerability of the area surrounding the
ONH. Indeed, the prelaminar portion of the ONH receives
its blood supply primarily from the peripapillary choroid
through branches of the short posterior ciliary artery, which
have a characteristic sectoral distribution.””*

The criteria we presented for B-zone PPA classification
may appear to correlate with the size of PPA. For instance,
when comparing Crescent type 1 (with shorter radial extent
and smaller angular extent) to Solar-eclipse type 2 (with
longer radial extent and larger angular extent), there seems
to be a clear difference in size. However, when comparing
Crescent type 2 (with longer radial extent) to Solar-eclipse
type 1 (with larger angular extent), it becomes evident that
the shape of the PPA protrudes significantly from the disk
margin or encompasses the disk margin widely, rather than
strictly correlating with size. Therefore, the criteria we pre-
sented primarily reflect the form or shape of the PPA, rather
than its size.

The decision tree analysis provided valuable insights into
predictive factors for glaucoma progression, highlighting
disk hemorrhage and PPA type as key determinants affect-
ing progression in GPA. This analysis offers a practical tool
for assessing the risk of glaucoma progression based on easily
identifiable factors.
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FIGURE 4. Decision tree model (DTM) of progression on guided progression analysis (GPA). Using the B-zone PPA classification
criteria newly proposed in this study, we analyzed and created a decision tree model for prediction of glaucoma progression frequency.
First, Crescent type 1 was predicted to progress less than the other three types, and among the remaining three types, Solar-eclipse
type 2 had the highest predicted frequency. Second, Crescent type 2 and Solar-eclipse type 1 showed differences in predicted fre-
quency depending on the presence of disk hemorrhage. (For interpretation of the references to color in this figure legend, the reader

is referred to the web version of this article.)

The present study has several limitations that should be
acknowledged. First, the subjects were recruited from one
tertiary referral hospital and were exclusively of Korean eth-
nicity, which may have introduced potential selection bi-
ases and restricted the generalizability of the findings. Repli-
cation of the study in diverse populations would enhance
the external validity of the results. Second, measurements
were performed with disk photographs, which are flattened
projections of the curved surface of the eye, therefore, errors
could have been incurred. Also, B-zone PPA and parame-
ters related to PPA were determined in a subjective manner,
which could have resulted in a slight degree of measurement
variability. However, because we required repeated mea-
surements between 2 masked reviewers, the inter-reader
agreement for all of the PPA parameters was excellent. We
differentiated the beta zone from the alpha zone and gamma
zone using fundus photography and OCT. Jonas et al.”’
histologically differentiated between myopic beta zone and
glaucomatous beta zone. However, in this study, only fundus
photography and OCT were utilized, thus there are limita-
tions in distinguishing between myopic and glaucomatous
beta zones. Nevertheless, future studies should consider an-
alyzing the clinical course of glaucoma based on distinctions
between myopic and glaucomatous beta zones. Third, we
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analyzed glaucoma progression only by changes in RNFL
thickness. There are structural and functional test methods
using various equipment to evaluate glaucoma progression,
but it is difficult to achieve uniformity in the evaluation of
progression if multiple test methods are included. For this
reason, RNFL thickness change was chosen as the repre-
sentative method, as the RNFL is not only in close proxim-
ity to the ONH but also provides a comprehensive measure
of structural changes associated with glaucoma progression.
Fourth, the follow-up period varied among patients, poten-
tially leading to a missed identification of later-occurring
progression in those with a shorter follow-up. However, this
study aimed to address these limitations by comparing the
rate of change using both OCT GPA and survival analysis.
In conclusion, this longitudinal observational study
highlights the crucial role of B-zone PPA morphology in
predicting glaucoma progression in POAG patients. The
findings emphasize the significance of assessing B-zone PPA
characteristics, including radial extent, angular extent, and
PDR, as potential indicators of glaucoma progression.
Classification of B-zone PPA into "Crescent type" and
"Solar-eclipse type," along with "type 1” and "type 2" based
on radial extent, provides a useful framework for char-
acterizing PPA morphology. These classifications enable
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clinicians to stratify glaucoma patients into risk groups,
thereby facilitating more targeted and personalized treat-
ment strategies. Decision tree analysis as demonstrated
herein further simplifies risk assessment by identifying disk
hemorrhage and PPA type as the primary determinants of
progression on GPA. This approach, allowing for early in-
tervention in the cases of patients at higher risk of glaucoma
progression, has crucial practical implications for clinical
practice. Further research and validation studies may refine
the use of PPA morphology as a predictive tool in clinical
practice, ultimately improving early detection and manage-
ment of glaucoma.
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