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PURPOSE. To evaluate the function of macular ganglion cells and nerve fibers in idiopathic
epiretinal membrane (ERM), using multifocal photopic negative response (mfPhNR)
recordings, to evaluate the function of macular photoreceptors and bipolar cells using
multifocal electroretinogram (mfERG) recordings, and to investigate the correlation
between the function of those different retinal elements with the changes of visual acuity
and central retinal thickness (CRT).

METHODS. The study included 16 eyes of 16 patients (mean age, 67.25 ± 6.38 years)
with stage 4 ERM (16 eyes) and 28 age-matched controls (mean age, 68.03 ± 7.18 years).
Main outcome measures included best-corrected visual acuity (BCVA), CRT, mfPhNR, and
mfERG.

RESULTS. ERM eyes showed significantly reduced (P < 0.01) mfPhNR response amplitude
densities (RADs) in all examined circular areas enclosed between 0° to 10° and 10° to
25° and in superior, nasal, inferior, and temporal sectors within 5° to 20° compared to
controls. There was no significant correlation between abnormal mfPhNR RADs within
the central 0° to 10° and BCVA or CRT. The mfERG RADs in the central 0° to 10° were
significantly reduced and linearly correlated to BCVA reduction (P < 0.01) but not to
mfPhNR RADs and CRT.

CONCLUSIONS. Our data suggest an unrelated dysfunction of both inner and outer macular
layers, occurring in the central 0° to 10°, and an exclusive inner macular dysfunction
in the more peripheral areas (10°–25°). The reduction of BCVA correlated only to the
central outer macular dysfunction.
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I diopathic epiretinal membranes (ERMs) may form on
the surface of the internal limiting membrane (ILM)

after incomplete detachment of the posterior vitreous.1

This tissue is composed of cells with contractile capabil-
ity, causing profound morphofunctional alterations in both
the inner and outer retina layers with loss of physiologi-
cal foveal depression and increased central retinal thickness
(CRT).2,3 In the clinical settings, ERMs leading to a visual
dysfunction4–6 can be detectable in vivo by optical coher-
ence tomography (OCT)7–10 and classified as stages 1 to
4, based on ultrastructural findings, according to Govetto
et al.11

In ERM eyes, the use of focal electroretinogram (FERG)12

and multifocal electroretinogram (mfERG)13 has revealed a
dysfunction of preganglionic elements located in the more
central macular areas.14–16 By contrast, pattern electroretino-
gram (PERG) was found to be abnormal in the whole central
9°, without the possibility of identifying selective impair-
ment of localized ganglionic elements.14 The new paradigm

of the multifocal photopic negative response (mfPhNR)
investigates the localized functional responses of the inner
retinal elements from regional macular areas.17 Ganglion
cell dysfunction in localized retinal areas has already been
studied by using mfPhNR in patients with optic neuri-
tis in multiple sclerosis,17,18 as well as in patients with
open-angle glaucoma.19 The purpose of the present study
was to evaluate the function of the inner (by mfPhNR)
and outer (by mfERG) retinal layers of localized macu-
lar regions in ERM eyes and to investigate the correlation
between the inner retinal function (macular ganglion cells
and nerve fibers) and outer retina elements (photoreceptors
and bipolar cells) and/or the changes of visual acuity and
CRT.

METHODS

The study adhered to the tenets of the Declaration
of Helsinki and received approval by the local Ethics
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Committee (Comitato Etico Territoriale Lazio Area 5,
IRCCS Istituti Fisioterapici Ospitalieri, Roma, Italy; protocol
no. 339/FB/25). Informed consent after full explana-
tion of the procedure was obtained from each enrolled
patient.

This retrospective, case–control study drew upon a wide
cohort of 82 consecutive eyes presenting with ERMs. Based
on the exclusion criteria (see below), 16 eyes from 16
patients (eight men and eight women; mean age, 67.25
± 6.38 years) with ERM stage 4, according to the ERM
staging by Govetto et al.,11 were selected for the study
(16 ERM eyes). All patients underwent electrophysiological
study of localized the inner and outer retinal areas within 25°
from the fovea by mfPhNR and mfERG recordings, respec-
tively. Because several pathologies may induce changes in
mfPhNR and mfERG responses,20–26 the studied eyes were
selected on the basis of the following exclusion criteria:
absence of target fixation placed on the monitor screen
during the electrophysiological recordings; presence of lens
opacity with a severity grade > 1.5 for nuclear, cortical,
and posterior subcapsular opacities according to the Age-
Related Eye Disease Study (AREDS) System for Classifying
Cataracts From Photographs27; ocular hypertension or glau-
coma, diabetic retinopathy, drusen, or age-related macular
degeneration; or history of uveitis and optic neuritis. Also,
eyes from patients with systemic diseases such as hyper-
tension, diabetes, connective tissue, or neurological diseases
were also excluded. All ERM eyes enrolled were phakic, and
the refractive error was between ±1.50 equivalent spherical
diopters.

From a wide cohort of consecutive 102 eyes with-
out ERMs, based on the above-mentioned exclusion crite-
ria 28 eyes from 28 age-similar patients (14 men and 14
women; mean age, 68.03 ± 7.18 years) were selected and
provided the control data for the study (28 control eyes).
All control eyes were phakic, and the refractive error was
between ±1.50 spherical equivalent diopters. In ERM and
control eyes, best-corrected visual acuity (BCVA), expressed
in logMAR values, and CRT, measured using spectral-domain
OCT (SD-OCT; Heidelberg Eye Explorer; Heidelberg Engi-
neering, Heidelberg, Germany), were assessed following the
methods and criteria for ERM staging suggested by Govetto
et al.11 MfPhNRs and mfERGs were assessed by using the
following methods.

mfPhNR and mfERG Recordings

The mfPhNR and mfERG recordings were obtained from
ERM and control eyes by using a Diagnosys system (Diag-
nosys, Lowell, MA, USA), according to our previously
published method17,18,26 following the 2011 International
Society for Clinical Electrophysiology of Vision (ISCEV) stan-
dards.28,29 For the mfPhNR recordings, the multifocal stimu-
lus consisted of a circular stimulus of 60 elongated scaled
dart pattern “segments” presented on the same monitor
screen, with a mean background luminance of 200 cd/m2

at a viewing distance of 33 cm. Stimulus frequency was 7
Hz. Each “segment” independently alternated between black
(0 cd/m2) and white (400 cd/m2) according to a maximum
length sequence of 12 bits.17

For the mfERG, the multifocal stimulus, consisted of 61
scaled hexagons and was displayed on a high-resolution,
black-and-white 32-inch liquid-crystal display (LCD) moni-
tor (69 × 38 cm) with a frame rate of 75 Hz. The array of
hexagons subtended 50° of visual field (25° radius from the

fixation point to edge of display). Each hexagon indepen-
dently alternated between black (1 cd/m2) and white (200
cd/m2) according to a binary maximum length sequence.

In all subjects, mfPhNRs and mfERGs were binocularly
recorded after pupil dilation (1% tropicamide) to a diame-
ter of 7 to 8 mm. The cornea was anesthetized with 0.4%
benoxinate eye drops. For all recordings, an active Dawson,
Trick, and Litzkow bipolar contact electrode, a reference
electrode (Ag/AgCl skin electrode placed on the correspond-
ing outer canthi), and a small Ag/AgCl skin ground elec-
trode, placed in center of the forehead, were used. Inter-
electrode resistance was lower than 3 kOhm. The signal
was filtered (bandpass 3–100 Hz) using a Diagnosys Espion
system. After automatic rejection of artifacts, the first-order
kernel response was considered. In the analysis of the
mfPhNRs and mfERGs, averaged response amplitude densi-
ties (RADs) were measured in nanoVolt/degree2 (nV/deg2)
as described in our previous works.17–19,25,26 As explained
in detail in Figures 1, 2, and 3, the mfPhNR and mfERG
responses were analyzed by using two different topogra-
phies:

1. Ring analysis
2. Early Treatment of Diabetic Retinopathy Study

(ETDRS) sector analysis

Statistical Analysis

We assumed a Gaussian distribution of our data. The normal
distribution was assessed by using the Kolmogorov–Smirnov
test for controls and ERM data. Also, Grubbs’ tests did not
show outliers for the parameters of each analyzed group.
Sample size estimates were obtained from pilot evaluations
performed in 10 eyes from 10 patients with ERM and 10
eyes from 10 control subjects other than those included in
the current study (unpublished data). The sizing was based
on the following mfPhNR ring 1 (R1) RAD values: 24.7 ±
7.6 nV/deg2 for controls and 15.8 ± 6.8 nV/deg2 for ERM
patients at α = 5% (type 1 error) and power = 80% (β
= 20%), giving us at least 12 participants for each group.
Descriptive statistics are shown as mean ± SD. Electrophysi-
ological data from controls and ERM patients were compared
by using one-way analysis of variance (ANOVA), considering
groups as factors. Data for the control 95% lower limit were
used to highlight how many ERM eyes showed abnormal
mfPhNR and mfERG RAD values. The 95% confidence limits
(CLs) were obtained from the control data. One eye of each
patient was included in the analysis.

In the whole study population, both linear and nonlinear
regression analyses were also used to explore the relation-
ship between mfPhNR and mfERG data in the corresponding
rings/areas and sectors. A segmented regression model with
breakpoint estimation was also used to analyze mfERG and
mfPhNR values yielded by the ring analysis in the control
and ERM group. Differences between slopes obtained in the
two groups were also computed.

Finally, mfPhNR and mfERG data were correlated with
the corresponding values of BCVA and of CRT. Pear-
son correlation coefficients were computed to assess the
strength of these morphofunctional relationships. P < 0.01
was considered statistically significant. SPSS Statistics 25
(IBM, Chicago, IL, USA), MedCalc 13.0.4.0 (MedCalc, Mari-
akerke, Belgium), and R 4.3.1 (R Foundation for Statisti-
cal Computing, Vienna, Austria) were used for statistical
analysis.
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FIGURE 1. Representative examples of mfPhNR and mfERG averaged traces recorded from one control eye (#13) and one eye with epiretinal
membrane (ERM#12) analyzed by ring configuration. (A) The mfPhNR RADs were measured (in nV/deg2) from baseline to trough with
implicit times between 50 and 90 ms from the stimulus onset and are indicated by an arrow (↓). MfPhNR RADs were obtained from five
concentric annular areas (rings) centered on the fovea (R1, central circular area of 5° of radius; R2, annular area enclosed between 5° and10°;
R3, annular area enclosed between 10° and 15°; R4, annular area enclosed between 15° and 20°; R5, annular area enclosed between 20° and
25°). In ERM eyes, reduced mfPhNR RADs from all rings were observed with respect to control eyes. (B) The mfERG RADs were measured
between the N1 and P1 peaks and are indicated by an arrow (�). The mfERG RADs were obtained from five concentric annular areas (rings)
centered on the fovea (R1–R5). In ERM eyes, reduced mfERG RADs were observed exclusively in R1 and R2 in comparison to the control
eyes.

FIGURE 2. Representative examples of mfPhNR averaged traces recorded from one control eye (#13) and one eye with epiretinal membrane
(ERM#12), analyzed by sector configuration. (A, B) The mfPhNR RADs were measured from baseline to trough with an implicit time between
50 and 90 ms from the stimulus onset and are indicated by an arrow (↓). The mfPhNR RADs were obtained on eight sectors following the
ETDRS maps: four sectors (S, N, I, T) enclosed between 5° and 10° (R2) (A) and four sectors (S, N, I, T) enclosed between 10° and 20°
(R3+R4) (B). In the ERM eyes, reduced mfPhNR RADs were observed in all sectors with respect to the control eye.

FIGURE 3. Representative examples of mfERG averaged traces recorded from one control eye (#13) and one eye with epiretinal membrane
(ERM#12), analyzed by sector configuration. (A, B) The mfERG RADs were measured between the N1 and P1 peaks. The mfERG RADs were
obtained from eight sectors following the ETDRS maps: four sectors (S, N, I, T) enclosed between 5° and 10° (R2) (A) and four sectors
(S, N, I, T) enclosed between 10° and 20° (R3+R4) (B). In the ERM eyes, the mfERG RADs observed in all sectors were similar to those of
the control eye.
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FIGURE 4. The mfPhNR and mfERG values yielded by the ring analysis (R1–R5) in the control and ERM groups analyzed by a segmented
regression model with breakpoint estimation. Differences between slopes were also computed, and the relative statistical analysis is reported
in Table 4. Dashed lines indicate the polynomial fitting for the mfPhNRs and mfERGs in the control and ERM groups. (A) Analysis of the
mfPhNR values indicated that differences between the slope of the control eyes and the ERM eyes were constant between R1 and R2 and
from R3 to R5. (B) Analysis of mfERG values indicated that differences in slope between R1 and R2 and R3 to R5 were not constant; the
differences were greater in the first two rings than in R3 to R5.

RESULTS

The values of BCVA, CRT, and mfPhNR and mfERG RADs
detected in individual ERM eyes and recorded in rings and
ETDRS sectors are reported on Tables 1 and 2. Examples of
representative mfPhNR and mfERG responses recorded in
one ERM eye (ERM#12) and in one control eye (Control#13)
are shown in Figure 1 (ring analysis) and Figures 2 and 3
(sector analysis).

MfPhNR Responses: Ring Analysis

Most ERM eyes showed reduced mfPhNR ring responses
(from 62.50% in R1 to 100% in R3 and R4) (Tables 1, 3). On
average, in all rings, mfPhNR responses detected in the ERM
group were significantly (P < 0.01) reduced with respect to

controls. The mean values and the relative statistical analy-
ses between control and ERM groups are reported in Table 3.
When analyzing mfPhNR values by the segmented regres-
sion model with breakpoint estimation in the control and
ERM groups, the difference between the slopes of control
eyes and ERM eyes was constant between R1 and R2 and
from R3 to R5 (−1.694 vs.−1.12632), indicating similar inner
retinal dysfunction between the central and the peripheral
rings in the ERM group. This finding is shown in Figure 4A
and Table 4.

MfPhNR Responses: ETDRS Sector Analysis

Considering individual values, we detected reduced mfPhNR
sector responses in most of the eyes of the ERM group,

TABLE 1. Individual Values of BCVA, CRT, and mfPhNR Detected in Eyes With ERMs

Rings mfPhNR
RADs (nV/deg2)

ETDRS Sectors
mfPhNR R2

RADs (nV/deg2)

ETDRS Sectors
mfPhNR R3+R4
RADs (nV/deg2)

ERM
BCVA

(logMAR)
CRT
(µm) R1 R2 R3 R4 R5 S N I T S N I T

1 0.4 489 31.4 10.2 3.6 1.8 1.3 20.6 9.4 10.3 17.5 3.7 7.0 1.7 2.6
2 0.3 490 16.4 1.3 0.4 1.5 0.6 3 6.4 3.7 1.5 0.2 2.0 1.5 1.4
3 0.5 585 13.8 3.1 3.7 3.5 1.0 5.9 6.6 5.7 4.4 4.9 3.7 1.4 2.6
4 0.4 432 11.1 9.7 3.8 0.1 1.6 17.2 11.8 10.3 18.7 4.7 6.8 6.5 10.2
5 0.2 491 29.4 5.8 4.4 1.1 0.2 19.9 19.8 7.6 7.0 2.1 3.8 6.2 2.8
6 0.5 427 6.5 7.0 5.2 1.3 0.7 6.5 14.6 6.8 11.6 2.9 7.3 2.3 2.1
7 0.4 534 17.0 2.0 2.2 1.1 2.8 6.9 5.7 8 5.5 1.5 2.9 2.8 1.8
8 0.7 487 26.7 4.6 3.1 0.9 1.0 6.2 2.2 9.9 13.2 1.5 2.4 2.3 2.6
9 0.7 645 16.0 2.1 1.8 0.9 1.0 5.5 1.8 6.4 6.2 1.3 3.5 2.4 1.9
10 0.5 497 23.9 3.9 4.5 1.5 1.4 3.6 8.5 7.8 3.2 3 2.6 2.6 2.4
11 0.4 364 28.8 2.7 2.9 1.5 1.0 13.4 10.1 5.7 16.1 2.1 3.3 2.3 2.2
12 0.3 452 15.8 8.7 4.5 1.7 1.7 5.4 7.1 10.5 13.0 2.7 3.3 4.1 2.0
13 0.2 339 15.4 10.6 2.9 1.8 1.7 11.1 4.9 12.2 16.5 0.6 5.6 0.3 4.6
14 0.5 407 29.8 5.4 5.1 3.9 3.6 7.8 13.2 13.8 14.2 5.1 1 3.4 9.0
15 0.3 370 18.3 2.8 2.6 1.7 1.1 0.8 1.0 13.5 5.3 1.3 2.8 3.3 1.5
16 0.5 609 13.5 16.1 2.2 0.7 0.3 8.8 17.1 3.6 20.3 4.0 1.2 3.9 3.0
CL 23.750 9.890 7.127 4.026 3.001 12.443 13.325 10.681 15.853 5.130 4.745 5.164 6.290

The mfPhNR RAD values were obtained from five concentric annular rings centered on the fovea (R1, central circular area with a radius
of 5°; R2, annular areas enclosed between 5° and10°; R3, annular area enclosed between 10° and15°; R4, annular area enclosed between 15°
and 20°; R5, annular area enclosed between 20° and 25°) and from eight sectors based on ETDRS sectors: four sectors (S, N, I, T) enclosed
between 5° and 10° (R2) and four sectors (S, N, I, T) enclosed between 10° and 20° (R3+R4). The 95% confidence limits (CLs) were derived
from controls. Italics indicate ERM eyes with abnormal mfPhNR RAD values (reduced from the lower 95% CL limit).
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TABLE 2. Individual Values of mfERG Responses Detected in Eyes With ERMs

Rings
mfERG RAD
(nV/deg2)

ETDRS Sectors
mfERG R2 RAD

(nV/deg2)

ETDRS Sectors
mfERG R3+R4 RAD

(nV/deg2)

ERM R1 R2 R3 R4 R5 S N I T S N I T

1 44.6 19.8 8.2 7.7 5.7 12.1 19.5 22.4 17.9 7.7 7.6 7.8 7.4
2 44.8 18.6 11.5 8.7 6.0 21.3 29.7 24.8 31.8 10.5 10.1 7.7 8.7
3 49.1 17.6 8.4 6.7 5.9 9.9 21.5 23.6 25.2 7.9 5.9 6.1 8.3
4 38.9 16.8 11.8 7.1 8.0 23.8 22.4 23.0 16.4 8.8 7.9 7.7 10.8
5 28.9 18.2 16.7 10.8 9.7 24.5 23.0 20.7 27.1 12.1 13.2 13.1 12.9
6 28.3 12.6 15.9 13.0 9.0 33.0 26.8 18.1 26.9 14.1 16.8 10.2 16.0
7 26.1 8.3 4.4 4.6 4.9 14.4 25.9 22.6 16.1 4.7 6.5 2.7 9.6
8 40.8 18.5 9.7 7.5 5.9 21.5 22.8 21.8 19.5 8.4 8.1 10.3 6.3
9 34.6 15.4 8.6 10.2 4.8 26.7 40.7 20.8 25.7 7.3 13.0 12.5 6.9
10 32.1 12.5 8.4 7.4 5.6 12.8 22.4 19.6 16.8 8.6 6.9 8.1 8.1
11 34.6 17.8 11.0 7.8 6.0 19.9 21.8 18.9 25.8 8.7 7.4 8.7 10.1
12 27.8 16.3 14.5 8.7 7.5 20.9 29.7 19.5 20.6 13.0 9.6 9.5 10.5
13 26.6 10.5 9.2 6.3 7.2 12.7 21.2 18.6 19.9 6.0 6.1 7.4 8.1
14 20.3 13.7 11.4 5.9 6.0 15.3 16.7 19.9 27.4 7.7 6.5 9.3 8.0
15 16.8 10.5 10 8.1 5.5 15.1 19.8 19.3 20.4 8.7 8.1 8.7 9.9
16 17.2 8.2 13.6 9.7 8.7 21.8 26.5 28.5 22.4 10.5 11.0 11.3 10.3
CL 46.400 19.375 11.522 8.317 6.989 19.295 24.365 21.405 20.661 9.466 8.935 9.391 9.516

The mfERG RAD values were obtained from five concentric annular rings centered on the fovea (R1–R5) and from eight sectors based
on ETDRS sectors: four sectors (S, N, I, T) enclosed between 5° and 10° (R2) and four sectors (S, N, I, T) enclosed between 10° and 20°
(R3+R4). The 95% confidence limits (CLs) were derived from controls. Italics indicate ERM eyes with abnormal mfERG RAD values (reduced
from the lower 95% CL limit).

TABLE 3. Means and SDs for mfPhNR RADs Detected in Control and ERM Eyes

ANOVA, Control Vs.
ERM, f(1, 43)

RADs (nV/deg2) Group Mean SD f P Abnormal,* n Abnormal,* %

A. mfPhNR ring analysis
R1 Control 26.576 6.757 — — — —

ERM 19.613 7.621 9.85 0.003 10 62.50
R2 Control 10.896 3.523 — — — —

ERM 6.000 4.102 17.45 <0.001 13 81.25
R3 Control 7.848 2.135 — — — —

ERM 3.306 1.300 59.44 <0.001 16 100
R4 Control 4.296 1.123 — — — —

ERM 1.563 0.954 66.96 <0.001 16 100
R5 Control 3.683 0.887 — — — —

ERM 1.313 0.872 73.57 <0.001 15 93.75
B. mfPhNR ETDRS sector analysis

R2 S Control 14.393 5.029 — — — —
ERM 8.913 5.952 10.58 0.002 12 75.00

R2 N Control 15.593 5.849 — — — —
ERM 8.763 5.451 14.57 <0.001 13 81.25

R2 I Control 12.693 5.189 — — — —
ERM 8.488 3.171 8.61 0.005 13 81.25

R2 T Control 17.789 4.995 — — — —
ERM 10.888 6.110 16.51 <0.001 11 68.75

R3+R4 S Control 5.857 1.875 — — — —
ERM 2.600 1.537 34.80 <0.001 16 100

R3+R4 N Control 5.254 1.312 — — — —
ERM 3.700 1.970 9.86 0.003 12 75.00

R3+R4 I Control 5.825 1.705 — — — —
ERM 2.938 1.644 29.94 <0.001 14 87.50

R3+R4 T Control 7.050 1.960 — — — —
ERM 3.294 2.580 29.64 <0.001 14 87.50

RAD values were obtained from five concentric annular rings centered on the fovea (R1–R5) in A and from eight sectors based on ETDRS
sectors: four sectors (S, N, I, T) enclosed between 5° and 10° (R2) and four sectors (S, N, I, T) enclosed between 10° and 20° (R3+R4) in B.

* The abnormal columns represent the number and percentage of ERM eyes with abnormal mfPhNR RAD values (values lower than the
confidence limit).
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TABLE 4. mfPhNR and mfERG Values Yielded by Ring Analysis in the Control and ERM Groups Analyzed by the Segmented Regression
Model with Breakpoint Estimation

Ring 1 + Ring 2 Slope Ring 3 + Ring 4 + Ring 5 Slope

mfPhNR
Control eyes −15.3070 (95% CI, −17.3380 to −13.277) −2.1232 (95% CI, −3.1384 to −1.108)
ERM eyes −13.61300 (95% CI, −16.3870 to −10.8380) −0.99688 (95% CI, −2.3842 to 0.39049)
Difference −1.694 −1.12632

mfERG
Control eyes −30.5070 (95% CI, −33.9270 to −27.08700) −2.5179 (95% CI, −4.2279 to −0.80777)
ERM eyes −17.2630 (95% CI, −20.803 to −13.72200) −2.0906 (95% CI, −3.861 to −0.32023)
Difference −13.244 −0.4273

CI, confidence interval.

FIGURE 5. Analysis of mfERG and mfPhNR RADs using ETDRS maps: four sectors (S, N, I, T) between the control and ERM groups.
(A, C) Mean values and 1 SD (vertical bars) of mfERG detected between 5° and 10° (R2 S, N, I, T) and 10° and 20° (R3+R4 S, N, I, T). When
comparing the ERM data regarding mfERG results to those of the controls, no significant (P > 0.01) differences were found between the
groups, as reported in Table 5B. (B, D) Mean values and 1 SD (vertical bars) of mfPhNR detected between 5° and 10° (R2 S, N, I, T) and
10° and 20° (R3+R4 S, N, I, T). When the data for the ERM mfPhNR results were compared to those of the controls, significant (P < 0.01)
differences were found between groups as reported in Table 3B and indicated by an asterisk.

from 68.75% in the R2 temporal (T) sector to 100% in the
R3+R4 superior (S) sector (Tables 1, 3). On average, consid-
ering mfPhNR sector responses detected at 5° to 10° in the
R2 S, nasal (N), inferior (I), and T sectors and 10° to 20°
in the R3+R4 S, N, I, and T sectors, statistically significant
reduced values (P < 0.01) were observed in the ERM group
compared to the control group. The mean values and the
relative statistical analysis between the control and ERM
groups are reported in Table 3 and Figures 5B, 5D.

MfERG Responses: Ring Analysis

Considering individual values, reduced mfERG responses
were detected in most of the eyes of the ERM group
(from 62.50% in R4 and R5 to 93.75% in R1 and R2)
(see Tables 2, 5). On average, the mfERG ring responses
observed in the ERM group were significantly (P < 0.01)
reduced exclusively in the central 0° to 10° (R1 and R2),
whereas in the more eccentric concentrical areas between
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TABLE 5. Mean Values and SDs for mfERG RADs Detected in Control and ERM Eyes

ANOVA, Control
Vs. ERM, f(1, 43)

RAD (nV/deg2) Group Mean SD f P Abnormal,* n Abnormal,* %

A. mfERG ring analysis
R1 Control 51.557 13.299 — — — —

ERM 31.969 9.816 26.38 0.003 15 93.75
R2 Control 21.050 4.320 — — — —

ERM 14.367 3.727 26.82 <0.001 15 93.75
R3 Control 12.643 2.890 — — — —

ERM 10.831 3.191 3.71 0.061 11 68.75
R4 Control 9.068 1.936 — — — —

ERM 8.138 0.954 2.25 0.141 10 62.50
R5 Control 8.138 2.055 — — — —

ERM 6.650 1.507 3.81 0.057 10 62.50
B. mfERG ETDRS sector analysis

R2 S Control 21.207 4.932 — — — —
ERM 19.106 6.276 1.51 0.226 7 43.75

R2 N Control 26.404 5.258 — — — —
ERM 24.593 5.780 1.10 0.300 10 62.50

R2 I Control 23.411 5.171 — — — —
ERM 21.381 2.724 2.11 0.153 9 56.25

R2 T Control 23.714 7.875 — — — —
ERM 22.494 4.726 0.32 0.578 8 50

R3+R4 S Control 10.307 2.169 — — — —
ERM 9.044 2.474 3.07 0.087 11 68.75

R3+R4 N Control 9.921 2.543 — — — —
ERM 9.044 3.080 1.04 0.314 10 62.50

R3+R4 I Control 10.264 2.253 — — — —
ERM 8.819 2.500 3.91 0.055 10 62.50

R3+R4 T Control 10.443 2.392 — — — —
ERM 9.494 2.413 1.58 0.215 8 50.00

RAD values were obtained from five concentric annular rings centered on the fovea (R1–R5) in A and from eight sectors based on ETDRS
sectors: four sectors (S, N, I, T) enclosed between 5° and 10° (R2) and four sectors (S, N, I, T) enclosed between 10° and 20° (R3+R4) in B.

* The abnormal columns represent the number and percentage of ERM eyes with abnormal mfERG RAD values (values lower than the
confidence limit).

central 10° and 25° (R3, R4, and R5) no statistically signif-
icant (P > 0.01) differences between the control and ERM
groups were found. The mean values and relative statistical
analyses between groups are reported in Table 5.

When analyzing mfERG values by segmented regression
model with breakpoint estimation in the control and ERM
groups, the difference slope between R1 and R2 and R3 to
R5 was not constant (−13.244 vs. −0.4273); it was greater
in the first two rings than in R3 to R5, indicating that in the
central 0° to 10° there was greater outer retinal dysfunction
than in the 10° to 25° eccentricity in the ERM group. This is
shown in Figure 4B and Table 4.

MfERG Responses: ETDRS Sector Analysis

Considering individual values, reduced mfERG sector
responses on variable percentages of ERM eyes (from
43.75% in R2 S to 68.75% in R3+R4 S) were detected
(see Tables 2, 5). On average, considering the mfERG sector
responses detected in both 5° to 10° (R2 S, N, I, T) and in
10° to 20° (R3+R4 S, N, I, T) no statistically significant (P
> 0.01) differences between the control and ERM groups
were found. The mean values and relative statistical analyses
between the control and ERM groups are shown in Table 5
and Figures 5A and 5C.

Correlations Among mfPhNR and mfERG
Responses, BCVA, and CRT Values

As shown in Figures 6A and 6B, when plotting mfERG
ring RAD values detected in 0° to 5° and in the central
5° to 10° (R1 and R2) against the corresponding mfPhNR
values, no statistically significant (P > 0.01) linear correla-
tion was found in the ERM group. In ERM eyes, the reduced
BCVA correlated linearly (P < 0.01) to the reduced mfERG
R1 responses, whereas there was no correlation between
BCVA and mfPhNR R1 responses (see Figure 6C and 6D).
MfERG and mfPhNR R1 responses did not correlate with
CRT (Figure 6E and 6F) in ERM eyes.

DISCUSSION

The aim of our work was to evaluate, in ERM eyes, the func-
tion of macular ganglion cells and nerve fibers (by mfPhNR
recordings) and of macular photoreceptors and bipolar cells
(by mfERG recordings), as well as to study the correlation
between the functions of these different retinal elements
with changes in BCVA and CRT. The novelty of this work is
that, although pioneering electrophysiological studies have
assessed an inner retinal dysfunction in ERM eyes located
in the central 9° (by focal PERG responses),14 actually it is
possible to detect functional impairment of the inner reti-
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FIGURE 6. (A, B) Linear plots between mfPhNR and mfERG RADs from the central retinal area (R1) and in the annular areas enclosed
between 5° and 10° (R2) in eyes with ERMs. (C, D) Correlation between the BCVA (logMAR) values and RADs detected from the central
retinal area (R1) by mfERG and mfPhNR, respectively. (E, F) Relationship between central retinal thickness (μm) and RADs detected in the
central retinal area (R1) by mfERGs and mfPhNRs, respectively.

nal elements located in different macular circular areas with
different eccentricity from the fovea (ring analysis) or in
different macular sectors (sector analysis) by the innovative
mfPhNR technique.17,29

In our ERM eyes, a significant reduction of mfPhNR RADs
was observed in all rings and sectors, suggesting that a
dysfunction of the retinal ganglionic elements cannot be
exclusively detected in the more central 10° (R1 and R2)
but that it extends until the 25°of the foveal eccentricity
(R3, R4, and R5); in addition, the observed dysfunction was
constant from the fovea up to the retinal periphery. This find-
ing can be ascribed to the peculiar macular and extramacu-
lar morphological changes occurring in the enrolled stage 4
ERM eyes. It is well known that this stage is characterized by
significant retinal thickening, remarkable anatomic macular
disruption, and ectopic inner foveal layers (EIFLs). Thus, it is

likely that all of these inner retinal structural changes could
induce a wide and diffuse inner retinal dysfunction, involv-
ing mainly retinal ganglion cells (RGCs), which are closer
to the ERMs. This is in keeping with the results by Shin et
al.,30 indicating that the RGC layer is the retinal layer primar-
ily affected by ERMs.30 In the same work, it was suggested
that the involvement of pre-ganglionic elements can occur
during the ERM evolution.30

In our study, the function of localized macular pre-
ganglionic elements (photoreceptors and bipolar cells) was
studied by assessing mfERG recordings and using two differ-
ent topographies. In our ERM cohort, mfERG recordings
showed significantly reduced RAD exclusively in R1 and
R2, whereas no statically significant differences were found
between the ERM and control groups in the more peripheral
rings (R3, R4, and R5 RADs). This finding suggests that, in
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our ERM eyes, a dysfunction of outer retinal layers occurs in
the more central retinal areas (central 0° to 10°) with possi-
ble functional sparing of the same retinal elements located
in the more peripheral macular areas (within 10° and 25°).
This finding was supported when the segmented regression
models with breakpoint estimation showed a great differ-
ence of slope only in the central 0° to 10°. Our findings
are consistent with previously published results, indicating
a pre-ganglionic dysfunction exclusively in the more central
macular areas.31,32

The mfERG analysis of the macular ETDRS sectors in
which the function of the more central macular area (R1)
was excluded showed no statistically significant differences
in RAD values between the control and ERM groups. This can
be explained by previously mentioned data, suggesting that,
in ERM eyes, there is normal function in the pre-ganglionic
elements located over the central 10°. Alternatively, it might
be possible that the ring analysis could have masked some
impairment occurring in one or more sectors; however, this
possibility can be excluded by the results obtained by the
sector analysis.

The observed central pre-ganglionic dysfunction may be
ascribed to two possible factors: (1) displacement that the
ERMs, endowed with contractile capability, apply on the
outer retinal layers33,34 and (2) retrograde transneuronal
degeneration and/or impaired axonal transport.35 In fact,
based on recent acquisitions, ERMs that tightly adhere to the
surface of the ILM not only affect the entire retinal structure
(as evidenced by increased CRT), but also induce a displace-
ment along both the sagittal and coronal planes.33 ERMs
causes inward traction at the foveal pit, which is reflected at
the interface between the inner and outer segments, with-
out severely damaging the photoreceptor cell bodies them-
selves,35 although reducing their function.

The tangential traction forces of ERMs pull the underlying
inner foveal layers, from the Henle fiber layer to the outer
nuclear layer (ONL), toward the foveal center, resulting in
disappearance of the foveal pit. The displacement, induced
by the presence of ERM, could change the synaptic connec-
tions between the inner and outer retinal elements. From
our results, this steadily involves the inner retina from the
foveal center up to the periphery.

On the other hand, inner nuclear layer (INL) damage
due to ERM-induced neuronal kinking may initiate poten-
tial retrograde neuronal degeneration.35 Commonly, the
ONL, which contains photoreceptor bodies (presynaptic
elements), delivers visual input to the elements of the INL
(bipolar postsynaptic elements) and to RGCs. If the RGCs
are primarily damaged, synaptic connections with the outer
retina are stretched and lost and thus are not able to receive
the visual impulse from the photoreceptors, causing loss of
trophic support of the target (RGCs).

It is interesting that, in our ERM eyes, the dysfunc-
tions occurring in macular elements of outer and inner
retinal layers located in the more central macular areas
(detected by reduced R1 and R2 mfERGs and mfPhNR RADs,
respectively) were not linearly correlated. Apart from the
above-mentioned unbalanced synaptic connection between
photoreceptors and bipolar cells and RGCs, other factors
may explain the lack of correlation. In this context, a key
role in the retinal layered structure is played by Müller
cells and glial cells, which span almost the entire thickness
of the retina and are primarily responsible for mechanical
force transmission to photoreceptors.36,37 Throughout their
path, Müller cells attenuate mechanical stresses and increase

compliance of the retina; nevertheless, they may interact
with other cellular elements by changing their connections37

(see below). In addition, due to the wide known structural
displacement of the retinal planes.33 Another hypothesis is
that the presynaptic and the postsynaptic elements might
become rewired through non-conventional neuronal path-
ways. This suggestion is supported by the knowledge that,
in the presence of tractional forces from the ERMs, glio-
sis processes, including upregulation of glial intermediate
filaments such as vimentin and glial fibrillary acidic protein
(GFAP), are triggered by increasing tissue stiffness, causing
the loss of physiological connections between the inner and
outer retina. Wang et al.38 studied the crucial role of glial
cells and reported that a high density of glial cells resulted in
morphological changes such as outer retinal inward projec-
tion and inner retinal thickening on SD-OCT images. They
also found that a high glial cell density was associated with
poor BCVA after surgery.38

Secondary aims of our work were to correlate the outer
and inner macular dysfunction with BCVA and CRT values.
The BCVA reduction observed in ERM eyes correlated only
with the outer retinal dysfunction (reduced R1 mfERG RADs)
and not with the inner retinal impairment (reduced R1
mfPhNR RADs). This result is consistent with previous stud-
ies36–40 that have found that visual dysfunction in ERM
patients is caused by the traction of photoreceptor cells
by Müller cells37 and by the observed loss of the regular-
ity of the spatial arrangement of the cone mosaic detected
by adaptive optics scanning laser ophthalmoscopy.39 The
integrity of the ellipsoid zone and the external limiting
membrane, which reflects the continuity of the structural
and metabolic support between photoreceptors and Müller
cells, is primarily responsible for BCVA status.36,37 Thus, our
findings of significant linear correlation between mfERG R1
RADs and BCVA in the ERM group confirm the previous
evidence.36–40

Conversely, an absence of linear correlation between
mfPhNR foveal (R1) RADs and BCVA in our cohort of stage
4 ERM eyes was observed. Similar studies performed using
mfPhNR in ERMs have not been reported, so our results
cannot be confirmed by previously described data. Never-
theless, a linear correlation between inner retinal dysfunc-
tion (assessed by focal PERG responses) and reduced BCVA
has been reported14; however, in that work the stage of ERM
was not considered, and the inner retinal dysfunction was
observed in a central retinal area (central 9°) larger than the
central 0° to 5° area from which the mfPhNR R1 reduced
RADs were derived.

With regard to this lack of correlation, because the
observed outer and inner macular dysfunctions were not
related (only dysfunction of the central outer retina was
correlated to the BCVA reduction), we can only hypoth-
esize that, in ERM eyes, impaired synaptic signaling and
neuronal intraretinal transmission could occur with conse-
quent functional inner/outer retina decoupling. Thus, the
reduced BCVA we observed was not dependent on central
inner retina (0°–5°) dysfunction as suggested by the above-
mentioned decoupling.

When considering the relationship between CRT and
R1 mfERG and mfPhNR RADs, no correlation was found
in the ERM group, thus indicating a morphofunctional
dissociation and suggesting that different structural factors,
such as the presence of EIFLs, integrity of the INL, inner
segment/outer segment junctions, and photoreceptor outer
segment length, and the presence of disorganization of reti-
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nal inner layers,41–45 might be better indicators of morpho-
functional associations. In addition, the absence of a rela-
tionship between morphological and functional indicators
could be due to the fact that CRT describes full retinal thick-
ness changes without distinguishing the isolated contribu-
tion of outer and inner retinal layers to ERM pathophysiol-
ogy.

In conclusion, in ERM stage 4 eyes, an unrelated dysfunc-
tion of both inner and outer macular layers occurs in the
central 0° to 10° and exclusive inner macular dysfunc-
tion in the more peripheral areas (10°–25°). The reduc-
tion of BCVA depended only on the central outer macu-
lar dysfunction. Our results apply exclusively to ERM stage
4, which may be considered a limitation of the study. It
would be interesting to explore whether the observed inner
and/or outer retinal dysfunction may occur in earlier stages
(stages 2 and 3) of ERM to elucidate functional progression
dynamics.
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