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Summary

The removal of epiretinal membranes determines thickness changes in all retinal
layers causing the re-distribution of forces of the entire retinal architecture and marked
tangential displacement. Both thickness changes and en-face deformation correlated with

visual function.

Abstract

Purpose: To study visual function, retinal layer thickness changes and tangential
displacement after Pars Plana Vitrectomy (PPV) for EpiRetinal Membrane (ERM).

Methods: Retrospective series of patients undergoing PPV for ERM, with 6-month
follow-up including best-corrected visual acuity (BCVA), Optical Coherence Tomography
(OCT), M-charts, ERM grading, and InfraRed fundus photo at time 0 (TO, pre-op) at month
1 (T1), 3 (T3), 6 (T6) post-op (1 week). Retinal layer thickness and tangential (en-face)
retinal displacement between successive times for the entire retinal surface and the central
horizontal and vertical meridian were also measured. En-face displacement was calculated
as optical flow of consecutive images.

Results: Average BCVA improved from 0.28+0.08 logMAR at TO to 0.16+0.25 at T6
(p=0.05), BCVA improvement correlated with BVCA at TO (p<0.001). Vertical
metamorphopsia decreased from 1.33°£0.70° at TO to 0.82°1£0.69° at T6 (p<0.05). Foveal
thickness reduced from 453+53um at TO to 359+31um at T6 (p<0.05) and reduction
correlated with BCVA improvement (p<0.05). Foveal layers decreased (p<0.05) in all

cases. Mean en-face deformation was 155.82+50.17um and mostly occurred in the first
month: TO-T1 displacement was 83.59+30.28um, T1-T3 was 36.28+14.45um, while T3-T6
was 39.111£22.79um (p<0.001) on average. Peri-foveal and parafoveal deformation

correlated with OCT foveal thickness reduction at all time intervals (1, 3, 6 months:
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p<0.01).

Conclusion: ERM peeling affects all retinal layer thickness and results in new force
balance across the entire retina and tangential displacement. Both en-face and in-depth
changes correlate with visual function.

Keywords: Metamorphopsia; Epiretinal Membrane, Macular Pucker; Retinal Layer

Introduction

Idiopathic Macular Pucker is a pathologic condition due to the anomalous or
incomplete posterior vitreous detachment leaving posterior hyaloid remnants adherent to
the retinal surface®, more accurately referred to as idiopathic EpiRetinal Membranes
(ERMs). The subsequent contraction of adherent vitreous may exert tangential traction
over the inner and outer retina, causing irregular retinal displacement, macular thickening,
and visual disturbance?.

Metamorphopsia defined as the deformation of visual perception ® and the
deterioration of visual acuity are the functional hallmarks of symptomatic ERMs and may
impact on patients’ quality of life* prompting surgical removal.

Metamorphopsia has been ascribed to the degree of retinal layer disorganization and
the misalignment of retinal layers causing Muller cells bending in EMRs® °, diabetic
macular oedema’ and retinal vein occlusion®; however, the precise attribution of visual
symptoms to anatomic changes remains elusive.

Pars Plana Vitrectomy (PPV) with ERM peeling may reduce the retinal deformation,
decrease metamorphopsia and improve visual acuityg. The mechanism underlying the
reduction of metamorphopsia, and the recovery of vision has not yet been fully elucidated;
however, it has been associated to cellular function recovery and microarchitectural

changes™®.
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Purpose of present study is to evaluate retinal layers thickness changes and in-plane
(“en-face”) displacement after PPV and their association with visual function: visual acuity

and metamorphopsia.

Materials and Methods

Study participants

We retrospectively analysed all patients undergoing PPV and peeling for idiopathic

11 12 \vith a disease

ERM affecting the fovea classified as stage 2-3 according to Govetto
duration <3 years. All patients received surgery at the IRCCS Bietti Foundation between
January and June 2022 and had been operated by a single surgeon. Diagnosis was
confirmed by ophthalmoscopic examination and Spectral Domain Optical Coherence
Tomography (SD-OCT). The study was conducted at the Ophthalmology Department of
the Bietti Foundation between January and November 2022.

Exclusion criteria were as follows: 1) history of ocular and specifically macular
disorders including age-related macular degeneration, retinal vascular occlusions, retinal
detachment, trauma, high- myopia (ocular axial length >26.00 mm), and uveitis; 2) history
of systemic diseases, including hypertension and diabetes; 3) poor imaging quality due to
media opacity; 4) incomplete chart or records.

Seventeen patients (10 females and 7 males) met inclusion criteria and received
complete ophthalmologic assessment, patent and manifest refraction, Best Corrected
Visual Acuity (BCVA) using Early Treatment Diabetic Retinopathy Study (ETDRS) acuity
charts and Snellen visual acuity converted to the logarithm of Minimum Angle of
Resolution (logMAR) units for statistical purposes and indirect ophthalmoscopy. The

degree of horizontal and vertical metamorphopsia was assessed via M-CHARTS (Inami,

Co, Tokyo, JAPAN)®; retinal sensitivity was obtained with microperimetry, and SD-OCT

Copyright © 2023 The Author(s). Published by Wolters Kluwer Health, Inc. on behalf of the
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scan was also performed. All included patients had the above information available at time
0 (pre-op), time 1, 3, 6 months (7 days) after surgery.

All patients provided written informed consent, the study adhered to the tenets of the
Declaration of Helsinki and received approval of the local Ethics Committee (ERMLABO1

N° 77/18/FB).

Surgical procedure

All patients underwent a standard 25-gauge 3-port PPV with ERM and Internal
Limiting Membrane (ILM) peeling with single Brilliant Blue G staining (Kemin

Pharmaceutica Unipessoal, LTDA, Des Moines, |A).

Optical coherence tomography image acquisition

Spectral domain OCT (Spectralis HRA-OCT, version 1.5.12.0; Heidelberg
Engineering, Heidelberg, Germany) images were acquired using the horizontal SD-OCT
cross-section (an average of 25-30 frames for each B-scan was used to improve image
quality as elsewhere reported'®). Baseline acquisitions were taken before surgery (T0)
and repeated with follow-up function was set at 1 month (T1), 3 months (T3) and 6 months
(T6) post-surgery. Prior to data assessment, the extract centration and location of the OCT
scan was checked and if needed manually corrected. The segmentation of the retina was
obtained using automatic built-in software and all SD-OCT scans were segmented into
four layers as described in*®. Due to the pathologic changes induced by the ERM itself, the
inner retinal layers appeared at times indistinguishable in OCT images. For this reason, we
cumulatively defined as “Inner Retina” (IR), the most inner layer comprising the internal
limiting membrane the retinal nerve fiber layer (ILM+RNFL), the ganglion cell layer (GCL)

and inner plexiform layer (IPL) (IRL=ILM+RNFL+GCL+IPL). The central 1mm foveal

Copyright © 2023 The Author(s). Published by Wolters Kluwer Health, Inc. on behalf of the
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thickness, inner nuclear layer (INL), outer plexiform layer (OPL), and outer nuclear layer
(ONL) remained always distinguishable in OCT and were therefore analysed as such.

Retinal layer thickness considered in the analysis were also divided by EDTRS
sectors: foveal central 1mm, superior, temporal, inferior and nasal. Concentric circles
indicated the foveolar region (radius 0.5 mm), perifoveal (radius 1.5 mm) and parafoveal
(radius 3 mm).

Measurements of the retinal en-face deformation

En-face dislocation was measured by comparing couples of successive images taken
at baseline and (month 0), and after 1, 3, and 6 months. Thus, we present and discuss the
deformation during the first month after surgery (T0-T1), the successive two months (T1-
T3) and the additional 3 months (T3-T6). Displacements between consecutive images
were computed on a regular grid (36x36 nodes) using the Farneback two-frame motion
estimation method*® which is based on the idea of comparing the neighbourhoods of
corresponding nodes on the two images to find the translation between them. Preliminarily,
the grey levels of the images were inverted and pre-processed to obtain a uniform
enhancement of the details over the single image and between images. Small image
portions were independently analysed, and the contrast was locally modified to obtain a
uniformly flat intensity histogram. Then, each couple of images was corrected for a rigid
roto-translation to discard the differences due to the different orientation and centration of
the two analyses and thus obtain two perfectly aligned images. At that aim i) the map of
the two-component displacements was computed by the Farneback algorithm; ii) the roto-
translation minimizing the Sum of the Square Differences (SSD) of the 36x36 calculated
displacements was found; iii) the roto-translation was applied to the second image to
subtract the misalignment between them; iv) the above procedure (consisting of steps ii

and iii) was iterated until convergence (i.e. when SSD varied less than 3% between two
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consecutive iterations). After the roto-translation removal, the retinal deformation was
obtained on the same grid by using again the displacement detection algorithm. The small
marginal non-overlapping regions at the borders of the images were excluded from the
latter step.

We analysed the results (shown as vector fields) both over the whole image and in
the regions of interest shown in figure 1: the circular region 0.5mm in radius, (hereafter
referred to as “central”); two circular crowns with the same centre and radius ranging from
0.5 mm to 1.5 mm (“perifoveal”’) and from 1.5 up to 3mm (“parafoveal”); the 1 mm wide
region adjacent to a horizontal and a vertical line crossing on the foveola (horizontal and
vertical meridian, respectively). In order the let the reader visually perceive the changes, in
figure 1, as well in the following figures, we superimposed the two analysed images using
pseudo-colours: the first image is red, while the second is green. Thus, red represent
details that were present only in the first image while green represents details present only
in the second image. Details present in both images (indicating that no changes occurred
during the considered time) results yellow (i.e. red+green).

The two components (Dx, horizontal and Dy, vertical) of the displacement are

obtained in microns and the statistics such as mean values are computed using the

displacement magnitude of the vectors D = \/Dx? + Dy? included in the region of interest

(the whole image or one of the above mentioned).

Main Outcome Measures

Main study outcome measures included BCVA, M-Charts Grading, microperimetric
retinal sensitivity, retinal layers thickness, overall foveal thickness, mean en face

displacement and the correlation between functional and anatomic changes.

Copyright © 2023 The Author(s). Published by Wolters Kluwer Health, Inc. on behalf of the
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Statistical Analysis

The Analysis of Variance (ANOVA) with t-test and t-test for repeated measures
applied to numerical variables were used to assess changes at different time-points.
Bivariate Pearson’s r correlation coefficient was applied for continuous variables, while
Spearman’s rho and Kendall’'s Tau were used for the assessment of ordinal variables such
as ERM classification grades. Shapiro-Wilk test was employed for the Gaussian
distribution of data.

In all cases p values < 0.05 were considered statistically significant.

Results

Visual acuity and metamorphopsia

Sample population included 17 patients (7 males and 10 females); mean age was
74.817.9 years with no significant difference between sexes. Average BCVA significantly
improved from 0.28 + 0.08 logMAR at TO to 0.16 + 0.25 at T6 months (0.49 to 0.68
Snellen; p<0.05) and BCVA improvement correlated to BVCA at TO (p<0.001; table 1).

Horizontal metamorphopsia did not change significantly (0.91° + 0.70° at TO Vs 0.78°
+ 0.56° at 6 months; n.s.), while vertical metamorphopsia decreased during the study

follow-up (1.33° £ 0.70° at TO versus 0.82° £ 0.69° at T6; p<0.05).

Retinal layer thickness changes

The overall foveal thickness reduced from 453 + 53 at TO to 359 + 31 microns at T6
months and the amount of thickness reduction correlated with BCVA improvement
(p<0.05). Most of the foveal thinning was due to the Inner Retinal Layer thickness
reduction which significantly decreased in each considered ETDRS sector (p<0.05 in all

cases; fig. 2). Thickness reduction correlated with ERM grading (p<0.016).

Copyright © 2023 The Author(s). Published by Wolters Kluwer Health, Inc. on behalf of the
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All other deeper retinal layers showed only sectorial significant thinning reported in
figure 3: the INL and OPL of the central foveolar, superior, and temporal subfield sectors
reduced their thickness at the INL and OPL thickness decreased (p<0.05) while only the
ONL thickness of the central foveolar subfield significantly decreased during the study

(p<0.05; fig. 3).

Retinal en-face displacement

En-face displacement magnitude, averaged over the entire central field and the 6-
months follow-up was 155.82 + 50.17 um. Displacement mostly occurred during the first
month post-surgery: mean displacement was 83.59 + 30.28 um between TO-T1 vs 36.28 +
14.45 um between T1-T3 (p<0.001) and 39.11 £ 22.79 um between T3-T6 (not significant;
Table 2). All considered concentric regions underwent a significantly higher displacement
within the first month (p<0.05 for all) and displacement increased with eccentricity, as the
annular ring with radius ranging from 1.5 mm to 3 mm suffered a higher average

displacement compared to the fovea in the first 3 months (table 2; p<0.01 in all cases).

The en-face deformation along the “central cross” was 36 + 13 um across the

horizontal and 41 + 14 um across the vertical meridian, the difference being not statistically

significant.

Peri- and para-foveal deformation correlated with SD-OCT foveal thickness reduction
at all time intervals (TO-T1, T1-T3, T3-T6; p<0.01 for all). Both overall foveal and IRL

thinning strongly correlated with the en-face displacement (p<0.01 for both).

En-face displacement did not correlate with BCVA or microperimetric retinal
sensitivity. The displacement along the vertical line correlated with the improvement in

horizontal metamorphopsia (p<0.028). The distribution of en-face displacement compared

Copyright © 2023 The Author(s). Published by Wolters Kluwer Health, Inc. on behalf of the
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to visual acuity changes, followed a Gaussian normal distribution (p<0.05; fig. 4). En-face
displacement also correlated with deeper layers thickness decrease such as INL central

(p=0.007), INL perifoveal nasal (p=0.011), ONL central (p=0.012).

Epiretinal membranes classification correlated with the overall tangential deformation
(p=0.019), vertical and horizontal retinal deformation (p<0.01 for both).

BCVA at TO correlated with the perifoveal (p=0.036) and parafoveal (p=0.04) en-face
deformation in T3-T6. M-Charts scoring change between any given time-point does not
correlate either with BCVA improvement, retinal thickness changes or en-face retinal

deformation over the whole investigation region.

Discussion

Pars plana vitrectomy with ERM peeling can stop disease progression and improve
vision and metamorphopsia;'’ however, the underlying ultrastructural mechanisms remain
poorly understood®.

Our data confirm that ERM is a full-thickness disease and peeling impacts the whole
retina, affecting both inner and outer layers (fig. 3); likewise, the degree of retinal
disruption graded by the ERM classification' correlated with en-face displacement and
post-operative thickness reduction at all levels.

Peeling manoeuvres released the internal tensions of the tissue thus modifying the
post-operative retinal structure three-dimensionally, a process more pronounced in the first
30 days but spanning over the entire 6-months of follow-up time (fig. 5). It should be
emphasized that the new equilibrium causes the post-operative displacement along the 3
axis and does not necessarily (and teleologically) imply either anatomical or functional

restoration, as shown in figure 6, where despite 100 um of post-operative foveal thinning
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(fig. 6d), metamorphopsias increased between T3 and T6 while BCVA remained
unchanged (fig. 6e).

Interestingly, an average 93 um loss of foveal thickness, resulted in 148 um of
average en-face displacement (table 2), unevenly distributed over the retinal surface and
more pronounced at the parafoveal level (165 um), compared to the fovea (104 um). Chen

and coll. *°

, demonstrated that vessels contribute significantly to retinal stiffness and “[...]
vessel size is the only determining factor that governs the anisotropic and inhomogeneous
characteristics of the retina”.

While the functional benefit of ILM peeling performed in our series, compared to ERM
stripping alone, remains uncertain®, from the mechanical standpoint ILM removal is very
likely to trigger significant retinal adjustments since the ILM is a stiff structure * whose
properties change after peeling and also with staining®. A recent meta-analysis reported a
significantly thicker post-operative fovea in patients undergoing ILM peeling compared to
ERM peeling alone %.

The retinal vessels, therefore, represent a true “backbone” responsible for en-face
displacement that could be exacerbated by ILM removal and whose impact on retinal
microcircuitry is unknown. Glial and Muller cells activation progressing from inner to outer
retina in response to ERMs, has been previously described®, and further modifies the
mechanical properties and the response to surgery.

From a purely geometric perspective, 150 um of en-face displacement, exceed the
linear dimension of Muller cells and are very likely to determine synaptic disconnection,
leading to visual loss. The reason why such macroscopic displacement does not affect
vision more profoundly is debatable and may relate to the chronicity of its development
and possibly to re-wiring processes?, still to be documented. Another reason may lay in
the uncertain attribution of en-face displacement within the retinal thickness.

Copyright © 2023 The Author(s). Published by Wolters Kluwer Health, Inc. on behalf of the
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The en-face displacement we report, in fact, refers to infra-red images where all
retinal layers are considered at the same time. Thus, calculated vectors may belong to
different layers such as the superficial and deep capillary plexi. This notion does not affect
the accuracy of displacement itself but cannot localize accurately its depth which implies a
much higher and three-dimensional level of complexity, still to be understood.

However, displacement vectors in figures 5 and 6 show elements overtly laying at
different depths moving at different rates and directions, unpredictably kinking cells
spanning the z-axis: photoreceptors, bipolar, ganglion and Muller cells.

This dynamic scenario may be responsible for the controversial relation between
visual function and anatomy®: en-face displacement along the vertical line of the cross
correlated with the change in horizontal metamorphopsia, however the displacement along
the horizontal line did not correlate to vertical M-Charts scoring. En-face displacement
correlated to retinal thinning but not to BCVA improvement, as already reported by
Matsumoto®® in his original paper. This finding may suggest that, apart from thinning,
cellular bending also occurring at the level of the z-axis (perpendicular to our en-face
displacement measures) may play a decisive functional role.

Mieno and Coll-?” found similar results and even Amsler in 1953% reported a greater
deformation for horizontal lines than vertical; it is worth mentioning that vertical
deformation  impacts horizontal line perception and vice versa. Allegrini and Coll. %
measured the displacement of retinal vascular junctions after ERM peeling and found a
significant correlation with BCVA changes. As for present study, most changes in both
BCVA and en-face displacement occurred during the first month post-surgery (figs. 5 and
6), indicating that retinal motion is the primary factor affecting BCVA.

Previous studies suggest that traction induces intraretinal changes mediated by

macroglia activation'® which in turn overexpress glial fibrillary acid proteins in the IRL,
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resulting in intraretinal gliosis and the binding between Muller cells and the ILM*. Our
study also supports these findings since IRL thinning and en-face displacements highly
correlated (p<0.001) after ERM peeling.

It is conceivable that if gliosis progresses too deep into the retina, it will no longer be
able to recover, despite ERM peeling, to the detriment of the nervous elements. Therefore,
the ideal surgical timing could be when the retina is still able to move and the intraretinal
gliosis hasn’t propagated too deep into the retinal layers.

Displacement behaviour as a function of BCVA gain (fig. 4) may support this
hypothesis, although the Gaussian distribution of en-face displacement may well be a
mere feature of pathology itself (as for many distributions). Patients showing the highest
and lowest grade of en-face displacement equally gained less vision, the former subgroup
likely due to their greater initial compromission, and the latter for a “ceiling” effect related to
their relatively good pre-op vision. Patients obtaining the highest vision improvement, vice
versa, belong to the intermediate displacement sub-group, possibly because they started
with low vision but less compromised anatomical conditions and/or reversible gliosis. If this
held true, the post-operative retinal displacement would be a proof a reversible grade of
gliosis and better visual prognosis.

In summary, our study introduced for the first time an accurate and objective
measure of en-face displacement, demonstrating how deeply the removal of ERMs
impacts the entire 3-D retinal architecture. Although the major pitfall is the inability of
discern the diverse layers on retinal photos, we believe the incomparably greater number
of points examined, offer much greater information, and set the base for further studies.

Finally, we should acknowledge that the concept of surgery as a mechanism of
restitutio ad integrum is misleading: with all the uncertainties of biomechanical measures,

the properties of the entire retina®', isolated ILM** and ERM*? are significantly different and
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span 2 orders of magnitude; stripping the ERM and ILM from the retinal surface means
removing thick and stiff structures adherent to the retina thus macroscopically altering the
balance of forces. By no means this can be simplified as “rewinding” the course of
disease.

As a final remark, we notice that it will be necessary to expand a detailed
assessment of the en-face displacement for each retinal layer both before and after
surgery to comprehend the functional damage at a cellular level and predict visual

outcome and possibly infer the ideal surgical timing.
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Figure Captions

Fig. 1 — Regions used to analyse the retinal deformation. The yellow lines indicate:
A) the “central” circular region, 0.5 mm in diameter; B) the “perifoveal” annular ring with
0.5 mm and 1.5 mm inner and outer diameters, respectively; C) the “parafoveal” annular
ring with 1.5 mm and 3 mm inner and outer diameters, respectively. The dashed lines
indicate the horizontal and vertical 1 mm wide regions intersecting on the foveola. The
background represents in pseudo-colours 2 consecutive images of patient #3 (TO and T1).
The first image is in red while the second image is in green. As a result, red indicates
details present only in the first image, green indicates details present only in the second
image, while details persisting in both images results yellow. White arrows represent the

vector displacement, in magnitude and direction.
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Fig. 2 — Retinal layer and entire foveal thickness changes across follow-up. Note how

most of thickness changes occur in the inner retina.
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Fig. 3 — Retinal layer thickness changes (T0O-T6) from inner to outer retina and

divided by sectors: central foveolar, superior, temporal, inferior and nasal. a) Inner Retina

(ILM+RNFL+GCL+IPL) including Retinal Nerve Fiber Layer, Ganglion Cell Layer and Inner

Plexiform Layer, b) Inner Nuclear Layer; ¢) Outer Plexiform Layer; d) Outer Nuclear Layer.

Concentric circles indicate the foveolar region (radius 0.5 mm), perifoveal (radius 1.5 mm)

and parafoveal (radius 3 mm). Numbers indicate thickness changes (in microns), bold

numbers indicate a significant reduction in thickness (p<0.05 for all).
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Fig. 4 — Distribution of mean en-face displacement data as a function of BCVA

increase.
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Fig. 5 — Patient #3. Colour pictures show en-face displacements during a) TO-T1; b)
T1-T3; ¢) T3-T6. Inferior graphs show d) BCVA and OCT foveolar thickness during follow-
up; e) Vertical and horizontal metamorphopsia compared to BCVA during follow-up. Most
en-face displacement occurred during TO-T1 (a) but the fovea kept moving up to T6.
Interestingly, despite OCT foveal thinning, BCVA did not improve during TO-T1 (panel d)

as metamorphopsias worsened during that time (panel e).
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Fig. 6 — Patient #1. Colour pictures show en-face displacements during a) TO-T1; b)
T1-T3; ¢) T3-T6. Lower graphs show d) BCVA and OCT foveolar thickness during follow-
up; e) Vertical and horizontal metamorphopsia compared to BCVA during follow-up. Note

that despite the reduction of foveal thickness, BCVA increased up to T3 and worsened at

T6, while metamorphopsias increased since T1, after initial improvement.
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TO T1 T3 T6
0.49 0.55+ 0.62 0.68 £
Visual Acuity (Snellen) +0.13 0.25 +0.23 0.12 0.05
Horizontal Metamorphopsia 0.91 0.87 0.72 0.78 +
(°) +0.70 0.48 +0.17 0.56 .S.
1.33 134+ 0.84 0.82 +
Vertical Metamorphopsia (°) +0.70 0.57 +0.74 0.69 0.05
Microperimetric  Sensitivity 23.1 21.2 + 22.0 214 +
mean (db) 4.4 7.1 +6.5 7.6 .S.
Microperimetric Sensitivity 5° 20.7 20.24 + 21.1 209+
(db) 4.1 5.6 t4.7 5.8 .S.
Microperimetric  Sensitivity 22.9 19.7 + 22.1 21.8+
10° (db) t4.4 8.3 t5.7 6.7 .S.

Table 1 — Best Corrected Visual Acuity, metamorphopsia and microperimetric

sensitivity throughout follow-up
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0-1 1-3 3-6 0-6
months months months months
Central Foveal Thickness -52.4 -38.3 ¢ -2.58 £ -93.3 ¢
Change +136.8 46 43.3 124.1
Overall Displacement (6x6 83.5+¢ 36.2+ 39.1¢+ 148.8
mm field) 30.2 14.4 22.7 +24.1
Central  Cicrle  (0.5mm 46.4 229+ 30.5+ 104.7
radius) +28.4 18.3 19.0 +25.3
Perifoveal Crown (1.5mm 62.3 67,8 + 295+ 159.6
radius) +37.5 38.2 16.4 + 291
Parafoveal Crown (3mm 82.4 50.0 £ 33.2+ 165.6
radius) +52.7 28.1 18.1 +31.4

Table 2 — En-Face Displacement in microns, throughout follow-up of central 6x6mm field and

concentric EDTRS areas.
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