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Abstract

Purpose

We investigated changes in macular topography and their association with visual acuity and
metamorphopsia in the idiopathic epiretinal membrane (iIERM).

Methods

Twenty-four eyes that underwent vitrectomy and ERM removal with internal limiting mem-
brane peeling were included in this study. Best-corrected visual acuity (BCVA) and horizon-
tal/vertical metamorphopsia scores (h and vM-scores in the M-chart) were assessed. The
distances of fovea-disc (FD) and fovea-vascular arcade (FV), central subfield macular thick-
ness (CSMT), and foveal location were measured using fundus photography, optical coher-
ence tomography (OCT), and OCT angiography, respectively.

Results

The BCVA (logMAR) and vM-scores (P < 0.001, P=0.014, respectively) improved after sur-
gery. The distance of the FD decreased (P < 0.001) and FVs increased (P < 0.001, both).
The fovea moved horizontally toward the disc (P < 0.001). The change in median total FVs
(7.114 mm to 7.369 mm, P=0.001) correlated with the change in BCVA (P = 0.049, Pear-
son’s [r] = -0.404). No topographic parameters were associated with an improvement in the
vM score.

Conclusions

The macular topography significantly changed after iERM removal; the fovea moved
nasally, and the distance between the superior and inferior vascular arcades increased.
Such a change was relevant to the improvement in BCVA, but not metamorphopsia.

PLOS ONE | https://doi.org/10.1371/journal.pone.0316847  January 9, 2025

1/14


https://orcid.org/0000-0002-2638-8192
https://doi.org/10.1371/journal.pone.0316847
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0316847&domain=pdf&date_stamp=2025-01-09
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0316847&domain=pdf&date_stamp=2025-01-09
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0316847&domain=pdf&date_stamp=2025-01-09
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0316847&domain=pdf&date_stamp=2025-01-09
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0316847&domain=pdf&date_stamp=2025-01-09
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0316847&domain=pdf&date_stamp=2025-01-09
https://doi.org/10.1371/journal.pone.0316847
https://doi.org/10.1371/journal.pone.0316847
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

PLOS ONE

Macular change and visual outcomes in ERM

Competing interests: The authors have declared
that no competing interests exist.

Introduction

Idiopathic epiretinal membrane (iIERM) commonly appears in the older population as a glis-
tening amorphous membrane on the macula [1-3]. The membrane is composed of glial cells
migrating through the inner limiting membrane by posterior vitreous detachment (PVD) or
hyalocytes with anomalous PVD and extracellular matrix [4-8]. These cells acquire contract-
ibility by myofibroblastic transdifferentiation, deforming the macula [8, 9]. The gradual distor-
tion of the retinal layers results in visual impairment, including metamorphopsia and visual
loss. Vitrectomy and membrane removal are recommended in symptomatic patients [10, 11].

Many factors influence visual outcomes in iERM. Baseline VA is one well-known factor [3].
Anatomical factors that predict visual outcomes have been studied in various imaging assess-
ments. Serial fundus photographs showed both the membrane reflex on the macula in the
early stage and the wrinkled, opaque macula with decreased distance between vascular arcades
at an advanced stage [2]. High resolution images from optical coherence tomography (OCT)
have provided detailed anatomic factors associated with visual outcomes: the photoreceptor
integrity, inner nuclear layer (INL) thickness, ectopic inner foveal layer (EIFL), and macular
thickness [12-17]. OCT angiography (OCTA) noninvasively generates images of micro-vascu-
latures in the macula, and precisely localizes the foveal avascular area. Many studies using
OCTA reported that a small and irregular fovea avascular zone was a poor prognostic factor
[18, 19].

However, previous studies did not used multimodal imaging to assess various prognostic
factors. Various factors influence each other in eyes with iERM, which can be confounding fac-
tors in predicting prognosis. Previously studied methodologies failed to identify confounding
variables that might affect prognosis of surgery [13, 15]. For example, an increase in macular
thickness is highly associated with a decrease in the distance between vascular arcades. There-
fore, the prognostic value of both the thickness and distance must be simultaneously assessed
using imaging devices. Multimodal imaging can provide more accurate information on the
association between structural changes and visual function in iERM. Here, we investigated
changes in macular topography and their association with visual acuity and metamorphopsia
using multimodal imaging analysis of serial fundus photographs, OCT, and OCTA in iERM.

Materials and methods
Study participants

We retrospectively reviewed the data of consecutive patients diagnosed with unilateral iERM
who underwent pars plana vitrectomy and membrane removal by a single surgeon (I.B.) at the
vitreoretinal clinic of Pusan National University Yangsan Hospital, South Korea from Decem-
ber 1, 2015 to May 31, 2017. iERM was diagnosed based on the presence of a thin membrane
on the surface of the retina on swept-source OCT images (DRI OCT-1 Atlantis, Topcon Corp.,
Tokyo, Japan) and a fibrous membrane in front of the macula on fundus examination.

This study included patients who had intact ellipsoid zones (EZ) of the photoreceptor layers
and were followed up for at least 6 months after iERM removal. Eyes presenting with an idio-
pathic epiretinal membrane that typically covered the fovea without features such as lamellar
hole, pseudohole, or vitreomacular traction syndrome were included. Patients were excluded if
they exhibited (1) presence of a secondary ERM due to retinal break, uveitis, diabetic retinopa-
thy, retinal vascular disease, trauma, intraocular infection or history of photocoagulation; (2)
high myopia (spherical equivalent > -6.0 diopters or axial length > 26 mm); (3) previous intra-
ocular surgery with the exclusion of uncomplicated phacoemulsification; (4) media opacities
that hinder the evaluation of the fundus and OCT image, including severe cataract of above
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grade 2 of nuclear opalescence or cortical cataract according to the Lens Opacities Classifica-
tion System (LOCS) III [20, 21], posterior subcapsular cataract, or corneal opacities; and (5)
other pathologies that could interfere with visual acuity, including glaucoma or intermediate
or advanced age-related macular degeneration. This study was approved by the Institutional
Review Board of the Pusan National University Yangsan Hospital. Each patient was informed
about the risks and benefits of surgery, and written informed consent was obtained. This study
adhered to the tenets of the Declaration of Helsinki. Access for data collection was conducted
from July 11, 2018 to December 31, 2018. No personal identification information other than
the patient’s medical record number was included during data collection, and all personal
identification information was excluded before data processing.

Surgical procedure

A 25-gauge standard pars plana vitrectomy was performed using the Constellation system
(Alcon Laboratories, Inc., Fort Worth, TX, USA). For all phakic patients, simultaneous pha-
coemulsification with intraocular lens implantation was performed. The ERM was completely
removed using the intraocular forceps (GRIESHABER™ Advanced DSP Tips; Alcon Laborato-
ries, Inc., Fort Worth, TX, USA). Additionally, the ILM stained with 0.03% indocyanine green
(Diagnogreen; Daiichi-Sankyo Co., Ltd., Tokyo, Japan) was peeled off from all eyes.

Ocular examination and imaging

All patients underwent comprehensive ophthalmologic examination at baseline and at the 1-,
3-, and 6-month follow-up visits, including best-corrected visual acuity (BCVA) measurement,
assessment of metamorphopsia, indirect ophthalmoscopic examination, fundus photography
(Canon CR-2 digital non-mydriatic retinal camera, Canon Inc., Tokyo, Japan), OCT, and
OCTA. BCVA was measured on a decimal scale using a Snellen chart and then converted to
the logarithm of the minimum angle of resolution (logMAR) scale for statistical analysis. The
metamorphopsia score (M-score) was assessed using M-chart (Inami Co., Tokyo, Japan) [22].
First, the straight vertical line (0°) was shown to the patient. If the patient recognized the
straight line as curved or irregular, dotted lines with increasing inter-dot spaces on the follow-
ing pages were presented until they were correctly identified as straight lines. The horizontal
M-scores were then calculated. After this step, the M-chart was rotated 90° and the vertical
scores were checked. The vertical and horizontal M-scores (v and hM-score, respectively) were
presented as the degree of the visual angle. The axial length was measured using partial coher-
ence laser interferometry (IOL Master, Carl Zeiss Meditec, Jena, Germany) at baseline. Fundus
photography, OCT, and OCTA were also performed on the healthy fellow eyes.

OCT scans were performed using the three-dimensional (3D) macular scan protocol (6 x 6
mm, 256 scan), high-quality 9-mm width B-scan images in 5-line cross mode with 0.25-mm
spacing in both the horizontal and vertical directions, and a 6 x 6 mm macular cube scan of
OCTA. The central subfield macular thickness (CSMT) in a 1-mm area around the fovea was
manually measured using a 3D macular scan with built-in software. The ectopic inner foveal
layer (EIFL) was characterized by the presence of a continuous hyperreflective or hyporeflec-
tive band extending from the inner nuclear and inner plexiform layers over the foveal region
evaluated using 3D macular scan and 5-line cross mode [16].

Assessment of topographic changes in macula: Distance of fovea-disc and
fovea-vascular arcades and foveal location

A detailed method for measuring topographic changes in the macula is shown in Fig 1.
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superior
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inferior
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Fig 1. Methodology for measurement of the macular topographic changes. (A) Three dots were placed at the junctions of large vessels and the optic
disc margin on the fundus image. (B) The center of the fovea was marked at the center of the foveal avascular zone (FAZ) on the optical coherence
tomography angiography (OCTA) image. (C) The fundus photograph with dots and the OCTA image with marks were overlapped by matching the
retinal vasculature. (D) The baseline and follow-up images were superimposed. (E) The X and Y coordinates of the disc, foveal centers, and bifurcation
points of the superior and inferior vascular arcade were identified. Fovea-disc distance and fovea-vascular arcade distance were calculated using these
coordinates.

https://doi.org/10.1371/journal.pone.0316847.9001

First, baseline and follow-up photographs were superimposed using three dots at the junc-
tions of the large retinal vessels and optic disc margin [23]. Second, the foveal center was iden-
tified on the superficial capillary plexus map of the en face OCTA images. If there was no
foveal avascular zone (FAZ), the marker was located at the point where the outer nuclear layer
was the thickest and the INL was absent or thinnest, using sectional OCT images of the 3D
macular cube mode. Using a customized program, the foveal center identified in OCTA
images was marked on the corresponding fundus image.

To measure the distances between the fovea and the disc and vascular arcades, the foveal
center and bifurcation point of the superior and inferior vascular arcades were marked on the
fundus photographs processed as described above. The distances from the fovea to the disc
center and vascular arcades were defined as the fovea-disc (FD) and fovea-vascular arcade
(FV), respectively. The sum of the superior and inferior FV was defined as vessel-fovea-vessel
distance (VFV). The sum of the FD and the superior and inferior FV was defined as the disc-
fovea-vessel distance (DFV). After the movement of the fovea was measured in the X and Y
coordinates with respect to the disc, to identify foveal dislocation, the X and Y coordinates
were recalculated based on the preoperative foveal position. The difference between the
affected and fellow eyes was also measured using the unilateral iERM.
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Main outcome measures and statistical analysis

The measured values of parameters used in the study and data on demographic characteristics
were organized in S1 File (Data file), and statistical analysis was performed based on this. Sta-
tistical analyses were performed using SPSS software (version 22.0; IBM Corp., Armonk, N.Y.,
USA). Kolmogorov-Smirnov and Shapiro-Wilk analyses were used to test for normality. Con-
tinuous variables not normally distributed were expressed as median and interquartile range.
Changes in numerical variables, including BCVA, M-score, CSMT, fovea location, FD, FVs,
VFV, and DFV, were analyzed using the Wilcoxon signed-rank test or Mann-Whitney U test.
Categorical variables were analyzed using the Pearson’s chi-square test or Fisher’s exact test.
The correlation between numerical variables was analyzed using Spearman’s correlation test.
Binary logistic regression was used to analyze variables associated with visual outcomes. For
items with a significance probability of 0.01 or less in univariate binary logistic regression,
multiple binary logistic regression was performed using forward stepwise selection (likelihood
ratio). The level of statistical significance was set at P < 0.05.

Results

Consecutive 24 eyes of 24 patients (4 males and 20 females) were included in this study. The
median age was 64.5 years (interquartile range, 60-71 years). Twenty-one (88%) phakic eyes
underwent simultaneous cataract surgery. The EIFL was present in 7 eyes. The baseline char-
acteristics of the patients are summarized in Table 1.

BCVA (logMAR) significantly improved from 0.40 (interquartile range, 0.23-0.50) at base-
line to 0.10 (interquartile range, 0.00-0.18) at 6 months follow-up (P < 0.001). Fourteen eyes
(58.3%) showed visual gain of 3 or more lines. The median baseline vM and hM-score was
0.55° (interquartile range, 0.00° - 1.60°) and 0.55° (interquartile range, 0.00°-1.33"), respec-
tively. At 6 months, vM score significantly improved to 0.10° (interquartile range, 0.00°-0.75")
(P =0.014), whereas the hM score did not (0.00° (interquartile range, 0.00°-0.90°), P = 0.078).
The CSMT significantly decreased from 366.5 um (interquartile range, 328.0 pm- 471.0 pm)

Table 1. Baseline characteristics.

Age (years) (median (interquartile range); range)

Sex (male/female)

Lens status (phakic/pseudophakic)

Symptom period (22 eyes, months) (median (interquartile range); range)
Combined phacoemulsification with intraocular lens implantation (eyes)

Refractive error (spherical equivalent, diopter) (median (interquartile range);
range)

Axial length (mm) (median (interquartile range); range)

BCVA (log MAR) (median (interquartile range)
M-score (°) (median (interquartile range); range)
Median vertical M-score
Median horizontal M-score
CSMT (um) (median (interquartile range); range)

Presence of ectopic inner foveal layer (eye)

64.5 (60-71); 55-78
4 (17%) / 20 (83%)

21 (88%) /3 (12%)
12.00 (4.75-18.5); 2-48
21
-0.44 (-1.72-0.88); -5.5 —-2.5

23.55 (23.05-24.20); 22.2—-
25.9

0.40 (0.23-0.50)

0.55 (0.00-1.60); 0.0-2.4
0.55 (0.00-1.33); 0.0-2.4
366.5 (328.0-471.0); 286-684
7

BCVA, best-corrected visual acuity; CSMT, central subfield macular thickness; logMAR, logarithm of the minimum

angle of resolution; M-score, metamorphopsia score by M-chart.

https://doi.org/10.1371/journal.pone.0316847.t001
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to 318.0 um (interquartile range, 296.3 pm- 363.0 um) (P < 0.001). The EIFL disappeared in 4
(43%) of 7 eyes.

Topographic changes in the macula

The changes in topographic parameters including FD, FVs, VFV, DFV, and foveal location
were assessed by fundus photography, OCT, and OCTA, and their association with CSMT and
those of healthy fellow eyes was confirmed. The FD significantly decreased (4.806 mm (inter-
quartile range, 4.425 mm- 5.109 mm) at baseline and 4.595 mm (interquartile range, 4.324
mm- 4.993 mm) at 6 months, P < 0.001). Both the superior and inferior FVs significantly
increased (3.760 mm (interquartile range, 3.078 mm- 4.496 mm) and 3.480 mm (interquartile
range, 3.154 mm- 4.202 mm) at baseline and 4.005 mm (interquartile range, 3.442 mm- 4.646
mm) and 3.740 mm (interquartile range, 3.329 mm- 4.357 mm) at 6-month follow-up, respec-
tively; P < 0.001 for both; Fig 2).

These changes led to a significant increase in DFV (11.999 mm (interquartile range, 11.304
mm- 13.247 mm) at baseline and 12.173 mm (interquartile range, 11.567 mm- 13.554 mm) at
6 month follow-u, P = 0.007). Baseline vessel-fovea-vessel (VEV) inversely correlated with
changes in VFV (P < 0.001; Pearson’s [r] = -0.672). Eyes with a smaller VFV at baseline still
showed a smaller VFV at 6 months (P < 0.001, r = 0.984). Table 2 summarizes the postopera-
tive changes in the FD, FV, VFV, and DFV.

Baseline CSMT was positively associated with changes in FD, VEV (P = 0.017; r = 0.483,

P =0.008; r = 0.531, respectively), and foveal movement (P < 0.031). The change in CSMT
also correlated with changes in FD (P = 0.047; r = 0.410). The foveal center continuously
moved towards the optic disc during the follow-up period. The median foveal X coordinates
were 153.6 um, 162.2 um, and 203.0 um at 1, 3, and 6 months, respectively, based on the base-
line location “0” (P < 0.001, respectively, Table 3, Figs 2 and 3).

Compared to healthy fellow eyes, VFV and DFV were significantly lower in the affected
eyes throughout the follow-up period (P < 0.001 for all). The difference of VFV tended to
decrease after surgery (Fig 2, Table 2). The difference in DFV did not show a consistent
change. Greater differences in the VFV and DFV were associated with greater foveal move-
ment (P =0.010, r = 0.549 and P = 0.049, r = 0.435, respectively).

Association between topographic factors and visual outcomes

Change in BCVA. Eyes with a thicker CSMT presented with worse BCVA at baseline
(P =0.004; r = -0.571). Eyes with a greater reduction in CSMT showed greater visual gain
(P =0.043; r = 0.416). An increase in the VFV was positively associated with visual gain
(P =0.049; r = -0.404). Eyes with visual gain > 3 lines showed greater changes in VFV (0.433
mm (interquartile range, 0.294 mm- 0.528 mm) vs 0.249 mm (interquartile range, 0.159 mm-
0.380 mm), P = 0.036), compared to others (Table 4).

Changes in metamorphopsia. Eyes with thicker CSMT showed greater vM and hM
scores at baseline (P = 0.010; r = 0.515 and P = 0.011; r = 0.511, respectively). The improve-
ment in vM-scores (from 0.55° (interquartile range, 0.00°-1.60°) to 0.10° (interquartile range,
0.00°-0.75"), P = 0.014) was not associated with changes in topographic parameters, including
FD, FVs, VFV, DFV, CSMT, or foveal movement. Eyes with EIFL (n = 7) showed thicker
CSMT (P = 0.024) and worse vM and hM scores (P = 0.002 and 0.009, respectively) at baseline.
Those eyes still showed worse vM and hM scores (P = 0.005 and 0.005, respectively) at
6-month follow-up despite a greater increase in VFV (P = 0.02).

PLOS ONE | https://doi.org/10.1371/journal.pone.0316847  January 9, 2025 6/14


https://doi.org/10.1371/journal.pone.0316847

PLOS ONE

Macular change and visual outcomes in ERM

-1,400 -70
um Hm
L]
-1,200 - -60 A
*
-1,000 ay -50
» 5, ] <>
Lo
-800 PRI -40
'A a L ]
‘*’. ®
-600 e " -30
.$’A00
L X3
03 ﬁ l.
-400 A + -20
[}
2 e
. | ®Baseline e Baseline
-200 a1 month | -10 A1 month
= 3 months ®3 months
0 o/ ¢ 6 months 0e ¢ 6 months
opm 1,000 2,000 3,000 4,000 5,000 6,000 7,000 0 MM -50 -100 -150 -200 -250
a Scatter plot of foveal location b Median location of fovea
14,000 1,400
um pm
12,000 ® " . 1,200
1,000
10,000
800
8oo0 _____ ) o A
x 600
6,000
400
N
4,000
200
®DFV. e > DFV
2,000 % FD 0 | e xFD
-+ VFV -+ VFV
0 -200
0 month 1 month 3 months 6 months 0 month 1 month 3 months 6 months
C Change of topographic parameters d Difference between affected and fellow eye

Fig 2. Change of topographic parameters and foveal location. (A) Scatter plot of foveal location showed that the position of the fovea tends to
move nasally in the horizontal axis and centrally in the vertical axis after surgery. (B) Most of the movement in median foveal location tends to
occur within 1 month and the X coordinate continuously moved towards the disc for 6 months. (C) Change of topographic parameters
including disc-fovea-vessel distance (DFV), fovea-disc distance (FD), and vessel-fovea-vessel distance (VFV) over 6 months. The distance of
VFV increased after surgery, and the distance of FD gradually decreased after surgery, but the amount of change in the distance of FD was
relatively small compared to that of VFV. The distance of DFV did not show a consistent change since it was the sum of the FD and VFV
distances. (D) Difference in the DFV, FD, and VFV between affected and fellow eyes. Considering the change in the difference of FD, the
position of the fovea in the affected eye, which was located temporally compared to the fellow eye before surgery, moved nasally after surgery.

https://doi.org/10.1371/journal.pone.0316847.9002

Factors associated with visual outcomes

Eyes with worse baseline BCVA had worse final visual acuity (P < 0.015; r = -0.492) despite
greater visual gain (P < 0.001; r = -0.735). Overall, changes in BCV A were not associated with
sex, age, refractive error, axial length, or lens status. For the factors associated with vision

gain > 3 lines, the univariate logistic analysis presented worse baseline BCVA (P = 0.017; odds
ratio = 1.065*10/6), a greater increase in VEFV (P = 0.049; odds ratio = 1.007), and smaller dif-
ferences in FD between the affected and fellow eyes at baseline (P = 0.040; odds ratio = 0.994)
and 6 months (P = 0.029; odds ratio = 0.993). Multivariate logistic regression analysis con-
firmed that a smaller difference in FD between the affected and fellow eyes at 6-month follow-
up was associated with visual gain (P = 0.048, odds ratio = 0.991).

PLOS ONE | https://doi.org/10.1371/journal.pone.0316847  January 9, 2025

7/14


https://doi.org/10.1371/journal.pone.0316847.g002
https://doi.org/10.1371/journal.pone.0316847

PLOS ONE

Macular change and visual outcomes in ERM

Table 2. Changes of topographic parameters in affected eyes and healthy fellow eyes.

FD (mm)

(median; interquartile range)
Superior FV (mm)

(median; interquartile range)
Inferior FV (mm)

(median; interquartile range)
DFV (mm)

(median; interquartile range)
VFV (mm)

(median; interquartile range)

FD, fovea-disc distance; FV, fovea-vessel distance; DFV, disc-fovea-vessel distance; VFV, vessel-fovea-vessel distance.
*P < 0.05 compared with baseline,

Baseline (24 eyes)

4.806;
4.425-5.109
3.760%
3.078-4.496
3.480%
3.154-4.202
11.999%
11.304-13.247

7.114F
6.563-8.302

TP < 0.05 compared with previous follow up,

P < 0.05 compared with healthy fellow eye.

https://doi.org/10.1371/journal.pone.0316847.t1002

1 Month (17 eyes)
4.615%
4.402-4.941
3.706*%;
3.293-4.763
3.897*%
3.389-4.350
12.105%%
11.466-13.664
7.208*%;
6.908-8.725

Discussion

3 Months (18 eyes)
4.635%
4.462-5.040
4.039*%
3.512-4.751
3.743%%;
3.356-4.248
12.309%"%;
11.653-13.935
7.396*1%;
7.144-8.830

6 Months (24 eyes)
4.595%;
4.324-4.993
4.005*%;
3.442-4.646
3.740%%;
3.329-4.357
12.173*%
11.567-13.554

7.369*%;
7.046-8.838

Fellow eye

4.778;
4.562-4.974

4.606;
4.129-5.073

4.077;
3.768-4.616

13.597;
12.519-14.077

8.739;
8.064-9.273

This study highlights significant changes in macular topography after ERM removal. The
fovea moved horizontally towards the optic disc, and the distance between the superior and
inferior vascular arcades increased. Eyes with thicker CSMT showed greater changes in FD,
VFV, and foveal movement. BCVA and vertical metamorphopsia significantly improved.
Visual gain was associated with an increased distance between the vascular arcades and
decreased macular thickness. However, no topographic factors were relevant to the improve-
ment in vertical metamorphopsia. This study investigated the association between macular
topographic changes and visual acuity via multimodal imaging comprising fundus photo-
graphs, OCT, and OCTA.
The ERM is a tissue composed of myofibroblasts and an extracellular matrix in front of the
macula. Macular deformity from gradual membrane contraction induces visual impairment
and metamorphopsia [8, 9, 16, 24]. The structural changes can be observed as follows:
decreased distance between the fovea, disc, and vessels; retinal blood vessel tortuosity; ectopic
foveal location; and thickened and wrinkled macular tissue [16, 24-26]. Such anatomical
changes worsen over time, resulting in photoreceptor damage detected as disrupted ellipsoid
zones (EZ) on OCT, and cause irreversible visual loss [13-15]. We included eyes with intact

Table 3. Changes in foveal location after surgery.

Baseline 1 Month 3 Months

(24 eyes) (18 eyes) (18 eyes)
X coordinate (median; interquartile range) 0 -153.6%; -162.2%;

0 -228.0 —-72.1 -268.9 --123.5
Y coordinate (median; interquartile range) 0 -54.6%; -54.0;

0 -108.7-9.8 -151.8-54.2

6 Months

(24 eyes)
-203.0*";
-279.6 —-115.7
-37.3;
-174.0-71.4

The X and Y coordinates were calculated based on the preoperative foveal location. The left eye was used as the reference eye, and the superior and lateral sides were

considered as positive directions.
*P < 0.05 compared with baseline,
TP < 0.05 compared with previous follow up

https://doi.org/10.1371/journal.pone.0316847.t003
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superior
FV

inferior
FV

Post-OP

Fig 3. Representative case showing topographic change after epiretinal membrane (ERM) removal. (A) On the baseline fundus photograph,
after the point of vascular origin (green dot) on the disc, representing the center of the disc, and the center of the fovea (blue dot), defined as the
center of the foveal avascular zone on optical coherence tomography angiography, were marked and the distance of fovea-disc (FD), superior
fovea-vascular distance (FV) and inferior FV were calculated. (B) On the follow-up fundus photograph, the same process was applied as above.
The center of the fovea was marked by a red dot. The superior and inferior FVs increased with release of membrane contraction. The FD
decreased after surgery. Three points of vessels crossing the disc rim (white arrows) were marked to superimpose the baseline and follow-up
fundus photographs. (C) The preoperative and postoperative foveal location were marked on the baseline fundus photograph.

https://doi.org/10.1371/journal.pone.0316847.9003

EZ on OCT because surgical treatment is commonly recommended before severe photorecep-
tor damage develops.

Early visual loss can develop by tangential contraction of the macula without thickening
[24-26]. This finding indicates that tangential contraction is the main cause of disease progres-
sion and topographic assessment of the macula is important in eyes with iERM. Several studies
have assessed the topographic changes of the macula using post-surgery fundus photography
[25, 27-32]. The tangential changes of the macula were assessed using various methodologies
as follows: the nasal area and angle between the inferior and superior vascular arcades [28], the
vessel segment length and movement in a particular region [29], the distance between vascular
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Table 4. Comparison between eyes with and without visual gain of 3 lines or more.

Eyes with visual gain Eyes without visual gain P-value
Eyes (number) 14 10
Median BCVA (log MAR)
(median; interquartile range)
Baseline 0.40; 0.40-0.55 0.20; 0.20-0.40 .002
Month 6 0.10; 0.00-0.10 0.10; 0.00-0.30 371
CSMT (pm)
(median; interquartile range)
Baseline 382.5; 351.3-491.3 362.5; 304.3-429.0 212
Month 6 318.0; 303.0-398.3 321.5; 283.8-348.3 .585
A FD both eye (mm)
(median; interquartile range)
Baseline -0.274%; -0.649 --0.018 0.083%; 0.154-0.302 0.004
Month 6 -0.019; -0.384-0.207 0.398; 0.267-0.498 0.006
A VFV both eye (mm
(median; interquartile range)
Baseline 1.394%;0.744-1.548 1.158*; 0.874-2.148 0.808
Month 6 0.989%; 0.251-1.232 0.902%; 0.619-1.763 0.972
A DFV both eye (mm)
(median; interquartile range)
Baseline 0.881%;0.326-1.570 1.338%;1.071-2.310 0.310
Month 6 0.692%; 0.028-1.444 1.274%; 1.060-2.068 0.193

BCVA, best corrected visual acuity; CSMT, central subfield macular thickness; A DFV, difference of disc-fovea-vessel;
A FD, difference of fovea-disc distance; log MAR, logarithm of minimum angle of resolution; M-score,
metamorphopsia score by the M-chart; A difference of VFV, vessel-fovea-vessel distance.

"P-value of difference between both eyes was < 0.05.

https://doi.org/10.1371/journal.pone.0316847.t1004

arcades across the fovea [25], the distance from the fovea to the small retinal vessels around the
fovea [30], and the distances between the intersections of retinal vessels around the fovea [31,
32]. Most of these studies observed that significant changes in their topographic parameters
were associated with the OCT parameter of macular thickness. However, many of them did
not confirm the association between the changes in topographic parameters and BCVA follow-
ing surgery [28-32]. The conflicting outcomes of the association between changes in macular
topography and visual gain would result from the different methodologies, particularly the
extent of the macula covered by the parameters. In previous studies, although significant
changes were observed, the angle and nasal area between the vascular arcades and the distance
changes of retinal vessels in specific regions or around fovea could not reflect the topographical
changes in the entire macula, and the association between parameters and visual improvement
would not be found [28, 29]. In our observation, VFV (distance from foveola to the superior
and inferior vascular arcade) was a topographic parameter associated with visual improve-
ment. Because the decreased distance between the foveola and the optic disc minimized the
increase in VFV, no association between the change in DFV (a parameter for overall macular
topography) and visual acuity was found.

Regarding metamorphopsia, topographic parameters reflecting the area near the fovea,
including changes in macular topography, are valuable. Increased distance between the vertical
and horizontal lines across the fovea (which did not reach the vascular arcade) has reportedly
been associated with improvement in metamorphopsia [31, 32]. Additionally, Ichikawa et al.
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reported that INL thickness on OCT correlated with topographic factors and metamorphopsia
[33]. However, none of the topographic factors showed an association with improvement in
metamorphopsia in the present study.

Longitudinal OCT and OCTA revealed changes in macular thickness and foveal location. A
thicker baseline macula was associated with greater changes in FD and VFV, and more hori-
zontal movement of the fovea towards the optic disc. Foveal movement was not associated
with visual outcomes. Tung et al. also demonstrated that the nasal shift of the fovea observed
on infrared fundus photography had no correlation with visual improvement after ERM
removal [34], which is similar to our findings. Difference of foveal movement (162.42 um in
24 months vs 203.0 um in 6 months) might be derived from the difference in devices used to
detect the fovea center (infrared fundus photography vs OCTA) and patients’ characteristics.
Detection of the foveola in eyes with ERMs was more accurate on OCTA than on fundus pho-
tography, due to the high-resolution in-depth scan images. Horizontal movement of the fovea
may result from the pathological characteristics of ERM. When the ERM contracts the macula
centripetally, the retinal layers become distorted and thickened within the small, contracted
macula [23-25, 27]. At this stage, the fovea has no choice but to move temporally because the
optic disc acts like a wall to block nasal movement. Therefore, the fovea relocates nasally
owing to the centrifugal movement of the macular structure after ERM removal (elimination
of centripetal traction). Moreover, ILM peeling may have played an additional role in such
foveal movement. Several studies of macular hole and diabetic macular edema have shown
foveal movement towards the optic disc after ILM peeling. This was believed to be caused by
contraction of the nerve fiber layer [31, 34, 35]. Neither previous studies nor our present study
showed an association between foveal movement and metamorphopsia. Regarding the above-
mentioned topographic factors, metamorphopsia may be related more to the surrounding
structural changes around the fovea than foveal movement alone. This reasoning about meta-
morphopsia have also been suggested in the context of macular hole [35-37].

This study had several limitations, including its retrospective nature and small sample size.
The effect of ILM removal on topographic changes of macula was inconclusive in this study,
because ILM was peeled in all eyes. Although eyes with visually affecting cataract (more than
grade 2 nuclear opalescence or cortical cataract) were excluded, mild cataract could be a poten-
tial confounding factor in assessing visual acuity. Nevertheless, based on previous studies for
postoperative cataract changes, nuclear opalescence and cortical cataract of grade 2 or lower
had little effect on visual loss [38, 39]. Regarding these, minimal cataract changes in phakic
eyes had little effect on the postoperative visual acuity during a 6-month follow-up. Further-
more, detailed tomographic factors such as the INL, central foveal bouquet, and others were
not investigated. These factors can also influence visual acuity and metamorphopsia. We may
also obtain different outcomes if eyes with iERM were classified and distinguished based on
severity. Further studies are required to analyze these factors. Nevertheless, we found that the
topographic assessment of the macula using multimodal imaging provided useful metrics for
predicting surgical outcomes in iERM.

Conclusions

In our study, the macular topography significantly changed after iERM removal. The fovea
moved nasally, and the distance between the superior and inferior vascular arcades increased,
indicating the release of tangential contraction on the macula. Among the topographic param-
eters, changes in VFV were associated with improvements in BCVA. However, none of these
factors was associated with changes in metamorphopsia.

PLOS ONE | https://doi.org/10.1371/journal.pone.0316847  January 9, 2025 11/14


https://doi.org/10.1371/journal.pone.0316847

PLOS ONE

Macular change and visual outcomes in ERM

Supporting information

S1 File. Data file used in this study.
(XLSX)

Author Contributions

Conceptualization: Seung Min Lee, Iksoo Byon.

Data curation: Seung Min Lee.

Formal analysis: Seung Min Lee, Iksoo Byon.

Investigation: Seung Min Lee, Iksoo Byon.

Methodology: Seung Min Lee, Iksoo Byon.

Supervision: Iksoo Byon.

Validation: Sung Who Park.

Visualization: Seung Min Lee.

Writing - original draft: Seung Min Lee.

Writing - review & editing: Sung Who Park, Iksoo Byon.

References

1.

10.

1.

12

13.

Klein R, Klein BE, Wang Q, Moss SE. The epidemiology of epiretinal membranes. Trans Am Ophthal-
mol Soc. 1994; 92: 403—430. PMID: 7886875

Mitchell P, Smith W, Chey T, Wang JJ, Chang A. Prevalence and associations of epiretinal membranes.
The Blue Mountains Eye Study, Australia. Ophthalmology. 1997; 104(6): 1033—1040.

Bu SC, Kuijer R, Li XR, Hooymans JM, Los LI. Idiopathic epiretinal membrane. Retina. 2014; 34(12):
2317-2335. https://doi.org/10.1097/IAE.0000000000000349 PMID: 25360790

Foos RY. Vitreoretinal juncture—simple epiretinal membranes. Albrecht Von Graefes Arch Klin Exp
Ophthalmol. 1974; 189(4): 231-250. https://doi.org/10.1007/BF02384852 PMID: 4365862

Foos RY. Vitreoretinal juncture; epiretinal membranes and vitreous. Invest Ophthalmol Vis Sci. 1977;
16(5): 416—-422. PMID: 852943

McLeod D, Hiscott PS, Grierson |. Age-related cellular proliferation at the vitreoretinal juncture. Eye
(Lond). 1987; 1 (Pt 2): 263—281. https://doi.org/10.1038/eye.1987.46 PMID: 3308529

Sebag J. Anomalous posterior vitreous detachment: a unifying concept in vitreo-retinal disease.
Graefes Arch Clin Exp Ophthalmol. 2004; 242(8): 690—698. https://doi.org/10.1007/s00417-004-0980-1
PMID: 15309558

Kohno RI, Hata Y, Kawahara S, Kita T, Arita R, Mochizuki Y, et al. Possible contribution of hyalocytes to
idiopathic epiretinal membrane formation and its contraction. Br J Ophthalmol. 2009; 93(8): 1020—1026.
https://doi.org/10.1136/bjo.2008.155069 PMID: 19429593

Guidry C. The role of Mdller cells in fibrocontractive retinal disorders. Prog Retin Eye Res. 2005; 24(1):
75-86.

Massin P, Allouch C, Haouchine B, Metge F, Paques M, Tangui L, et al. Optical coherence tomography
of idiopathic macular epiretinal membranes before and after surgery. Am J Ophthalmol. 2000; 130(6):
732-739. https://doi.org/10.1016/s0002-9394(00)00574-2 PMID: 11124291

Dawson SR, Shunmugam M, Williamson TH. Visual acuity outcomes following surgery for idiopathic
epiretinal membrane: an analysis of data from 2001 to 2011. Eye (Lond). 2014; 28(2): 219-224. https://
doi.org/10.1038/eye.2013.253 PMID: 24310238

Gomes NL, Corcostegui |, Fine HF, Chang S. Subfoveal pigment changes in patients with longstanding
epiretinal membranes. Am J Ophthalmol. 2009; 147(5): 865—-868. https://doi.org/10.1016/j.aj0.2008.12.
021 PMID: 19232558

Kim JH, Kim YM, Chung EJ, Lee SY, Koh HJ. Structural and functional predictors of visual outcome of
epiretinal membrane surgery. Am J Ophthalmol. 2012; 153(1): 103—10.e1. https://doi.org/10.1016/j.ajo.
2011.06.021 PMID: 21937015

PLOS ONE | https://doi.org/10.1371/journal.pone.0316847  January 9, 2025 12/14


http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0316847.s001
http://www.ncbi.nlm.nih.gov/pubmed/7886875
https://doi.org/10.1097/IAE.0000000000000349
http://www.ncbi.nlm.nih.gov/pubmed/25360790
https://doi.org/10.1007/BF02384852
http://www.ncbi.nlm.nih.gov/pubmed/4365862
http://www.ncbi.nlm.nih.gov/pubmed/852943
https://doi.org/10.1038/eye.1987.46
http://www.ncbi.nlm.nih.gov/pubmed/3308529
https://doi.org/10.1007/s00417-004-0980-1
http://www.ncbi.nlm.nih.gov/pubmed/15309558
https://doi.org/10.1136/bjo.2008.155069
http://www.ncbi.nlm.nih.gov/pubmed/19429593
https://doi.org/10.1016/s0002-9394%2800%2900574-2
http://www.ncbi.nlm.nih.gov/pubmed/11124291
https://doi.org/10.1038/eye.2013.253
https://doi.org/10.1038/eye.2013.253
http://www.ncbi.nlm.nih.gov/pubmed/24310238
https://doi.org/10.1016/j.ajo.2008.12.021
https://doi.org/10.1016/j.ajo.2008.12.021
http://www.ncbi.nlm.nih.gov/pubmed/19232558
https://doi.org/10.1016/j.ajo.2011.06.021
https://doi.org/10.1016/j.ajo.2011.06.021
http://www.ncbi.nlm.nih.gov/pubmed/21937015
https://doi.org/10.1371/journal.pone.0316847

PLOS ONE

Macular change and visual outcomes in ERM

14.

15.

16.

17.

18.

19.

20.

21.

22,

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

Inoue M, Morita S, Watanabe Y, Kaneko T, Yamane S, Kobayashi S, et al. Preoperative inner segment/
outer segment junction in spectral-domain optical coherence tomography as a prognostic factor in epir-
etinal membrane surgery. Retina. 2011; 31(7): 1366—1372. https://doi.org/10.1097/IAE.
0b013e318203c156 PMID: 21233786

Okamoto F, Sugiura Y, Okamoto Y, Hiraoka T, Oshika T. INNER NUCLEAR LAYER THICKNESS AS A
PROGNOSTIC FACTOR FOR METAMORPHOPSIA AFTER EPIRETINAL MEMBRANE SURGERY.
Retina. 2015; 35(10): 2107—2114. https://doi.org/10.1097/IAE.0000000000000602 PMID: 25978729

Govetto A, Lalane RA 3rd, Sarraf D, Figueroa MS, Hubschman JP. Insights Into Epiretinal Membranes:
Presence of Ectopic Inner Foveal Layers and a New Optical Coherence Tomography Staging Scheme.
Am J Ophthalmol. 2017; 175: 99-113. https://doi.org/10.1016/j.aj0.2016.12.006 PMID: 27993592

Vingopoulos F, Koulouri I, Miller JB, Vavvas DG. Anatomical and Functional Recovery Kinetics After
Epiretinal Membrane Removal. Clin Ophthalmol. 2021; 15: 175—181. https://doi.org/10.2147/OPTH.
5264948 PMID: 33488066

Ersoz MG, Hocaoglu M, Sayman Muslubas I, Arf S, Karacorlu M. QUANTITATIVE ASSESSMENT OF
THE FOVEAL AVASCULAR ZONE USING OPTICAL COHERENCE TOMOGRAPHY ANGIOGRA-
PHY BEFORE AND AFTER SURGERY FOR IDIOPATHIC EPIRETINAL MEMBRANE. Retina. 2021;
41(1): 54-59. https://doi.org/10.1097/IAE.0000000000002794 PMID: 32195787

Kitagawa Y, Shimada H, Shinojima A, Nakashizuka H. FOVEAL AVASCULAR ZONE AREA ANALY-
SIS USING OPTICAL COHERENCE TOMOGRAPHY ANGIOGRAPHY BEFORE AND AFTER IDIO-
PATHIC EPIRETINAL MEMBRANE SURGERY. Retina. 2019; 39(2): 339-346. https://doi.org/10.
1097/IAE.0000000000001972 PMID: 29232330

Chylack LT Jr, Wolfe JK, Singer DM, Leske MC, Bullimore MA, Bailey IL, et al. The Lens Opacities Clas-
sification System Ill. The Longitudinal Study of Cataract Study Group. Arch Ophthalmol. 1993; 111(6):
831-836. https://doi.org/10.1001/archopht.1993.01090060119035 PMID: 8512486

Matsumoto C, Arimura E, Okuyama S, Takada S, Hashimoto S, Shimomura Y. Quantification of meta-
morphopsia in patients with epiretinal membranes. Invest Ophthalmol Vis Sci. 2003; 44(9): 4012—4016.
https://doi.org/10.1167/iovs.03-0117 PMID: 12939323

Russo A, Morescalchi F, Gambicorti E, Cancarini A, Costagliola C, Semeraro F. EPIRETINAL MEM-
BRANE REMOVAL WITH FOVEAL-SPARING INTERNAL LIMITING MEMBRANE PEELING: A Pilot
Study. Retina. 2019; 39(11): 2116-2124. https://doi.org/10.1097/IAE.0000000000002274 PMID:
30063558

Lee SM, Pak KY, Kwon HJ, Park SW, Lee JE, Byon IS. ASSOCIATION BETWEEN TANGENTIAL
CONTRACTION AND EARLY VISION LOSS IN IDIOPATHIC EPIRETINAL MEMBRANE. Retina.
2018; 38(3): 541-549. https://doi.org/10.1097/IAE.0000000000001559 PMID: 28196052

Tsotridou E, Loukovitis E, Zapsalis K, Pentara |, Asteriadis S, Tranos P, et al. A Review of Last Decade
Developments on Epiretinal Membrane Pathogenesis. Med Hypothesis Discov Innov Ophthalmol.
2020; 9(2): 91-110. PMID: 32490016

Kofod M, la Cour M. Quantification of retinal tangential movement in epiretinal membranes. Ophthalmol-
ogy. 2012; 119(9): 1886—1891. https://doi.org/10.1016/j.ophtha.2012.03.022 PMID: 22633965

Fung AT, Galvin J, Tran T. Epiretinal membrane: A review. Clin Exp Ophthalmol. 2021; 49(3): 289-308.
https://doi.org/10.1111/ce0.13914 PMID: 33656784

Arimura E, Matsumoto C, Okuyama S, Takada S, Hashimoto S, Shimomura Y. Retinal contraction and
metamorphopsia scores in eyes with idiopathic epiretinal membrane. Invest Ophthalmol Vis Sci. 2005;
46(8): 2961-2966. https://doi.org/10.1167/iovs.04-1104 PMID: 16043872

Yang HK, Kim SJ, Jung YS, Kim KG, Kim JH, Yu HG. Improvement of horizontal macular contraction
after surgical removal of epiretinal membranes. Eye (Lond). 2011; 25(6): 754—761. https://doi.org/10.
1038/eye.2011.48 PMID: 21455247

Kim JW, Choi KS. Quantitative analysis of macular contraction in idiopathic epiretinal membrane. BMC
Ophthalmol. 2014; 14: 51. https://doi.org/10.1186/1471-2415-14-51 PMID: 24735324

Momota A, Iwase T, Akahori T, Goto K, Yamamoto K, Ra E, et al. Association between displacement
and thickness of macula after vitrectomy in eyes with epiretinal membrane. Sci Rep. 2020; 10(1):
13227. https://doi.org/10.1038/s41598-020-70197-6 PMID: 32764657

Ichikawa Y, Imamura Y, Ishida M. METAMORPHOPSIA AND TANGENTIAL RETINAL DISPLACE-
MENT AFTER EPIRETINAL MEMBRANE SURGERY. Retina. 2017; 37(4): 673-679. https://doi.org/
10.1097/IAE.0000000000001232 PMID: 27491043

Watanabe A, Ishida M, Shibata M, Fujimoto T, Mizushima A, Takeyama A, et al. ONE-YEAR OUT-
COMES OF METAMORPHOPSIA AND RETINAL DISPLACEMENT AFTER EPIRETINAL MEM-
BRANE SURGERY. Retina. 2022; 42(9): 1756—1761. https://doi.org/10.1097/IAE.0000000000003522
PMID: 35512112

PLOS ONE | https://doi.org/10.1371/journal.pone.0316847  January 9, 2025 13/14


https://doi.org/10.1097/IAE.0b013e318203c156
https://doi.org/10.1097/IAE.0b013e318203c156
http://www.ncbi.nlm.nih.gov/pubmed/21233786
https://doi.org/10.1097/IAE.0000000000000602
http://www.ncbi.nlm.nih.gov/pubmed/25978729
https://doi.org/10.1016/j.ajo.2016.12.006
http://www.ncbi.nlm.nih.gov/pubmed/27993592
https://doi.org/10.2147/OPTH.S264948
https://doi.org/10.2147/OPTH.S264948
http://www.ncbi.nlm.nih.gov/pubmed/33488066
https://doi.org/10.1097/IAE.0000000000002794
http://www.ncbi.nlm.nih.gov/pubmed/32195787
https://doi.org/10.1097/IAE.0000000000001972
https://doi.org/10.1097/IAE.0000000000001972
http://www.ncbi.nlm.nih.gov/pubmed/29232330
https://doi.org/10.1001/archopht.1993.01090060119035
http://www.ncbi.nlm.nih.gov/pubmed/8512486
https://doi.org/10.1167/iovs.03-0117
http://www.ncbi.nlm.nih.gov/pubmed/12939323
https://doi.org/10.1097/IAE.0000000000002274
http://www.ncbi.nlm.nih.gov/pubmed/30063558
https://doi.org/10.1097/IAE.0000000000001559
http://www.ncbi.nlm.nih.gov/pubmed/28196052
http://www.ncbi.nlm.nih.gov/pubmed/32490016
https://doi.org/10.1016/j.ophtha.2012.03.022
http://www.ncbi.nlm.nih.gov/pubmed/22633965
https://doi.org/10.1111/ceo.13914
http://www.ncbi.nlm.nih.gov/pubmed/33656784
https://doi.org/10.1167/iovs.04-1104
http://www.ncbi.nlm.nih.gov/pubmed/16043872
https://doi.org/10.1038/eye.2011.48
https://doi.org/10.1038/eye.2011.48
http://www.ncbi.nlm.nih.gov/pubmed/21455247
https://doi.org/10.1186/1471-2415-14-51
http://www.ncbi.nlm.nih.gov/pubmed/24735324
https://doi.org/10.1038/s41598-020-70197-6
http://www.ncbi.nlm.nih.gov/pubmed/32764657
https://doi.org/10.1097/IAE.0000000000001232
https://doi.org/10.1097/IAE.0000000000001232
http://www.ncbi.nlm.nih.gov/pubmed/27491043
https://doi.org/10.1097/IAE.0000000000003522
http://www.ncbi.nlm.nih.gov/pubmed/35512112
https://doi.org/10.1371/journal.pone.0316847

PLOS ONE

Macular change and visual outcomes in ERM

33.

34.

35.

36.

37.

38.

39.

Ichikawa Y, Imamura Y, Ishida M. Inner Nuclear Layer Thickness, a Biomarker of Metamorphopsia in
Epiretinal Membrane, Correlates With Tangential Retinal Displacement. Am J Ophthalmol. 2018; 193:
20-27. https://doi.org/10.1016/j.2j0.2018.06.001 PMID: 29890161

Tung HF, Chen YL, Tung HY, Tung HW, Chen SN. FOVEAL DISPLACEMENT IN EYES WITH EPIR-
ETINAL MEMBRANE AFTER VITRECTOMY AND MEMBRANE PEELING. Retina. 2021; 41(11):
2246-2252. https://doi.org/10.1097/IAE.0000000000003200 PMID: 33958532

Lee SM, Park KH, Kwon HJ, Park SW, Byon IS, Lee JE. Displacement of the Foveal Retinal Layers
After Macular Hole Surgery Assessed Using En Face Optical Coherence Tomography Images. Oph-
thalmic Surg Lasers Imaging Retina. 2019; 50(7): 414—422. https://doi.org/10.3928/23258160-
20190703-02 PMID: 31344240

Kim JH, Kang SW, Park DY, Kim SJ, Ha HS. Asymmetric elongation of foveal tissue after macular hole
surgery and its impact on metamorphopsia. Ophthalmology. 2012; 119(10): 2133-2140. https://doi.org/
10.1016/j.ophtha.2012.05.018 PMID: 22867977

Park SH, Park KH, Kim HY, Lee JJ, Kwon HJ, Park SW, et al. SQUARE GRID DEFORMATION ANAL-
YSIS OF THE MACULA AND POSTOPERATIVE METAMORPHOPSIA AFTER MACULAR HOLE
SURGERY. Retina. 2021; 41(5): 931-939. https://doi.org/10.1097/IAE.0000000000002955 PMID:
32804828

Pei X, Bao Y, Chen Y, Li X. Correlation of lens density measured using the Pentacam Scheimpflug sys-
tem with the Lens Opacities Classification System Ill grading score and visual acuity in age-related
nuclear cataract. Br J Ophthalmol. 2008; 92(11): 1471-1475. https://doi.org/10.1136/bjo.2007.136978
PMID: 18586899

de Souza RG, Golla A, Khan M, de Oca IM, Khandelwal S, Al-Mohtaseb Z. Association of optical cata-

ract indices with cataract severity and visual function. Int Ophthalmol. 2022; 42(1): 27-33. https://doi.
org/10.1007/s10792-021-01995-8 PMID: 34378173

PLOS ONE | https://doi.org/10.1371/journal.pone.0316847  January 9, 2025 14/14


https://doi.org/10.1016/j.ajo.2018.06.001
http://www.ncbi.nlm.nih.gov/pubmed/29890161
https://doi.org/10.1097/IAE.0000000000003200
http://www.ncbi.nlm.nih.gov/pubmed/33958532
https://doi.org/10.3928/23258160-20190703-02
https://doi.org/10.3928/23258160-20190703-02
http://www.ncbi.nlm.nih.gov/pubmed/31344240
https://doi.org/10.1016/j.ophtha.2012.05.018
https://doi.org/10.1016/j.ophtha.2012.05.018
http://www.ncbi.nlm.nih.gov/pubmed/22867977
https://doi.org/10.1097/IAE.0000000000002955
http://www.ncbi.nlm.nih.gov/pubmed/32804828
https://doi.org/10.1136/bjo.2007.136978
http://www.ncbi.nlm.nih.gov/pubmed/18586899
https://doi.org/10.1007/s10792-021-01995-8
https://doi.org/10.1007/s10792-021-01995-8
http://www.ncbi.nlm.nih.gov/pubmed/34378173
https://doi.org/10.1371/journal.pone.0316847

