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Abstract
Purpose

To compare peripapillary retinal nerve fiber layer (RNFL) thickness and Bruch’s membrane opening-
minimum rim width (BMO-MRW) among eyes with pseudoexfoliation glaucoma (PXG), pseudoexfoliation
syndrome (PXS) without glaucoma, and healthy eyes using spectral-domain optical coherence
tomography (SD-OCT).

Methods

This retrospective, cross-sectional study included 34 eyes with PXG, 35 with PXS, and 35 age-matched
healthy controls. All participants had previously undergone comprehensive ophthalmological
examination and SD-OCT imaging with the Glaucoma Module Premium Edition. Global and sectoral RNFL
and BMO-MRW measurements were reviewed.

Results

A total of 104 eyes were evaluated. RNFL thickness demonstrated a stepwise reduction from controls to
PXS and PXG, with significant thinning in PXG eyes across global and sectoral measures (p < 0.05),
except in the nasal sector. PXS eyes showed significant thinning only in the temporal-inferior sector
compared to controls (p = 0.004). Global and sectoral BMO-MRW values were markedly reduced in PXG
eyes compared to both PXS and controls (all p < 0.001). Notably, PXS eyes exhibited significant
reductions in temporal-inferior, nasal-inferior, and nasal-superior BMO-MRW compared with controls.
RNFL and BMO-MRW values were strongly correlated.

Conclusions

PXG eyes demonstrated pronounced RNFL and BMO-MRW thinning, consistent with extensive structural
damage. PXS eyes exhibited localized BMO-MRW reductions despite preserved visual fields, suggesting
early neuroretinal rim loss and potential preclinical glaucomatous changes. Combined RNFL and BMO-
MRW assessment may improve early detection and monitoring of patients across the pseudoexfoliation
spectrum.

Introduction

Pseudoexfoliation syndrome (PXS) is an age-related systemic disorder characterized by the deposition
of extracellular fibrillar material on ocular structures, most prominently at the pupillary margin, lens
capsule, and anterior chamber angle [1]. It is the most common identifiable cause of secondary open-
angle glaucoma worldwide, referred to as pseudoexfoliation glaucoma (PXG) [2]. Compared to primary
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open-angle glaucoma, PXG is typically associated with higher intraocular pressure (I0P), faster disease
progression, and poorer visual prognosis [2].

The accumulation of pseudoexfoliative material leads to impaired aqueous humor dynamics, oxidative
stress, and vascular dysregulation [3]. These mechanisms contribute not only to IOP elevation but also to
direct damage to retinal ganglion cells and their axons [4]. Consequently, imaging biomarkers such as
peripapillary retinal nerve fiber layer (RNFL) thickness and Bruch’s membrane opening—minimum rim
width (BMO-MRW) have become increasingly valuable for assessing structural glaucomatous changes
[5]. Glaucoma Module Premium Edition (GMPE)raphy (SD-OCT), particularly with the Glaucoma Module
Premium Edition (GMPE), enables precise quantification of these parameters and allows for detailed
sectoral analysis.

Although previous studies have demonstrated RNFL and BMO-MRW thinning in glaucoma compared
with healthy controls, the structural differences between PXS and PXG, as well as possible subclinical
alterations in PXS eyes without glaucoma, remain less clearly defined [6—8]. Clarifying these differences
may provide insights into disease pathogenesis and support earlier detection of progression from PXS to
PXG.

The aim of this study was to evaluate and compare peripapillary RNFL thickness and BMO-MRW
parameters among patients with PXG, PXS, and age-matched healthy controls using SD-OCT. We
hypothesized that PXG eyes would show significant thinning in both global and sectoral parameters
compared with PXS and control eyes, while PXS eyes might demonstrate subtle changes indicative of
early or preclinical glaucomatous alterations.

Methods

This retrospective, cross-sectional, observational study included 34 eyes of 34 patients with PXG, 35
eyes of 35 patients with PXS, and 35 eyes of 35 healthy control subjects. Medical records of patients
followed at the glaucoma outpatient clinic of tertiary hospital between August 2020 and July 2022 were
retrospectively reviewed. Patients were eligible if they had undergone both OCT imaging and clinical
examination during this period. Inclusion criteria were applied based on available OCT images and
corresponding visual field tests. All OCT scans were retrieved from the Spectralis OCT database, and
only images meeting predefined quality criteria were included. The study was conducted in accordance
with the tenets of the Declaration of Helsinki and was approved by the Clinical Research Ethics
Committee of tertiary hospital. Written informed consent was obtained from all participants prior to
inclusion.

Only the right eye of participants with bilateral involvement and of control subjects was included in the
analysis, while the affected eye was selected in unilateral cases. In patients with unilateral PXG and
contralateral PXS, only the glaucomatous eye was included.
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The PXG group included eyes with the presence of pseudoexfoliation material on the anterior lens
capsule, pupillary margin, or anterior chamber angle, an IOP =21 mmHg prior to treatment,
glaucomatous optic nerve head changes, and corresponding glaucomatous visual field defects.

The PXS group included eyes with pseudoexfoliation material on the anterior lens capsule, pupillary
margin, or anterior chamber angle, but with a nonglaucomatous optic nerve head appearance (cup-to-
disc ratio = 0.4), normal visual fields, and normal diurnal IOP measurements (< 21 mmHg).

The control group consisted of age-matched healthy individuals with IOP <21 mmHg, absence of
pseudoexfoliation material, nonglaucomatous optic disc morphology (cup-to-disc ratio < 0.3), and normal
visual field test results.

Exclusion criteria for all groups included refractive errors greater than + 3 diopters (spherical equivalent),
presence of retinal or neuro-ophthalmological diseases, significant cataract interfering with image
acquisition, history of ocular trauma, uveitis, previous intraocular surgery or laser treatment, and
systemic diseases known to affect ocular physiology (e.g., diabetes mellitus, hypertension,
vasculopathies).

All participants underwent a complete ophthalmological examination including best-corrected visual
acuity (BCVA) assessment, slit-lamp biomicroscopy, applanation tonometry, dilated fundus examination,
and standard automated perimetry (Humphrey Visual Field Analyzer, Carl Zeiss Meditec, Dublin, CA,
USA).

Spectral-domain optical coherence tomography (SD-OCT) imaging was performed using the Spectralis
OCT with Glaucoma Module Premium Edition (GMPE, Heidelberg Engineering, Heidelberg, Germany;
software version 4.0). For BMO-MRW analysis, 24 radial B-scans centered on the optic nerve head (15°
each) were acquired and aligned to the BMO—fovea axis using the internal fixation and positioning
system.

The BMO-MRW was defined as the minimum distance between the Bruch’s membrane opening (BMO)
and the internal limiting membrane. Measurements were obtained globally and across six predefined
sectors: temporal-superior (TS), nasal-superior (NS), temporal-inferior (Tl), nasal-inferior (NI), temporal
(T), and nasal (N). Automated segmentation was verified by an experienced examiner, and images with
motion or segmentation artifacts were excluded. Peripapillary RNFL thickness was measured using the
same module, centered on the BMO. Corresponding with the BMO-MRW sectors, global and six-sector
Garway-Heath—based values were recorded.

Statistical Analysis

Statistical analyses were performed using Jamovi ver. 1.6 (Computer Software, www.jamovi.org).
Quantitative variables were reported as mean and standard deviation and qualitative variables as
percentages. Power calculation was not required due to the retrospective and exploratory nature of the

Page 4/11


http://www.jamovi.org/

study. Normality of continuous variables was assessed using the Shapiro—Wilk test. The Pearson Chi-
square test was used to analyze the distribution of sex and other categorical variables among the
groups. Depending on normality, the ANOVA or Kruskal-Wallis test was used to compare age and the
thickness parameters, followed by Tukey's post-hoc test for pairwise comparisons. Pearson correlation
coefficients were calculated to assess relationships between continuous measurements. Strength of
correlations was classified as follows: 0-0.19, very weak; 0.2-0.39, weak; 0.40-0.59, moderate; 0.60-

0.79, strong; and 0.80-1.0, very strong.® A p value < 0.05 was considered statistically significant.

Results

A total of 104 eyes were analyzed: 34 with PXG, 35 with PXS, and 35 healthy controls. There were no
significant differences among the groups regarding age, sex, lens status, or BCVA (p > 0.05Table-1).
Mean IOP was significantly higher in the PXG group compared to other groups (p = 0.005, Table-1).

Analysis of peripapillary RNFL thickness demonstrated a stepwise reduction from controls to PXS and
PXG eyes. This reduction was significant for global RNFL thickness and all the sectors except the nasal
sector (p = 0.053 for the nasal sector and p < 0.05 for the remaining sectors; Table-2). Post-hoc analysis
revealed that the PXG group was the primary contributor to these differences. Among PXS eyes, only the
temporal-inferior sector showed a significant reduction compared to controls (p = 0.004).

Global and sectoral BMO-MRW thickness values were markedly lower in PXG eyes compared to PXS
eyes and controls. All sectors and the global measurement demonstrated significant differences, with
PXG eyes exhibiting the lowest values (p < 0.001for all, Table-3). In the temporal-inferior, nasal-inferior,
and nasal-superior sectors, PXS eyes also showed significantly lower values compared with controls (p
<0.001, p=0.037, and p = 0.008, respectively), indicating a gradient of thinning from PXG to PXS to
controls.

Pearson correlation analysis demonstrated that correlations between BMO-MRW and peripapillary RNFL
thickness measurements ranged from moderate to very strong, with a very strong correlation observed
in the nasal-inferior sector (Table-4).

Discussion

In this cross-sectional study, we compared structural parameters among eyes with PXG,
nonglaucomatous PXS eyes, and age-matched healthy controls using SD-OCT. Our main findings were
that PXG eyes exhibited significantly reduced global and sectoral RNFL values as well as markedly lower
BMO-MRW measurements compared to both PXS and control eyes. In contrast, PXS eyes showed largely
preserved RNFL and BMO-MRW, with only subtle reductions in certain sectors, suggesting early or
preclinical glaucomatous alterations. Importantly, BCVA, age, sex, and lens status were similar across
groups, indicating that the observed differences were not confounded by these factors.
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Previous studies have consistently demonstrated that PXG is associated with more severe structural and
functional damage than primary open-angle glaucoma (POAG), attributable to higher IOP fluctuations,
impaired trabecular meshwork outflow, and increased oxidative stress [1, 10, 11]. The significant
reduction of RNFL thickness in PXG eyes in our study is consistent with earlier findings showing
preferential thinning in the inferior and nasal quadrants [12]. Our results reinforce the utility of RNFL
assessment as a sensitive marker for glaucomatous damage in the context of pseudoexfoliation.

BMO-MRW has recently emerged as a robust and anatomically precise measure of neuroretinal rim
tissue, offering superior diagnostic performance over conventional disc-based measures [13]. In
agreement with Faria Pereira et al.s [14] report, we observed that global and sectoral BMO-MRW values
were significantly lower in PXG eyes compared with both PXS and control eyes, with the greatest
reductions in the temporal-inferior and nasal-inferior sectors. Interestingly, PXS eyes also showed
reduced BMO-MRW in the temporal-inferior, nasal-inferior, and nasal-superior sectors relative to controls.
The presence of localized rim thinning in PXS eyes, despite the absence of visual field defects, suggests
early neuroretinal rim loss prior to detectable functional impairment, underscoring the need for close
follow-up in this population.

Hepokur et al. [8] suggested that BMO-MRW measurements may be more sensitive than RNFL
measurements for diagnosing PXG and PXS. Conversely, Ozcelik-Kose et al. (5 gemonstrated superior
diagnostic performance of RNFL measurements; however, they also observed significant reductions in
BMO-MRW both globally and in three sectors of PXS eyes compared with controls, whereas RNFL
differences were limited to a single sector. Similarly, Bambo et al. [16] showed that both BMO-MRW and
peripapillary RNFL thickness measured with Spectralis OCT can effectively differentiate mild glaucoma
from healthy eyes, with global thinning observed in glaucoma patients. However, their linear discriminant
function combining BMO—-MRW and peripapillary RNFL did not outperform the best single parameters.
Saad Ullah et al. [17] further assessed the diagnostic accuracy of RNFL and MRW using cup-to-disc ratio
as the gold standard in 300 patients, reporting that RNFL demonstrated slightly higher sensitivity (90.3%)
and accuracy (90%) compared to MRW (87.9% sensitivity, 87.7% accuracy), while both showed equal
specificity (81.8%). These findings suggest that although RNFL may be superior overall, MRW provides
comparable value, particularly in myopic eyes. We observed similar findings: RNFL thickness was
significantly reduced in only one sector of the PXS eyes compared with healthy controls, whereas BMO-
MRW was reduced in three sectors. Taken together, these studies and our findings, despite some
conflicting results, suggest that BMO-MRW is a promising tool for the diagnosis and follow-up of
patients with PXG and PXS.

Moreover, our results highlight the complementary nature of RNFL and BMO-MRW assessments. While
RNFL thickness reflects peripapillary axonal integrity, BMO-MRW directly quantifies neuroretinal rim
tissue. The moderate-to-very strong correlations observed between these two OCT-derived parameters in
our study support their combined use for comprehensive structural evaluation. Incorporating both
measures may enhance diagnostic sensitivity and improve monitoring of disease progression in
pseudoexfoliation spectrum disorders.
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Overall, BMO-MRW measurements show notable differences in PXG compared with PXS and healthy
eyes, suggesting they may help identify structural alterations associated with PXG, while RNFL analysis
provides complementary information. The subtle sectoral changes detected in PXS eyes highlight the
importance of close follow-up, as these eyes may be at increased of conversion to glaucoma.

Limitations of this study include its retrospective, cross-sectional design, which precludes assessment
of longitudinal progression, and the relatively modest sample size.

In conclusion, PXG eyes show significant structural alterations in both RNFL and BMO-MRW compared
with PXS and healthy eyes. Early BMO-MRW reductions in PXS eyes may indicate preclinical
glaucomatous changes, underscoring the need for vigilant monitoring in this at-risk population.
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Table 1
Demographic and clinical characteristics of the study population.

Parameter PXG_(Meant PXS_(Meant Control (Mean p_value
SD) SD) + SD)

Age (years) 70.14+6.5 71.2516.29 71.16 £ 5.93 0.716
Sex (F/M) 16/18 16/19 15/20 0.569
IOP (mmHg) 18.2+3.4 15.0+2.3 14.7+1.6 0.005
Best-Corrected Visual Acuity 0.11+0.11 0.11+£0.09 0.12+0.1 0.8385
(logMAR)

Lens status (phakic/nonphakic) 18/16 17/18 12/23 0.264

IOP: Intraocular pressure, PXG: Pseudoexfoliation glaucoma, PXS: Pseudoexfoliation syndrome, SD:
Standard deviation, F: female, M: male.
Significant p values are in bold.

Table 2
Comparison of global and sectoral peripapillary retinal nerve fiber layer thickness among the study
groups
Parameter PXG_ (Mean PXS_ (Mean Control (Mean # p_value
SD) SD) SD)
RNFL_Global 93.4+15.2 101.2+10.0 103.7+7.7 <0.001
RNFL_Temporal 65.4+10.5 71.2+7.7 74.7+t6.8 0.002
RNFL_TS 119.9+21.2 139.7+15.9 13991174 <0.001
RNFL_NS 107.4+16.8 117.2+14.9 118.0+11.3 0.002
RNFL_Nasal 69.9+8.0 71.0+6.9 73.5+7.1 0.053
RNFL_NI 102.2+15.4 114.6 £13.2 115.5+12.3 <0.001
RNFL_TI 121.2+27.0 135.9+19.5 140.9 £ 20.1 <0.001

RNFL: Retinal nerve fiber layer, NI: Nasal inferior, NS: Nasal superior, Tl: Temporal inferior, TS:
Temporal superior, PXG: Pseudoexfoliation glaucoma, PXS: Pseudoexfoliation syndrome, SD:

Standard deviation.

Significant p values are in bold.
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Table 3

Comparison of global and sectoral BMO-MRW values among the study groups

Parameter

RNFL_Global
RNFL_TS
RNFL_NS
RNFL_TI
RNFL_NI
RNFL_T
RNFL_N

PXG (Mean t
SD, pm)
205.6 + 60.2
184.5+75.2
232.3+79.0
196.4+87.0
250.1+77.7
141.4+37.5
246.3+77.9

PXS (Mean % SD,
Hm)
340.2+54.0
342.2+60.2
398.8+74.9
334.5+80.5
404.2 +80.6
248.3 +39.7
370.5+60.0

Controls (Mean #
SD, pm)

369.8 +60.4
349.3+66.3
428.1 +84.1
413.1+60.5
448.5+82.7
268.9 +53.2
394.1+76.0

p value
(ANOVA)

<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001

BMO-MRW: Bruch’s membrane opening—minimum rim width, N: Nasal, NI: Nasal inferior, NS: Nasal
superior, T: Temporal, Tl: Temporal inferior, TS: Temporal superior PXG: Pseudoexfoliation glaucoma,
PXS: Pseudoexfoliation syndrome, RNFL: Retinal nerve fiber layer, SD: Standard deviation.
Significant p values are in bold.

Table 4

Pearson correlation coefficients between BMO-MRW and peripapillary RNFL thickness

BMO- Global

MRW
TS
NS
T
NI
T

N

RNFL

Global TS

0.785**

0.707**

NS TI

0.652**

NI T

0.745**

0.8071**

0.589**

0.511**

BMO-MRW: Bruch’s membrane opening—minimum rim width, N: Nasal, NI: Nasal inferior, NS: Nasal
superior, T: Temporal, TI: Temporal inferior, TS: Temporal superior, PXG: Pseudoexfoliation glaucoma,
PXS: Pseudoexfoliation syndrome, RNFL: Retinal nerve fiber layer, SD: Standard deviation.

**Significant correlations at p < 0.005

Page 11/11




