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Objective: To investigate cellular-level morphological alterations in the retinal neuroglia in eyes with epiretinal
membrane (ERM).

Design: Prospective cross-sectional, observational study (November 2020eMay 2022).
Subjects and Controls: We included 41 eyes with unilateral idiopathic ERM and 33 healthy eyes of healthy

volunteers.
Methods: We examined the foveal microstructures in all eyes using adaptive optics OCT (AO-OCT) with axial

and lateral resolutions of 3.4 and 3.0 mm, respectively. Adaptive optics OCT images were acquired for a 2.5�
(728 mm) area at the foveal center.

Main Outcome Measures: Foveal microstructures on AO-OCT images, best-corrected visual acuity (BCVA)
in logarithm of the minimum angle of resolution units, and associations between these parameters.

Results: Adaptive optics OCT imaging of healthy eyes and eyes with ERM revealed sharp hyperreflective
lines of the external limiting membrane (ELM), accompanied by hyporeflective gaps, individual nuclei of the foveal
cone photoreceptors, and Müller cell bodies. The arrangement of Müller cell bodies was more vertical in eyes with
ERM than in normal eyes. Epiretinal membranes adhered to foveal Müller cells via the internal limiting membrane
(ILM), exerting vertical traction that pulled the foveal cones anteriorly. Adaptive optics OCT also enabled visu-
alization of outer segment (OS) discs. Hyperreflective changes in the OS discs were observed beneath the
vertically thickened ellipsoid zone (EZ) in 15 eyes (36.6%) with ERM. For eyes with ERM, multiple regression
analysis showed that the length from ILM to the inner border of the outer nuclear layer and the EZ thickness were
significantly associated with BCVA (b ¼ 5.3 � 10-4 and 82.7 � 10-4, respectively), with associated 95% confi-
dence intervals of 1.3 � 10-4 to 9.3 � 10-4 (P ¼ 0.011) and 39.0 � 10-4 to 126.5 � 10-4 (P < 0.001), respectively.
The EZ thickness was significantly and positively associated with the length from ELM to the retinal pigment
epithelium (b ¼ 23.9 � 10-2, 95% confidence interval: 4.8 � 10-2 to 42.9 � 10-2; P ¼ 0.015).

Conclusions: Cellular imaging of retinal neuroglia by AO-OCT may suggest possible mechanisms associated
with visual impairment in patients with ERM, which could potentially contribute to the growing body of knowledge
on its pathophysiology. However, these insights require further validation through extensive studies to fully
ascertain their significance.
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Epiretinal membrane (ERM) is a common macular disease elevation of the photoreceptor outer segment (OS) at the

with a high-prevalence in middle-aged and elderly in-
dividuals.1,2 When macular ERM thickens and distorts the
retina, it can cause impaired visual acuity (VA) and
metamorphopsia, which often requires macular surgery.
When retinal morphological changes are mild, the visual
prognosis is good, however, when they are severe, there is
limited improvement in vision, even after vitrectomy.3

Before observations of the “cotton ball sign”4 and
“bouquet sign”5 using spectral domain (SD)-OCT were
reported, Dupas et al6 and Pison et al7 described foveal
ª 2023 by the American Academy of Ophthalmology
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center of the fovea, which resulted in a foveal yellow spot.
They also discussed the role of centripetal contraction of
the photoreceptors triggered by contraction of cystoid
macular edema, a hypothesis reinforced by the frequent
occurrence of micropsias. These findings, together with the
signs we observed using SD-OCT,4e7 contribute to a
comprehensive understanding of the changes in the photo-
receptor layers in patients with ERM. However, given the
limited resolution of SD-OCT, microstructural changes at the
cellular level and the complete mechanism by which ERM
1https://doi.org/10.1016/j.xops.2023.100362
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impairs the photoreceptors in the outer retina remain to be
elucidated.

Adaptive optics (AO) has been studied as a strategy for
increasing the resolution and contrast in fundus imaging. In
a study using AO-scanning laser ophthalmoscopy (SLO),
“microfolds” (multiple thin, straight, hyporeflective lines in
the photoreceptor layer) were identified in patients with
ERM.8 However, the 3-dimensional association between
ERM and cone photoreceptors cannot be observed because
AO-SLO allows observation in a plane parallel to the retina.

Recently, we applied the AO system to OCT imaging and
succeeded in visualizing individual photoreceptor nuclei and
Müller cells in the human macula. Müller cells are major
retinal glia in the human macula, located between the in-
ternal limiting membrane (ILM) and external limiting
membrane (ELM).9 The aim of the present study was to
examine the microstructural changes in the retinal
neuroglia using AO-OCT in order to understand the mech-
anism by which ERM on the retinal surface damages cone
photoreceptors in the outer retina.
Methods

Participants

This prospective, cross-sectional, observational study adhered to
the tenets of the Declaration of Helsinki. The institutional review
board and ethics committee of Kyoto University Graduate School
of Medicine (Kyoto, Japan) approved the study. Written informed
Figure 2. Foveal microstructures in a healthy eye examined by adaptive optics (
sectioned areas (728 mm) for spectral domain (SD)-OCT and AO-OCT (show
arrow shown in A. The image shows four hyperreflective bands in the outer ret
interdigitation zone (IZ), and retinal pigment epithelium (RPE) bands. Single
fovea along the arrow shown in A. Granules representing the inner segment (IS
bands are visible. D, A magnified AO-OCT image of the outer retina surrounde
horizontal line accompanying low reflective gaps at intervals (arrows). EZ is also
spindle-shaped granules. The hyperreflective band is somewhat irregularly straigh
E,An AO-OCT image adjusted with gamma correction to enhance EZ visibility
to emphasize the EZ, making the long, spindle-shaped, hyperreflective clusters t
performed using the open-source software, ImageJ/FIJI, released on May 30, 20
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consent was obtained from each patient and healthy volunteer prior
to any study procedure or examination.

We included 41 eyes of 41 patients (23 men and 18 women)
with unilateral idiopathic ERM who visited Kyoto University
Hospital between November 2020 and May 2022, in addition to 33
healthy eyes of 33 volunteers (15 men and 18 women) with no
history or evidence of systemic or macular diseases, in this study.
The diagnosis of idiopathic ERM was based on the presence of
fibrocellular tissue at the vitreoretinal interface on SD-OCT
(Spectralis HRA þ OCT, Heidelberg Engineering) images. The
axial and lateral optical resolutions of SD-OCT were 7 and 14 mm,
respectively.

We excluded eyes with macular pucker, tractional and degen-
erative lamellar holes, visually significant cataract, or any potential
cause of vision loss other than ERM. Moreover, we excluded eyes
with ocular diseases such as keratoconus, high myopia (more se-
vere than �6 diopters), high astigmatism (more severe than � 3
diopters) as well as those with poor-quality AO-OCT images
caused by eye movement or media opacities.
AO-OCT Imaging Protocol

We developed an imaging system (Canon Inc) that could simul-
taneously capture AO-OCT and SLO images. Correction of the
aberrations in the AO system achieved axial and lateral resolutions
of 3.4 and 3.0 mm, respectively. Adaptive optics OCT images were
acquired for a 2.5� (728 mm) area at the center of the fovea
(Figure S1, available at www.ophthalmologyscience.org/). The
AO-OCT images were scanned for 15 second per retinal area at
a rate of 45 frames/s, following which they were averaged using
built-in software.
AO)-OCT. A, A color fundus photograph. The arrow shows the vertically
n in B and C, respectively). B, An SD-OCT image of the fovea along the
ina; these are the external limiting membrane (ELM), ellipsoid zone (EZ),
retinal neuroglial cells cannot be observed. C, An AO-OCT image of the
) and each outer segment (OS) disc in addition to the four hyperreflective
d by the dotted square in C. ELM is delineated as a sharp, hyperreflective,
depicted as a horizontal hyperreflective band formed with clusters of long,
t compared to the ELM line. In the OS area, each disc is stacked vertically.
in the AO-OCT image. Using a gamma value of 8.5, the image was adjusted
hat compose the EZ band more clearly visible. This correction process was
17.
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Figure 3. Vertical adaptive optics (AO)-OCT sections. A, A vertical AO-OCT image of the fovea of a healthy participant. B, A magnified AO-OCT
image of the retinal area surrounded by the dotted square in A. Each cone nucleus can be observed in the outer nuclear layer (ONL) as a highly reflec-
tive dot. Müller cell bodies can be observed in ONL as obliquely arranged thin structures with low reflectivity. C, The AO-OCT image in B showing the
arrangement of Müller cells. The arrangement of Müller cells in ONL is shown by the orange areas. D, A vertical AO-OCT image of an eye with epiretinal
membrane (ERM). E, A magnified AO-OCT image of the retinal area surrounded by the dotted square in D. F, The AO-OCT image in E showing the
arrangement of Müller cells. The arrangement of Müller cells in ONL is shown by the orange areas. The Müller cell bodies are arranged more vertically than
those in the healthy eye.
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Evaluations of the AO-OCT Images

Adaptive optics OCT visualized Müller cell bodies as hypore-
flective thin structures in the retina between ILM and ELM
(Figures 2 and 3). We evaluated differences in the delineation of
structures between SD-OCT and AO-OCT. Using the AO-OCT
images, we also compared the cellular structures at the fovea be-
tween healthy eyes and eyes with ERM.

We used the AO-OCT images of the foveal center to quantify
various parameters, including the length from ILM to the retinal
pigment epithelium (RPE), length from ILM to ELM, outer nuclear
layer (ONL) thickness, ellipsoid zone (EZ) thickness, and length
from ELM to RPE (Figure S1). The ILM and ELM coordinates
were identified as the points of peak reflectivity for each
membrane (Figure S1). The inner border of ONL, inner and
outer borders of EZ, and inner border of RPE were defined as
the locations where the maximum and minimum reflectivities of
each structure were averaged (Figure S1). The ONL thickness
was determined as the distance between the inner border of ONL
and ELM, while the EZ thickness was assessed as the full-width
half-maximum of EZ (Figure S1). In instances where RPE
parameters were measured, we used the coordinate of the inner
border of RPE. For eyes with ERM, we examined the
association of the EZ thickness with the length from ELM to
RPE and the logarithm of the minimum angle of resolution
(logMAR) best-corrected VA (BCVA).

We applied a gamma correction process to our AO-OCT
images to enhance the visibility of the EZ (Figure 2E). This
process was performed with the following formula,
Intensity_out ¼ Intensity_in ^ (1/gamma). After normalizing
the pixel brightness within a range of 0.0 to 1.0, we applied
this formula to reduce the brightness in mid-intensity regions.
Consequently, this processing rendered structures other than the
EZ less visible, thus emphasizing the EZ. In this study, we used a
gamma value of 8.5 to adjust the extent of emphasis on different
structures within the image. This correction process was per-
formed using the open-source software, ImageJ/FIJI, released on
May 30, 2017.

Statistical Analysis

Statistical analyses were performed using JMP 16 software
(SAS Institute Inc). All values are presented as mean � standard
deviation. We converted the decimal BCVA measured using the
Landolt chart to logMAR units. Retinal parameters with a normal
distribution were compared between normal subjects and patients
with ERM using the t test. For comparisons of characteristics be-
tween healthy participants and patients with ERM and the analysis
of AO-OCT findings for healthy participants and patients with ERM,
a 2-sided test was utilized for statistical analyses. A P value of <
0.05 was considered statistically significant. We determined the as-
sociation of the EZ thickness with the length from ELM to RPE and
logMAR BCVA using the Pearson product-moment correlation
coefficient. To evaluate the association between each retinal thick-
ness parameter and BCVA, we performed multiple linear regression
analysis with a linear model, in which the logMAR BCVA was set
as the objective variable and the length from ILM to the inner border
of ONL, ONL thickness, EZ thickness, and length from ELM to
RPE were set as explanatory variables based on the confirmation that
there was no multicollinearity among these explanatory variables.
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Figure 4. Changes in the ellipsoid zone (EZ) thickness in four cases with epiretinal membrane. Cases 1 to 4 are shown from left to right. The Snellen visual
acuity was 20/20 for case 1 (left), 20/20 for case 2 (middle left), 20/25 for case 3 (middle right), and 20/40 for case 4 (right). AeD, Color fundus photographs
(CFP). EeL, Spectral domain (SD)-OCT images. The images in IeL are magnifications of the areas in the dotted squares in the SD-OCT images in EeH,
respectively.MeT, Adaptive optics (AO)-OCT images. The images in QeT are magnifications of the areas in the dotted squares in the AO-OCT images in
MeP, respectively. The EZ thickness is 18 mm for case 1, 30 mm for case 2, 39 mm for case 3, and 42 mm for case 4. In the SD-OCT image of case 4 (L), the
EZ line appears disrupted. In contrast, EZ is less reflective and vertically thickened on the AO-OCT image (T). ELM ¼ external limiting membrane; IZ ¼
interdigitation zone; RPE ¼ retinal pigment epithelium.
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Among the explanatory variables, continuous variables were stan-
dardized to a mean of 0 and a variance of 1.

Results

Table 1 shows the background characteristics of the study
participants. There were no significant differences in sex,
mean age, spherical equivalent, and axial length between
the healthy participants and patients with ERM (Table 1).

Spectral domain OCT images of healthy eyes showed 4
hyperreflective bands in the outer retina: ELM, EZ, inter-
digitate zone, and RPE. However, individual retinal neuro-
glial cells could not be distinguished (Figure 2). Adaptive
optics OCT images of both healthy eyes and eyes with
ERM clearly visualized ELM as a sharp hyperreflective line
accompanied by hyporeflective gaps at intervals (Figure 2).
4

Furthermore, they displayed each foveal cone nucleus in
ONL as a highly reflective dot and each Müller cell body as
a hyporeflective thin structure in the retina between ILM
and ELM (Figures 2 and 3). Müller cell bodies in healthy
eyes were arranged vertically at the foveola and diagonally
outside the foveola, whereas those in eyes with ERM were
arranged more vertically, even outside the foveola (Figure 3).

Ellipsoid zone was observed as a highly reflective band
on SD-OCT images. However, on AO-OCT images of
healthy eyes, each ellipsoid that made up the band was ar-
ranged in a single row or a few rows in the horizontal di-
rection (Figure 2). In eyes with ERM, ERM adhered to
foveal Müller cells via ILM and exerted vertical traction
that pulled the foveal cones toward the inner retina
(Figure 4). On SD-OCT images, the EZ band appeared
partially disrupted, whereas on AO-OCT images of the



Table 1. Characteristics of Healthy Participants and Patients with
Idiopathic ERM

Healthy
Participants

Patients
with ERM P Value

Number (men/
women)

33 (15/18) 41 (23/18) (0.36)*

Number, eyes 33 41 n.a.
Age, years 68.2 � 10.3 68.2 � 8.2 0.99**
Spherical equivalent,
diopter

�1.2 � 1.6 �0.9 � 1.4 0.44**

Axial length, mm 24.2 � 1.3 24.7 � 1.4 0.21**
logMAR visual acuity �0.05 � 0.07 0.06 � 0.13 < 0.001**
Snellen visual acuity,
range

20/20e20/13 20/50e20/13 n.a.

Intraocular pressure,
mmHg

13.6 � 2.5 13.7 � 1.8 0.86**

ERM ¼ epiretinal membrane; logMAR ¼ logarithm of the minimum angle
of resolution; n.a. ¼ not applicable.
The data are shown as mean � standard deviation unless otherwise
indicated.
*Sex differences between healthy participants and patients with idiopathic
ERM were assessed using the chi-square test.
**Systemic factors were compared between healthy participants and pa-
tients with idiopathic ERM using the t test for parameters with normal
distribution.
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corresponding area, the EZ band was not disrupted and
appeared vertically thickened (Figure 4).

The OS discs could not be delineated by SD-OCT;
however, they were delineated by AO-OCT in both
healthy eyes and eyes with ERM (Figures 2 and 3). In 15
(36.6%) eyes with ERM, the OS discs became more
hyperreflective immediately beneath the vertically
thickened EZ (Figure 4). The hyperreflective change in the
OS discs on AO-OCT images was occasionally accompa-
nied by the cotton ball sign, a hyperreflective finding in the
outer portion of the photoreceptor layers of fovea with
ERM, on SD-OCT images (Figure 4).

Table 2 shows the results of quantitative evaluations of the
foveal structures using AO-OCT. The whole retinal thick-
ness, length from ILM to the inner border of ONL, ONL
thickness, EZ thickness, and length from ELM to RPE were
significantly greater in eyes with ERM than in healthy eyes
(Table 2, Figure 3). Multiple regression analysis showed that
the length from ILM to the inner border of ONL and the EZ
thickness were significantly associated with the logMAR
BCVA (b ¼ 5.3 � 10-4, 82.7 � 10-4, respectively), with
associated 95% confidence intervals of 1.3 � 10-4 to
9.3 � 10-4 (P ¼ 0.011) and 39.0 � 10-4 to 126.5 � 10-4

(P < 0.001), respectively (Table 3). The EZ thickness was
significantly and positively associated with the length from
ELM to RPE (b ¼ 23.9 � 10-2, 95% confidence
interval ¼ 4.8 � 10-2 to 42.9 � 10-2, P ¼ 0.015).
Discussion

In the present study, we utilized AO-OCT to examine the
retinal microstructures in eyes with idiopathic ERM and
compared the findings with those for healthy eyes as well as
those of SD-OCT.

Idiopathic ERM is characterized by fibrotic proliferation
in the vitreous cortex,10,11 which can cause shrinkage due to
fibrotic remodeling.12 Previous studies using SD-OCT have
reported that the status of the foveal EZ is strongly associ-
ated with visual function in various macular diseases,
including ERM, and they have identified photoreceptor-
associated findings such as the cotton ball5 and bouquet
signs4 and acquired vitelliform lesions.13 These findings
suggest that ERM has a significant impact on foveal cones
in the outer retina; however, the underlying cellular
mechanisms are not fully understood.

The use of AO technology has enabled the observation of
retinal microstructures, which is not feasible with conven-
tional imaging.14,15 Adaptive optics SLO has been used to
identify microfolds in the photoreceptor layer in eyes with
ERM; however, these folds might simply be projections of
wrinkles in the inner retina onto the photoreceptor layer.
Recently, AO technology was also applied for OCT imag-
ing, and our previous study using AO-OCT revealed the
cellular structure of foveal cones and Müller cells, which
could not be delineated by SD-OCT, in healthy eyes.9 In the
present study, we utilized AO-OCT to examine the foveal
microstructures in eyes with ERM and found that Müller
cells could be visualized as hyporeflective, single cell bodies
penetrating ONL and the outer plexiform layer in both
healthy eyes and eyes with ERM (Figures 2 and 3). This
finding suggests that the difference in depth and lateral
resolution may explain the difference in the delineation of
retinal neuroglia between SD-OCT and AO-OCT.

Müller cells are primary retinal glial cells and are
involved in the maintenance of structural stability within the
retina.16 In addition, they play a critical role in the
maintenance of molecular homeostasis by degrading
neurotransmitters.16,17 Histologically, Müller cells at the
fovea run in a direction that is vertical to oblique, in
relation to the retinal plane, whereas those outside the
foveola pass through Henle’s fiber layer and travel in a
vertical to oblique direction and then in a vertical
direction, thus forming a Z-shape.18,19 Adaptive optics
OCT images of the healthy eyes in the present study
revealed that the alignment of Müller cells (Figure 3) was
similar to that observed in histological examination in a
previous study.19 However, Müller cells outside the
foveola were arranged more vertically in eyes with ERM
than in healthy eyes (Figure 3). The traction force of
ERM parallel to the retinal plane has been assessed by
analysis of the depth of serrated wrinkles,20 deviation of
retinal vessels,21 ectopic inner foveal layer,22 and reduced
size of the foveal avascular zone.23 These findings suggest
that afferent contraction at the retinal surface may alter the
horizontal alignment of foveal Müller cells. The AO-OCT
findings in the present study support the speculation based
on previous SD-OCT findings.20e23

In the present study, AO-OCT showed that ERM adhered
to the basement membrane of Müller cells (ILM) and ante-
riorly pulled the Müller cells and the photoreceptors that
contacted the deep edge of the Müller cells (Figures 3 and 4).
Histologically, the area from ELM to the deep edge of EZ is
5



Table 2. Findings of Adaptive Optics OCT for Healthy Participants and Patients with ERM

Healthy Participants Patients with ERM P Value

Whole retinal thickness (mm) 193.6 � 26.1 420.7 � 98.8 < 0.001*
Length from ILM to the inner edge of ONL (mm) 41.2 � 15.2 208.6 � 95.9 < 0.001*
ONL thickness (mm) 74.9 � 12.6 124.0 � 16.7 < 0.001*
EZ thickness (mm) 9.8 � 1.25 19.6 � 8.7 < 0.001*
Length from ELM to RPE (mm) 77.5 � 7.5 88.0 � 14.5 < 0.001*

ELM ¼ external limiting membrane; ERM ¼ epiretinal membrane; EZ ¼ ellipsoid zone; ILM ¼ internal limiting membrane; ONL ¼ outer nuclear layer;
RPE ¼ retinal pigment epithelium.
The data are shown as mean � standard deviation unless otherwise indicated.
*Each retinal thickness parameter was compared between healthy participants and patients with ERM using the t test for parameters with normal
distribution.
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the photoreceptor inner segment (IS).24 Although
interpretation of the OCT section that corresponds to the
IS/OS boundary remains debatable,25 recent research has
suggested that it represents the region inside IS that is rich
in mitochondria.24 On AO-OCT imaging, EZ in healthy
eyes appeared as a highly reflective band parallel to the
retinal plane, containing a single ellipsoid in the horizontal
direction (Figure 2). However, in some eyes with ERM, the
highly reflective area of the ellipsoid became broader
anteriorly (Figure 4 and Table 2), and the laterally adjacent
ellipsoids could not be distinguished as separate structures
(Figure 4).

In the present study, poor BCVA was associated with
vertical thickening of EZ and an increase in length from ILM
to the inner border of ONL (Table 3). In addition, vertical
thickening of EZ was positively associated with the
distance from ELM to RPE (Table 4). Müller cells attach
to the photoreceptor IS via tight junctions.26e28 The associ-
ations observed in the present study suggest that morpho-
logical changes in the foveal cone and Müller cells are
closely linked to the dysfunction of cone photoreceptors.
Müller cells might exert traction on the cone IS and poten-
tially alter the distribution or dynamics of mitochondria in-
side IS.29 We consider AO-OCT to be the imaging modality
that can facilitate noninvasive visualization of mitochondria
in vivo, with the photoreceptor IS being the rare location in
the human body where this could be possible.

The area between EZ and interdigitate zone on OCT is
consistent with the area of OS discs, which are rich in visual
Table 3. Multiple Regression Analyses to Determine the Association b
and the Best-Corrected Visual Acuity (Logarithm

b (310
(95% Confiden

Length from ILM to the inner edge of ONL (mm) 5.3 (1.3e
ONL thickness (mm) �9.4 (�32.
EZ thickness (mm) 82.7 (39.0e
Length from ELM to RPE (mm) �8.4 (�35.

The data are shown as mean � standard deviation unless otherwise indicated.
ELM ¼ external limiting membrane; EZ ¼ ellipsoid zone; ILM ¼ internal l
epithelium.
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pigments, on histological sections.30,31 In the present study,
AO-OCT also allowed evaluation of the cone OS
(Figures 2e4). In healthy eyes, the OS area could be
observed as a stack of moderately hyperreflective discs,
perpendicular to the retinal plane. In 36.6% eyes with ERM,
the OS discs were more hyperreflective just beneath the
vertically thickened EZ (Figure 4); this could indicate that
the damage to the foveal cones was affected by identical
Müller cells. The hyperreflective change in the OS discs
on AO-OCT was occasionally accompanied by the cotton
ball sign on SD-OCT; this suggests that the cotton ball sign
is partially common to hyperreflective OS discs. However,
the cotton ball sign was sometimes not evident in the area
with the hyperreflective change in the OS discs (Figure 4).
We speculate that the hyperreflective change in the OS
discs is an indication of stress on the cone photoreceptors
even before appearance of the cotton ball sign; thus, it has
potential as a novel early biomarker of cone photoreceptor
damage in eyes with ERM.

This study has several limitations. First, the analysis was
purely cross-sectional, thus limiting our understanding of
the longitudinal effects of ERM on retinal neuroglia based
on AO-OCT data. In addition, our focus was on the cone
cells in ONL and Müller cells; this may have caused us to
overlook the potential visibility and relevance of bipolar and
ganglion cells. Second, postoperative changes in the retinal
structures remain unclear. This lack of clarity extends to the
identification of Müller cells, which was based on estab-
lished literature and the known anatomy and orientation of
etween Retinal Structures Examined using Adaptive Optics OCT
of the Minimum Angle of Resolution Units)

-4)
ce Interval)

Standard b (310-2)
(95% Confidence Interval) P Value

9.3) 39.4 (9.5e68.2) 0.011
2e13.3) �12.1 (�41.2e17.0) 0.40
126.5) 55.4 (26.1e84.7) < 0.001
5e18.7) �9.3 (�39.4e20.8) 0.54

imiting membrane; ONL ¼ outer nuclear layer; RPE ¼ retinal pigment



Table 4. Multiple Regression Analyses to Determine the Association between Retinal Structures Examined using Adaptive Optics OCT
and the Ellipsoid Zone Thickness

b (310-2)
(95% Confidence Interval)

Standard b (310-2)
(95% Confidence Interval) P Value

Length from ILM to the inner edge of ONL (mm) 0.4 (�2.6e3.5) �4.6 (�28.7e38.0) 0.78
ONL thickness (mm) 15.7 (�0.8e32.2) 30.0 (�1.6e61.6) 0.062
Length from ELM to RPE (mm) 23.9 (4.8e42.9) 39.6 (8.0e71.2) 0.015

The data are shown as mean � standard deviation unless otherwise indicated.
ELM ¼ external limiting membrane; ILM ¼ internal limiting membrane; ONL ¼ outer nuclear layer, RPE ¼ retinal pigment epithelium.
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these cells within the retina. Given their long, radial orien-
tation spanning the full thickness of the retina, we are
confident about our interpretation. However, we acknowl-
edge that AO-OCT may not definitively distinguish between
Müller cells and other retinal structures. Last, while Govetto
et al suggested that acquired vitelliform lesions might follow
the bouquet sign,4 this hypothesis could not be confirmed in
our study because we did not observe any patients with
acquired vitelliform lesions. This also means that we
could not confirm the hypothesized role of the bouquet
sign in the development of these lesions.

Conclusions

While AO-OCT provided remarkably detailed observations
of retinal changes in ERM, the clinical significance of these
findings requires further study. It should be noted that in
similar cases, Pison et al found that preoperative VA was
lower in cases with EZ elevation,7 whereas there was no
difference in the postoperative results. This underscores
the need for future investigations to evaluate the
correlation between these detailed AO-OCT observations
and both preoperative and postoperative VA. We posit that
the vertical thickening of the foveal EZ could serve as an
early biomarker of mitochondrial damage in cone photo-
receptors. However, to confirm our findings and explore
their potential clinical implications, studies comparing pre
and postoperative AO-OCT findings and investigating the
natural history of the disease are warranted. Furthermore,
comparison of AO-OCT and histological findings in animal
models of ERM would provide valuable additional
insights.
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