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Purpose: To compare the location of microcystic macular edema (MME) with areas of retinal nerve fiber layer (RNFL) damage in the
macula detected on en-face SDOCT in eyes that underwent pars plana vitrectomy (PPV) due to the epiretinal membrane (ERM).
Patients and Methods: Thirty-five eyes were enrolled at least 6 months after PPV with removal of ERM and inner limiting
membrane (ILM). In each eye, en-face SDOCT and microperimetry were performed. The area of RNFL damage was measured and
compared with the position of MME and correlated with the volume of retinal layers and retinal sensitivity (AT).

Results: MME was observed in 17 eyes (48.6%) in the area devoid of ILM, often in places with arcuate damage to the RNFL bundle.
The mean area of RNFL damage in eyes with MME was 9.03 + 5.3 mm? and was significantly larger than in eyes where microcysts
were not present, where it measured 3.92 + 3.3 mm®. A significant negative correlation was observed between the area of RNFL
damage and GCL volume and AT.

Conclusion: The topographic analysis of the MME position in eyes after PPV due to ERM confirmed the association of this
pathology with ganglion cells and RNFL damage related to the removal of the ILM and ERM. There are probably two pathways
leading to the development of MME: one starting from Muller cell damage during ILM peeling and the other due to retrograde death
of ganglion cells in the areas of arcuate RNFL defects.
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Introduction

Due to its high resolution, Spectral Domain Optical Coherence Tomography (SDOCT) allows for the detection of even
small amounts of fluid located within the retina. In 2012, the first descriptions of microcystic changes located in the retina
of patients with multiple sclerosis appeared.! They were characterized as perifoveal, thin, multiple hyporeflective cystoid
spaces within an inner nuclear layer (INL). This condition was called microcystic macular edema (MME). It was
described in various diseases involving damage to the optic nerve, starting from genetic, inflammatory origin diseases
and ending with chronic glaucoma.”* Similar changes were also observed in 5.7-60.9% of eyes undergoing pars plana
vitrectomy (PPV) due to an epiretinal membrane (ERM).* Although the association between MME and ganglion cell
layer (GCL) thickness reduction was found in this group of patients, the cause of such changes and the relationship with
intraoperative ERM and inner limiting membrane (ILM) removal remains unclear. Dysli et al, demonstrated the origin of
MME as the result of retrograde maculopathy related to ganglion cell loss.® A recent study by Govetto et al, showed that
postoperative MME is unlikely related to neurodegenerative processes and is rather attributable to Muller cell
disruption.” It is unclear if ganglion cell loss causes an alteration in Muller cell function, resulting in an impaired

water pumping function, or whether Muller cell damage leads to trauma to retinal ganglion cells.
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Except for structural abnormalities, the presence of MME also affects retinal function. Although visual field defects in
eyes after PPV for ERM were related to retinal nerve fiber layer (RNFL) and GCL thinning, current studies have
demonstrated that postoperative intraretinal microcysts also influence retinal sensitivity.®* A comparison of microperi-
metry and en-face OCT can reveal the structural abnormality responsible for scotomas observed in patients after surgery.

Our study aimed to compare the location of MME with areas of retinal nerve fiber layer (RNFL) damage in the
macula detected on en-face SDOCT in eyes that underwent PPV due to ERM. Since this examination allows for
measuring the area of RNFL damage and the area of MME, it will be possible to examine the correlation between
these variables. Precise determination of the location of regions of RNFL damage and the presence of MME will also
allow for the examination of the influence of these structural disorders on retinal sensitivity in microperimetry. We would
like to verify the hypothesis that the decrease in retinal sensitivity in patients after PPV with ERM removal occurs in
areas of RNFL damage and MME.

Materials and Methods

The study was a retrospective analysis of medical records of patients operated on for ERM by one surgeon (JJK) in the
years 2021-2023 in two centers: Oftalmika Eye Hospital in Bydgoszcz and the Ophthalmology Department of the Multi-
Specialist Hospital in Inowroclaw. The analysis included preoperative data and results from ophthalmological examina-
tions conducted 612 months after surgery. The Bioethics Committee of Collegium Medicum, Nicolaus Copernicus
University, approved the study (KB 225/2021). Due to the study’s retrospective nature, the Bioethics Committee agreed
that patient-informed consent was unnecessary if deidentified data were analyzed. All patient confidential data was
protected. This study adhered to the tenets of the Declaration of Helsinki.

The study included patients who underwent PPV due to decreased visual acuity and metamorphopsia related to the
presence of idiopathic ERM. Exclusion criteria for participation in the study were the presence of an ERM secondary to
another macular disease process, glaucoma, axial length > 26.0 mm, presence of another macular disease, diabetic
retinopathy and previous eye surgeries except for uncomplicated phacoemulsification of cataract (at least 2 weeks before
PPV) in any eye. The exclusion criterion was also the presence of cystoid macular edema after operation. Only
pseudophakic eyes without signs of posterior capsule opacification were included in the study. ERM was defined as
a demarcated hyperreflective line on the retinal surface visible on SDOCT cross-sections. It was classified according to
the scale described by Govetto as follows: stage 1 is a mild ERM with preserved foveal depression and well-defined
retinal layers; stage 2 is an ERM with loss of foveal depression; stage 3 is an advanced ERM with loss of foveal
depression and presence of ectopic inner retinal layers over the central fovea; stage 4 is an advanced ERM with ectopic
inner foveal layers and disruption of all retinal layers.”'’

All eyes included in the study underwent PPV using 25+G or 27G instruments (Alcon, Fort Worth, Texas, US) the
Constellation apparatus (Alcon, Fort Worth, Texas, US) and the Lumera 700 surgical microscope (Zeiss, Oberkochen,
Germany). The procedures were performed under local retrobulbar anesthesia. After excision of the cortical part of the
vitreous body, ERM was stained using Membrane Blue Dual (Dorc, Zuidland, Netherlands). The ERM and ILM were
removed using endoforceps. In the postoperative period, patients were treated with antibiotics and steroid drops.

Ophthalmological examinations performed before and after surgery included assessment of best corrected visual acuity
(BCVA) using ETDRS charts, intraocular pressure measurement, and evaluation of the anterior segment and fundus in
biomicroscopy. SDOCT (Spectralis OCT, Heidelberg Engineering, Germany) was performed in all examined eyes before
and after the operation. The preoperative exam consisted of 61 horizontal cross-sections covering the macular area. To
enable postoperative evaluation in the form of en-face images 384 horizontal SDOCT scans covering the macular area of 30
by 30 degrees were registered. Postoperative en-face SDOCT images obtained from the RNFL and INL slabs were
analyzed. The areas of RNFL damage were manually marked as regions of nerve fiber loss, and they were identified as
oval or arcuate areas of decreased reflectivity on en-face SDOCT. Microcyst clusters were identified as deposits of small
hyporeflective spaces visible on en-face SDOCT images acquired from the INL. The surface area of RNFL damage and
microcyst areas were measured using the software available in the device (Heidelberg Eye Explorer™, version 1.10.4.0).
The volume of individual retinal layers was also measured, including the central area of the macula with a diameter of
3 mm. Results were presented in mm? and as a percentage of the total retinal volume in the examined area.
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After surgery, based on SDOCT cross-sections, eyes were divided into two groups: group 1 consisted of eyes with
detected MME, while group 2 did not show the presence of microcysts. Three retinal specialists performed this
separation independently, and only eyes with complete agreement among observers were included for the analysis.

Microperimetry was performed only after the operation using the Maia device (Centervue, Italy), using the full 4-2
threshold strategy covering 68 measurement points within the central 10 degrees. They were located in ten rows
vertically and horizontally. The two central rows, vertically and horizontally, consisted of 10 measurement points. The
peripheral rows consisted of 8, 6, and 2 points. The collective parameter analyzed was the average threshold (AT), the
average sensitivity of all tested points in decibels (dB). Only technically good results without loss of fixation were
analyzed. In each eye, the position of individual retinal sensitivity measurement points was examined by comparing the
microperimetry result with the en-face SDOCT image.

Statistical analysis included checking the compliance of the distribution of individual features with the normal
distribution using the Shapiro—Wilk test. Depending on the type of data distribution, the Student’s T test or Mann—
Whitney U-test was used to compare the significance of differences between means. Next, Pearson and Spearman
correlation coefficients and their statistical significance were calculated. Unless otherwise indicated, the data are given as
mean values and =+ standard deviation (SD) with the p-value threshold for statistical significance of less than 0.05.

Results

The study included 33 patients (16 women and 17 men) with an average age of 73.1 £ 7.4 years. Because two patients
underwent surgery on both eyes, 35 eyes were enrolled in the study. MME was detected in 17 operated eyes (group 1),
whereas SDOCT did not show the presence of microcysts in 18 operated eyes (group 2), which accounted for 48.6% and
51.4% of operated eyes, respectively.

Before surgery, ERM in group 1 was more advanced than in group 2, as evidenced by lower BCVA (0.55 logMar and
0.39 logMar, respectively) and higher mean foveal retinal thickness (575.0 pum and 496.8 um, respectively). According to
the Govetto classification, the highest fourth stage of ERM occurred in 9 eyes (69.2%) from group 1 and five eyes
(31.25%) from group 2, and grade 3 in 7 and 10 eyes (41.18% and 55.5%), respectively. Grade 2 was observed in one eye
in group 1 (5.9%) and three eyes in group 2 (16.7%). In the preoperative examination, microcysts were present in 5 eyes
(29.4%) from group 1 and four from group 2 (22.2%). After PPV, eyes from group 1 were characterized by worse
functional test results than those from group 2. Postoperative BCVA in group 1 was 0.22 logMar and AT 18.9 dB, while
in eyes from group 2, it was 0.14 logMar and 22.1 dB, but these differences were not statistically significant. In both
groups, retinal thickness in the fovea decreased compared to the preoperative examination to a similar level, measuring
392.5 um in group 1 and 382.7 um in group 2. A comparison of pre and postoperative parameters in both groups is
presented in Table 1. In all eyes from group 1, microcysts appeared in the area devoid of ILM as a result of the procedure
performed, often in places of the arcuate damage to the RNFL bundle (Figure 1). Such damage to the nerve fiber bundle

Table | Comparison of Structural and Functional Parameters Before and After the
Surgery Between Groups

Parameter Group | (n=17) | Group2 (n=18) | p
Average age (years) 727 £ 64 734 +£83 0.393°
Women: men 10:7 8:10

BCVA before ppv (logMar) 0.55 £ 0.21 0.39 £ 0.18 0.054*
BVCA after ppv (logMar) 022 +0.18 0.14 £ 0.12 0.621°
Foveal thickness before ppv (um) | 575.0 + 62.7 496.8 £ 91.7 0.011°
Foveal thickness after ppv (um) 392.5 + 60.1 3827 £+ 428 0.908°
AT after surgery (dB) 189 + 5.7 22.1 £ 3.1 0.0722
Area of RNFL damage (mm?) 9.03 £53 392 +33 0.001°
Area of cysts (mm?) 134+ 15 0

Notes: Bold values were considered statistically significant. *U Mann Whitney test, bStudent’s T test.

Abbreviations: BCVA, best corrected visual acuity; AT, average sensitivity threshold; RNFL, retinal nerve

fiber layer.
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Figure | Occurrence of intraretinal microcysts in the projection of the arcuate retinal nerve fiber layer defect: (A) En-face SDOCT slab below ILM shows a hyporeflective
area of the arcuate RNFL lesion (arrow), (B) En-face SDOCT slab of the ONL — small hyporeflective dots corresponding to microcysts in the projection of the RNFL lesion
(arrow), (C) Reduced retinal sensitivity at the site of the RNFL lesion in microperimetry (red arrow), (D) Microcysts in the inner nuclear layer on SDOCT cross-section
(arrow), (E) Central SDOCT scan before vitrectomy, (F) Central SDOCT scan after vitrectomy.

Abbreviations: SDOCT, Spectral Domain Optical Coherence Tomography; ILM, Inner Limiting Membrane; RNFL, Retinal Nerve Fiber Layer; ONL, Outer Nuclear Layer.

was visible in the en-face OCT examination in 11 eyes from group 1 (64.7%) and in 5 eyes (27.8%) from group 2.
Microcysts unrelated to localized RNFL defects were most often located in the temporal and inferior parts of the macula.
The mean area of RNFL damage in eyes from group 1 was 9.03 = 5.3 mm? and was significantly larger than in eyes from
group 2, where it measured 3.92 + 3.3 mm? (p < 0.001). There was no significant correlation between the area of RNFL
damage and the area of microcysts in the en-face OCT examination in eyes from group 1.

The volumes of individual retinal layers in the macula did not differ significantly between groups except for the GCL,
which was thinner in group 1 but only when presented as a percentage of the entire macular volume, measuring 9.24%
and 10.26% of total retinal volume, respectively, for group 1 and group 2 (p < 0.05). The INL volume, when calculated
in mm® and as a percentage, was significantly higher in group 1 (Table 2). A significant negative correlation was
observed between GCL volume and the area of RNFL damage, and a positive correlation was observed between the

volume of INL, OPL, and IPL and the area of microcysts. These correlations are presented in Table 3.

Table 2 The Volume of Individual Layers of the Retina in the Macula in Eyes with Microcysts (Group 1) and Without Them

(Group 2)
Retinal Layer | Group | Group 2 pl p2
Volume (mm®) | Volume Volume (mm®) | Volume
(% of Total Macular Volume) (% of Total Macular Volume)

RNFL 0.78 + 0.26 9.18 £ 2.15 0.75 £ 0.22 922 + 1.54 NS NS

GCL 0.77 £ 0.15 924 + 1.24 0.82 + 0.20 10.26 + 1.10 NS p=0.015°
IPL 0.75 £ 0.11 8.93 + 0.65 0.74 £ 0.17 9.28 + 0.61 NS NS

INL 120 £ 0.18 1429 + 1.18 1.05 £ 0.23 13.05 £ 0.76 p=0.02% | p=0.0007"
OPL 0.79 £ 0.11 9.49 + 0.63 0.74 + 0.19 9.24 + 1.04 NS NS

ONL 1.98 £ 0.34 23.55 + 1.68 1.83 £ 041 23.09 + 2.48 NS NS

Notes: Bold values were considered statistically significant. *U Mann Whitney test, ®Student’s T test.
Abbreviations: pl, the difference between volume in mm?>; p2, the difference between volume as a % of total macular volume; RNFL, retinal nerve fiber layer;
GCL, ganglion cell layer; IPL, inner plexiform layer; INL, inner nuclear layer; OPL, outer plexiform layer; ONL, outer nuclear layer.
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Table 3 Spearman Correlation Coefficients Between Area of
RNFL Damage, Area of Microcyst, and Retinal Layers Volume
and Selected Functional Parameters

Area of RNFL Damage | Area of Microcysts

RNF volume | r=-0.06 p =0.71 r=2028p =027
GCL volume | r =-0.54 p = 0.0006 r=-0.0l p=095
IPL volume r =-0.46 p = 0.005 r=0.57 p =0.02
INL volume r=0.3I1 p=0.06 r=0.71 p = 0.002
OPL volume | r=0.24p =0.15 r=0.72 p = 0.001
ONL volume | r=0.12 p = 048 r=0.48 p = 0.051
BCVA r=-028p =0.12 r=-0.07 p =0.78
AT r=-0.42 p = 0.0l r=0.14p =059

Note: Bold values were considered statistically significant.
Abbreviations: r, correlation coefficient; p, p value.

The AT in the macula was lower in group 1 compared to group 2, but this difference was only close to the level of
statistical significance (Table 1). The points of reduced sensitivity in microperimetry corresponded to the areas of RNFL
damage and, to a lesser extent, to the locations where microcyst clusters were found (Figure 2). A correlation was found
between the area of RNFL damage and the AT (r = —0.42; p < 0.05), as well as a correlation between the volume of GCL
and AT (r = 0.48; p < 0.01).
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Figure 2 Retinal sensitivity reduction in the eye after PPV with epiretinal membrane removal: (A) RNFL damage on the en-face SDOCT image. The boundaries of the
damaged area are marked with arrows, (B) Microcysts located nasally to the fovea on the en-face SDOCT image (arrow), (C) Microperimetry shows two areas of reduced
sensitivity, more significant from the temporal side corresponding to RMFL damage (thick red arrow) and less intense nasally to the fovea at the location of the microcyst
(thin red arrow), (D) The central SDOCT section shows deep RNFL damage temporally from the fovea (thin arrow) and cysts located within the INL (thick arrow).
Abbreviations: PPV, Pars Plana Vitrectomy; SDOCT, Spectral Domain Optical Coherence Tomography.
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Discussion

Topographic analysis of the MME position in eyes after PPV due to ERM indicates a relationship between the occurrence of
microcysts and RNFL damage. Changes in the RNFL, referred to as the Dissociated Optic Nerve Fiber Layer (DONFL), were
described in 43% of eyes after PPV in the areas of ILM and ERM peeling already in 2001."" Subsequent studies demonstrated
that these damages appear as dimples in the RNFL, which are readily visible on en-face SDOCT.'*'* In our study, the area of
the RNFL damage was measured, and the result was compared between eyes with and without MME. It turned out that the
mean area of the RNFL damage in eyes with MME was significantly larger than in eyes without microcysts. A detailed
analysis of the microcysts locations revealed that they are often located at the site of damage to the retinal nerve fiber bundle.
Such arcuate hyporeflective areas on the en-face SDOCT image were more often visible in the group of eyes with MME than
in the group without microcysts. The above facts suggest that microcysts formed after vitrectomy primarily due to RNFL
damage caused by ERM and ILM peeling. The primary cause of MME is probably damage to the Muller cell processes during
ILM peeling, which causes trauma to retinal ganglion cells and, secondarily, the reduction of retinal nerve fibers.”'*!'?
However, a strong topographical correlation between bundles of RNFL damage and the location of microcysts suggests
a retrograde influence of damaged nerve fibers on ganglion cells.

Thinning of GCL in the ILM peeling area has been documented both after vitrectomy due to ERM and FTMH.®'!” RNFL
and GCL thickness reduction were also observed in different types of optic neuropathies, demonstrating a similar mechanism
of MME development related to ganglion cell damage.” However, since there are studies where the frequency of MME is
similar in the case of combined removal of ERM and ILM and only ERM, the significance of ILM peeling requires further
studies.'® The next issue that needs explanation is the position of MME in the whole area of RNFL damage. Except for retinal
nerve fiber bundles, microcysts were often located not in the place of deepest RNFL dimples but rather in places where the
damage to nerve fibers was not so severe (Figure 2). This indicates that no retrograde way of MME can dominate in the area of
ERM-ILM peeling except places where arcuate bundles of damaged RNFL directly influenced ganglion cells.

The second issue addressed by our study is the influence of MME on retinal function. Consistent with other authors,
we did not observe a relationship between the presence of microcysts and BCVA after surgery.'*'®'* However, similar to
the work of Matos et al, eyes with MME were characterized by lower retinal sensitivity compared to eyes without this
symptom in SDOCT, but this difference was in the margin of statistical significance.” Because the significant correlation
of retinal sensitivity was observed with an area of RNFL damage and volume of GCL but not with an area of microcysts,
the presence of MME has a lower impact on retinal function than RNFL and GCL damage. However, since the reduction
of retinal sensitivity in the area of ILM peeling has been documented in the literature, it can be assumed that the presence
of MME, as a consequence of significant damage to ganglion cells and retinal nerve fibers, will be associated with
a substantial reduction in retinal sensitivity.* >

The most important limitation of our study was its retrospective nature. The lack of preoperative en-face OCT and
microperimetry did not allow for the exclusion of changes that could have influenced the final results. In addition, there
was some variability in the observation time and surgical technique. The mean observation time and percentage of 25+
G and 27 G PPV performed in both groups were similar and probably did not significantly impact the results. Another
limitation was the manual marking of the RNFL damage area and MME area. These changes were usually well-visible in
the en-face SDOCT image, and the location of this border was usually unambiguous, but there were areas where
subjective interpretation was possible.

In conclusion, the en-face OCT analysis of the MME position in eyes after PPV due to ERM confirmed the
association of this pathology with ganglion cells and RNFL damage related to the ILM and EMR peeling. The MME
pathway can likely start both from Muller cell and RNFL damage with secondary impact on retinal ganglion cells. The
presence of microcysts, similar to reduced retinal sensitivity, is rather a sign of ganglion cell death than the cause of
functional deterioration of the retina.

Disclosure
The authors have not received grant support or research funding, and they do not have any proprietary interests in the
materials described in the article.
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