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Purpose: To investigate the relationship between retinal traction force and impairment of the inner retinal layer
in patients with epiretinal membrane (ERM).

Design: Nonrandomized, retrospective consecutive case series.
Participants: Two hundred nine eyes of 201 patients with idiopathic ERM who underwent vitrectomy for

idiopathic ERM were enrolled.
Methods: Retinal folds caused by ERM were visualized using en face OCT, and the maximum depth of retinal

folds within the parafovea (MDRF) was measured. Focal macular electroretinogram (ERG) was used to measure
the amplitude and implicit time of each component for the ERM eyes and the normal fellow eyes. B-scan OCT
images were used to measure the thicknesses of the inner nuclear layer (INL) and outer nuclear layer
(ONL) þ outer plexiform layer (OPL). Expression of a-smooth muscle actin (a-SMA) in surgically removed ERM
specimens was quantified by reverse-transcription polymerase chain reaction.

Main Outcome Measures: We analyzed the relationship between MDRF and the relative amplitudes of focal
macular ERG (affected eye/fellow eye), the relationships between MDRF and the mean INL thickness and
ONLþOPL thickness, comparison of INL thickness and ONLþOPL thickness for each area when cases were
classified according to MDRF localization in the ETDRS chart, and the relationship between MDRF and the
relative expression of a-SMA in the ERM specimens.

Results: The MDRF significantly correlated with the relative amplitudes (affected eye/fellow eye) of b-waves
and oscillatory potentials (r ¼ �0.657, P ¼ 0.015; r¼ �0.569, P ¼ 0.042, respectively) and the mean INL thickness
and ONLþOPL thickness (r ¼ 0.604, P < 0.001; r ¼ 0.210, P ¼ 0.007, respectively). However, only the INL
thickness progression rate was significantly correlated with the MDRF progression rate (r ¼ 0.770, P < 0.001). On
case stratification by localization of MDRF based on the ETDRS chart, in regions other than temporal regions, the
INL thickness was significantly greater in regions with MDRF than in other regions. The MDRF significantly
correlated with a-SMA expression in the ERM specimens (r ¼ 0.555, P ¼ 0.009).

Conclusions: The findings suggest that ERM impairs the inner retinal layer in a traction force-dependent
manner.
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Introduction

Epiretinal membrane (ERM) is a common type of fibrocel-
lular proliferation found on the internal limiting membrane
(ILM), and is significantly associated with aging.1e3 The
major symptoms of ERM include reduced visual acuity,
metamorphopsia, and aniseikonia.4e10 However, the path-
ophysiological mechanisms underlying the onset of these
symptoms remain unclear.
ª 2023 by the American Academy of Ophthalmology
This is an open access article under the CC BY-NC-ND license (http://creativeco
mmons.org/licenses/by-nc-nd/4.0/). Published by Elsevier Inc.
Among the various symptoms of ERM, metamorphopsia is
the most important because it appears the earliest11 and affects
quality of vision the most.5,11 The relationship between
metamorphopsia and changes in the retinal structure has been
investigated using high-resolution OCT images.4,6,7,12,13 As a
result, it has been reported that the thicknesses of specific
retinal layers are strongly correlated with the score in M-
CHARTS, a subjective quantitative test for
metamorphopsia.4,6,7,13 For example, thickening of the inner
1https://doi.org/10.1016/j.xops.2023.100312
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nuclear layer (INL) and appearance of an ectopic inner foveal
layer were reportedly observed with ERM progression.14

However, the mechanism by which ERM causes changes in
the thicknesses of specific retinal layers remains unknown.

Tangential retinal traction force applied by ERM has been
considered an important mechanism for metamorphopsia and
changes in the thicknesses of specific retinal layers.6,7,13,15

However, it has been difficult to elucidate the role of
retinal traction force in the pathophysiology of ERM
because there was no means to objectively and
quantitatively assess the retinal traction force. Recently, we
focused on the depth of retinal folds caused by ERM and
reported that this depth is an important objective and
quantitative biomarker reflecting the tangential retinal
Figure 1. Measurement of the maximum depth of retinal folds (MDRF) using
images (A, C, and E) and B-scan OCT images (B, D, and F) at the level of the i
D), and 46.8 mm below the ILM level (E, F) are shown. The white line (black
images (A, C, and E) were constructed. The white dotted line (A, C, and E)
arrowheads (A) indicate ERM. The white arrows indicate the retinal folds cause
the deepest retinal fold in the parafoveal area. The deepest retinal fold disappear
image (E). Therefore, MDRF in this case was 46.8 mm.
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traction force applied by ERM.12,16e20 We further exam-
ined the relationship between the preoperative maximum
depth of retinal folds within the parafovea (MDRF) and
metamorphopsia and found that MDRF was significantly
related to preoperative metamorphopsia.16,19,21 In addition,
utilizing the relationship between MDRF and
metamorphopsia, we quantitatively identified the optimal
timing of ERM surgery that does not compromise the
patient’s quality of life.19

In the present study, with the aim of clarifying the effects
of retinal traction force by ERM on each retinal layer, we
investigated the relationships between MDRF and (1)
changes in the electrophysiological response of the retina,
(2) changes in the INL and outer nuclear layer
en face images of patients with epiretinal membrane (ERM). En face OCT
nternal limiting membrane (ILM) (A, B), 23.4 mm below the ILM level (C,
arrowhead in B, D, and F) indicates the depth at which the en face OCT
indicates the scan section of the B-scan images in B, D, and F. The white
d by retinal traction due to ERM (A, C). The black arrow (E, F) indicates
ed in the en face OCT image constructed at a level deeper than that in this
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(ONL) þ outer plexiform layer (OPL) thicknesses, and (3)
the expression of proteins in ERM that are related to the
retinal traction force.
Figure 2. Measurement of the retinal layer thickness on B-scan OCT
images of patients with epiretinal membrane. The inner nuclear layer
(INL) and outer nuclear layer (ONL) þ outer plexiform layer (OPL)
thicknesses are measured at a total of 8 points that are 500 mm (black
squares) and 1000 mm (black circles) superior, inferior, nasal, and temporal
to the fovea. The thicknesses at the 4 points that are 500 mm superior,
inferior, nasal, and temporal to the fovea are used to calculate the mean
INL and ONLþOPL thicknesses. The 4 points that are 1000 mm away from
the fovea are used to indicate the thickness of the center of each area on
the ETDRS chart.
Methods

Study Design and Subjects

This study was a nonrandomized, retrospective consecutive case
series. The study protocol was approved by the Ethics Committee
of Okayama University Hospital, Okayama, Japan (K2205-010 and
K1608-014) and adhered to the tenets of the Declaration of Hel-
sinki. Two hundred nine eyes of 201 patients with idiopathic ERM
who underwent vitrectomy for idiopathic ERM from June 1, 2016
through November 30, 2021 at Okayama University Hospital or
Takasu Eye Clinic were enrolled. After surgery, the specimens
were used for immunohistological staining and real-time reverse
transcription polymerase chain reaction as described later. We
excluded eyes with secondary ERM associated with ocular diseases
such as age-related macular degeneration, diabetic retinopathy, and
retinal vein occlusion. Each patient was informed about the nature
and possible consequences of the study and provided written
informed consent for participation.

Ophthalmic Examinations

All patients underwent comprehensive ophthalmic examinations,
including assessments using slit-lamp biomicroscopy and swept-
source OCT (Triton; Topcon Corporation). M-CHARTS (Inami)
were used to quantify the degree of metamorphopsia.21 The M-
CHARTS score was obtained by examining M-CHARTS for the
vertical and horizontal directions and calculating the average of
the values.6,7,19

Analysis of Swept-Source OCT Images

Swept-source OCT images were obtained in both B-scan and 3-
dimensional modes (7 � 7-mm area, 512 � 512 A-scans). Image
analysis software (IMAGEnet6, Version 1.22 software, Topcon
Corporation) was used to construct en face images.

Measurement of MDRF

We measured MDRF within a 3-mm-diameter circle centered at the
fovea (parafoveal area in the ETDRS chart) as previously
described.12,16e19 Briefly, we flattened the 3-dimensional OCT
volume scan data at the level of ILM and visualized the black lines
corresponding to the retinal folds due to retinal traction by ERM on
the en face image below the ILM level. Then, we measured the
depth from ILM just before the deepest retinal fold within the
parafoveal area disappeared (Fig 1).

Measurement of Focal Macular
Electroretinogram

Focal macular electroretinogram (ERG) was performed using ER-
80 (Kowa) according to the method of previous reports
(Supplementary Method).22e24 For statistical analysis, the ampli-
tude of each component for the ERM eye was calculated with the
amplitude of each component for the normal fellow eye set as 1
(called the relative amplitude). The relationships between MDRF
and the relative amplitudes of a- and b- waves and oscillatory
potentials (OPs) were analyzed.
Measurement of the Mean INL and ONLþOPL
Thicknesses

B-scan OCT images in vertical and horizontal cross-sections
through the fovea were used to measure the INL and ONLþOPL
thicknesses. Measurements were obtained from points located 500
mm and 1000 mm away from the fovea in the superior, inferior,
nasal, and temporal regions (1 point at 500 mm and 1 at 1000 mm in
each of the 4 regions; total 8 points)6,7 (Fig 2). The mean INL and
ONLþOPL thicknesses were defined as the average of the INL and
ONLþOPL thicknesses at the 4 points located 500 mm from the
fovea (superior, inferior, nasal, and temporal regions). The INL
and ONLþOPL thicknesses at the 4 points located 1000 mm
away from the fovea were used to indicate the thickness of each
region on the ETDRS chart (Fig 2).
Quantification of the Progression Rates for
MDRF and the Mean INL and ONLþOPL
Thicknesses Over the Natural Course of ERM

We measured MDRF and the mean INL and ONLþOPL thick-
nesses at 2 time points � 6 months apart in patients who were
followed up without ERM surgery. The progression rates for
3



Figure 3. Relationships between the maximum depth of retinal folds (MDRF) and each component of focal macular electroretinogram (fmERG) in a
representative case involving a 71-year-old woman with epiretinal membrane (ERM). A, B, fmERG components for the normal fellow eye (A) and the
affected eye with ERM (B) are shown. C, D, Relationships between MDRF and relative amplitudes (affected eye/fellow eye) of b-waves and oscillatory
potentials (OPs) in fmERG are shown. *: a-wave; y: b-wave. ON ¼ stimulus onset.
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MDRF and the mean INL and ONLþOPL thicknesses were
calculated, and the correlations of MDRF with the INL and
ONLþOPL thicknesses were examined.
Surgical Procedure

The indication for ERM surgery was determined on the basis of
decreased visual acuity (less than 20/20) or a complaint of meta-
morphopsia. All surgeries were performed using a 25-gauge micro-
incision vitrectomy system (Constellation; Alcon Laboratories, Inc)
by 1 of 2 surgeons (Y.M. and I.T.). After core vitrectomy, ERM was
removed as much as possible. Internal limiting membrane was
removed after staining with 0.25 mg/mL Brilliant Blue G solution
(Coomassie BBG 250; Sigma-Aldrich). At a minimum, the minimum
4

area of ILMpeelingwas larger than the parafoveal area and selected at
the discretion of the surgeon.12,18,19

Quantitative Analysis of a-Smooth Muscle Actin
Gene Expression Using Real-Time Reverse
Transcription Polymerase Chain Reaction

To quantitatively evaluate the gene expression of a-smooth muscle
actin (a-SMA) in surgically removed ERM specimens, real-time
reverse transcription polymerase chain reaction was performed
according to the methods of Shiode et al,25 using TaqMan primers
(a-SMA [ACTA2], Hs00426835_g1; glyceraldehyde 3-phosphate
dehydrogenase, Hs02786624_g1) (Thermo Fisher Scientific). The
relative expression of ACTA2 was calculated using the DDCt



Table 1. Comparisons of the Amplitudes in Focal Macular
Electroretinogram Performed for Patients With Idiopathic

Epiretinal Membrane

Affected
Eyes (mV)

Fellow
Eyes (mV)

Relative
Amplitudes (%)

a-wave 1.13 � 0.13 1.43 � 0.12 85 � 13
b-wave 2.80 � 0.19* 3.72 � 0.33 81 � 7
OPs 1.16 � 0.12* 1.93 � 0.17 64 � 6

OPs ¼ oscillatory potentials.
Values are expressed as mean � standard error. Significance is in com-
parison to the normal fellow eyes; paired t-test.
*P < 0.05.

Table 2. Comparisons of Implicit Times in Focal Macular
Electroretinogram Performed for Patients With Idiopathic

Epiretinal Membrane

Affected Eyes (msec) Fellow Eyes (msec) P Value

a-wave 28.1 � 0.4 28.2 � 1.0 0.932
b-wave 49.4 � 0.6 47.2 � 0.6 0.021
OP1 32.6 � 0.7 31.3 � 0.5 0.113
OP2 39.7 � 0.5 38.2 � 0.3 0.016
OP3 47.3 � 0.5 45.3 � 0.2 0.002

OP ¼ oscillatory potential.
Values are expressed as mean msec � standard error.
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method, with glyceraldehyde 3-phosphate dehydrogenase used as
an internal control.

Immunohistochemical Analysis of a-SMA
Expression in ERM

Immunohistochemical staining was performed by partially modi-
fying a previously described method.25 For immunohistochemical
staining, anti-a-SMA antibody (1:200, Cat. no. A5228; Sigma-
Aldrich) and Alexa Fluor 488-conjugated goat anti-mouse IgG
(1:500, Cat. no. A-11029; Thermo Fisher Scientific) were used as
primary and secondary antibodies, respectively. Cells were stained
with 4’,6-diamidino-2-phenylindole (1:500, Thermo Fisher
Scientific).

Statistical Analysis

All statistical analyses were performed using SPSS version
25.0.0.0 (IBM Corporation). A paired t-test was used to compare
the amplitudes of a-waves, b-waves, and OPs in ERM and normal
fellow eyes. Spearman’s rank correlation test was used to analyze
the following relationships: MDRF and relative amplitudes of b-
waves and OPs; MDRF and the mean INL and ONLþOPL
thicknesses; progression rate for MDRF and progression rate for
the mean INL and mean ONLþOPL thicknesses; MDRF and su-
perior, inferior, nasal, and temporal INL and ONLþOPL thick-
nesses; and MDRF and relative expression of a-SMA. The
KruskaleWallis test was used to compare superior, inferior,
nasal, and temporal INL and ONLþOPL thicknesses, respectively.
Unless otherwise noted, the data are shown as mean � standard
error for the amplitudes and implicit times and mean � standard
deviation for the other values. A P-value of < 0.05 was considered
statistically significant.

Results

Relationships Between MDRF and Relative
Amplitudes of Each Focal Macular ERG
Component

We examined the relationships between MDRF and the
amplitudes of a-waves, b-waves, and OPs for 13 eyes of 13
patients (mean age: 69.8 � 5.5 years; 8 men and 5 women).
Representative ERGs for a normal fellow eye and an ERM
eye are shown in Figure 3A, B. First, the amplitude of each
component was compared with that for the normal fellow
eye. There was no significant difference in the amplitude of
a-waves between ERM eyes and normal fellow eyes (a-
waves: fellow eye, 1.43 � 0.12 mV; affected eye,
1.13 � 0.13 mV; P ¼ 0.092); however, the amplitudes of
b-waves and OPs were significantly smaller for ERM eyes
than for normal fellow eyes (b-waves: fellow eye,
3.72 � 0.33 mV; affected eye, 2.80 � 0.19 mV; OPs:
fellow eye, 1.93 � 0.17 mV; affected eye, 1.16 � 0.12 mV;
P ¼ 0.012 and P ¼ 0.001, respectively, Table 1). There
was no significant difference in the implicit time of a-
waves between the ERM and normal eyes (a-waves: fellow
eye, 28.2 � 1.0 msec; affected eye, 28.1 � 0.4 msec;
P ¼ 0.932; Table 2). On the other hand, the implicit time
of b-waves was significantly prolonged for the ERM eyes
than for the normal fellow eyes (b-wave: fellow eye,
47.2 � 0.6 msec; affected eye, 49.4 � 0.6 msec;
P ¼ 0.021). The implicit time of OP1 was not significantly
different between eyes (fellow eye, 31.3 � 0.5 msec;
affected eye, 32.6 � 0.7 msec; P ¼ 0.113). On the other
hand, the implicit times of OP2 and OP3 were significantly
longer for the ERM eyes than for the normal fellow eyes
(OP2: fellow eye, 38.2 � 0.3 msec; affected eye,
39.7 � 0.5 msec; P ¼ 0.016; OP3: fellow eye, 45.3 � 0.2
msec; affected eye, 47.3 � 0.5 msec, P ¼ 0.002). Because
the amplitudes of b-waves and OPs were significantly
decreased for ERM eyes compared with normal fellow
eyes, we examined the relationship of MDRF with b-wave
and OP parameters and found that MDRF was significantly
correlated with the relative amplitudes of both b-waves and
OPs (r ¼ �0.657, P ¼ 0.015; r ¼ �0.569, P ¼ 0.042,
respectively; Fig 3C, D).

Relationships of MDRF With Mean INL and
ONLþOPL Thicknesses

The relationships of MDRF with the mean INL and
ONLþOPL thicknesses were examined for 166 eyes of 163
ERM patients (mean age: 69.3 � 7.8 years, 77 men and 86
women) and found significant correlations (r ¼ 0.604,
P < 0.001; r ¼ 0.210, P ¼ 0.007, respectively; Fig 4A, B).

Relationships Between the Progression Rate for
MDRF and the Progression Rates for the Mean
INL and ONLþOPL Thicknesses

For 32 eyes of 27 ERM patients who were followed up
without surgery (mean age: 71.1 � 8.6 years, 14 men and 13
5



Figure 4. Relationships between the maximum depth of retinal folds within the parafovea (MDRF) and the thicknesses of the inner nuclear layer (INL) and
outer nuclear layer (ONL) þ outer plexiform layer (OPL) in patients with epiretinal membrane. A, B, The relationships between MDRF and the mean INL
and ONLþOPL thicknesses are shown. C, D, The relationships between the MDRF progression rate and the progression rates for the mean INL and
ONLþOPL thicknesses are shown.
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women), we examined the relationships between the pro-
gression rate for MDRF and the progression rates for the
mean INL and ONLþOPL thicknesses. The mean follow-up
period was 8.8 � 2.5 months, and the progression rates for
MDRF, the mean INL thickness, and the mean ONLþOPL
thickness were 1.1 � 1.1, 0.5 � 0.7, and 0.3 � 1.2 mm/
month, respectively. The progression rate for MDRF
significantly correlated with the progression rate for the
mean INL thickness (r ¼ 0.770, P < 0.001). On the other
hand, there was no significant correlation between the pro-
gression rate for MDRF and the progression rate for the
mean ONLþOPL thickness (r ¼ �0.134, P ¼ 0.464;
Fig 4C, D).

Relationship Between MDRF Localization and
the INL Thickness in Each Region of the ETDRS
Chart

The relationship between MDRF localization and the INL
thickness at 1000 mm away from the fovea in each region of
the ETDRS chart was examined for 166 eyes of 163 patients
with ERM (mean age: 69.3 � 7.8 years, 77 men and 86
women). The results showed that MDRF was localized in
the superior, inferior, nasal, and temporal regions of the
ETDRS chart in 48, 46, 34, and 32 eyes, respectively. In 6
eyes, MDRF was located in the central area of the ETDRS
chart (i.e., within a 1-mm-diameter circle centered on the
fovea). In cases where MDRF was localized in the superior,
inferior, and nasal areas, the area where MDRF was local-
ized coincided with the area with the thickest INL
(Fig 5AeC). In cases with MDRF localized in the temporal
6

area, the INL thickness in the temporal area (71.9 � 18.0
mm) was significantly greater than that in the nasal and
inferior areas (56.0 � 18.2 mm and 54.6 � 20.1 mm,
respectively; P < 0.05 for both) and tended to be greater
than the INL thickness in the superior area (62.9 � 28.2
mm; P ¼ 0.051; Fig 5D).

The relationship between MDRF and the INL thickness
in each region of the ETDRS chart was examined (Table 3).
The MDRF showed a significant correlation with the INL
thickness in areas where MDRF was localized as well as
other areas. The strongest correlation between MDRF and
the INL thickness was observed in areas where MDRF
was localized, with the exception of the temporal area
(Table 3). On the other hand, there was no significant
correlation between the localization of MDRF and the
ONLþOPL thickness in areas where MDRF was localized
(Fig S6 and Table S4).
Relationship Between MDRF and Expression of
a-SMA in ERM

We performed real-time reverse transcription polymerase
chain reaction using ERM specimens collected from 21 eyes
(mean age: 70.5 � 5.9, 11 men and 10 women). The results
showed that the relative expression of a-SMA significantly
correlated with MDRF (r ¼ 0.555, P ¼ 0.009; Fig 7A). This
result was consistent with the results of
immunohistochemical staining of ERM with a-SMA
antibodies. The results of staining in 2 representative cases
are shown in Figure 7B.



Figure 5. Comparisons of the inner nuclear layer (INL) thickness in each area after stratification of cases according to localization of the maximum depth of
retinal folds (A, superior, B, inferior, C, nasal, and D, temporal) among patients with epiretinal membrane. *P < 0.05; N.S. ¼ not significant.

Table 3. Correlations Between the Maximum Depth of Retinal
Folds and Retinal Microstructure in Patients With Epiretinal

Membrane

Localization
of the Deepest
Retinal Fold

INL Thickness

Superior Inferior Nasal Temporal

Superior r ¼ 0.671 r ¼ 0.336 r ¼ 0.457 r ¼ 0.451
P < 0.001 P ¼ 0.019 P ¼ 0.001 P ¼ 0.001

Inferior r ¼ 0.428 r ¼ 0.598 r ¼ 0.362 r ¼ 0.389
P ¼ 0.003 P < 0.001 P ¼ 0.013 P ¼ 0.008

Nasal r ¼ 0.431 r ¼ 0.427 r ¼ 0.737 r ¼ 0.266
P ¼ 0.011 P ¼ 0.012 P < 0.001 P ¼ 0.128

Temporal r ¼ 0.786 r ¼ 0.653 r ¼ 0.606 r ¼ 0.678
P < 0.001 P < 0.001 P < 0.001 P < 0.001

INL ¼ inner nuclear layer.
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Discussion

In this study, we found that electrophysiological dysfunction
and structural changes in the inner retinal layer occur in
ERM patients in a traction force-dependent manner. The
following 3 results support this conclusion. First, MDRF,
which is the biomarker for the retinal traction force due to
ERM, was correlated with the degree of electrophysiological
dysfunction of the inner retina. Second, the degree, locali-
zation, and progression rate of MDRF were correlated with
the degree of thickening, localization, and progression rate
of INL. Third, MDRF was associated with the expression
level of a-SMA in surgically excised ERM specimens.

The results of our focal macular ERG study showed that
MDRF significantly correlated with the degree of impaired
ERG response of the inner retina. The amplitudes of both
7



Figure 7. Relationship between the maximum depth of retinal folds (MDRF) and a-smooth muscle actin (a-SMA) expression in surgically removed
epiretinal membrane (ERM) specimens. A, The relationship between MDRF and the relative expression of the a-SMA gene in ERM specimens is shown. B,
The results of immunohistochemical staining in 2 representative cases are shown. Scale bar: 50 mm. DAPI ¼ 4’,6-diamidino-2-phenylindole.
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b-waves and OPs significantly decreased in eyes with ERM,
as in previous reports.22e24 Several studies have suggested
that the b-wave originates mainly from the on-bipolar
cells,26e28 and the OPs originate from the amacrine
cells.29e31 Furthermore, MDRF was negatively and signif-
icantly correlated with the relative amplitudes of both b-
waves and OPs. Because MDRF is an objective and quan-
titative biomarker that reflects the severity of ERM-induced
retinal traction,12,16e20 these results indicate that ERM-
induced retinal traction preferentially impairs INL in a
retinal traction force-dependent manner.
8

Based on the focal macular ERG results, we focused on
the structural changes in the inner retinal layers, especially
INL, due to ERM traction. To date, it has been reported that
INL thickens in patients with ERM,6,7,13,14 and that the
degree of INL thickening is associated with the degree of
visual dysfunction, such as reduced visual acuity6,7,14 and
metamorphopsia.6,7,13 However, the relationship between
INL thickening and retinal traction force by ERM
remained unknown. In the present study, MDRF and its
localization on the ETDRS chart were significantly
associated with the degree of INL thickening (Figs 4A
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and 5) and its localization (Table 3). Furthermore, the
progression rate for MDRF in the natural course was
significantly correlated with the progression rate for the
INL thickness (Fig 4C). These results indicate that INL
thickening is induced by ERM in a retinal traction force-
dependent manner.

As opposed to the association with the inner retinal
thickness, the association between MDRF and changes in the
thickness of the outer retina, specifically ONLþOPL, was not
apparent in this study. Although a significant correlation
between MDRF and the ONLþOPL thickness was found
(Fig 4B), there were no significant correlations between the
progression rates for MDRF and the ONLþOPL thickness
over time and between the localization of MDRF and
ONLþOPL thickening (Table S4 and Fig 4D). These
results did not support the previous finding of ONLþOPL
thickening in ERM cases.6,7,13 Okamoto et al7 reported that
although metamorphopsia was associated with INL in
ERM, no association was found between metamorphopsia
and the ONLþOPL thickness. Considering the results of
this study and the study of Okamoto et al, the role of
changes in ONLþOPL in the pathogenesis of ERM and
the related visual disturbance may not be as important as
the role of changes in INL. Possible reasons for the
differences in the effects of ERM-related retinal traction be-
tween INL and ONLþOPL include the following: (1) dif-
ferences in the distance from the retinal surface to each retinal
layer and (2) differences in the cells that make up each layer
of the retina. Further analysis is needed to determine the
mechanism underlying the preferential effects of ERM-
related retinal traction on INL.

We found that MDRF correlated with the expression
level of a-SMA, 1 of the major factors causing contractility
of ERM, in surgically excised ERM specimens. The major
components of idiopathic ERM include glial cells,32,33

hyalocytes,32,34 and myofibroblasts.33 It is well known
that glial cells33 and hyalocytes34,35 transform into
myofibroblasts, which express a-SMA.33,36 We previously
reported that MDRF is a biomarker for estimating the
retinal traction force due to ERM based on the physical
properties of membranous structures under compressive
stress.37e39 However, the molecular background of the
relationship between MDRF and the retinal traction force
due to ERM is unknown.12,16e20 The present study showed
that MDRF correlates with the expression level of a-SMA
in ERM, thus supporting the validity of MDRF as an indi-
cator of the retinal traction force due to ERM from a mo-
lecular perspective. In the future, it will be necessary to
investigate the relationship between MDRF and the
expression of other factors involved in ERM contractility,
such as tumor growth factor-b2 and other cytokines.33,35,36

The limitations of this study include its retrospective
nature, the small sample size, and the relatively short
follow-up period. Furthermore, we did not examine the re-
lationships between MDRF and ERM symptoms other than
metamorphopsia, such as aniseikonia and contrast sensi-
tivity.5,10,40 Moreover, factors other than MDRF, such as
retinal fold parameters (ie, the number, location, and
duration of folds), components of ERM, and physical
properties of the retina owing to the patient’s age, may be
involved in the visual impairment caused by ERM.
Therefore, further investigation is needed.

In conclusion, this study demonstrated that MDRF was
significantly correlated with a decline in the electrophysio-
logical function of the inner retinal layer, thickening of INL,
and expression of a-SMA in eyes with ERM. These results
suggest that ERM preferentially impairs the inner retinal
layer in a retinal traction force-dependent manner.
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