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Abstract

Purpose To investigate how light stimulus condi-
tions of varying spatial sizes affect components of the
flash and long-flash electroretinogram (ERG) in
normal subjects.

Method Three stimulus conditions were generated
by a Ganzfeld stimulator: a white flash on white
background (WoW), a red flash on a blue background
(RoB) and an L+M-cone isolating on—off (long flash)
stimulus (Cone Iso). ERGs were recorded from six
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subjects (5 M, 1 F) with DTL electrodes to full-field
(FF), 70°, 60°, 50°, 40°, 30° and 20° diameter circular
stimuli. Amplitudes and peak times for a-, b-, d- and
i-wave, and PhNR were examined. PANR amplitudes
were estimated in two different ways: from baseline
(fB) and from preceding b-wave peak (fP).

Results With decreasing stimulus size, amplitudes
for all ERG waveform components attenuated and
peak times increased, although the effect varied across
different components. An exponential fit described the
relationship between amplitudes and size of stimu-
lated retinal area well for most components and
conditions (R*= 0.75-0.99), except for PhNR(fB)
(R*= — 0.16-0.88). For peak times, an exponential
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decay function also fitted the data well
(R2= 0.81-0.97), except in a few cases where the
exponential constant was too small and a linear
regression function was applied instead (a-wave Cone
Iso, b- and i-wave WoW). The exponential constants
for RoB amplitudes (b-wave, PANR(fB), PhNR(fP))
were larger compared to their counterparts under
WoW (p < 0.05), while there was no difference
between the constants for a-wave amplitudes and peak
times and for PhNR peak times. The exponential
constants of amplitudes vs. area under WoW and Cone
Iso were remarkably similar, while under RoB
PhNR(fB) showed larger constants compared to either
a- or b-wave (p < 0.05).

Conclusion ERG components change in a pre-
dictable way with stimulus size and spectral charac-
teristics of the stimulus under these conditions. This
predictability could allow a modified version of these
sets of stimuli to be tested for clinical applicability.

Keywords Electroretinogram - Stimulus size - Flash
stimuli - Square wave stimuli - Photopic negative
response

Introduction

The electroretinogram (ERG) reflects the electrical
activity of the retina in response to light stimuli. The
most widely used version is the full-field flash (FF)
ERG, also referred to as a Ganzfeld ERG, where
flashes of light stimulate the whole retina and the
recorded signal represents a mass response, reflecting
bioelectrical activity from the whole retina. The FF
ERG signal consists of several components which may
appear and change in relative size depending on
stimulus conditions. Under light-adapted conditions, a
typical human FF ERG waveform elicited by a white
flash of intermediate strength (1-3 cd.s/m?; top trace
in Fig. 1a) consists of two negative components: an
a-wave and a photopic negative response (PhNR), and
two positive components: a b-wave and an i-wave.
These components originate from different cellular
subpopulations and reflect distinct physiological pro-
cesses. Under these conditions, the light-adapted
a-wave is believed to receive strong input from
OFF-bipolar cells and some, likely small, direct
contribution from cone photoreceptors [1, 2]. The
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photopic b-wave is generated by a summation of ON-
and OFF-bipolar cell activity [3], although some
minor input from retinal ganglion cells may also exist
[4]. The origins of the i-wave are still subject to some
debate, although studies suggest that cone OFF-
bipolar cell or cone off-inner retinal activity is the
primary source [5—7]. A particularly clinically rele-
vant component is the photopic negative response
(PhNR), a corneal negative wave that appears after the
positive b-wave peak under light-adapted conditions.
The PhNR has been shown to predominantly reflect
the spiking activity of retinal ganglion cells (RGCs)
[8], and pathologies of the retinal ganglion cell layer,
such as in glaucoma, cause attenuated PhNRs [9, 10].

The spectral characteristics of the flash stimulus
may influence the elicited ERG waveforms. A broad-
band white flash on a white background is the
traditional stimulus used for recording clinically
standardized FF ERG [11]. However, a narrowband
red flash on a narrowband blue background stimulus
has been reported to produce larger PANR amplitudes
[12] and was recommended as stimulus for an
extended protocol for PhNR recording [13]. Other
studies reported that if the stimuli are photopically
matched, the spectral composition has little influence
for cone-driven ERGs [14].

There is evidence that the PhNR in responses to
cone isolating stimuli with sawtooth temporal profiles
is particularly large when stimulating the central retina
in comparison with the a- and the b-wave [15]. It is
unclear, if spatial differences between a- and b-wave
on the one hand, and the PhNR on the other hand, are
also present in the more conventional flash ERGs. The
present study investigates the effect of stimulus size on
the components of the commonly used FF ERGs when
elicited by white flashes on a white background
compared to those evoked by red flashes on a blue
background. These are conditions where the spectral
composition of the stimuli is fairly well described. The
stimulus strength on L- and M-cones may, however,
vary substantially. We therefore additionally studied
the influence of stimulus size in long-flash conditions
where L- and M-cones are selectively stimulated with
equal strength (in terms of cone contrast) and in phase
(i.e., resulting in simultaneous excitation increases and
decreases in the two).

Although flash ERG studies of the PhNR have
traditionally utilized full-field stimulation, some
works have also shown utility of focal macular ERGs
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Fig. 1 Averaged ERG traces (= SEM) recorded from six
subjects for the seven different stimulus configurations (FF and
70°, 60°, 50°, 40° 30° and 20° diameter stimuli) are
superimposed. a ERGs responses generated by white flash
stimulus on a white background (WoW); b by red flash stimulus
on a blue background (RoB); ¢ ERG responses under WoW
where the b-wave amplitude has been equalized for all stimulus
sizes; d ERG responses under RoB with equalized b-wave

to independently evaluate each ERG component [16].
Indeed, later studies specifically demonstrated that
detection sensitivity of the focal PANR was signifi-
cantly higher than that of the PhNR generated by a
full-field stimulus in patients with early-stage

amplitudes for all stimulus sizes. Dotted horizontal lines in each
trace represent the baseline. The thick dotted vertical lines
indicate the onset of flash stimulus. The thin dotted vertical lines
indicate the time of each wave’s peak occurrence for the FF
stimulus (top row), allowing for comparison with smaller
stimulus sizes (rows below). The nomenclature of the ERG
components is also presented for FF, including the a-wave,
b-wave, i-wave and PhNR

glaucoma [17-19]. A study in monkeys using a red
flash on blue background stimulus showed that the
PhNR/b-wave amplitude ratio increased for focal ERG
compared to full-field stimulation [20]. Hence, one
way to improve our understanding of the PhNR and its
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relationship to other ERG components (e.g., a-wave,
b-wave) is to record ERGs to stimuli of different sizes.
As the size of the stimulus decreases and approaches
the size of the macula (~20 deg in diameter), it can be
expected that the relative size of the PhNR in
relationship to the b-wave will increase. This hypoth-
esis is based on anatomical evidence that the ratio of
RGCs to ON-bipolar cells (which are the major
generator of the b-wave) increases from approxi-
mately 1:2 in the periphery of the macaque monkey
retina, to nearly 1:1 in the central retina [21] and on
the basis of the above-mentioned ERG data with cone
isolating sawtooth stimuli.

Methods and subjects
Subjects

In the present study, ERGs were recorded from six
healthy human observers aged between 22 and
58 years old (5 male, 1 female) at the Dept. of
Ophthalmology of the University Hospital Erlangen,
Germany. Three experimental procedures were
employed, designated as white on white (WoW), red
on blue (RoB) and cone isolating (Cone Iso), described
in sub-section Visual Stimulation. The subjects did not
have any history of eye disease and underwent a
complete ophthalmological examination showing no
ocular abnormalities. All participants had normal
color vision as established with an anomaloscope
(Oculus Optikgerate GmbH, Wetzlar, Germany). A
written consent was obtained from all participants
prior to the experiments, which followed the tenets of
the Declaration of Helsinki. The protocols were
approved by the institutional ethical committees of
both the University Hospital Erlangen and the Univer-
sity of South Florida (Medical Faculty of the Univer-
sity of Erlangen-Niirnberg, Germany; Institutional
Review Board of University of South Florida, USA).

ERG recordings

Full-field ERGs were recorded from the right eye of
each subject using the RETIport Ganzfeld Q450
system (Roland Consult, Germany). The pupil was
dilated with a drop of 0.5% tropicamide (Stulln
Pharma GmbH, Germany). A custom-made DTL
electrode [22] serving as active electrode was placed
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over the lower conjunctiva and attached near the inner
and outer canthus. The skin of the ipsilateral temple
and central forehead was cleaned with Nuprep skin
preparing gel (D. O. Weaver & Co.), and two gold cup
electrodes filled with electrode paste (Ten20 conduc-
tive, D. O. Weaver & Co., Aurora, Colorado, USA)
were secured to these locations with medical-grade
tape, serving as a reference and ground electrodes,
respectively. The impedance of the electrodes was
maintained below 5 kQ. The subject’s left eye was
covered with a black opaque eye patch. Subjects rested
their heads on a chin rest and were asked to fixate at a
central red light emitting diode (LED) in the Ganzfeld
stimulator (Q450SC, Roland Consult). Recorded
ERGs were amplified by a factor of 10° and band
pass filtered between 1 and 300 Hz. The brief
flash ERG signals were sampled in 512 data points
over 150-ms recording windows, resulting in a digi-
tization rate of 3407 Hz. Sampling rate of the cone
isolating conditions was 2048 Hz.

Visual stimulation

The visual stimuli were generated using the RETIport
system (Roland Consult, Germany) and presented
using an integrating Ganzfeld sphere (Q450SC,
Roland Consult). The Ganzfeld sphere was equipped
with six different LED arrays (primaries) each with a
different emission spectrum. The mean luminance,
waveform, contrast, relative phase and frequency of
each LED array could be controlled independently
with RETIport software.

Three different stimulus conditions were
employed: white flashes on a white background
(WoW), red flashes on a blue background (RoB) and
L+M-cone isolating square wave (long flash) stimuli
(Cone Iso). For WoW, the white flash was set to a
strength  of 2 cd.s/m®* with CIE coordinates
x =0.3361, y = 0.3486, and the luminance of the
white background was 25 cd/m?, as recommended by
the ISCEV standard for full-field light-adapted ERGs
[11] . For RoB conditions, the red flash was set to a
strength of 2 cd.s/mz, with CIE coordinates
x = 0.1279 and y = 0.0759, and the luminance of the
blue background was 10 cd/m?, as recommended by
the ISCEV extended protocol for recordings of the
PhNR [13]. The individual Michelson cone contrasts
elicited by this red flash were as follows: S-cone:
1.4%, M-cone: 77.6%, L-cone 96.8%, rod: 8.4%.
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Flash stimuli for white on white and red on blue
conditions were administered every 5 s (stimulation
rate: 0.2 Hz), and ERG responses were averaged over
16 epochs.

For the L- and M-cone isolating stimulus condition,
the double silent substitution method was used. The
silent substitution method allows for the control of
L-cone, M-cone, S-cone and rod photoreceptor mod-
ulations independently [23, 24]. With known diode
emission spectra and photoreceptor fundamentals,
mean photoreceptor excitations (expressed in cone or
rod Michelson contrasts) were calculated via a linear
transformation [23, 25, 26]. In the present study, four
primaries (red, green, blue and amber) were used for
isolating L- and M-cone activities. The output peak
wavelength £ half-bandwidth at half-height was 638
4 9 nm for red, 523 £ 19 nm for green, 469 + 11 nm
for blue and 594 + 8 nm for amber, respectively. The
spectral characteristics, chromaticities and luminances
of each class of LED were calibrated using a CAS 140
spectrophotometer (Instrument Systems, Germany).
The L- and M-cones were modulated in phase
(meaning that their excitation profiles were identical
and not time shifted relative to each other) both with
42% cone contrast, while rod and S-cones were
silenced. The individual luminances of the four
primaries were 20, 10, 1 and 40 cd/m?2 for red, green,
blue and amber, respectively, which resulted in a
reddish mean chromaticity with CIE coordinates:
x =0.5674, y =0.3772. The mean luminance of
L+M-cone isolating stimuli was 71 cd/m? (i.e., 3500
photopic Td retinal illuminance, assuming an 8 mm
pupil diameter). The L- and M-cone isolating stimulus
was administered as a 2 Hz square wave (correspond-
ing to a 250 ms long flash), and ERG responses were
averaged over 80 epochs each lasting one second. To
avoid onset artifacts, the initial 2 s of recording after
start of the stimulus was discarded.

For each stimulus condition, ERG responses were
recorded for seven different spatial configurations:
full-field (FF) and 70°, 60°, 50°, 40° 30° and 20°
diameter stimuli [27, 28]. The spatial stimulus
configurations were created using cardboard frames
with various aperture sizes, placed at a 3 cm distance
from the observer’s eye (to avoid artificial pupil
induced phenomena, e.g., Stiles—Crawford effect of
the first kind, etc.) and with the center of the circular
opening positioned to match approximately the center
of the pupil. Subjects were instructed to fixate at the

red fixation light at the back of the Ganzfeld stimulator
and to make sure that their head position remained
always in such a way to ensure that the fixation light
remained at the center of area defined by the border of
the aperture at all times. For the RoB and Cone Iso
conditions, black cardboard was used to create these
aperture frames. The reason was that rod intrusion was
small because rods were not (Cone Iso) or only weakly
(RoB) stimulated, based on our pilot results. The
influence of stray light on the cone-driven response is
small because the surrounding retinal area is dark
adapted. However, for the WoW condition it was
necessary to use white cardboard additionally illumi-
nated with overhead lamps to a mean luminance of
100 ¢d/m>", in order to minimize rod intrusion via
stray light (for discussion of stray light phenomenon
see Aher et al. [27]). ERGs to all stimulus conditions
were recorded consecutively within a 1-h recording
session; however, the order of stimulus conditions was
randomized for each subject. Additionally, within
each stimulus condition, the order of presented
stimulus sizes was also randomized so as to minimize
systematic errors.

Signal analysis

ERG waveforms were analyzed offline, and the
amplitudes and implicit peak times were extracted
for different ERG components (a-wave, b-wave,
i-wave, PhANR and d-wave). The amplitude of the
a-wave was measured from the baseline to the first
negative trough between 5 and 25 ms after stimulus
onset. The amplitude of the b-wave was measured
from the trough of the a-wave to the first positive peak
(in a window between 24 and 44 ms post-stimulus).
The PhNR was measured in two ways: from the
baseline to the minimum following the b-wave
(labeled PhNR (fB)) within in a window between 50
and 150 ms after stimulus onset and from the preced-
ing b-wave peak (labeled PhNR (fP), same labeling as
in Ortiz et al. [29]. Both methods are currently
recommended by the PANR ISCEV extended protocol
[13]. After determination of the b-wave and PhNR, the
i-wave was identified as the greatest positive deflec-
tion on the downward trailing edge of the b-wave
(typically with implicit times between 40 and 80 ms),
occurring before the PANR (Fig. 1). A peak-to-trough
amplitude of the i-wave was obtained by subtraction of
the minimum preceding the i-wave from its maximum.
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Data for i-waves for a specific stimulus condition and
stimulus size were only analyzed if a minimum of 3
subjects had observable i-waves for that experimental
condition. The amplitude of the d-wave was measured
from baseline (between 15 and 20 ms after the end of
the ON stimulus) to the positive peak 20 to 30 ms after
the end of the long flash stimulus.

An estimation of noise for each stimulus condition
was obtained by recording ERG signals in the absence
of a stimulus, such that the subject was viewing the
usual background for each stimulus condition but
without a stimulus. The noise recordings were treated
identically as the recordings with a stimulus, such that
components were measured in the appropriate time
windows, namely 5-44 ms (“noise”), and compared
with the component data from real recordings (“sig-
nal”). Amplitudes and times of a-waves, b-waves,
PhNRs and d-waves were discarded when signal-to-
noise ratios (SNRs) were less than 2.82 [28].

Estimating relationship with retinal surface area

For each of the seven stimulus sizes, a corresponding
retinal area (in mm?) was utilized for all subsequent
data analysis. For the full-field (FF) stimulus size, a
total retinal area (in mm?) was obtained from work by
Nagra and colleagues [30], and for stimulus sizes 70°
through 20°, retinal areas were calculated based on
original work by Drasdo and Fowler [31], using an
equation derived by Dacey [32]. Additionally, for
areas larger than 30 degrees the area of the optic nerve
disc (an average value of 2.69 mmz) was subtracted
from the total retinal area based on calculations by
Hoffmann and colleagues [33].

Two approaches were used to establish the rela-
tionship between measures (amplitudes, peak times)
of ERG components and the retinal surface area. For
amplitudes, an exponential fit (“one phase associa-
tion” in GraphPad Prism) was used:

Y =P x (1 —e<—"”>) (1)

where P is the maximal response (plateau) obtained
with “infinitely” large stimuli. Observe that this
equation incorporates the requirement that the
response is zero (y = 0) in the absence of a stimulus
(i.e., x = 0). For peak times and amplitude ratios, a
different exponential fit (“one phase decay” in
GraphPad Prism, equation
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Y = (Yo — P) x 709 (2)

where Y, is the implicit time or amplitude ratio for
very small stimuli. The Plateau (Y,—P) was con-
strained to the mean value of the implicit time
recorded for the FF size stimulus for the corresponding
component. The few cases where the exponential fit
was ambiguous or the confidence interval for the
k-constant was too wide, a linear regression model was
applied.

Statistical analysis

Amplitudes and peak times were averaged within
groups. Data were transferred to GraphPad Prism 8
(GraphPad Software Inc., San Diego, CA) for fig-
ure creation and statistical evaluation. As part of this
model, an extra sum-of-squares F-test was used to
calculate difference of slopes.

Results
General trace appearance WoW and RoB

Figure 1 shows averaged ERG responses elicited by
the two different types of stimuli (WoW—Ileft plots
and RoB—right plots) for the seven different stimulus
sizes. In the upper plots, the responses are plotted with
the same amplitude scaling (indicated by the scale bars
in the upper left corner). In order to identify the
different components, in the lower plots the recordings
are rescaled to the same b-wave amplitude. In all
conditions, the ERG waveforms were generally sim-
ilar and consisted of an initial brief negative a-wave,
followed by a positive b-wave, an unreliable brief
i-wave and a gradual negative PhNR. In general, the
ERG response amplitudes in both conditions were
substantially larger in FF stimuli than to spatially
restricted stimuli (i.e., 70° through 20°) and decreased
as less retinal surface area was stimulated.

Relationship between amplitudes
versus stimulated area

The first level of analysis included an evaluation of
relationship between amplitudes vs. stimulated area
for both stimulus conditions. The results of this
analysis are presented in Fig. 2a, b, Table 1 and
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Fig. 2 Relationship between ERG amplitudes and stimulated
retinal area for each stimulation condition. a ERG amplitudes
from the WoW condition; b amplitudes for the RoB condition; ¢,
d amplitudes of select parameters recorded under WoW and
RoB conditions plotted on a logarithmic retinal area scale to

T T
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area (mm?)

emphasize the difference in initial rise in amplitude increase
(20° to 70°). Averaged amplitudes (= SEM) were plotted
against the corresponding stimulated retina area. Solid lines
indicate an exponential model fit while dashed lines indicate
95% confidence bands (see main text for details)

Table 1 Nonlinear regression (one phase association) of ERG component amplitudes over retinal surface area for WoW and RoB

WoW RoB K-constants’ difference
R? K-constant R? K-constant

a-wave 0.9456 0.0023 0.9252 0.0030 N.S.

b-wave 0.9879 0.0024 0.9453 0.0040 p = 0.0275

i-wave 0.8851 0.0017 N/A N/A N/A

PhNR (fB) 0.8836 0.0026 — 0.1636 0.0161 p = 0.0313*

PhNR (fP) 0.9850 0.0025 0.7702 0.0061 p = 0.0028

Units for k-constants are 1/mm?. Unless noted otherwise, the k-constant comparison was done based on a paired two-tailed t-test. The
values provided as R” and k-constant are the average values of all individual fits; for a full presentation of all individual values, please

refer to Supplementary Table 1

*Wilcoxon matched pairs singed rank test
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Supplementary Table 1. For all ERG components,
amplitudes were largest with the FF stimuli and
decreased monotonically with a decrease in stimulus
size. As presented in Table 1, the goodness of fit (R%)
of the regression models for all ERG amplitudes was
reasonable (0.77-0.99), with the exception of
PhNR(fB) (— 0.16-0.88). The k-constant was signif-
icantly larger under RoB condition compared to WoW
(p < 0.001) for the b-wave and PhNR (fits presented
on a logarithmic scale in Fig. 2c, d, numeric results in
Table 1), while there was no difference between the
two k-constants for the a-wave (Table 1, Fig. 3). This
indicates that the initial amplitude increase as a
function of stimulus size for the b-wave and PhNR is
larger for RoB stimuli, even when the maximal RoB
response is smaller (b-wave, PANR(fP)) than or equal
(PhNR(fB)) to the maximal WoW response.

There was no statistically significant difference
between any of the k-constants of amplitudes vs.

stimulus area under WoW (Table 3). In the RoB
condition, the k-constant for PhNR(fB) was signifi-
cantly larger compared the those of a- or b-wave (p =
0.0009 and p = 0.0219, respectively), while all other
constants were not significantly different (p > 0.05).

The frequency of i-wave occurrences depended on
stimulus condition. The WoW condition consistently
produced i-waves (with the exception of the smallest
stimulus size—20°), while the RoB condition gener-
ated discernable i-waves only at FF stimulation.

Relationship of amplitude ratios versus stimulated
area

The relationship between b-/a-wave amplitude ratio
and stimulated retinal area is presented in Fig. 4a).
Although the ratio under WoW condition reached a
higher plateau, there was no significant difference
between the k-constants after fitting with Eq. 2 (p >

30— a-wave ampl 160 b-wave ampl 30+ i-wave ampl
1= Wwow {-= wow 1™ WoWw
140-—* RoB ® RoB
120+
I g 1 )
E 2 809 E
s é. 1 B
% s 607 . g
404
5 1.8
@ 20 §
o+ 0 T T ] 7T+
0 500 1000 1500 0 500 1000 1500 0 500 1000 1500
area (mm?) area (mm?) area (mm?)
40 PhNR(fB) ampl 160 PhNR(fP) ampl
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140
120
E 3100-
© ® 1
g g a0
g .
£ £ 60
40
LI E|
0 —————————— 0——— ———————r—r—
0 500 1000 1500 0 500 1000 1500

area (mm?)

Fig. 3 Relationship between the amplitude of each ERG
parameter and stimulated retinal area across two different
stimulation conditions (WoW vs. RoB). a a-wave amplitudes;
b b-wave amplitudes; ¢ PhNR(fB) amplitudes; d PhNR(fP)
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area (mm2)

amplitudes; E) i-wave amplitudes. Averaged amplitudes (£
SEM) were plotted against the corresponding stimulated retina
area. Solid lines indicate an exponential model fit while dashed
lines indicate 95% confidence bands (see main text for details)
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Fig. 4 Relationship between selected ERG amplitude ratios vs.
stimulated area. a b-/a-wave amplitude ratios; b PhNR(fB)/b-
wave amplitude ratios; ¢ PhNR(fP)/b-wave amplitude ratios.
Ratios (+ 1 SEM) are plotted as function of stimulated retinal

0.05, paired t-test). Of note, the goodness of fit was
slightly different between the two ratios (R* = 0.5566
for WoW and 0.3617 for RoB), indicating a more
predictable change in the ratio with change in
stimulated area for responses recorded under WoW.
A comparison between the two conditions was con-
ducted also for the ratio of PANR(fB) amplitude vs.
b-wave amplitude and PhNR(fP) amplitude vs.
b-wave amplitude (Fig. 4b and c, respectively, Sup-
plementary Table 2). Here again, despite slightly
different appearance, there was no significant differ-
ence between the k-constants for either measure
(p > 0.05, Wilcoxon matched-pairs signed rank test).
Of note, an exponential function described relatively
well the decline in ratios with eccentricity. Thus, the
PhNR(fB)/b-wave ratio the goodness of fit was
R*=0.7888 (WoW) and 0.6434 (RoB), while the
corresponding values for the PhANR(fP)/b-wave ratio
were R?=0.6838 (WoW) and 0.6169 (RoB).

T T T 1 T T T T T T 1
800 1000 1200 1400 0 200 400 600 800 1000 1200 1400

mm?) area (mm?)

area (mm?). Solid lines indicate an exponential model fit while
dashed lines indicate 95% confidence bands (see main text for
details)

Relationship of peak times versus stimulated area

Peak times vs. stimulated area were also fitted with
Eq. 2, and the results are shown in Fig. 5, Table 2 (and
Supplementary Table 3). For both stimulus condi-
tions, the ERG components peak times only changed
slightly with stimulus size, although PhNR showed
noticeable and well-defined increase in peak time with
decreasing stimulated area (Fig. 5).

No significant difference was found between the
k-constants of the different ERG parameters under
WoW (Table 3). As demonstrated in Supplemental
Table 3, for several individual fits, the k-constants for
ERG parameters (a-, b- and i-wave) recorded under
WoW were estimated to be equal to 0, indicating a
linear instead of nonlinear change in the relationship
with stimulated retinal area. Therefore, for these
parameters, a linear regression fit was conducted also,
demonstrating no relationship between timing and
stimulated area for the a-wave and a relatively very
small change in timing (slope < 0.003 ms/mm?) for
both b- and i-wave. Slight non-linearly for timing vs

Table 2 Nonlinear regression (one phase decay) of peak times over retinal surface area for WoW and RoB

WOwW ROB K-constants’ difference
R? K-constant K-constant

a-wave 0.4654 0.0361 0.4982 0.0207 N.S.

b-wave 0.6439 0.0029 0.7741 0.0304 p =0.0313

i-wave 0.7765 0.0050 N/A

PhNR 0.6986 0.0067 0.6582 0.0054 N.S.

Units for k-constants are 1/mm?. The k-constant comparison was done based on Wilcoxon matched pairs singed rank test. The values
provided as R? and k-constant are the average values of all individual fits; for a full presentation of all individual values, please refer

to Supplementary Table 3
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Table 3 Differences between k-constants for amplitudes and peak times recorded under WoW or RoB condition

Amplitudes WoW

Peak times WoW

b-wave PhNR(fB) PhNR(fP) I-wave b-wave PhNR i-wave
a-wave N.S. N.S. N.S. N.S. a-wave p =0.0152 N.S. p =0.0311
b-wave N.S. N.S. N.S. b-wave N.S. N.S.
PhNR(fB) N.S. N.S. PhNR N.S.
PhNR(fP) N.S.

Amplitudes RoB Peak times RoB

b-wave PhNR(fB) PhNR(fP) b-wave PhNR
a-wave N.S. p = 0.0009 N.S. a-wave N.S. N.S.
b-wave p =0.0219 N.S. b-wave N.S.
PhNR(fB) N.S.

As most parameters were not normally distributed, the results (adjusted p-values) from Dunn’s multiple comparisons tests are shown

100 WoW time

A

80:-”“"

60

peak time (ms)

40+

i | )

—TT —TT —T T
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retinal area (mm?)

—TT T T
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Fig. 5 Relationship between ERG peak times and stimulated
retinal area across two different stimulation conditions (WoW
vs. RoB). a ERG peak times from the WoW condition; b peak
times for the RoB condition. Averaged peak times (& SEM)

stimulated area of ERG parameters under RoB was
observed (Table 3), although here also in some
subjects the k-constants were estimated to be equal
to 0 and the inter-individual variation in k-constants
was significant (Supplementary Table 3), suggesting
that the results should be interpreted with caution. As
under WoW, no significant difference between indi-
vidual k-constants was observed under RoB (Table 3).

Interestingly, the peak times of the PhNR decreased
more strongly with increasing stimulus size than the
other components, indicating that the generators of the
PhNR show a stronger contrast gain mechanism in
which the responses occur earlier as the response
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were plotted against the corresponding stimulated retina area.
Solid lines indicate an exponential model fit while dashed lines
indicate 95% confidence bands (see main text for details)

amplitude increases. This is known to occur in the
responses of magnocellular retinal ganglion cells
[34, 35].

Cone isolating stimuli

Although we recorded ERG signals under cone
isolating long-flash stimulus conditions within the
same recording session as under the WoW and RoB
short-flash stimulus conditions, we report them sepa-
rately. A direct comparison between responses gener-
ated by the two type of stimuli is not straightforward
because components that are separated in long-flash
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Fig. 6 Averaged ERG
traces (=SEM) recorded i : :
from six subjects for the ! : 2 i(djwave
seven different stimulus : : :
configurations with cone
isolating stimuli (FF and
70°, 60°, 50°, 40°, 30° and
20° diameter) are presented.
a ERG responses presented
as absolute amplitudes;

b same ERG responses as in
a with equalized b-wave
amplitudes. Dotted
horizontal lines in each trace
represent the baseline. The
thick dotted vertical lines
indicate the onset and offset
of flash stimulus. The thin
dotted vertical lines indicate
the time of each wave’s peak
occurrence for the FF
stimulus (top row), allowing
for comparison with smaller
stimulus sizes (rows below).
The nomenclature of the
ERG components is also
presented for FF, including
the a-wave, b-wave, i-wave,
PhNR, d-wave and i(d)-

ave

wave
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Fig. 7 Relationship between ERG amplitudes and peak times against the corresponding stimulated retina area. Solid lines
vs. stimulated retinal area for cone isolating stimuli. a Ampli- indicate an exponential model fit while dashed lines indicate
tudes versus stimulated area; b peak times vs. stimulated area. 95% confidence bands (see main text for details)

Averaged amplitudes or peak times (£ SEM) were plotted
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Table 4 Nonlinear regression (one phase association or one
phase decay) of amplitudes or peak times over retinal surface
area for Cone Iso

Cone Iso amplitudes Cone Iso peak times

R? K-constant R? K-constant
a-wave 0.9316  0.0017 0.6857  0.0350
b-wave 0.9718  0.0022 0.6378  0.0134
d-wave 0.9441 0.0018 0.8503 0.0216
PhNR (fB) 0.6904  0.0036 0.8331 0.0048
PhNR (fP) 09525  0.0027

Units for k-constants are 1/mm?. The values provided as R and
k-constant are the average values of all individual fits; for a full
presentation of all individual values, please refer to
Supplementary Tables 4 and 5

conditions merge in the responses to short flashes.
Figure 6 shows averaged ERG responses elicited by
L— + M-cone isolating stimuli for the seven different
stimulus sizes. Again, the scaling of the lower plots is
normalized to the amplitudes of the b-wave, so that the
different components can be better recognized for all
stimulus sizes. As with responses recorded under
WoW or RoB, here also a similarity between the
waveforms obtained across different stimulus sizes
was noticeable. All traces showed the presence of an
a-wave, b-wave, PhNR and a d-wave. Additionally, a
secondary peak after the d-wave, labeled “i(d)-wave”
was noticeable in most traces, although the signal-to-
noise ratio for this component passed our criterion
only for FF and 70 deg stimulus.

The amplitude and peak time data of the compo-
nents obtained under Cone Iso stimuli and their
relationship with the size of the stimulated area are
presented in Fig. 7, while the results of model fits are

summarized in Table 4. In general, exponential fits
described the relationship between amplitudes or peak
times and stimulated area well. There was no signif-
icant difference between the four k-constants of
amplitude components, while a couple of significant
differences were noted between the constants describ-
ing peak times (Table 5).

The relationship between amplitude ratios vs.
stimulated area of ERG components obtained under
Cone Iso stimuli is presented in Fig. 8, while the
results of the nonlinear fits are presented in Supple-
mentary Table 6. In contrast with the relationship
between amplitudes recorded under Cone Iso stimuli
and size of the stimulated area, most amplitude ratios
showed an irregular pattern when plotted against size
of stimulated area, and the goodness of fit of relation-
ship amplitude ratio vs. area (R*) was considerably
lower and the coefficient of variation for the k-con-
stants was quite high (>67%, Supplementary Table 6),
indicating considerable individual irregularity and
substantial inter-individual variability.

Discussion

The goal of this ERG study was twofold. First, we
wanted to elucidate trends in photopic ERG parame-
ters across a broad range of stimulated retinal areas.
Second, we wanted to compare the relationships
between ERG parameters and stimulated areas for
two different stimulus conditions where the stimulus
was a brief flash and to see also how this relationship
holds for responses recorded under an L- + M-cone
isolating stimulus (long duration stimulus). Our results
indicate that, in most cases, a simple exponential fit
(either increasing or decreasing with size of stimulated

Table 5 Differences between k-constants for amplitudes and peak times recorded under Cone Iso condition

Amplitudes Cone Iso

Peak times Cone Iso

b-wave PhNR(fB) PhNR(fP) d-wave b-wave PhNR d-wave
a-wave N.S. N.S. N.S. N.S. a-wave p =0.0437 p =0.0105 N.S.
b-wave N.S. N.S. N.S. b-wave N.S. N.S.
PhNR(fB) N.S. N.S. PhNR N.S.
PhNR(fP) N.S.

As most parameters were not normally distributed, the results (adjusted p-values) from Dunn’s multiple comparisons tests are shown
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Fig. 8 Selected ERG amplitude ratios vs. stimulated area under
cone-isolating stimuli condition. Ratios (+ 1 SEM) are plotted
as function of stimulated retinal area (mm?). Solid lines indicate
an exponential model fit while dashed lines indicate 95%
confidence bands (see main text for details)

retina) with a plateau described the relationship
between stimulus parameters and size of stimulated
area well.

Exponential fits of the major ERG components’
data (a-, b-wave, PhNR)

As we discussed before [36, 37], the nonlinear
exponential function reflects probably the fact that
the retina is spatially not homogeneous. If the retina
were homogeneous, the relationship between ampli-
tude and stimulus area is expected to be linear.
However, cell densities decrease with increasing
eccentricity. Furthermore, additional factors such as
changes in pigment concentration and convergence of
photoreceptors to bipolar cells and of bipolar cells to
ganglion cells may influence the relationship of
amplitude vs. stimulus size. For example, the inverse
relationship between the PhNR vs b-wave ratio and
stimulus area may reflect an increasing signal conver-
gence with increasing retinal eccentricity (i.e., more
bipolar cells are connected to a ganglion cell).
Despite considerable differences in absolute ampli-
tude, the k-constants for a- and b-waves under all
stimulating  conditions were similar (range
0.0024-0.0038, Tables 1 and 3), although the con-
stants under RoB were higher compared to ones
calculated under WoW. These findings corroborate
with anatomical data. Specifically, it has been demon-
strated that cone photoreceptors follow a

predictable distribution within the eccentricity range
used in the current study [36, 37] and that distribution
is reflected in ERGs that are driven by activity of the
luminance retinal pathway [38—41]. Few studies have
shown similar predictable distribution of bipolar cells
(believed to be involved directly in the generation of
the a-wave and b-wave) in New World primates [21],
and more recently in humans [42].

The b-/a-wave ratio increased with increasing
stimulus area. This may reflect stronger decrease in
cone photoreceptor than bipolar cell density with
increasing eccentricity. Indeed, from the data provided
by Griinert and Martin [43] we estimated that cone
density decreases by a factor 40 — 50 from fovea to
10 mm eccentricity (equivalent to an 80 deg diameter)
stimulus eccentricity, whereas cone bipolar cell den-
sity decreases by a factor of 9. Of note, the b-/a-wave
ratios had similar k-constants for responses recorded
under both WoW and RoB, a finding that warrants
further investigation.

The PhNR/b-wave ratios decrease with increasing
stimulus size, indicating that the generators of the
PhNR decrease more strongly with increasing stimu-
lus size compared to the generators of the b-wave. This
observation confirms previous findings by Kinoshita
et al. of an increased PhNR/b-wave ratio in cynomol-
gus monkeys for focal macular ERG (15 deg) vs FF
stimulus under RoB condition [20]. Assuming that the
PhNR originates in activity of the retinal ganglion
cells and the b-wave reflects (ON-) bipolar cell
activity, these results suggest that, within the spatially
restricted central area used in this study (20 to 70 deg),
there is an increasing convergence of cone-driven
signals with increasing eccentricity [21].

Although it may be tempting to tests the correla-
tions between magnitude of retinal responses and
underlying number of stimulated retinal neurons,
several limitations restrict the usefulness of this
approach. Particularly for the RoB conditions, S-, M-
and L-cone are stimulated differently, and this distorts
the relationship between stimulated cone numbers and
the post-receptor pathways. This distortion becomes
more complicated when one additionally considers
that the L/M ratios change with retinal eccentricity.
Furthermore, the cone input strengths to post-recep-
toral pathways are not considered. The magnocellular
luminance channel has L- and M-cone strengths that
probably are proportional to the number of cones. The
parvocellular red—green chromatic channel readjusts
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the L and M-cone signal strengths to be about equal.
As a result, the L/M ratio is about 1 in the midget
pathway. Furthermore, factors such as the relative
numbers of magno- to parvocellular cells, the possible
change with retinal eccentricity, the influence of, e.g.,
the koniocellular pathway and the unknown relation-
ship between pathway activity and ERG response
should be considered.

PhNR amplitude and effect of method
of measurement

The PhNR was of particular interest in the present
study because it reflects retinal ganglion cell (RGC)
activity, a clinically significant cell population in
glaucoma and other ocular pathologies [14, 44]. The
stimulus conditions that we used for full-field stimu-
lation under RoB conditions matched those recom-
mended by the ISCEV extended protocol for PhNR
measurement well, while the stimulus conditions for
full-field WoW matched those of the ISCEV standard
ERG protocol. Therefore, the comparison between the
two conditions including full-field stimulation and
spatially restricted stimuli could be of potential
interest for clinical application. However, different
ways of PANR amplitude measurement (e.g., from the
isoelectric baseline or from the preceding b-wave
peak) could have an effect on relationships between
PhNR and other ERG parameters, both from theoret-
ical point of view [13], as well as in clinical
applications [29]. In our experience, the exponential
fit was poorer for the PhNR(fB) than for the PhANR(fP)
under all three stimulation conditions. Interestingly,
the k-constants did not differ significantly between
PhNR(fB) and PhNR(fP) under all three conditions.
Furthermore, for both PhNR(fB) and PhNR(fP), the
k-constants were the largest under RoB. It has to be
noted, however, that the two recording conditions
(WoW vs. RoB), while similar in stimulus strength,
differed in background luminance (25 cd/m® vs.
10 cd/m?) and this could have influenced the different
pattern of change in ratio of amplitude vs. stimulated
area.

The shapes of the fits to the PhNR(fP)/b-wave ratio
and the PhNR(fB)/b-wave ratio were very similar, and
there was no difference in k-constants between WoW
and RoB conditions (Fig. 4). This indicates that the
generators of the PhNR and the b-wave are identical
for WoW and RoB conditions.

@ Springer

ERG components’ time trends

The peak times of the individual ERG components
under each condition were fairly stable across differ-
ent stimulus sizes. This general finding indicates that
the basic mechanisms which determine the rate of
signal transduction do not vary significantly with
retinal eccentricity. For example, the change in mean
a-wave peak time from the largest stimulus (full-field)
to the smallest stimulus (20 deg) was an increase of
less than 2 ms under both stimulus conditions, which
may be considered too small to have a practical
significance.

In contrast, the difference for PhNR peak time was
substantial (an increase of 10.8 ms under RoB and
21.6 ms under WoW) emphasizing its different origin
and unique properties. As mentioned above, ganglion
cells belonging to the magnocellular pathway, which
are expected to respond particularly strongly to the
applied stimuli, respond earlier as response amplitude
increases. This effect is thought to be caused by a
control gain control mechanism [35, 45]. The change
of the PhNR peak time possibly reflects the contrast
gain control. However, the PhNR implicit times of
80 ms and more are larger than the times to maximal
response in magnocellular ganglion cells to flashed
stimuli [46]. Thus, the PhNR may originate in spiking
activity of the ganglion cells [47] but is not a direct
expression thereof.

Importantly, under both conditions an exponential
fit described the relationship with size of stimulated
retina well (which was true also under Cone Iso
conditions) and there was no difference in the
k-constants (Table 2). A similar increase in PhNR
peak time with diminishing stimulus size under ROB
conditions was found recently by Morny et al. [48],
although they wused lower stimulus luminance
(0.28 cd.s/mz) and higher stimulation rate (4 Hz).

An interesting phenomenon in our study was the
change in i-wave peak time vs. area under WoW
which showed a slightly positive, but significantly
different from zero linear slope within its recordable
range (full field to 40 deg). Furthermore, this slope
was significantly different from the slope of the
b-wave (p=0.0019). This finding may support the
hypothesis of the i-wave as a component with a
generation source relatively independent from the
other ERG components.
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Fig. 9 Relationship between peak time and amplitude for ERG
parameters recorded under WoW stimuli. a a-wave; b b-wave;
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PhNR(fP) an exponential plot fitted the data well and is

Cone isolating stimuli

Although there were some similarities between the
results obtained under WoW or RoB stimulation with
brief flashes, on one hand, and under Cone Iso
stimulation with long flashes on the other hand, it
may not be entirely appropriate to compare the
stimulus size effects of long duration and brief flashes.
The light onset and offset components overlap in the
brief flash responses but are separated in the long-flash
response [49, 50]. Furthermore, PhNR responses
overlap in the brief flash response [51].

With these limitations in mind, it has to be noted
that the overall shape of the response was similar
between the main ERG parameters recorded with brief
flashes and with long flashes. Thus, the average
amplitude fits demonstrated similar and excellent
goodness of fit (above 0.93) for a- and b-waves for

amplitude (nV)

presented; for b-wave and i-wave, a linear plot provided a better
fit and is shown; dashed lines indicate 95% confidence bands
(see main text for details)

brief flashes and a-, b- and d-wave recorded with long
flashes (Tables 1 and 4). Similarly, under all three
conditions, the PhANR(fB) amplitude goodness of fit
was considerably worse compared to that of a- and
b-waves, while the PhNR(fP) fits were similar to that
of the b-wave. Furthermore, the k-constants were
similar for a- and b-wave amplitudes under all three
conditions, while the PhNR k-constants were similar
in WoW and Cone Iso, but larger in RoB. As a general
observation, the relationships between timing and
stimulated area were more variable between the three
conditions. It has to be emphasized that our stimulus
conditions were quite different from most other
methods used in the literature and a direct comparison
in terms of amplitude ratios vs. stimulated area may
not be appropriate. This may explain why Kondo et al
found an increase in d-/b-wave amplitude ratio with
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eccentricity using on-off photopic mfERG [52], in
variance with our observations.

Correlation between peak times and amplitudes

When evaluating relationship of peak times with
stimulated area, it is worth noting that peak times are
not completely independent and are correlated with
amplitude, sometimes in a different way for each ERG
component. To illustrate that, peak times are plotted as
a function of the response amplitude for the WoW
condition in Fig. 9. As shown in the figure, for three of
the components (a-wave, PhANR(fB) and PhNR(fP)),
the correlation between amplitude and peak time can
be described relatively well with an exponential fit (R*
= 0.8469, 0.6360, 0.8854, respectively) while for two
of them (b-wave and i-wave), a linear fit describes the
correlation much better (R2 = 0.7769, 09731,
respectively).

Future directions

Surprisingly, strong linearity was observed in the
relationship between b-wave amplitude and size of
stimulated retinal area within the central 20 to 70° for
WoW (R2 =0.9911, slope=0.1981 uV/mmz, data not
shown separately). This observation, together with the
observation that b-wave peak time did not change
under the same conditions (p > 0.05, slope not
significantly different from zero; data not shown
separately), suggests the possibility that this set of
spatially restricted stimuli could be used to test the
function of the central retina in a novel way by
applying spatially restricted stimuli under clinical
conditions. Currently, the most common way of
testing the function of the central retina under photopic
conditions is with multifocal ERG [53]. However,
although the multifocal ERG provides a topographical
localization of the responses within the central retina,
its interpretation and cellular origin are less certain
compared to that of full-field (flash) ERG. Only when
the m-sequence of the mfERG is slowed down (at least
5 times), the shape of the mfERG individual wave-
forms matches the shape of the waveform of the full-
field flash ERG [54], which makes it difficult to use
clinically. Therefore, a spatially restricted flash ERG
protocol could be a useful addition to the standard
flash ERG protocol and could increase its sensitivity to
functional changes in the central retina, especially in
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diseases affecting the paramacular region, a possibility
that will be explored further.

Limitations

Certain limitations of this study include the relatively
low number of human subjects tested on, as well as the
similar ethnic background of all six subjects. How-
ever, the data were quite consistent and we are
confident that the effects described here are represen-
tative for the normal human visual system. Another
difficulty of ERG recordings utilizing smaller stimulus
sizes is that background noise begins to approach
absolute values close to signal amplitudes. We exper-
imented with using an increased number of trials for
smaller stimuli and found that the signal-to-noise ratio
(SNR) improves with increased number of averages.
Therefore, trends in response amplitude with decreas-
ing stimulus size are indeed due to change in the signal
and not simply because of increased noise contribu-
tion. The figures with the normalized original
responses (Figs. 1 and 6; lower plots) clearly show
that all components could be clearly identified,
although the SNRs was still smaller at smaller
stimulus sizes compared to the FF responses.

Although detailed studies exploring the topograph-
ical distribution of ON- and OFF-bipolar pathways in
the human macular and paramacular regions are
lacking, data from non-human primates indicate that
a difference in the number of OFF-bipolar cells
associated with the S-cone pathway vs. the L+M-
cone pathway may exist in favor of the latter. Such a
difference may have an influence in the responses
recorded under the conditions used in the present
study, especially when comparing responses recOrded
under WoW vs. RoB. The exact nature of this
influence is uncertain and will be subject of future
studies.

Several anatomical and functional variables change
within the eccentricity range tested in the current
study. The list of such factors includes, but is not
limited to cone densities, densities of connected
bipolar and ganglion cells, convergence factors within
the retinal pathways, receptive field size, On-Off color
opponent disbalance, axonal fiber diameter, flicker
fusion frequency, etc. Some contribution from the
Stiles—Crawford effect at lower retinal eccentricities,
although minimal, cannot be completely ruled out too.
It is impossible at this preliminary stage of our work to
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make an informed guess as to which of these factors
are truly relevant and how this relevancy would be
ranked. Future studies would be designed and con-
ducted to address these questions.

Conclusion

This investigational study characterizes ERG
responses to three different light stimuli across a wide
range of retinal area sizes in normal human subjects.
By elucidating how varied stimulus conditions and
sizes affect the electrophysiological behavior of
individual ERG components, we hope to contribute
toward improving the sensitivity and utility of func-
tional ERG assessments of retinal health. Further work
is warranted to determine how specific retinal disease
states may cause deviation from our initial physiolog-
ical results, and the ways in which targeted central
retina stimulation can be applied clinically.
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