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Abstract: The retinal response to particular orientations might start a signaling cascade of events that
help to modulate eye growth and respond to myopia control treatments. The purpose of this study
was to investigate the retinal electrical activity in response to grids of different spatial orientations.
The multifocal (mfERG) and pattern (PERG) ERG responses of nine eyes (spherical equivalent of
−0.45 ± 1.15 D; mean age of 32.9 ± 7.7 years) were recorded with four grids (1.2 cpd) oriented at 60◦,
90◦, 120◦ and 180◦ under pupils’ dilation. The mfERG was analyzed by retinal eccentricity, quadrants
and meridians with the same orientation of the grids. The response density of mfERG, the amplitudes
of PERG and the implicit times of each peak from both tests were analyzed. The grid’s orientation did
not evoke different implicit times in both tests. All retinal meridians showed higher response density
with grids of parallel orientation to the meridian and lower response density with perpendicularly
oriented grids. These differences were statistically significant in the horizontal and 60◦ meridians
(p < 0.050). PERG response did not change with the grids’ orientations. The mfERG was sensitive
to detect changes in the outer retinal activity with variations in stimulus orientation. The paradigm
of meridional analysis of mfERG results might be more sensitive to orientation changes than the
traditional analysis by rings, quadrants or hemifields.

Keywords: orientation; electroretinography; retinal activity; meridional effect

1. Introduction

The visual system features against-the-rule astigmatism across the horizontal meridian
of the retina and with-the-rule astigmatism across the vertical meridian [1–3]. Previously,
Atchison et al. reported a higher impact of peripheral astigmatism on the horizontal
rather than vertical meridian [4]. Together with the spatial frequency, oblique astigmatism
may also have a potential role in the emmetropization process. Oblique incidence or
off-axis astigmatism will lower the image quality in the periphery, and this degradation
might be more significant for different orientations and resolution objects. According to
previous studies, Sturm’s interval—the range between tangential and sagittal focal points—
of oblique astigmatism and their orientations might generate potential cues used by the eye
to detect blur and control its growth [5,6]. One of the hypotheses relies on the possibility of
the peripheral retina to estimate and use the magnitude and sign of off-axis astigmatism to
control the emmetropization process [7].

Nevertheless, the mechanism by which the retina may detect the relative position of
the sagittal and tangential focal surfaces working as a regulator effect on ocular growth is
still not known. Different eye growth patterns were observed in primate eyes according
to the relative position of the tangential and sagittal focal lengths [8]. This relies on the
assumption that the retina tends to reposition itself toward the most posterior focal position
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(sagittal focal) in the presence of mixed astigmatisms [9]. Some studies have reported an
association between the development of myopia in school-aged children with astigmatism,
especially against-the-rule astigmatism, hypothesizing astigmatism as a disrupting factor
of emmetropization for eye growth [1,10].

Myopia management strategies have been effective in myopia control in humans [11–13].
In addition to the myopic shift of the peripheral refraction, most myopia control devices
increase substantially the incidence of oblique astigmatism, showing a negative increase in
the relative J0 astigmatism (against-the-rule astigmatism) in the horizontal meridian of the
retina [14–16], while in the vertical retinal meridian, the relative cartesian astigmatism (J0)
increases positively (with-the-rule astigmatism) [3].

Whether or not the stimulation of the retina using different spatial frequencies that
maximize contrast in a particular orientation might elicit a variable level of retinal activity,
as well as its role in guiding the eye towards emmetropia, remain unknown. This retinal
activity can be measured with electrophysiological techniques [17–22]. In the human eye,
different electroretinogram (ERG) methodologies were applied to assess the retinal response
to stimuli of varying spatial frequency [2,21,23–26]. However, the changes observed were
not yet analyzed to evaluate the possible relationship between the distinct cellular layers
of the retina. The authors hypothesize that the retinal activity might change differently
with the stimulus orientation in different meridional directions. These changes might start
a signaling cascade of events that span from the retina, through the choroid and into the
scleral tissue to modulate the eye growth and the response to myopia control treatments.
It is further hypothesized that changes in the activity of cells from the outer retina [27,28]
would be reproduced in the response of inner cellular groups responsible for the integration
of contrast at the retinal level [29,30].

The purpose of the present pilot study was to investigate the global and local retinal
activity in the outer and inner retina in response to different spatial orientations of grid
patterns. Beyond the common analysis of the retinal activity by eccentricity and quad-
rants, this study also aims to examine the retinal sensitivity of different meridians to the
stimulus orientation.

2. Materials and Methods
2.1. Study Design and Subjects

This cross-sectional study consisted of evaluating both multifocal (mfERG) and pattern
(PERG) ERG responses when presenting grids of four orientations. The protocol was
approved by the Ethics Subcommittee for Health and Life Sciences of the University
of Minho and followed the guidelines of the Declaration of Helsinki. After detailed
information about the study and before enrollment, all participants provided written
informed consent.

The volunteers were recruited from an academic population and selected according to
the following inclusion criteria: age between 18 and 45 years old, a spherical equivalent
between +1.00 diopters (D) and −2.00 D, astigmatism up to 1.00 D, high-contrast (99%)
visual acuity of at least 0.00 logMAR (logarithm of the minimum angle of resolution), ocular
media transparency and no ocular or systemic diseases or any previous ocular surgical
procedure. Before the ERG assessment, subjects underwent an optometric evaluation
to ensure compliance with the inclusion criteria. All measurements were performed in
a single session.

For sample characterization purposes, the high- (99%) and low- (10%) contrast visual
acuity (HCVA and LCVA, respectively) and the refractive error were registered. The
refractive error is represented in vectorial components (M as spherical equivalent, J0
as cartesian astigmatism and J45 as oblique astigmatism) calculated according to the
following equations:

M = Sphere +
Cylinder

2
(1)
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J0 =
Cylinder

2
× cos(2axis) (2)

J45 =
Cylinder

2
× sin(2axis) , (3)

2.2. ERG Assessment

The electrophysiological measurements (mfERG and PERG) were recorded with the
RETIport/scan21™ (Roland Consult, Brandenburg, Germany). Pupils were fully dilated
with 2 drops of 1% Phenylephrine (Davinefrina, DÁVI II—Farmacêutica S.A, Lisbon,
Portugal) 25–30 min before the recordings. Subjects were optically corrected for the display
distance for both mfERG (~28 cm) and PERG (at 1 m), as recommended by the International
Society for Clinical Electrophysiology of Vision standards protocols [31,32]. An active
Dawson–Trick–Litzlkow (DTL)-plus electrode was placed on the lower conjunctiva in
contact with the cornea. The stimuli were displayed in a 19-inch RGB LCD monitor (ProLite
B1980SD, iiyama, Nagano, Japan). The built-in camera of the system allows for monitoring
the participant’s fixation during the experiment. All the required mfERG measurements
were obtained before the PERG measurements, and the different conditions were randomly
recorded with both techniques.

The mfERG response is a result of the activity of photoreceptors and bipolar cells.
This technique allows for evaluating the cells’ response to the presence and absence of
light [32]. A stimulus pattern of 61 black and white hexagons scaled with eccentricity was
displayed at approximately 28 cm (~+3.00 D vergence) from the eye, covering up to 56◦ of
the retina. Subjects should fixate on a central red cross in the middle of the pattern stimuli.
Each hexagon followed an m-sequence flickering between white and dark at a frame rate
of 60 Hz. The first negative (N1) and positive (P1) of the first-order kernel of the mfERG
waveforms were analyzed by concentric areas—central retina (fovea; from 0 to 4.80◦),
mid-peripheral retina (parafovea; 4.80◦ to 21.62◦) and peripheral retina (periphery; 21.62◦

to 54.10◦) (Figure 1a), both by quadrants—top-right, top-left, bottom-left and bottom-right
quadrants (Figure 1b), and by meridians—horizontal, vertical, 60◦ and 120◦ (Figure 1c).
The implicit time of N1 and P1 peaks (measured from the onset of the stimulus to the
peak of interest) in milliseconds (ms) and the response density (ratio of the amplitude
measured between peaks and troughs by analysis area) of P1 in nano volts per square
degree (nV/deg2) of the curves were analyzed (Figure 1d) [32].
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Figure 1. The multifocal electroretinogram (mfERG) response was analyzed by (a) eccentricity in three
concentric rings (macula in orange, mid-periphery in yellow and periphery in blue), (b) quadrants
(top-right in green; top-left in orange; bottom-left in blue; bottom-right in yellow) and (c) four
meridians (horizontal—green; 60◦—blue; vertical—orange; 120◦—yellow). (d) Typical mfERG wave
curve [33].
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The PERG response essentially concerns the ganglion cells, driven by the response of
the photoreceptors and bipolar cells from the earlier stages of the retinal visual integration
to generate the action potentials that abandon the eye to the brain. This is a global response
of the area covered by the stimulus to changes in contrast and reflects the integrity of
the optics and the cellular path from photoreceptors to ganglion cells [31]. The pattern
stimulation was a black and white (98% contrast) reversing checkerboard (Figure 2a), with
a check size of 0.8◦, presented at a reversal rate of 4.29 reversals per second (2.15 Hz) at 1 m
of the subject (+1.00 D vergence). Vergence distance was compensated with a frameless trial
lens and considering the spherical equivalent refractive error of the subject. Central fixation
with a red cross was used. Each measurement accounts for two consecutive waveforms with
a sweep time (period of analysis) of 180 ms that are off-line averaged and then analyzed.
The implicit times of peaks N35, P50 and N95 in milliseconds (ms) and the amplitudes
of P50 (trough of N35 to the peak of P50) and N95 (peak P50 to the trough of N95) in
microvolts (µV) were used for analysis (Figure 2b).

Photonics 2023, 10, x FOR PEER REVIEW 4 of 12 
 

 

four meridians (horizontal—green; 60°—blue; vertical—orange; 120°—yellow). (d) Typical mfERG 
wave curve [33]. 

The PERG response essentially concerns the ganglion cells, driven by the response of 
the photoreceptors and bipolar cells from the earlier stages of the retinal visual integration 
to generate the action potentials that abandon the eye to the brain. This is a global response 
of the area covered by the stimulus to changes in contrast and reflects the integrity of the 
optics and the cellular path from photoreceptors to ganglion cells [31]. The pattern 
stimulation was a black and white (98% contrast) reversing checkerboard (Figure 2a), with 
a check size of 0.8°, presented at a reversal rate of 4.29 reversals per second (2.15 Hz) at 1 
m of the subject (+1.00 D vergence). Vergence distance was compensated with a frameless 
trial lens and considering the spherical equivalent refractive error of the subject. Central 
fixation with a red cross was used. Each measurement accounts for two consecutive 
waveforms with a sweep time (period of analysis) of 180 ms that are off-line averaged and 
then analyzed. The implicit times of peaks N35, P50 and N95 in milliseconds (ms) and the 
amplitudes of P50 (trough of N35 to the peak of P50) and N95 (peak P50 to the trough of 
N95) in microvolts (µV) were used for analysis (Figure 2b). 

. 

Figure 2. (a) PERG stimulus is a reversed black and white checkerboard at 4.29 reversals per second 
with a check size of 0.8°. The reversal patterns allow for eliciting a curve response similar to that of 
(b) [31]. 

2.3. Evaluation Conditions 
mfERG and PERG protocols were recorded with four square grids of 1.2 cycles per 

degree (cpd) oriented at 60°, 90°, 120° and 180° (from the researcher’s point of view; Figure 3). 
The recordings with the four orientations were performed in random order. All grids were 
printed in transparent films and placed over the monitor’s display. In a preliminary study, 
the effect of using a total transparent film over the monitor’s display on the luminance 
and illuminance conditions was considered. The transparency reduced the stimulus 
maximum luminance by 10.85 ± 0.58% and illuminance by 1.65 ± 1.41% compared to no 
transparent film over the monitor. Since the comparison between grids did not include 
baseline recordings (no transparent film over the monitor), and all grids present the same 
attenuation effect, the measurements are comparable among them. 

 
Figure 3. Four square gratings of 1.2 cpd with different orientations (60°, 90°, 120° and 180°) of the 
grid were placed in the monitor, overlapping the mfERG and PERG stimuli pattern. 

To ensure that the contrast of the stimuli would not differ between the grids printed 
in the transparent films, the maximum (white) and minimum (dark) luminance of the 
screen ( 𝐿  and 𝐿 , respectively, in cd/m2) of each grid was measured (10 

Figure 2. (a) PERG stimulus is a reversed black and white checkerboard at 4.29 reversals per second
with a check size of 0.8◦. The reversal patterns allow for eliciting a curve response similar to that of
(b) [31].

2.3. Evaluation Conditions

mfERG and PERG protocols were recorded with four square grids of 1.2 cycles per
degree (cpd) oriented at 60◦, 90◦, 120◦ and 180◦ (from the researcher’s point of view;
Figure 3). The recordings with the four orientations were performed in random order.
All grids were printed in transparent films and placed over the monitor’s display. In
a preliminary study, the effect of using a total transparent film over the monitor’s display
on the luminance and illuminance conditions was considered. The transparency reduced
the stimulus maximum luminance by 10.85 ± 0.58% and illuminance by 1.65 ± 1.41%
compared to no transparent film over the monitor. Since the comparison between grids
did not include baseline recordings (no transparent film over the monitor), and all grids
present the same attenuation effect, the measurements are comparable among them.
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Figure 3. Four square gratings of 1.2 cpd with different orientations (60◦, 90◦, 120◦ and 180◦) of the
grid were placed in the monitor, overlapping the mfERG and PERG stimuli pattern.

To ensure that the contrast of the stimuli would not differ between the grids printed in
the transparent films, the maximum (white) and minimum (dark) luminance of the screen
(Lmax and Lmin, respectively, in cd/m2) of each grid was measured (10 measurements) in
the same recording conditions of mfERG and PERG. The contrast C was calculated through
the Michelson contrast equation:

C =
Lmax − Lmin
Lmax + Lmin

× 100 (4)



Photonics 2023, 10, 526 5 of 12

2.4. Statistical Analysis

Sample size calculations based on a coefficient variation of at least 20% in the mfERG
response density of P1 [34], superior to the repeatability of 15% of the RETIscan device
found by Mazinani et al. [35], to ensure a statistical power of at least 80% with a statistical
significance set at 5%. GPower software (version 3.1.9.4, Germany) calculations resulted in
a minimum sample size of 3 subjects to fulfil those requirements.

Statistical analysis was conducted using the SPSS v26.0 software (IBM, Inc., New York,
NY, USA). Since the sample size was small, and the parameters of the electrophysiological
response do not exhibit a normal distribution, with marked inter-subject variations, statisti-
cal analysis was carried out using non-parametric statistical tests. Values are represented
as the median and interquartile range (IQR). Friedman’s test was used for multiple com-
parisons with post hoc Bonferroni correction applied for pairwise comparison when the
multiple comparisons showed statistically significant differences between grid orientation.
The level of statistical significance for 80% of statistical power was set at p ≤ 0.050.

3. Results
3.1. Impact of Illumination Conditions

The C without any grid was 98.7%. The maximum and minimum luminance of both
ERG stimuli were 95.76 ± 3.26 cd/m2 and 1.11 ± 0.13 cd/m2, respectively. Since mfERG
and PERG were recorded at different distances to the monitor, the mean illuminances were
also different between techniques. Before acquisitions, the luminance and illuminance of
the monitor with each grid of different orientations with the mfERG and PERG stimuli
were measured (Table 1).

Table 1. Luminance, illuminance and contrast C (mean ± SD) of the screen stimulus during mfERG
and PERG recordings with each grid of different orientation.

Luminance
(cd/m2)

Illuminance (lux)
C (%)mfERG PERG

60◦ 47.43 ± 0.62 103.12 ± 3.37 - 97.88 ± 0.09
90◦ 50.81 ± 0.78 105.10 ± 3.20 139.83 ± 0.53 97.43 ± 0.07

120◦ 48.47 ± 0.62 102.21 ± 3.29 - 97.83 ± 0.06
180◦ 47.02 ± 1.12 108.28 ± 2.48 136.10 ± 0.53 97.73 ± 0.09

cd/m2—candela per square meter; mfERG—multifocal electroretinogram; PERG—pattern electroretinogram;
C—contrast.

The luminance, illuminance and contrast between grids of different orientations
were very similar. This allows for excluding possible changes in the electrophysiological
responses since the amplitude of the mfERG [36,37] and PERG [29,38] decrease with the
illuminance and luminance levels.

3.2. Sample Characteristics

Ten subjects (4 female and 6 male) with ages between 24 and 45 years completed the
study. Only one eye was randomly evaluated. The data from one female participant were
not considered for analysis due to inadequate signal in the mfERG protocols. For this, the
results concern the analysis of the data from nine subjects (5 right eyes, 4 left eyes). Table 2
shows the descriptive characteristics of the sample analyzed.
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Table 2. Descriptive characteristics of the sample (in mean ± SD).

Gender 3 women
6 men

Age (years) 32.9 ± 7.7

M (D) −0.45 ± 1.15
J0 (D) 0.05 ± 0.35

J45 (D) 0.00 ± 0.03

HCVA (logMAR) −0.08 ± 0.08
LCVA (logMAR) 0.08 ± 0.06

Mydriatic Pupil Diameter (mm) 7.55 ± 0.46
M—spherical equivalent of the refractive error; J0—cartesian astigmatism; J45—oblique astigmatism; D—diopters;
HCVA—high-contrast visual acuity; LCVA—low-contrast visual acuity; logMAR (logarithm of Minimum Angle
of Resolution); mm—millimeters.

3.3. mfERG Response

The multiple comparisons between the grids’ orientations did not show any statisti-
cally significant differences in N1 and P1 implicit times. Table 3 shows the median and
interquartile range (IQR) values of the response density (nV/deg2) for each retinal area
with each orientation.

Table 3. P1 response density (median [IQR], in nV/deg2) of each retinal area after mfERG recordings.
The right column regards the statistical significance (p-value) of the multiple comparisons Friedman
test between orientations.

Grids Orientation p-Value
60◦ 90◦ 120◦ 180◦

Total retina 9.48 [1.05] 11.57 [4.82] 10.49 [3.77] 10.55 [5.70] 0.706

Ec
ce

nt
ri

ci
ty Fovea 85.60 [27.80] 73.86 [28.10] 81.13 [54.74] 82.21 [18.29] 0.314

Parafovea 18.70 [9.20] 21.92 [10.02] 21.36 [13.94] 25.91 [8.16] 0.081

Periphery 7.84 [1.00] 8.48 [3.91] 8.33 [4.77] 7.97 [4.66] 0.506

Q
ua

dr
an

ts Top-Right 12.52 [2.72] 12.57 [4.65] 12.00 [2.99] 12.87 [3.38] 0.392
Top-Left 12.14 [5.11] 14.61 [7.88] 14.54 [7.20] 12.69 [11.20] 0.115

Bottom-Left 10.49 [6.18] 14.42 [4.19] 10.13 [6.48] 12.69 [1.95] 0.204
Bottom-Right 10.81 [4.80] 12.06 [5.04] 14.00 [8.14] 14.18 [5.35] 0.072

M
er

id
ia

ns Horizontal 15.19 [11.06] 11.27 [2.43] 18.79 [7.90] 19.64 [2.89] 0.001 *
Vertical 13.57 [3.84] 19.61 [6.71] 13.33 [7.06] 13.19 [7.11] 0.392

60◦ 15.30 [6.81] 12.46 [4.72] 12.38 [3.46] 16.51 [12.30] 0.035 *
120◦ 10.02 [3.53] 14.10 [8.06] 12.02 [5.22] 15.86 [16.05] 0.042 *

* Statistically significant differences by multiple comparisons (Friedman test, p ≤ 0.050).

In general, the 60◦-oriented grid elicited lower P1 RD, while 180◦ grids elicited the
highest P1 RD, except at fovea (Table 3). The multiple comparison tests did not show
statistically significant differences between the orientations in the overall retinal response,
nor for different eccentric areas and quadrants of the retina. Nevertheless, distinct behaviors
were observed in the retinal meridians according to orientation, with statistically significant
differences in horizontal, 60◦ and 120◦ meridians according to grids orientation (Table 3).
Figure 4a,b plot the median values of the P1 RD obtained at each meridian and quadrant of
the retina, respectively, according to the orientation of the grids, from 60◦ to 180◦.



Photonics 2023, 10, 526 7 of 12Photonics 2023, 10, x FOR PEER REVIEW 7 of 12 
 

 

 
Figure 4. P1 response density (median) of the (a) retinal meridians and (b) quadrants from the 
mfERG according to the grid’s orientation (from 60° to 180°). Post hoc Bonferroni corrections 
showed a statistically significant difference in the horizontal (*) and 60° (*) meridians between 
parallel and perpendicular grids to the meridian (90° vs. 80°; and 60° vs. 120°, respectively). Error 
bars represent the standard error. Refer to Table 3 for numerical values of interquartile ranges (IQR). 

The multiple comparisons showed statistically significant differences between 
orientations in the horizontal meridian (Q(3) = 16.200, p = 0.001), the 60° meridian (Q(3) = 
8.600, p = 0.035) and the 120° meridian (Q(3) = 8.200, p = 0.042). The post hoc analysis with 
Bonferroni corrections showed that, in the horizontal meridian of the retina, the 180° grid 
elicited the highest RD, while 90° elicited the lowest RD (median difference of 7.77 nV/deg2 
[12.30], p = 0.002). Similarly, in the 60° meridian, the post hoc analysis showed that the 
parallel grid of 60° elicited a higher RD compared to the perpendicular 120° grid (median 
difference of 2.92 nV/deg2 [5.35], p = 0.021)—as seen in Figure 4a. The post hoc analysis of 
the 120° meridian did not show statistically significant differences. Although there were 
no statistically significant differences in the vertical and 120° meridians between 
orientations, the behavior was similar to that of the horizontal and 60° meridians. They 
also showed lower P1 RD with the corresponding grid of opposite orientation to the 
meridian itself (180° and 60°, respectively). From an equivalent perspective, considering 
that retinal meridians are part of retinal quadrants, this effect was already slightly 
perceptible in the P1 RD analysis in most quadrants, except in the bottom-left quadrant 
(Figure 4b). 

3.4. PERG Response 
The median PERG curves with the four grid orientations (60°, 90°, 120° and 180°) are 

represented in Figure 5. The 60°- and 120°-oriented grids showed delayed N35 and P50 
peaks and a negative shift in amplitude compared with the grids oriented at 90° and 180°. 
The Friedman analysis showed that the differences in the implicit times and amplitudes 
between orientations were not statistically significant. 

 
Figure 5. Median PERG curves with the four grid’s orientations. 

Figure 4. P1 response density (median) of the (a) retinal meridians and (b) quadrants from the
mfERG according to the grid’s orientation (from 60◦ to 180◦). Post hoc Bonferroni corrections showed
a statistically significant difference in the horizontal (*) and 60◦ (*) meridians between parallel and
perpendicular grids to the meridian (90◦ vs. 80◦; and 60◦ vs. 120◦, respectively). Error bars represent
the standard error. Refer to Table 3 for numerical values of interquartile ranges (IQR).

The multiple comparisons showed statistically significant differences between orienta-
tions in the horizontal meridian (Q(3) = 16.200, p = 0.001), the 60◦ meridian (Q(3) = 8.600,
p = 0.035) and the 120◦ meridian (Q(3) = 8.200, p = 0.042). The post hoc analysis with
Bonferroni corrections showed that, in the horizontal meridian of the retina, the 180◦ grid
elicited the highest RD, while 90◦ elicited the lowest RD (median difference of 7.77 nV/deg2

[12.30], p = 0.002). Similarly, in the 60◦ meridian, the post hoc analysis showed that the
parallel grid of 60◦ elicited a higher RD compared to the perpendicular 120◦ grid (median
difference of 2.92 nV/deg2 [5.35], p = 0.021)—as seen in Figure 4a. The post hoc analysis
of the 120◦ meridian did not show statistically significant differences. Although there
were no statistically significant differences in the vertical and 120◦ meridians between
orientations, the behavior was similar to that of the horizontal and 60◦ meridians. They also
showed lower P1 RD with the corresponding grid of opposite orientation to the meridian
itself (180◦ and 60◦, respectively). From an equivalent perspective, considering that retinal
meridians are part of retinal quadrants, this effect was already slightly perceptible in the P1
RD analysis in most quadrants, except in the bottom-left quadrant (Figure 4b).

3.4. PERG Response

The median PERG curves with the four grid orientations (60◦, 90◦, 120◦ and 180◦) are
represented in Figure 5. The 60◦- and 120◦-oriented grids showed delayed N35 and P50
peaks and a negative shift in amplitude compared with the grids oriented at 90◦ and 180◦.
The Friedman analysis showed that the differences in the implicit times and amplitudes
between orientations were not statistically significant.
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4. Discussion

The present work evaluated the changes in the electrophysiological response of the
outer (mfERG) and inner retina (PERG) for different spatial square grid orientations. The
mfERG response density of the horizontal retinal meridian was significantly higher with
the 180◦ grid and minimum with the 90◦ grid. Although the statistical analysis did not
yield significant differences, this effect was also observed in the remaining meridians
of the retina. The response density of each meridian was higher with grids of parallel
orientation to the meridian, while the lowest response density occurred with the grid of
perpendicular orientation. The response density of the retinal quadrants to the orientation
of grids resembles that of the retinal meridians, although it is less clear. On the other hand,
the PERG response did not differ between the four grid orientations.

The radial distribution of ganglion cells throughout the retina is thought to be a major
factor in the mechanisms of orientation preference, as their neural selectivity for task reso-
lution gives preference to parallel grids over perpendicular grids [39–42]. This is called the
meridional effect, whose stimuli oriented radially along the meridian are better resolved
than stimuli oriented in other directions [40]. The findings of Venkataraman et al. [42]
showed better detection and resolution acuities with parallel-oriented grids and worse with
perpendicular-oriented grids in all retinal meridians analyzed, consistent with the merid-
ional effect assumption. In the inner retina, some ganglion cells that are radially oriented
also show preferential orientation with peripheral contrast maximization of grids [5,39,40].
The meridional effect mechanism supports the findings of the current results from the
analysis of mfERG since each meridian was more sensitive (higher response densities)
to grids of the same orientation and less sensitive (lower response densities) to grids of
opposite orientation. As assumed by the meridional effect mechanism, the detection of
the orientation of a grid is not restricted only in its alignment zone to a single orientation
channel, but rather to multiple channels sensitive to different orientations, resulting in
a summation of cellular sensitivity to different orientations [40–42]. As a result, a grid will
be detected not only by the neural channel sensitive to that orientation, but also by the
most efficient neural channel sensitive to its perpendicular orientation [40].

The response of the retinal quadrants partially showed this meridional effect, although
this was not so evident. Each quadrant embeds cells radially distributed and oriented in
an approximately 90◦ range, so the response of a single quadrant would result from the
response summation of each of the orientation-sensitive channels in that area. Considering
this, the summation of the response of cells whose orientation varies within 90◦ would
mask the meridional effect. The analysis of the mfERG response by rings of different
eccentricities comprises the sum of the response of retinal cells oriented within a range
of 360◦. Consequently, the meridional sensitivity caused by the radial orientation of the
cells will be even less noticeable, as shown in the results of this experiment. Therefore, the
analysis of the retinal response by quadrants or eccentric rings shows up to be less sensitive
to radially oriented stimulus rather than the retinal response analysis by meridians.

The peripheral retina might play a crucial role in myopia progression and con-
trol [12,43–46]. The quality of the peripheral image is dominated by off-axis astigmatism
and radially oriented aberrations (e.g., coma). These factors might interfere with the de-
tection of perpendicular grids and with the orientational preference mechanisms, such as
the meridional effect. The meridional detection and preference tasks depend on optical
and neural sensitivities. Howland suggested that retinal circuits with cells sensitive to
different orientations could be involved in detecting both sagittal and tangential positions
of oblique astigmatism [7]. He also highlighted that the lack of resolution in the peripheral
retina may not be directly involved in detecting defocus, but rather in distinguishing those
different radial and tangential orientations of the grids [7]. In myopic eyes, the presence
of astigmatism opposite to the meridional direction was observed [3,47]. Atchison et al.
observed an increase in J0 negative values across the horizontal visual field with the level
of myopia, especially in the nasal retina [4]. A study by Faria-Ribeiro and collaborators
observed that both relative sagittal and tangential components of peripheral astigmatism
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across the horizontal meridian of the retina of progressing myopes were significantly more
hyperopic than in non-progressing myopes [44]. Additionally, they noted that the nasal
retinal contour of progressing myopes was steeper than non-progressing myopes. They
suggested that the nasal retina might play a more important role in the ocular growth
mechanism and possibly be more sensitive to peripheral astigmatic defocus [44]. Regarding
those findings from Howland [7] and Faria-Ribeiro et al. [44], it is possible that the merid-
ional effect observed in the present study may be related not only to the radial distribution
of the cells, but also to the presence of uncorrected off-axis astigmatism (symbiosis between
optical and neural components of the eye), which may have implications for future studies
on myopia progression and management.

The measurement and correction of off-axis astigmatism and the evaluation of the
retinal activity by meridians and hemifields (nasal versus temporal retina) in both condi-
tions (uncorrected and corrected off-axis astigmatism) may add new future perspectives
on the influence of the peripheral retina on the visual system. Therefore, this could also
bring other approaches to the progression, development and control of myopia based on
the hypothesis that correcting the peripheral refractive errors would enhance the contrast
and increase the ability to detect and resolve spatial image cues. Some inner retinal cells
presenting radial orientation show preferential orientation and maximize the contrast of
grids in the periphery [5], which allows for enlarging the alignment zone.

The current study showed no differences in PERG responses with different grid orien-
tations. One could assume that the ganglion cells responded according to the information
from the photoreceptors and bipolar cells. However, in both PERG and total mfERG re-
sponses, the weight of the macular information overlaps that of the other retinal areas due
to its higher cell density. This means that possible changes beyond the macula end up being
masked by the macular area. Nevertheless, since the processing of the orientation features
is more related to the inner retinal layers [40,42], it is possible that the evaluation of the
local and meridional response of ganglion cells would mirror similar results to those found
with the mfERG technique. Such results might be present when using the multifocal PERG
technique [48], which was not used in the present study.

Throughout the data analysis, we acknowledge some gaps and limitations in this study.
Although the sample size was enough to guarantee the statistical power of 80%, increasing
the number of participants could decrease the disparity of values among subjects. However,
one must consider that the distribution of electrophysiological data is non-normal, since
there could be large inter-subject differences and even small within-subject variations.
Despite the variability observed in some of the variables as high IQR values compared to
the median values (Table 3), the behavior we measured was consistent, and all subjects
showed changes in the same direction, though of different magnitude. Therefore, despite
the variability presented and the need to increase sample size in future studies, we are
confident that we are reporting consistent responses to the changes in stimuli orientation.

In both experiments, mfERG and PERG were used to access the response of the
outer and inner retinal layers, respectively. A better option could be to use global flash
mfERG, like Chin et al. [21], which allows for simultaneous access to the outer (direct
component, DC) and inner (induced component, IC) retinal response in multiple areas. This
technique would minimize differences related to using different stimulation parameters,
decrease the time of the research protocol and, consequently, reduce the subject’s discomfort.
Additionally, it is possible that the global flash mfERG technique would allow for observing
the meridional sensitivity of the retina to gratings orientation in both outer and inner layers,
which in this study was only observed in the outer layers with the standard mfERG.

Transparent films printed with square grids were placed over the stimuli presented in
the monitor’s display for the two experiments of this study. Several psychophysical studies
prefer sinusoidal grids because these are probably the visual equivalent of a so-called pure
tone [49] (the light intensity of the bars pattern varies in a sinusoidal manner). Some studies
showed that using sinusoidal grids in a circular window gives better spatial frequency
detection values [50,51]. However, it is possible that the visual system does not perceive
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differences between square and sinusoidal disparity grids below the threshold [52] and
may prefer square rather than sine waves because of the mechanisms of lateral inhibition
in the retina and visual cortex [53]. This may suggest that the type of grids may not be so
relevant for the two experiments here.

5. Conclusions

This study presents a new paradigm of meridional analysis of mfERG results that
might be more sensitive to orientation changes than the traditional strategies involving
quadrants or hemifield aggregation and averaging hexagonal receptive field areas.

The results of the current study suggest that there is a local meridional effect mecha-
nism for detecting stimulus orientation, since there was higher responsivity of the retinal
meridians to grids parallel to the meridian, whilst grids of opposite orientation decreased
it the most.

These results may have future implications for myopia research since the radial
distribution of the cells and off-axis uncorrected astigmatism may play an important
role in visual processing mechanisms in the different retinal layers. This strategy was
sensitive to detect changes in the outer retina electrophysiological activity with variations
in stimulus orientation.
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