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Abstract

Purpose To analyze the effects of different methods
of measurement on the photopic negative response
(PhNR), recorded as part of a standard ISCEV
Photopic 3.0 ERG responses from patients with a
variety of clinical diagnoses.

Methods ERGs were recorded from both eyes of 97
patients (187 eyes) as part of a standard clinical
assessment. The average age was 56.4 + 15.7 years,
the gender balance was 35 M, 62F, and only record-
able responses of acceptable quality were included.
PhNR was measured at an identifiable trough before
(PhNR1) and after the i-wave (PhNR2), and the
amplitudes and peak times were compared with a-, b-
and i-wave corresponding parameters. PANR compo-
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nents were measured: from baseline and from b-wave
peak. Correlation between PhNR troughs and with
ERG parameters were tested for right eyes. The
possibility to predict and substitute PhNR2 amplitude
from PhNR1 amplitude was also tested.

Results PhNRI was recordable in 97.3% of eyes and
PhNR2 in 85.6%. An identifiable PANR2 peak was
found to occur before 65 ms at ~ 50% of the records,
while in ~ 38% of the cases was within 65—75 ms in
~ 12%—after 75 ms. The correlation between the
PhNR1 and PhNR2 peaks was quite strong (with
coefficients 0.81-0.98, depending on method of mea-
surement, and slopes close to 1). The average differ-
ence between predicted and measured PhNR2 was
reasonably small in absolute (< 2 pV) and relative
(< 2%) terms. The correlations between PhNR ampli-
tudes and other ERG component amplitudes showed
different ranges of correlation coefficients depending
on the method of measurement: for the a-wave
amplitudes the range of coefficients was 0.48-0.73,
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while for the b-wave amplitudes it was 0.30-0.95 and
0.39-0.65 for i-wave.

Conclusion The strong correlation between the two
PhNR troughs could allow using PANR1 when PhNR2
is poorly defined due to artifacts. Different methods of
PhNR measurement lead to different correlations with
other ERG parameters, and this needs to be considered
when analyzing and comparing PhNR data between
studies.

Keywords Photopic negative response - Single-flash
cone response - Electroretinogram - Retinal disease -
ISCEV

Introduction

Electroretinography (ERG) is a recording of a bio-
electrical activity of the retina elicited by light
stimulation. For clinical purposes, the most widely
used type remains the full-field (Ganzfeld) flash ERG,
where a brief flash of light (typically 5 ms or less) is
presented either in a dark-adapted state or against a
photopic background. This type of ERG was stan-
dardized first in the late 1980s by the International
Society for Clinical Electrophysiology of Vision
(ISCEV) [1], with the most recent update of the
standard published in 2015 [2]. The ISCEV standard
specifies six recording conditions based on the adap-
tation state of the eye (light- vs. dark-adaptation), the
flash intensity and frequency of stimulation. Each
condition was created to emphasize specific parame-
ters in order to accentuate their main physiological
generator.

Traditionally, the two main ERG components
considered to be useful for clinical proposes are the
a- and the b-wave. The cellular origin of these two
components is relatively well understood. Thus, it is
currently generally accepted that the a-wave is gen-
erated mostly by photoreceptor activity but carries
also some off-bipolar cell contributions that are more
prominent under light-adapted conditions [3]. Cur-
rently, it is also generally accepted that the b-wave
receives a major contribution from on-bipolar cells [4]
with contributions from other postreceptoral sources
[3].

Under photopic conditions like those specified by
the ISCEV standard, two other ERG components can
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be recorded: an electronegative response following the
b-wave peak called the photopic negative response
(PhNR), and a positive response superimposed on the
PhNR called the i-wave. Although clearly recordable
in all normal subjects and most patients, these
additional components have not received as much
clinical attention as the a- and b-waves and their
measurement and reporting have not been standard-
ized, although recently ISCEV published an extended
protocol for the PhNR [5].

The cellular origins of the i-wave are a subject of
debate and, as such, this component is of uncertain
clinical significance. Although early studies suggested
that it represents cone off-bipolar cell activity [6], later
studies have questioned this origin [7, 8]. Still, even
more recent studies seem to suggest at least some
relationship between the i-wave and cone off-bipolar
cell/cone off-inner retina activity [9-12]. As the
i-wave has received very little clinical attention to
this day, part of the motivation for the present study
was the opportunity to include the i-wave with the
traditionally examined ERG components (a- and
b-wave) in a clinical sample and under clinically-
standardized photopic recording conditions.

The PhNR is an ERG cornea-negative response that
occurs after the b-wave and was first reported to
receive a significant input from retinal ganglion cell
(RGC) activity in monkeys by Viswanathan et al. [13],
and this RGC input was later confirmed in humans
[14, 15]. Since then, many studies have confirmed the
diagnostic potential of PhNR in glaucoma, including
early stages and in ocular hypertension [16-26].
Furthermore, reductions in the PhNR amplitude and
increase in PhNR peak time were reported in several
other ophthalmic and neurologic diseases, including
diabetic retinopathy [20, 27-29], optic neuropathy
[12, 30], retinal vein occlusion [31-33], childhood
optic gliomas [34, 35], elevated intracranial hyperten-
sion [36, 37] and multiple sclerosis [38].

The measurement of the PhNR response can be
complicated by the relatively slow nature of this
potential, where an interference between its course and
the i-wave can occur under many recording condi-
tions. Furthermore, ocular movement, including
movements similar to the presence of the photomy-
oclonic reflex [39], which was described under dark-
adapted conditions but could occur also under light-
adapted condonations (R.T. unpublished data), can
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result in uncertainty when determining the precise
amplitude of the response.

Although the effort to examine the correlation
between PhNR and the other ERG components may
seem straightforward at first glance, it is compli-
cated by some factors. For example, under condi-
tions when a white flash on a white background is
used to elicit the photopic ERG response, two
distinct troughs as part of the PhNR process can
appear in relation to the i-wave: one occurring
before the i-wave (referred in this work as
“PhNR1”) and one occurring after the i-wave
(referred as “PhNR2”) (Fig. 1). While most clinical
studies reporting PhNR results have measured and
reported PhNR2 amplitude, some studies have
measured only PhNR1 amplitude [27, 30, 40]. We
are not aware of any studies analyzing both PhNR
troughs or how they are related to one another or to
the other ERG components. Therefore, we decided
to explore the correlations between each trough and
the other ERG components and between the troughs
themselves.

If a correlation between the PhANR1 and PhNR2
amplitudes is reasonably strong, theoretically it may
be possible to predict the PhANR2 amplitude based on
PhNR1 amplitude. This would be helpful in cases
when determining PhNR2 amplitude may be ambigu-
ous due to interference from blinking or other artifacts.
Therefore, we choose to test this possibility using the
available data.
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Fig. 1 Example of an ERG waveform recorded under the
Photopic 3.0 ERG used in the study for patient #3 (48 years M).
Blue arrow indicates the time of the flash. Other arrows indicate
peaks of the major ERG components (a-, b-, i-wave and PhNR1
and PhNR2). Both ways of PhANR measurement: from baseline
(PhNR1/2(fB)) and from b-wave peak (PhNRI1/2(fP)) are
illustrated

Currently, there are three ways to determine the
amplitude of PhNR [5]. The first and most widely used
method is to measure the amplitude from the isoelec-
tric baseline to a minimum point in an identifiable and
defined trough, a method to be referred in this work as
“from baseline” (fB) (Fig. 1). An alternative approach
is to measure from the b-wave peak to the minimum
point in an identifiable and defined trough, a method to
be referred in this work as “from peak” (fP). One
potential disadvantage of this latter method would be
an increased dependency on the b-wave amplitude,
which has the potential to affect the interpretation of
the results in favor of mirroring the effects on the
b-wave and artificially suppressing b-wave-indepen-
dent PhNR changes. Because of artifact-inducing
interferences (e.g., blinking), which could prevent a
clear determination of a distinct PANR2 trough, some
authors have adopted a third approach, of determining
amplitude at a fixed point in time, typically between 65
and 75 ms after flash. To date, very few studies have
explored statistical and interpretational implications
from using the two major approaches: measurement
from baseline to a well-defined trough (fB) or from
b-wave peak to a defined trough (fP). Thus, three
studies in normal volunteers [41-43] found that the
reliability of PhNR amplitude determination is better
with the fP method compared to the fB method. To the
best of our knowledge, no studies have examined the
differences between the two methods measurement in
a clinical dataset.

Although it can be predicted that there will be a
strong correlation with the b-wave amplitude based on
the fP method, the exact degree of correlation in a
clinical sample remains unknown. In general, only few
studies have examined the correlation between PhNR
amplitude and only one ERG parameter, the b-wave,
with contradictory results. Thus, Viswanathan et al.
[15] found no correlation between PhNR (fB) and the
b-wave amplitude in normal healthy volunteers and
POAG patients. On the other hand, Mortlock et al. [41]
found a significant correlation between the same
parameters in normal healthy volunteers. A recent
study [44] also showed a significant, relatively strong
(r = 0.76) correlation between PhNR(fB) and b-wave
amplitude in normal healthy volunteers. More impor-
tantly, it also demonstrated a relatively weaker
(r =0.48), but statistically significant correlation
between the same parameters in ABCA4 STGD
patients with a significantly different slope, indicating
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a potential for a clinical use of the correlation between
PhNR and b-wave amplitude in this clinical entity.

Therefore, it would be beneficial to examine to
what extent selective changes in the PhNR response
may occur and whether they could be correlated with a
specific subset of diagnoses in a relatively heteroge-
neous clinical population. As these changes would
manifest as selective changes in PhANR amplitude or
timing, independent from changes in other ERG
measures, a correlation between PhNR and other
ERG measures could demonstrate selectivity and
potential for clinical use. This motivated the exami-
nation of the influence of the measurement method
choice on the degree of correlation between PhNR and
other ERG components in a clinical sample as a
secondary goal of the present work. We would like to
emphasize that the purpose of correlation examina-
tions was not to draw any physiological conclusions,
which should be done initially in a normal population,
but rather to explore the effect that different ways of
measuring PhNR have in a realistic clinically obtained
ERG dataset.

Our results show that there is a high degree of
correlation between the two PhNR peaks recorded
under ISCEV standard Light-adapted 3.0 ERG condi-
tions (PhNR1 and PhNR2), which allows the possi-
bility to use PANR1 when PhNR2 is poorly defined due
to presence of artifacts. Additionally, it was found that
different methods of PhNR measurement lead to
different correlations with other ERG parameters, and
this needs to be considered when analyzing and
comparing PhNR data derived by different methods.
No selective changes in PhNR were apparent in the
current clinical population.

Materials and methods
Patients

This study was a retrospective analysis of the ERG
records of patients undergoing routine clinical testing
at the USF Eye Institute (Tampa, FL) for the period
January 2015-January 2017. Inclusion criteria
included: (a) age above 18 years and (b) a recordable
Light-adapted 3.0 ERG response with a positive
b-wave amplitude greater than 4 pV  of
acceptable quality.
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Electroretinography recordings

The recording was performed binocularly on eyes with
dilated pupils (one drop of tropicamide ophthalmic
solution 1% and one drop of phenylephrine hydrochlo-
ride ophthalmic solution 2.5%) with DTL Plus Elec-
trodes (Diagnosys LLC, Lowell, MA) as active
electrodes. Reference electrodes were Ag/AgCl elec-
trodes (Suretrace RTL, ConMed, Utica, NY) placed on
the cheekbones with the center of the electrodes
vertically aligned with the center of each pupil and
positioned at ~ 1.5 cm below the lower eyelid upper
margin, while the ground electrode was the same type
as the reference electrode but placed on the left
mastoid. The recording system used was UTAS
E-3000 (LKC Technologies, Gaithersburg, MD), and
the Photopic 3.0 ERG condition as part of a standard
clinical setting used white xenon flashes of 3.0 cd s/
m” on a white background of 30 cd/m® after a
minimum of 10 min of light adaptation. The band-
pass filters were set to 0.1 to 500 Hz, and the sampling
rate was 2000 Hz.

Determination of amplitudes and peak times

The a-wave amplitude was measured from baseline to
the trough of the first negative response. The b-wave
amplitude was measured from the a-wave trough to the
peak of the following positive response. The PhNR
was measured at two locations on the ERG trace:
before the i-wave (PhNR1) and after the i-wave
(PhNR2; Fig. 1). A typical ERG waveform under the
Light-adapted 3.0 ERG recording condition when both
PhNR1 and PhNR?2 troughs were clearly identifiable is
illustrated in Fig. 1. All recordings were visually
inspected, and the presence of both troughs deter-
mined by two independent observers. In the case of a
disagreement, the appearance of the tracings was
discussed and differences resolved.

Statistical analysis

Recordability of the ERG components, defined as
presence of a distinct trough determined by two
graders, was expressed as percent of all eyes tested for
each eye separately and for the aggregated pool of data
for both eyes. Normality of the distribution was
assessed by D’Agostino—Pearson and Shapiro—Wilk
methods. For peak times, skewness and kurtosis of the
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distributions were also calculated. An interocular
correlation analysis was performed based on Spear-
man’s rank correlation coefficient as most of the
datasets did not follow Gaussian distribution. A linear
regression was conducted between all recordable ERG
components (a-wave, b-wave, PhNRI, i-wave,
PhNR?2) of right eye recordings. The PANR amplitudes
were measured in two different ways: (a) from base-
line (fB) and (b) from the b-wave peak (fP). When
performing the regression analysis on amplitudes,
outliers were noted, but retained. For peak times in
cases of extreme outliers, the analysis was run twice,
including and excluding the outliers and the results of
both analyses are presented. Wilcoxon matched-pairs
signed-ranked test (with Pratt correction when both
values identical) was used to compare corresponding
amplitudes obtained by peak identification versus by
averaged trace and also for comparison between
amplitudes of right and left eyes. GraphPad Prism
8.1 (GraphPad Software, La Jolla, CA) was used for
graphing and analysis.

Results
Patient demographics

Out of the 155 records evaluated, the records of 94
patients (185 eyes; 33 males and 61 females, average
age 56.5 = 15.6 years, range 19.2 to 80.2 years)
passed the inclusion criteria of recordability and were
included in the analysis. The identifiers for primary
clinical diagnoses of the patients based on the 10th
revision of the International Statistical Classification
of Diseases and Related Health Problems (ICD-10)
were distributed as follows:

e Visual disturbances (H53 or 368)—18 patients

e Blindness and low vision (H54)—10 patients

e Chorioretinal inflammation and other disorders of
the choroid (H30/H31)—7 patients

e Other retinal disorders' (H35 or 362)—47 patients

' The H35 is broadly defined category which includes nine
distinct subcategories (n = 38). The distribution of subcate-
gories and the number of patients within each subcategory were
as follows: H35/H53.0 (n = 4); H35.1 (n = 1), H35.3 (n = 13),
H35.4 (n = 3),H35.5 (n = 13), H35.8 (n = 3). The full list of all
subcategories can be found in [45] and other sources.

e Other categories—12 patients, including: disorders
of the ON (H47; n = 4); glaucoma (H40; n = 2);
SCA-7 (G11.8; n =2); disorders of the globe
(H44; n = 2); other long-term drug therapy (Z79:
n = 1); benign neoplasm of eye and adnexa (D31;
n=1).

Identifiable ERG components and their parameters

Both a- and b-waves were clearly identifiable in all
traces that passed the selection criteria used to select
the recordings for analysis. On the other hand, while
the PhNR1 peak and the i-wave were clearly identi-
fiable in more than 95% of recordings, the PhNR2
trough was identifiable in about 85% of all recordings
(Table 1).

A summary of mean amplitudes and peak times for
all clearly identifiable ERG components in the current
dataset is presented in Table 2. It is worth noting that
although recordings were made from patients with
either suspected or present retinal degenerations, or
other retinal conditions which could lead to a decrease
in the ERG photopic response, the mean amplitude
values of both a-wave and b-wave were higher
compared to the lower limit of normal values used
our clinical setting. The lower limits of normal are age
dependent and vary between — 25 uV for the age
range 20-30 years and — 18 pV for the oldest age
group (70-80 years). For the b-wave, the lower limits
were 105 pV for the age range 20-30 years and 85 pV
for the age range 70-80 years. A closer look in the
amplitude data showed that a large proportion of the
a-wave amplitudes, 75% for right eye and 65% for left
eye, were within normal range limits, while close to
half of the b-wave amplitudes, 50.0% for right eye and
52.7% for left eye, were within normal limits. On the
other hand, the average timing of the b-wave was
slightly delayed and exceeded the 31 ms, considered
to be the upper limit of the normal range; however,
only about half of the timings (53.8% for right eye and
47.9% for left eye) turned out to be delayed beyond
normal.

PhNR?2 peak times
One of the proposed methods to address the uncer-

tainty related to determining a distinct PhNR trough is
determining the amplitude at a fixed time period after
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Table 1 Recordability of the ERG components in the present study

a-wave b-wave i-wave PhNR1 PhNR2
Right eye 93 93 88 (95%) 90 (96.8%) 81 (87%)
Left eye 94 94 91 (97%) 92 (97.9%) 79 (84%)
Total 187 (100%) 187 (100%) 179 (96%) 182 (97.3%) 160 (85.6%)

Percent recordability indicated in brackets

Table 2 Mean values and standard deviations of the amplitudes and peak times of the different ERG parameters analyzed in the

present study

ERG parameters Amplitudes (uV)

Peak times (ms)

Right eye Left eye Average Right eye Left eye Average

a-wave — 26.3 (12.9) — 259 (12.4) — 262 (11.9) 14.9 (2.8) 14.7 (1.9) 14.8 (2.1)
n=93 n=94 n=92

b-wave 93.0 (49.8) 94.8 (47.7) 94.5 (46.3) 32.1 3.1) 31.9 (3.3) 319 (3.1)
n=293 n=94 n=92

i-wave 16.7 (12.0) 17.0 (11.0) 16.8 (10.9) 53.7 (6.0) 53.5 (6.0) 53.6 (5.8)
n =88 n =91 n =387

PhNRI1 (fB) — 154 (15.1) — 149 (13.5) — 152 (13.7) 45.9 (4.3) 45.7 (4.6) 45.8 (4.3)
n =90 n=92 n =289

PhNR?2 (fB) —21.6 (17.2) — 21.3 (14.8) — 21.9 (14.9) 66.9 (7.7) 66.9 (8.1) 66.8 (7.7)
n =81 n="79 n="76

PhNR1 (fP) 83.5 (36.9) 84.9 (44.6) 84.8 (43.9) N/A N/A N/A
n=90 n=92 n =89

PhNR2 (fP) 90.3 (49.7) 94.3 (46.2) 93.4 (45.6) N/A N/A N/A
n =81 n=179 n="176

Average values were calculated only when the results from both right and left eyes were present. Abbreviations: fB—PhNR measured
from baseline; fP—from b-wave peak; fAIfB—from an averaged amplitude (65-75 ms) to baseline; fAfP—from an averaged

amplitude (65-75 ms) to b-wave peak

the stimulus, often within the interval 65-75 ms.
When comparing this method to the method of
measurement based on identifying a distinct trough,
one of the first questions to answer was how well the
time interval of 65 to 75 ms covers the period when
identifiable peaks can be found in the current
population.

To answer that question, a time analysis was
performed on the current sample. The analysis showed
that the majority of peak times of identifiable troughs
(PhNR2) occurred before 65 ms: 41 cases (51.3%,
right eyes) and 38 cases (48.7%, left eyes), compared
to 31 cases (38.8%, right eyes) and 30 cases (38.5%,
left eyes) in which PhANR2 occurred within the period
between 65 and 75 ms. In addition, in 8 (10.0%, right
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eyes) and 10 cases (12.8%, left eyes) PANR2 occurred
after 75 ms. Thus, the fact that the mean values of
PhNR2 identifiable peak times were within the
65-75 ms period for both right and left eyes (Table 2)
appears to underestimate the spread and pattern of
peak time distributions in our sample. An additional
analysis revealed that the distribution of peak times
was non-normal and highly skewed, with levels of
skewness of 2.2/2.7 (right/left eyes) and excess
kurtosis of 7.8/10.6 (right/left eyes). Such highly
skewed distribution would make any assessment of
amplitude measured at a fixed time unreliable and
unrepresentative for the studied population, and such
analysis was not pursued.
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Interocular correlations

As tests for normal distribution demonstrated that the
parameters in this study when evaluated for right and
left eyes separately were not normally distributed, we
used Spearman’s coefficient to quantify interocular
correlations.

The results from the interocular correlation com-
parison presented in Table 3 demonstrate a high
positive correlation (0.7-0.9) for 12 out of the 14
parameters analyzed. However, as correlations varied
between different parameters and to avoid complex-
ities related to variability in interocular correlations,
only right eyes were used in all subsequent analyses.

Correlation between PhNR1 and PhNR2
amplitudes and peak times

It could be hypothesized the both PhNR troughs
(PhNR1, PhNR?2) reflect the same retinal mechanism,
and therefore, a certain level of high correlation can be
expected between the amplitude and timing values of
the two troughs. If confirmed, such a correlation would
open the possibility to substitute PhNR2 values with
PhNRI1 values in cases where identifying a distinct
PhNR?2 trough may be difficult due to the presence of
artifacts. To test the validity of that assumption and get
an estimate of the degree of correlation, linear
regressions were carried between PhNR1 and PhNR2
amplitudes when both troughs were clearly identifi-
able and also between the corresponding PhNR peak
times. The graphical results of the analysis are
presented in Fig. 2, while the numerical results are
summarized in Table 4. The degree of correlation was

Table 3 Interocular correlations for amplitudes and peak
times of all ERG components

Amplitudes Peak times

a-wave 0.7953 0.7018
b-wave 0.7968 0.9205
i-wave 0.7830 0.8866
PhNR1 (fB) 0.7919 0.8784
PhNR?2 (fB) 0.6607 0.8648
PhNR1 (fP) 0.7822 N/A

PhNR2 (fP) 0.7754 N/A

Values of Spearman’s rank correlation coefficient are presented

reasonably high when amplitudes were measured from
the isoelectric baseline (R? = 0.82) and reached strong
levels when measured from the b-wave peak
(R* = 0.98). Similarly, the peak times were strongly
correlated with each other (R = 0.87).

As our population was composed from patients
with different presumed or confirmed diagnoses, one
concern in examining the correlation between param-
eters could be the presence of heterogeneity in the
clinical sample. In order to assess the effect of the
clinical heterogeneity, patient PANR data presented in
Figs. 2, 3, 4 and 5 were color coded into seven
diagnostic categories.” It is clear from the distribution
of the data that no single diagnostic category stands
out and data appeared to be relatively homogenous.
This impression was confirmed for the other ERG
parameters too (see Supplemental Material).

Predictability of PhANR2 amplitude

The possibility to predict and substitute PhNR2
amplitude with PhNR1 amplitude could be useful in
cases where the PhNR2 trough is ambiguous. We
choose to test this possibility based on PhNR mea-
sured by the fP method, as PhANR1(fP) and PhNR2(fP)
showed higher correlation level (Table 4). Predictabil-
ity was tested in two ways. First, a mean conversion
coefficient (PhNR2(fP)/PhNR1(fP)) was calculated
based on the entire dataset and applied to each
PhNR1(fP) value to calculate a predicted PhNR2(fP)
value. The results indicating the mean absolute and
relative difference between predicted and measured
PhNR2(fP) values from both prediction approaches on
different groupings of the data are presented in
Table 5. They show that the average difference
between the predicted and measured PhANR2(fP) was
reasonably small in both absolute (> 2 pV) and
relative (< 2%) terms. However, individual differ-
ences could reach high values (up to 60%). To
examine whether relative individual differences (as
% error relative to real amplitude) do have a relation-
ship with PhNR2(fP) amplitude, these values were
plotted for right eyes as shown in Fig. 4. It is clear
from the data presented in the figure that for most of
the data points, the differences were constrained

2 The categories as per ICD-10 classification are as follows: 1)
H30 or H31; 2) H35 (or 362); 3) H40; 4) H53 (or 368); 5) H40; 6)
H47; 7) other (includes G11.8, H44, Z79 and D31).
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Fig. 2 Correlation between PANR1 and PhNR2 amplitudes. Left panel, correlation between PhNR1(fB) and PhNR2 (fB); right panel,

PhNR1(fP) and PhNR2(fP)

Table 4 Summary of results for linear regression analysis
between amplitudes and peak times of PANR1 and PhNR2
PhNR2 (fB)

0.8191 [0.997]

T4 n=179

PhNR2 (fP)

0.9799 [1.042]
7.1)n=179

PhNR2 PT

0.8732 [1.661]
28)n=179

PhNR1 (fB)

PhNRI (fP)

PhNR1 PT

Coefficient of determination (R?) values are presented in bold
letters; numbers in square brackets indicate values of slopes,
while numbers in round brackets indicate values of standard
deviation of the residuals (Sy.x); abbreviations: PT—peak
time. In all cases, the slopes of the linear regression models
were different from 0 (p < 0.01)

within & 15% of real amplitude values and only at
amplitudes values lower than 60 pV some differences
became bigger. Then, in an alternative approach, a
conversion coefficient calculated in the same way was
applied on one half of the data and was used to
calculate a predicted PANR2(fP) value in the other half
of the data. Similar to the results from the prediction
analysis based on the entire dataset, and as expected
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Fig. 3 Correlation between PhNR1 and PhNR2 peak times

based on using a dataset reduced in half, the difference
between the predicted and measured PhANR2(fP) was
larger compared to the results from using the whole
dataset, but remained relatively small (< 4 pV; < 4%)
with individual variation as high as 25%. Similar
results were obtained when testing predictability on
left eyes (data not shown).
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Correlation between PhNR1/b-wave ratio
and PhNR2/b-wave ratio

In previous works, the PhANR versus b-wave amplitude
ratio has been used as a substitute for PhANR amplitude
use in an attempt to improve the discriminatory
capability of both b-wave and the PhNR peak in
different retinal diseases [17, 23, 41, 46—48]. There-
fore, in way similar to the relationship between PhNR1
and PhNR2, it would be useful to examine the
relationship between PhNRI1/b-wave ratio and
PhNR2/b-wave ratio in order to assess whether the
PhNR2/b-wave ratio could be substituted by the
PhNR1/b-wave ratio when the PhNR2 trough is
difficult to define. The results of exploring the
relationships between PhNR1/b-wave and PhNR2/b-

wave ratios derived in different ways based on the type
of measured used to determine PhNR are presented in
Fig. 5 and Table 6. The results demonstrated that the
relationships between the ratios were considerably
lower compared to the relationships between PhNR
amplitudes. Thus, R?> = 0.24 for the ratios versus
R*>=0.98 for the amplitudes (fP method) and
R?>=0.41 for the ratios versus R* = 0.82 for the
amplitudes (fB method).

Correlation between PhNR and other ERG
components’ amplitudes

First, we explored the correlations between PhNR
amplitudes measured from baseline and the other
major ERG components (a-, b- and i-wave). The
graphical representation of the linear regressions
between the PANR1(fB) and PhNR2(fB) on one hand
and a-, b- and i-wave amplitudes on the other hand is
shown in Supplemental Fig. 1, while the numerical
results are summarized in Supplemental Table 1. The
correlation between PhNR1 and PhNR?2, when mea-
sured from the bioelectrical baseline, appears to be
slightly stronger with the a-wave amplitude (R* range
0.48-0.51), compared to the correlation with both
b-wave (R®=0.30-0.43) and i-wave amplitude
(R* = 0.39-0.41).

We next explored the linear relationship between
the amplitudes of PhNR measurements from the
preceding b-wave peak (PhNRI1(fP) and PhNR2(fP)
and the amplitudes of the main ERG components (a, b-
and i-wave) (Supplemental Fig. 1, Supplemental
Table 1). The correlation of the PhNRI(fP) and

Table 5§ Testing predictability of PANR2(fP) values based on PhNRI(fP) values

A. Based on whole dataset

Mean difference with real Mean difference with

B. Based on the 1st half of the data

Mean difference with real Mean difference with

PhNR2 (uV) real PhANR2 (%) PhNR2 (nV) real PANR2 (%)
Average — 1.99 — 1.6 Average  — 3.65 — 3.8
SD 7.43 10.8 SD 6.72 8.9
n 79 79 n 39 39
min — 24.09 — 225 min — 19.87 — 24.6
max 22711 60.3 max 11.50 17.4

The mean difference between predicted and real values for PANR2(fP) is shown for right eyes and the two methods used: (A) for the
whole dataset, based on a coefficient derived from the whole dataset; (B) for the second half of the data based on a coefficient derived

from the first half of the data. For more detail, see main text
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PhNR1(fB)/b-w vs. PhNR2(fB)/b-w

PhNR2(fB)/b-wave ratio
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PhNR1(fB)/b-wave ratio

Fig. 5 Correlation between PhNRI1/b-wave and PhNR2/b-
wave ratios. Left panel represents correlations between
PhNRI1(fB)/b-wave ratio versus PhNR2(fB)/b-wave ratio; right

Table 6 Summary of results for linear regression analysis
between of PhNR1/b-wave and PhNR2/b-wave ratios

PhNRI1(fB)/b-wave PhNR2(fB)/b-wave
0.4148 [0.7547]
(0.144); n =79
PhNR2(fP)/b-wave
0.2445 [0.6379]

(0.142); n = 79

PhNR1(fP)/b-wave

Coefficient of determination (Rz) values are presented in bold
letters; numbers in square brackets indicate slope of the linear
regression; numbers in round brackets indicate values of
standard deviation of the residuals (Sy.x). In all cases, the
slopes of the linear regression models were different from O

(» <0.01)

PhNR2(fP) with a-wave amplitude increased notice-
ably compared to the same range when PhNR
amplitudes were measured from baseline (0.73-0.74
vs. 0.48-0.51). Furthermore, the correlation with
b-wave amplitude increased dramatically (0.94-0.95
vs. 0.30-0.43), as can be expected because of the
inclusion of the b-wave in the fP measurements. The
correlation of PhNR peaks with the i-wave amplitude
also increased substantially (0.65 vs. 0.39-0.41),
perhaps because of the use of the peak-to-trough
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PhNR1(fP)/b-w vs. PhNR2(fP)/b-w
2.0

PhNR2(fP)/b-wave ratio
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PhNR1(fP)/b-wave ratio

panel represents correlations between PhANR1(fP)/b-wave ratio
versus PhANR2(fP)/b-wave ratio. Symbols in red color indicate
outliers

method as opposed to peak to baseline method as in
B.

Correlation between PhNR and main ERG
parameters peak times

Next, the correlation between the peak times of the
PhNRs in cases when troughs were clearly identifiable
and the peak times of major ERG components (a, b-
and i-wave) was studied. The graphical results are
shown in Supplemental Fig. 2, while the numeric
results are presented in Supplemental Table 2. In a
preliminary run of the analysis, it appeared that
a-wave peak times contained a few outliers, which
influenced the slope of the linear regression (Supple-
mental Fig. 2 top left panel). Therefore, in the
analysis, the correlation was explored twice: once
with the outliers present (Supplemental Fig. 2 top left
panel), and once with all a-wave peak times occurring
later than 20 ms post-stimulus removed (Supplemen-
tal Fig. 2 bottom left panel). The second approach
resulted in a considerable improvement of the coef-
ficients of determination and reduction of standard
deviation of the residuals (Supplemental Table 2).
Overall, the correlations between the peak times of
the PhNRs and the peak times of the main ERG
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components ranked as expected, based on temporal
proximity between the peaks: the correlation was
strongest with the i-wave peak time (0.84-0.89),
followed by the b-wave peak time (0.72-0.79) and
weakest with the a-wave peak time (0.50-0.58; with
outliers removed).

Discussion

Despite the recent publication of an ISCEV extended
protocol for the photopic negative response (PhNR) of
the full-field electroretinogram [5], there are still
challenges hampering the standardization of the PANR
recording and measurement. For example, occurrence
of the photomyoclonic reflex or blinking could
interfere with the determination of the PhNR peak.
Similarly, the timing of the i-wave (or, occasionally,
the appearance of more than one i-wave) could
coincide and interfere with the determination of a
single distinct PhNR trough. Furthermore, different
combinations of stimulus conditions (wavelength
composition and intensity of the stimulus or the
background) could stimulate different subpopulations
of retinal ganglion cells, which can be differentially
affected in different retinal conditions. While we agree
with the recommendation of the ISCEV extended
protocol [5] that it may be preferable to record the
PhNR using red flash on a rod-saturating blue
background, in this work, we explored the relationship
between the PhNR responses generated by standard
clinical recording conditions as in Light-adapted 3.0
ERG [2]. As this type of response has been a part of the
ISCEV standard for the last 30 years [1], it provides
the advantage that data can be analyzed retrospec-
tively and recorded with older ERG systems, which
lack the capability of providing narrowband wave-
length stimulation.

Under the conditions of recording used in the
present work, in the vast majority of the cases, and as
shown on Fig. 1, the i-wave was occurring at the time
of a projected maximum negativity after the b-wave,
where an assumed single PhNR trough would be
present if i-wave was non-existent. Because of i-wave
interference, two distinct troughs appeared, one
occurring before the i-wave (PhNR1) and one after it
(PhNR?2). While most studies have used PANR2, some
studies have assigned and measured the PANR1 trough
[27, 30, 40, 49], or choosing the PhNR1 or PhNR2,

depending which one was more negative [42]. There-
fore, we decided to analyze both peaks and their
relationships with the rest of the ERG components and
between themselves.

Interchangeability between PhNR1 and PhNR2
amplitudes

As mentioned in introduction, various authors have
found it difficult to determine a reliable location and
identification of the PANR2 peak in all cases. This has
been also our experience in the present study, where
we were unable to reliably determine the PANR2 peak
in ~ 12% of recordings where the PhNR1 trough was
clearly identifiable (Table 1). Therefore, an important
question is whether the PhNR1 amplitude could be
used as a surrogate for PANR2 amplitude determina-
tion (with a correction factor) in these cases. If both
troughs are part of the same process, it could be
assumed that they are correlated with each other and
some degree of equivalence should be present. Based
on the analysis of the dataset in the present study, it
appears that such a correlation is present and reaches
strong levels when using the fP measurement approach
(0.98). This is supported by the relatively strong
correlation by the PhNR1 and PhNR2 peak times
(0.87), which are independent from the method of
amplitude measurement. Our additional analysis of
predictability based on PhNRI1(fP) amplitude shows
that at a group level the prediction can be successful
and relatively very accurate with an average error of
less than 5%. However, such prediction would have a
much more variable rate of success on an individual
level, especially for PANR2 amplitudes of < 60 pV.In
general, these findings support the possibility of
interchangeable use of the two parameters at a group
level under recording conditions similar to the ones
presented in this study. This could further enhance the
diagnostic usability of PhNR and outweigh a minor
drawback, which is the need to obtain normative
values for both peaks.

As an extension of this approach, theoretically one
could also suggest substituting the PhNR2/b-wave
amplitude ratio with PhNR1/b-wave amplitude ratio
under similar circumstances. Yet the predictability test
based on data from our clinical sample showed that
such substitution, even at a group level, would be
much less accurate and the results much more
variable. This is probably due to different sources of
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variability for b-wave and PhNR and their possible
non-linear interference.

Measurement at fixed time versus at identifiable
peak

The extended ISCEV protocol for PhNR recording
outlines the possibility for measuring the PhNR
amplitude based on a choice of fixed time in the
ERG trace occurring between within the interval 65
and 75 ms after stimulus [5]. However, in our dataset,
the majority of identifiable troughs occurred before
this time interval and some occurred after (see
Results). The most likely explanation for this discrep-
ancy lies in the characteristics of the stimulation in the
present study (white xenon flash on a white back-
ground versus red stimulus on a blue background as
recommended in [5]). Of note, a study by Bhatti et al.
[50] found differences in heritability and effects of age
between PhNR amplitude determined by identifying a
distinct PhNR trough versus amplitudes measured at a
fixed time (65 ms) by the fB method under stimulus
conditions similar to ours. Thus, caution should be
taken with the implementation and interpretation of
results obtained by the fixed time method, especially
when analyzing recordings of Light-adapted 3.0 ERG
for changes in PhNR.

Measurement from baseline versus from b-wave
peak and using PhNR to b-wave ratio

The two alternative ways of PhNR amplitude mea-
surement: from the isoelectrical baseline (fB) and
from the b-wave peak (fP) have each advantages and
disadvantages. The amplitude measured from baseline
is easier to visualize and this could lead to more
intuitive interpretation of the results. On the other
hand, due to the nature of the measurement, the
measurement from the b-wave peak results in larger
and positive values, which makes it easier to assess
relative differences between amplitudes, especially in
records where amplitudes measured by the fB method
are smaller and become closer to (or slightly elevated
above) the isoelectric baseline. At the same time, as
stated in the extended ISCEV protocol [5], it has to be
noted that the (fP) approach results in a response with
an enhanced correlation with the b-wave, which has to
be taken into account when interpreting the results.
The data obtained in the present study reveal
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additional differences between the two methods. First,
although the correlation with b-wave was indeed
substantially stronger with the (fP) compared to the
(fB) method, the PhNR correlation with both a- and
i-wave increased in a similar manner, but to a lesser
extent as compared to the increase in correlation
between PhNR(fB) versus PhNR(fP) and the b-wave
(Supplemental Table 1).This it be expected, as
PhNR(fP) is strongly correlated to the b-wave, while
it is less correlation to both a- and i-wave.

Study limitations

The main limitation of the present study related to the
fact that the study population was composed only by
patients and may have limited applicability to normal
subjects. However, it has to be kept in mind that, the
majority of the patients were only suspected to have
retinal degenerative disease process, which may have
or may have not been confirmed with further testing.
This is further supported by the finding that ~ 47%-—
70% of the a- and b-wave amplitude values and
~ 50% of b-wave peak times were within normal
limits. In any case, our main goal was to explore
changes and relationships between the ERG compo-
nents within a typical patient population and any
implication regarding normal subjects would carry
only a secondary significance.

Conclusion

This study demonstrated that in a diverse patient
population sample, the standard Light-adapted 3.0
ERG response (single-flash cone ERG in ISCEV
standard before 2005) generated a PhANR waveform
that was recordable and had more than 85% identifi-
able and measurable PhNR troughs. The analysis
carried by this study indicates that the uncertainty
related to determination of the PhNR peak after the
i-wave can be circumvented by measuring the peak
preceding the i-wave. It also reveals complex rela-
tionships between PhNR and the other ERG compo-
nents and shows that the method of PhNR amplitude
measurement can have a substantial impact on the
relationship between PhNR and other ERG parame-
ters. Thus, caution is needed when comparing PhNR
amplitude results derived from different methods of
measurement. These findings support the notion that
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PhNR could be used clinically in a reliable manner to
estimate the function of the retinal ganglion cells in a
variety of ophthalmic and neurologic conditions.
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