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Purpose: To investigate the relationship between the microstructure of b-zone peripapillary atrophy (PPA)
and the subsequent visual field (VF) progression in eyes with primary open-angle glaucoma (POAG), including
highly myopic eyes.

Design: Retrospective cohort study.
Participants: A total of 129 patients with POAG who had been followed up for a minimum of 2 years and had

undergone at least 5 reliable standard automated perimetry tests after spectral-domain (SD) optical coherence
tomography (OCT) examination.

Methods: b-Zone PPA was evaluated from 3 SD OCT scans centered on the optic disc. Upper and lower
scans were defined as scans at 30� above and below the horizontal scan, respectively. From 3 scans of each eye,
b-zone PPA was classified as PPAþBM or PPA-BM on the basis of the presence or absence of Bruch’s membrane
(BM), respectively. Eyes were classified into 3 groups according to the horizontal scan images: group A (only
PPAþBM), group B (both PPAþBM and PPA-BM), and group C (only PPA-BM). Factors associated with the subse-
quent mean deviation (MD) slope after OCT examination were analyzed, and the hemifield total deviation (TD)
slope was assessed in eyes with unilateral hemifield VF defects in the corresponding direction.

Main Outcome Measures: Subsequent MD slope after OCT examination.
Results: The VF progression in group A was faster than in group C (P ¼ 0.004). A larger PPAþBM width was

associated with a faster MD slope in all eyes (P < 0.001) and highly myopic eyes (P < 0.001) and with a faster
TD slope in eyes with superior or inferior hemifield VF defects in the corresponding direction (P ¼ 0.002 and
P ¼ 0.035, respectively). A larger PPA-BM was correlated with a slower MD slope in all eyes (P ¼ 0.030 and
P ¼ 0.034) but not in highly myopic eyes.

Conclusions: There were significant differences in VF progression according to the microstructure of the
b-zone PPA in eyes with POAG. The PPAþBM width may be an important risk factor for VF progression in POAG,
including high myopia, and the PPA-BM width may have a protective effect for VF progression in this subtype of
POAG. Ophthalmology 2016;123:542-551 ª 2016 by the American Academy of Ophthalmology.

Supplemental material is available at www.aaojournal.org.
Peripapillary atrophy (PPA) can be subdivided into a-zone
and b-zone subtypes.1 The a-zone PPA is characterized by
irregular hypopigmentation and hyperpigmentation of the
retinal pigment epithelium, located in the periphery of the
PPA. The b-zone PPA is characterized by atrophy of the
retinal pigment epithelium and choriocapillaries, visible
sclera, and large choroidal vessels, located between the
optic disc and the a-zone.1,2 Several previous studies have
shown that b-zone PPA is associated with the incidence and
progression of glaucoma.1e8 Peripapillary atrophy also has
been commonly reported in highly myopic eyes;9e11 how-
ever, the relationship between PPAs in glaucoma and
myopia is not fully understood.
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Jonas et al12 histologically subdivided classic b-zone
PPA into newly defined b-zone PPA existing with
Bruch’s membrane (BM) (PPAþBM) and newly defined g-
zone PPA containing no overlying BM (PPA-BM). This
showed that PPAþBM is associated with glaucoma but not
with myopia, whereas PPA-BM is unrelated to glaucoma
but related to myopia. However, the authors of this
histologic study reported several potential limitations, such
as measurement deviations in tissue preparation, sampling
bias, and insufficient clinical data.

Recent studies have demonstrated that BM opening is
easily detectable using spectral-domain optical coherence
tomography (SD OCT).13e17 The PPAþBM, but not
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PPA-BM, was found to be associated with the presence of
glaucoma using SD OCT;15 this was consistent with the
findings of the previous histologic study.12 Kim et al13

demonstrated that glaucomatous eyes exhibiting only
PPAþBM demonstrate a faster rate of retinal nerve fiber
layer thinning than eyes with PPA-BM only. This suggests
that the presence of PPAþBM may be a risk factor for
progressive glaucomatous visual field (VF) defects.
However, it has not been validated whether the
progression of glaucomatous VF defects varies according
to different microstructures of the b-zone PPA.
Furthermore, it is unknown whether PPAþBM in highly
myopic eyes is associated with the presence or
progression of glaucoma, as reported in nonhighly myopic
eyes.

In the current study, we investigated the relationship
between the microstructure of b-zone PPA and the subse-
quent VF progression to determine the potential of b-zone
PPA microstructure as a predictive factor for future glau-
coma progression in glaucomatous eyes, including highly
myopic eyes.
Methods

Subjects

Subjects examined by radial scans of the optic disc using an SD
OCT system (Spectralis HRAþOCT, Heidelberg Engineering,
Heidelberg, Germany) at the glaucoma service in Kyoto University
Hospital between November 5, 2007, and June 15, 2012, were
candidates for this retrospective cohort study. The study and data
collection adhered to the tenets of the Declaration of Helsinki and
were approved by the Institutional Review Board and Ethics
Committee of Kyoto University Graduate School of Medicine. All
participants consented to the ophthalmic examinations before they
were performed.

All subjects in the database had already undergone a compre-
hensive ophthalmic examination, including best-corrected visual
acuity (BCVA) measurement (5 m Landolt chart), refraction,
keratometry, slit-lamp examination, axial length measurement
(IOLMaster 500, Carl Zeiss Meditec, Dublin, CA), central corneal
thickness (SP-3000, Tomay, Tokyo, Japan), optic disc size on
clinical examination (Heidelberg Retina Tomography 2, Heidel-
berg Engineering), Goldmann applanation tonometry, gonioscopy,
indirect ophthalmoscopy, dilated slit-lamp optic nerve head ex-
amination, fundus photography, stereo disc photography (3-Dx
simultaneous stereo disc camera, Nidek, Gamagori, Japan), red-
free fundus photography (Heidelberg Retina Angiography 2, Hei-
delberg Engineering), standard automated perimetry (SAP)
(Humphrey Visual Field Analyzer, Carl Zeiss Meditec) with the
24-2 Swedish Interactive Threshold Algorithm standard program,
and SD OCT. The baseline intraocular pressure (IOP) was defined
as the average of the 2 measurements obtained on the first day and
at the following SD OCT examination date. Mean IOP measure-
ments were obtained by averaging all IOP measurements during
follow-up, and IOP fluctuation was determined using the standard
deviation of these values.

We only included subjects with primary open-angle glaucoma
(POAG) who had been followed up for at least 2 years and had
undergone at least 5 reliable SAP tests after the SD OCT exami-
nation date. Primary open-angle glaucoma was defined as the
presence of a normal anterior chamber on slit-lamp, normal open
angle on gonioscopy, glaucomatous appearance of the optic disc,
or retinal nerve fiber layer defects that corresponded with typical
reproducible VF defects on SAP, as confirmed by 2 reliable
consecutive tests. We excluded those with opaque media, diabetic
retinopathy, or other ophthalmic diseases that could cause VF
defects or fundus abnormalities, history of eye trauma or intraoc-
ular surgery other than cataract and glaucoma surgery, history of
systemic or neurologic diseases that can affect the VF, and those
with a BCVA <20/40. If subjects underwent cataract or glaucoma
surgery during follow-up, we included only those who met the
inclusion criterion before surgery. When both eyes of a subject
were eligible, 1 eye was randomly selected for the study. In this
study, high myopia was defined by an axial length exceeding
26 mm.

Visual Field Assessment

The criteria of Anderson and Patella18 was used to define
glaucomatous VF results on SAP: glaucoma hemifield test
outside normal limits, pattern standard deviation probability
<5%, or a cluster of 3 or more adjacent nonedge points in
typical glaucomatous locations that did not cross the horizontal
meridian (all of which were depressed on the pattern deviation
plot at a P < 5%; 1 of which was depressed at a P < 1% level
on at least 2 consecutive plots). Visual field results were
considered reliable on the basis of a fixation loss �15%, a false-
positive �15%, and a false-negative �15%.

Glaucomatous unilateral hemifield VF defects were defined as
VF defects according to Anderson and Patella’s criteria in the
superior or inferior hemifield only.

Spectral-Domain Optical Coherence Tomography
Imaging of b-Zone Peripapillary Atrophy Area

The Spectralis HRAþOCT system was used to scan the optic disc
including the PPA before the sequence of SAP tests. Tomographic
images of the optic disc were obtained with infrared (IR) fundus
images acquired simultaneously using a confocal scanning laser
ophthalmoscope. Our disc scan protocol comprised 6 raster scan
lines with a scan length of 6 mm centered on the optic disc (not
based on BM opening), and the B-scan image on each scan line
was obtained by averaging 50 scans. This study obtained 3 B-
scans: horizontal scans and upper and lower scans that were
defined as scans 30� above and below the horizontal scan,
respectively (Fig 1).

b-Zone Peripapillary Atrophy Area Measurements

The structure of the temporal b-zone PPA and optic disc was
analyzed with the intrinsic viewer (Heidelberg Eye Explorer soft-
ware version 1.7.0.0; Heidelberg Engineering). This viewer auto-
matically synchronizes the vertical lines of each B-scan and IR
image. The distance between 2 arbitrary points, measured with
intrinsic calipers, was used to correct for the effect of corneal
curvature. The temporal b-zone PPA margin, BM opening, and
disc margin were defined using IR and B-scan images magnified to
200% by the first examiner (H.Y.), in a masked fashion. The
temporal disc margin and b-zone PPA margin was defined as the
border between low and high reflectivity on IR images. The BM
opening was identified on optical coherence tomography (OCT)
B-scans as the termination of highly reflective continuous lines
(Fig 1). Eyes were excluded when these points could not be clearly
identified.

On the basis of the location of BM opening within the b-zone
PPA area, b-zone PPA was subdivided into PPAþBM, the zone
from b-zone PPA margin to BM opening, and PPA-BM, the zone
from BM opening to the disc margin. The widths of b-zone PPA,
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Figure 1. Microstructure of b-zone peripapillary atrophy (PPA). A, Infrared (IR) fundus image of the optic disc. The 3 green arrowed lines indicate the
scanned locations centered on the optic disc. The 3 B-scans comprise horizontal and upper and lower scans, defined as scans 30� above and below the
horizontal scan, respectively. B, Spectral-domain optical coherence tomography (SD OCT) B-scan image of the location indicated by horizontal green
arrowed line in A. C, Magnified image of the rectangular area indicated by broken white lines in B. The blue, red, and yellow arrows in A, B, and C indicate
b-zone PPA margin, Bruch’s membrane (BM) opening, and optic disc margin, respectively. The red, blue, and yellow 2-directional arrows in C show b-zone
PPA width, b-zone PPA with BM (PPAþBM) width, and b-zone PPA without BM (PPA-BM) width, respectively.
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PPAþBM, and PPA-BM were measured on the IR images in syn-
chronization with the OCT B-scan images (Fig 1). All OCT B-scan
images that were analyzed in the current study were obtained
before the VF tests.

Eyes were classified into 3 groups based on the extent of BM
opening within the b-zone PPA area on the horizontal scan image:
group A (only PPAþBM), group B (both PPAþBM and PPA-BM),
and group C (only PPA-BM) (Fig 2). Two examiners (H.Y. and
T.A.) evaluated the classification of each type of PPA on the B-
scan images. Evaluators were masked to all other patient and
ocular data, and eyes were excluded from analyses if a
consensus could not be reached.

Calculation of Optic Disc Size Based on Bruch’s
Membrane Openings

The OCT B-scan images were analyzed, along both horizontal and
vertical lines, to measure optic disc size. The distances between the
2 BM openings on the horizontal and vertical B-scan images were
measured as the minor and major axis, respectively. The optic disc
size was then calculated on the basis of the BM openings, on the
assumption that the optic disc is an ellipse.

Statistical Analyses

To evaluate the interobserver reproducibility of b-zone PPA, PPA-BM,
and PPAþBM width measurements, evaluations were performed by
2 examiners blinded to any information other than the OCT B-scan
images in 50 randomly selected eyes. Intraclass correlation co-
efficients (ICCs) were then calculated with their confidence in-
tervals. Differences in continuous variables among the 3 groups
were compared using a 1-way analysis of variance test with
Tukey’s post hoc test, and categoric variables were compared using
Fisher exact test. Pearson correlation coefficients were calculated to
evaluate the relationship between mean deviation (MD) slope and
each PPA parameter (b-zone PPA, PPA-BM, and PPAþBM widths
on horizontal scans and mean widths of b-zone PPA, PPA-BM, and
PPAþBM). The total deviation (TD) slope was obtained by aver-
aging the TD values that occurred in the superior and inferior
hemifields during the follow-up period. In eyes with superior or
inferior hemifield VF defects, the relationship between each
hemifield TD slope and each PPA measurement (b-zone PPA,
PPA-BM and PPAþBM widths on upper and lower scans) was
analyzed using Pearson correlation coefficients. A general linear
model was used to evaluate the influence of several factors (age,
sex, axial length, central corneal thickness, optic disc size based on
BM opening, history of cataract surgery, history of glaucoma
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surgery, history of disc hemorrhage, baseline IOP, mean IOP, IOP
fluctuation, baseline MD, b-zone PPA width, PPA-BM and PPAþBM

width on horizontal scan, mean b-zone PPA width, and mean PPA-BM

and PPAþBM width) on glaucoma VF progression with the uni-
variate. Stepwise multiple regression analyses were performed to
evaluate the effects of all factors applied in the univariate analysis
on VF progression. Subjects with a history of cataract or glaucoma
surgery at the beginning of this study were treated in the same way
as those without this history. On the other hand, in patients who
underwent such surgery during follow-up, only the data collected
before surgery were analyzed. Statistical analyses were performed
using the Statistical Package for Social Sciences (SPSS version
19.0; International Business Machines Corp, Armonk, NY).
P values < 0.05 were considered statistically significant.
Results

Initially, 155 subjects met the inclusion criteria for this study; 16
were excluded because a consensus could not be reached by the 2
examiners classifying the PPA on the horizontal scan images; a
further 10 were excluded because they had (1) a BCVA <20/40
(n ¼ 1), (2) a history of eye trauma (n ¼ 1), or (3) upper or lower
B-scan OCT images of unacceptable quality (n ¼ 8). As a result,
129 eyes of 129 participants were analyzed.

Comparison of Demographic and Clinical
Characteristics of the 3 Groups

Of the 129 included eyes, 39 eyes were classified into group A, 75
eyes were classified into group B, and 15 eyes were classified into
group C (Table 1). There were significant differences in age, spherical
equivalent, axial length, and MD slope among the 3 groups. The mean
age of group A was greater than that of group C (P¼ 0.007). Group A
cases were less myopic compared with those of groups B and C
(spherical equivalent: both P < 0.001, axial length: P ¼ 0.004 and
P ¼ 0.007, respectively). Visual field progression in group A was
statistically faster than in group C (P ¼ 0.004). Supplemental
Figure 1 (available at www.aaojournal.org) shows the relationship
between age and MD slope in groups A and C. The MD slope
tended to be faster with age in both groups, although there was no
significant correlation.

The mean number of highly myopic eyes (with an axial length
>26 mm) was 56 of 129 eyes (43%): 8 of 39 eyes (21%) in group A,
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Figure 2. Classification of peripapillary atrophy (PPA) based on the location of Bruch’s membrane (BM) opening. Left: The infrared (IR) fundus images of
the optic disc. Right: The spectral-domain optical coherence tomography (SD OCT) images on horizontal cross-sectional scans at the green arrowed lines in
the left column. The blue, red, and yellow arrows indicate b-zone PPA margin, BM opening, and disc margin, respectively. A, B, Example of group A. The
BM opening is present on the disc margin, and b-zone PPA fully contains BM. C, D, Example of group B. The BM opening exists between the disc margin
and the b-zone PPA margin. E, F, Example of group C. The BM opening exists on the b-zone PPA margin. b-zone PPA does not contain BM.

Yamada et al � Peripapillary Atrophy and Progression in Glaucoma
38 of 75 eyes (51%) in group B, and 10 of 15 eyes (67%) in group
C. To examine if the relationship between PPAþBM/-BM and sub-
sequent VF progression could be applied to highly myopic subjects,
we subanalyzed using only highly myopic eyes (Supplemental
Table S1, available at www.aaojournal.org). There was no
significant difference in age, spherical equivalent, and axial length
among the 3 highly myopic groups (P ¼ 0.471, P ¼ 0.456, and
P ¼ 0.302, respectively), whereas VF progression was faster in
group A than in group B or C (P ¼ 0.033).

Measurement of b-Zone Peripapillary Atrophy

The ICCs for the measurements of b-zone PPA width, PPAþBM

width, and PPA-BM width on 3 scans were excellent (ICC >0.90)
(Supplemental Table S2, www.aaojournal.org). In group A, 24 of
39 eyes (62%) exhibited only PPAþBM on both upper and lower
line scans, whereas the others contained PPA-BM components on
the upper or lower line scan. In group B, 64 of 75 eyes (85%)
showed both PPAþBM and PPA-BM components on both upper
and lower line scans; however, the remaining eyes exhibited only
the PPAþBM or PPA-BM component on the upper or lower line
scan. In group C, none of the 15 eyes showed only PPA-BM on
both the upper and lower line scans.

Correlation between Axial Length and b-Zone
Peripapillary Atrophy

The axial length was significantly correlated with both the b-zone
PPA (r ¼ 0.562, P < 0.001) and the PPA-BM (r ¼ 0.546,
P < 0.001) on the horizontal scans, and it was correlated with
545
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Table 1. Characteristics of Study Groups

Variable
Group A: PPADBM Only

(n [ 39)
Group B: PPADBM and

PPM-BM (n [ 75)
Group C: PPA-BM Only

(n [ 15) P Value Post Hoc Test

Age (yrs) 64.4�12.2 (35e84) 60.0�12.1 (32e87) 53.3�9.8 (30e65) 0.009* A > C
Sex (men/women) 21/18 38/37 8/7 0.967y

Spherical equivalent (D) e3.25�3.89 (e14.88 to 1.37) e5.97�3.83 (e15.38 to 1.50) e8.27�3.28 (e14.38 to e2.88) <0.001* A > B, C
Axial length (mm) 25.00�1.96 (22.01e30.17) 26.13�1.72 (22.24e30.24) 26.65�1.44 (24.13e29.86) 0.001* A < B, C
Follow-up duration (yrs) 5.4�1.3 (2e7) 5.3�1.5 (2e9) 5.4�1.6 (2e8) 0.849*
Central corneal thickness (mm) 516.9�26.4 (464e576) 530.4�32.4 (453e640) 528.5�31.0 (467e574) 0.081*
Optic disc size on clinical examination (mm2) 2.19�0.42 (1.40e3.35) 2.14�0.56 (0.96e3.99) 2.36�0.89 (1.27e5.09) 0.400*
Optic disc size based on BM opening (mm2) 2.17�0.51 (1.40e3.58) 2.35�0.52 (1.26e3.65) 2.44�0.56 (1.71e4.06) 0.134*
Baseline IOP (mmHg) 15.3�2.1 (11e20) 15.6�3.0 (10e23) 14.9�2.8 (10e21) 0.569*
Mean IOP (mmHg) 14.8�1.5 (11.6e19.0) 14.8�1.8 (10.1e19.3) 14.3�2.2 (9.8e19.2) 0.525*
Last IOP (mmHg) 14.2�1.8 (11e19) 14.0�2.2 (9e20) 13.9�2.3 (12e19) 0.868*
IOP fluctuation (mmHg) 1.8�0.5 (1.0e3.3) 1.9�0.5 (0.9e3.3) 1.8�0.6 (1.0e2.7) 0.713*
With/without history of cataract surgery (n) 5/34 4/71 0/15 0.252y

With/without history of glaucoma surgery (n) 2/37 1/74 0/15 0.497y

With/without disc hemorrhage (n) 9/30 17/58 1/14 0.382y

Baseline MD (dB) e6.7�5.0 (e17.1 to e0.1) e7.7�6.1 (e22.4 to 0.6) e9.7�761 (e23.6 to 0.3) 0.234*
Last MD (dB) e8.5�5.4 (e23.6 to e0.4) e8.9�6.2 (e23.8 to 0.7) e10.1�8.0 (e22.8 to e0.9) 0.762*
MD slope (dB/y) e0.46�0.45 (e1.63 to 0.44) e0.30�0.36 (e1.68 to 0.38) e0.07�0.39 (e0.97 to 0.56) 0.005* A < C
Total No. of SAP (n) 8.5�5.1 (5e23) 10.1�5.5 (5e24) 8.3�3.9 (5e18) 0.213*
Baseline glaucoma medication (n) 1.1�0.9 (0e3) 1.0�1.0 (0e3) 0.9�1.0 (0e3) 0.763*
Last glaucoma medication (n) 2.3�1.0 (1e4) 2.0�1.2 (0e4) 1.9�1.8 (0e5) 0.350*
b-zone PPA width on horizontal scan (mm) 356.2�211.5 (122e1037) 692.0�343.7 (177e1464) 446.7�267.8 (107e893) <0.001* A, C < B
PPA-BM width on horizontal scan (mm) 0 365.3�261.1 (28e1119) 446.7�267.8 (107e893) n/a
PPAþBM width on horizontal scan (mm) 356.2�211.5 (122e1037) 325.7�189.7 (29e938) 0 n/a
Mean b-zone PPA width (mm) 327.1�188.2 (114e919) 621.4�304.5 (184e1436) 483.3�220.4 (165e863) <0.001* A < B
Mean PPA-BM width (mm) 21.7�45.6 (0e219) 330.4�232.1 (9e976) 393.3�228.1 (73e768) <0.001* A < B, C
Mean PPAþBM width (mm) 304.5�174.7 (114e919) 291.2�143.3 (49e817) 90.4�52.3 (21e202) <0.001* A, B > C

BM ¼ Bruch’s membrane; D ¼ diopters; dB ¼ decibels; IOP ¼ intraocular pressure; MD ¼ mean deviation; n/a ¼ not applicable; PPA ¼ peripapillary atrophy; PPAþBM ¼ b-zone PPA with Bruch’s
membrane; PPA-BM ¼ b-zone PPA without Bruch’s membrane; SAP ¼ standard automated perimetry.
Values comprise mean � standard deviation (range).
*Comparison was performed using 1-way analysis of variance with post hoc Tukey’s test to compare the differences among the 3 groups.
yComparison was performed using Fisher exact test. Statistically significant values are in bold.
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PPAþBM on the horizontal scan, albeit without significance
(r ¼ 0.171, P ¼ 0.053). Furthermore, axial length was significantly
correlated with the mean b-zone PPA, PPAþBM, and PPA-BM

of the 3 scans (r ¼ 0.596, P < 0.001; r ¼ 0.260, P ¼ 0.003; and
r ¼ 0.552, P < 0.001, respectively).

Risk Factors Associated with Visual Field
Progression

We compared VF progression with b-zone PPA, PPAþBM, and
PPA-BM widths for all the included eyes. Smaller PPA-BM and
larger PPAþBM width on horizontal scans and larger mean
PPAþBM width were significantly associated with a faster MD
slope in the univariate analysis (P ¼ 0.019, P < 0.001, and P <
0.001, respectively) (Table 2). In the multivariate analysis, there
was a weak correlation between the MD slope and the PPAþBM

and PPA-BM widths on the horizontal scans (P < 0.001 and P ¼
0.034, respectively) and the mean value of the 3 scans (P <
0.001 and P ¼ 0.030, respectively). There was no correlation
between MD slope and horizontal or mean b-zone PPA width of
the 3 scans (Table 2, Fig 3).

In a subanalysis of the highly myopic group, the multivariate
analysis demonstrated that a disc hemorrhage history, PPAþBM

width on horizontal scans, and a mean PPAþBM width of the 3
scans were significantly associated with faster VF progression (P¼
0.009 or P ¼ 0.040, P < 0.001 and P < 0.001, respectively)
(Supplemental Table S3, www.aaojournal.org).

Analysis of Subjects with Unilateral Hemifield
Visual Field Defect

In the 129 subjects, there were 31 eyes with superior hemifield VF
defect and 26 eyes with inferior hemifield VF defect. The de-
mographic and clinical characteristics of these eyes are presented in
Table 2. Risk Factors Associated with G

Variable

Univariate Analysis

b P Value

Age (yrs) �0.113 0.202
Sex (men) �0.046 0.608
Axial length (mm) 0.039 0.662
Central corneal thickness (mm) �0.005 0.956
Optic disc size based on BM opening (mm2) �0.032 0.715
History of cataract surgery 0.019 0.833
History of glaucoma surgery 0.054 0.542
History of disc hemorrhage �0.139 0.115
Baseline IOP (mmHg) 0.024 0.788
Mean IOP (mmHg) �0.023 0.796
IOP fluctuation (mmHg) 0.011 0.899
Baseline MD (dB) �0.055 0.534
b-zone PPA width on horizontal scan (mm) �0.064 0.470
PPA-BM width on horizontal scan (mm) 0.206 0.019
PPAþBM width on horizontal scan (mm) �0.368 <0.001
Mean b-zone PPA width (mm) �0.072 0.418
Mean PPA-BM width (mm) 0.167 0.058
Mean PPAþBM width (mm) �0.381 <0.001

BM ¼ Bruch’s membrane; dB ¼ decibels; IOP ¼ intraocular pressure; MD ¼ m
Bruch’s membrane; PPA-BM ¼ b-zone PPA without Bruch’s membrane.
Statistically significant values are in bold.
Table 3. The eyes with inferior hemifield VF defects were
significantly more myopic than those with superior hemifield VF
defects (spherical equivalent [P ¼ 0.015]; axial length [P ¼
0.024]); they were also less progressive, although this did not
constitute a significant difference (P ¼ 0.064). There were no
differences in any of the other factors between the 2 groups.

The association between the VF progression of unilateral
hemifield VF defects and the difference in PPA microstructure in
the corresponding location was then examined. In the eyes with
superior VF defect only, a longer PPAþBM in the lower scan
showed a significant correlation with faster subsequent VF pro-
gression (P ¼ 0.037); however, there was no significant correlation
between b-zone PPA and PPA-BM width (Table 4). In the eyes with
inferior VF defect only, the faster VF progression was positively
correlated with PPAþBM width of the upper scan (P ¼ 0.020)
and negatively correlated with PPA-BM width of lower scan (P ¼
0.032). The remaining PPA microstructural parameters did not
correlate with VF progression.
Discussion

In the current study, we subclassified POAG eyes according
to the presence or absence of BM in b-zone PPA at the
temporal side of the optic disc and examined the subsequent
VF progression. A significant difference among eyes with
different types of b-zone PPA microstructure was observed.

Eyes exhibiting only PPA with intact BM (group A)
showed significantly faster VF progression than the eyes
exhibiting PPA without BM (groups B and C). This finding
is consistent with the results from the study by Kim et al,13

which showed differences in the rate of retinal nerve fiber
layer thinning according to PPA type, although subjects
with more than 6 diopters of myopia were excluded in
laucomatous Visual Field Progression

Multivariate Analysis 1 Multivariate Analysis 2

b P Value B P Value

0.455 0.209
0.744 0.818
0.957 0.523
0.744 0.681
0.795 0.991
0.357 0.505
0.228 0.277
0.133 0.221
0.522 0.481
0.879 0.910
0.622 0.560
0.568 0.646
0.909

0.175 0.034
�0.352 <0.001

0.094
0.177 0.030

�0.386 <0.001

ean deviation; PPA ¼ peripapillary atrophy; PPAþBM ¼ b-zone PPA with
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Figure 3. Scatterplots showing the relationship between the mean deviation (MD) slope and the microstructure widths of peripapillary atrophy (PPA) in all
included eyes. A, Horizontal b-zone PPA width and MD slope are not significantly correlated (P ¼ 0.470). B, Horizontal PPA-BM width and MD slope show
a slightly significant positive correlation (P ¼ 0.019). C, Horizontal PPAþBM width and MD slope are significantly negatively correlated (P < 0.001). D,
Mean width of b-zone PPA and MD slope are not significantly correlated (P ¼ 0.418). E, Mean width of PPA-BM and MD slope show marginal correlation
without significance (P¼ 0.058). F, Mean width of PPAþBM is significantly negatively correlated with MD slope (P< 0.001). dB¼ decibels; PPAþBM ¼ b-zone
PPA with Bruch’s membrane; PPA-BM ¼ b-zone PPA without Bruch’s membrane.
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their study. We also found the same relationship between
VF progression and microstructure of b-zone PPA in the
subanalysis including only highly myopic subjects
(Supplementary Table S1, www.aaojournal.org). These
results suggest that the influence of PPA type on
glaucoma progression is applicable not only to nonhighly
myopic glaucomatous eyes but also to glaucomatous eyes
with high myopia.
Table 3. Characteristics of Eyes with U

Variable Superior Visual Field

Age (yrs) 60.3�12.9 (36e
Spherical equivalent (D) �3.76�3.74 (�1
Axial length (mm) 25.24�1.79 (22.
Central corneal thickness (mm) 519.5�29.0 (453
Optic disc size based on clinical examination (mm2) 2.19�0.50 (1.4
Optic disc size based on BM opening (mm2) 2.24�0.46 (1.4
Baseline IOP (mmHg) 14.9�2.9 (10e
Mean IOP (mmHg) 14.9�1.6 (11.
Last IOP (mmHg) 14.1�2.0 (9e
IOP fluctuation (mmHg) 1.8�0.5 (0.9
Baseline MD (dB) �4.9�4.3 (�1
Baseline TD (dB)
Superior hemiretinas �8.1�7.7 (�2
Inferior hemiretinas �1.6�1.7 (�3

MD slope (dB/y) �0.26�0.34 (�1
TD slope (dB/y)
Superior hemiretinas �0.40�0.53 (�1
Inferior hemiretinas �0.09�0.26 (�0

BM ¼ Bruch’s membrane; D ¼ diopters; dB ¼ decibels; IOP ¼ intraocular pre
Values comprise mean � standard deviation (range).
*Comparison was performed using an unpaired t test. Statistically significant va
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Myopia is a well-known risk factor for the development
of glaucoma.19e23 However, there is still controversy
regarding myopia as a glaucoma progression risk.23e25 In
the current study, myopia did not significantly influence VF
progression according to univariate and multivariate ana-
lyses (Table 2). It was not possible to determine whether
myopia is a risk for glaucoma progression in our study
because of the small sample size. Different types of eyes
nilateral Hemifield Visual Defect

Defect (n[31) Inferior Visual Field Defect (n[26) P Value*

84) 59.6�11.4 (30e83) 0.820
1.50 to 1.25) �6.20�3.55 (�15.13 to 0.25) 0.015
01e29.66) 26.21�1.29 (23.77e28.33) 0.024
e585) 528.2�27.5 (464e574) 0.253
6e3.14) 2.36�0.57 (0.96e3.58) 0.236
0e3.10) 2.43�0.46 (1.34e3.57) 0.118
22) 15.6�2.5 (11e23) 0.301
2e19.0) 15.0�2.0 (11.8e19.3) 0.977
19) 14.7�2.6 (11e20) 0.331
e3.0) 1.9�0.6 (0.9e3.3) 0.813
4.6 to �0.1) �4.9�3.4 (�13.6 to 0.6) 0.961

6.8 to �0.6) �1.3�1.6 (�4.0 to 0.9) n/a
.2 to 0.7) �6.8�5.1 (�18.7 to �0.1) n/a
.10 to 0.44) �0.10�0.34 (�0.85 to 0.56) 0.064

.93 to 0.32) 0.02�0.29 (�1.04 to 0.67) n/a

.65 to 0.73) �0.19�0.43 (�1.32 to 0.71) n/a

ssure; MD ¼ mean deviation; n/a ¼ not applicable; TD ¼ total deviation.

lues are in bold.
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Table 4. Coefficients of Correlation between Various Peripapillary
Atrophy Widths and Hemifield Visual Defects in Eyes with

Hemifield Total Deviation Slopes on the Side with the Visual
Field Defects

Superior Visual
Field Defect
(n[31)

Inferior Visual
Field Defect
(n[26)

r P Value* r P Value*

Upper scan
b-zone PPA width e0.100 0.592 e0.050 0.809
PPA-BM width 0.020 0.915 0.309 0.125
PPAþBM width e0.214 0.247 e0.453 0.020

Lower scan
b-zone PPA width e0.138 0.460 0.214 0.294
PPA-BM width e0.023 0.901 0.421 0.032
PPAþBM width e0.375 0.037 e0.387 0.051

PPA ¼ peripapillary atrophy; PPAþBM ¼ b-zone PPA with Bruch’s
membrane; PPA-BM ¼ b-zone PPA without Bruch’s membrane.
r and *Pearson’s correlation coefficient. Statistically significant values are
in bold.
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exhibit varying speeds of progression, even in glaucomatous
eyes with myopia. A number of previous studies have
reported an association between the b-zone PPA and the
presence of glaucoma1e3,5e7 or glaucoma progression.4e8

However, the presence of b-zone PPA is not always use-
ful for the detection of glaucoma because b-zone PPA is
common in myopic eyes.9 The microstructure of b-zone
PPA may provide useful information for the evaluation of
glaucomatous eyes with high myopia, although further
studies with larger myopic samples are required to clarify
this issue.

We found that a larger PPAþBM was significantly asso-
ciated with faster subsequent VF progression. It has been
suggested that PPAþBM is an age-related ongoing pro-
cess.13,14 Our results suggest that the atrophic change in the
choroid not only is a result of glaucoma but also plays an
important role in its progression. In contrast, PPA-BM has
been proposed to be related to the scleral stretch with
myopic change.12e15,17 In the present study, we found that a
larger PPA-BM was significantly associated with slower VF
progression, suggesting the possibility that an extension of
PPA-BM may have an inhibitory effect on glaucoma pro-
gression. The extension of PPA-BM may reduce stress to the
lamina cribrosa when axial elongation occurs with
increasing myopia.

In the eyes with superior or inferior hemifield VF defects,
we report a longer PPAþBM at the corresponding side of VF
defects correlated with a poorer hemifield TD slope. This
could mean that the atrophic change at the peripapillary area
influences the corresponding VF progression. Teng et al26

reported that the location of the largest b-zone PPA
correlated with the region exhibiting the most rapid
subsequent VF progression in patients with treated open-
angle glaucoma. In the current study, we did not find a
significant correlation between TD slope and b-zone PPA
width; however, there was a significant correlation with
PPAþBM. This discrepancy most likely relates to the
variations in subject populations between studies. Teng
et al26 included only patients with less than 6 diopters;
however, numerous highly myopic eyes were included in
the current study. Our results indicate that PPAþBM has a
greater influence on VF progression than b-zone PPA,
especially in highly myopic patients. In contrast, we found
that a longer PPAþBM at the noncorresponding side also
marginally correlated with faster VF progression in the
eyes with inferior hemifield VF defects. Further
investigation would be needed to clarify the relationship
between PPA location and VF progression, and the
mechanism behind this.

In eyes with superior hemifield VF defects, longer PPA-BM

was not correlated with slower VF progression; how-
ever, PPA-BM was significantly correlated at the non-
corresponding side, and a trend was found at the
corresponding side in eyes with inferior hemifield VF de-
fects (Table 4). This suggests that these 2 types of glaucoma
present different characteristics. Kawano et al27 reported
that, in the eyes with normal-tension glaucoma, the infe-
rior half area of b-zone PPA significantly correlated with VF
defect and myopia; however, the superior half area of b-
zone PPA correlated only with myopia. This supports our
finding that PPA-BM may act protectively for glaucoma
progression and attention on PPA-BM is warranted, espe-
cially in eyes with inferior VF defects or myopia.

We classified our subjects into 3 groups based on the
microstructure of PPA on horizontal OCT images, as pre-
viously reported.13,14 However, the current study revealed
that the classification derived from PPA microstructure was
not always consistent among the 3 OCT image scans
(agreement rate in this study: 68.2% [88/129 eyes]), as
described earlier. Our OCT image scans were performed on
the horizontal axis of the acquired image frame of the im-
aging device, as opposed to the foveaeBM opening center
axis. Therefore, the classification into 3 groups in this study
may not be conclusive because of the upper and lower scans
misrepresenting the locations at the same angle from a
fovea-BM opening center axis. Peripapillary atrophy eval-
uations based on a fovea-BM opening center axis would be
more favorable in future investigations.

The eyes in group C showed slower VF progression than
those in group A; however, there was no statistical differ-
ence in MD value between these groups. We cannot
adequately explain the reason for this discrepancy. The eyes
in group C were predominately highly myopic. High
myopia is known to be a risk factor for glaucoma devel-
opment; however, the relationship between high myopia and
glaucoma progression is still controversial.23e25 It could be
presumed that VF progression occurred at an earlier stage in
group C, but did not continue to worsen. Further investi-
gation is necessary to clarify the timing and pattern asso-
ciated with the worsening of VF in eyes with PPA-BM.

Study Limitations

First, this was a retrospective cohort study. Therefore, se-
lection bias may have occurred with regard to baseline
variables because this study included untreated patients or
patients receiving medical and surgical treatment. For
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example, the IOP-related variables, including baseline IOP,
mean IOP, and IOP fluctuation are known to be associated
with glaucoma progression;8,28e34 however, this was not
observed in the current study. Furthermore, although thin
central corneal thickness and large optic discs are also re-
ported to be risk factors for glaucoma progression,28,29 these
relationships were not found to exist among our sub-
jects.28,29 A prospective cohort study with a large sample
size is needed to clarify the relationship between the factors
involved in glaucoma progression. Second, the b-zone PPA,
PPAþBM, and PPA-BM widths measured in this study were
not always the actual widths. We measured these widths
linearly on the plane images without considering optic globe
curvature. Axial elongation often tends to result in posteri-
orly curved surface of PPA; therefore, the shortly estimated
potentiality, especially in axially elongated eyes, needs to be
considered. Third, we analyzed only temporal b-zone PPA
in radial B-scan images, although b-zone PPA was present
in areas other than the temporal region. Analyzing the entire
b-zone PPA may provide further information; however, we
only analyzed the temporal area of the optic disc because
this area is more likely to be damaged in glaucoma. More-
over, because of vessel shadowing, it can be difficult to
measure PPA microstructure widths using OCT B-scan
images in the other regions.

In conclusion, VF progression differed depending on b-
zone PPA microstructure in POAG; this was true even in
highly myopic eyes. The PPAþBM width may be an
important risk factor for VF progression in POAG, and
PPA-BM may have a protective effect in a subset of eyes
with POAG.

Acknowledgments. The authors thank Akiko Hirata for PPA
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