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Purpose: To compare a new method for steady-state pattern electroretinogram
(PERGx) with a validated method (PERGLA) in normal controls and in patients with
optic neuropathy.

Methods: PERGx and PERGLA were recorded in a mixed population (n = 33, 66 eyes)
of younger controls (C1; n = 10, age 38 * 8.3 years), older controls (C2; n = 11, 57.9
*+ 8.09 years), patients with early manifest glaucoma (G; n = 7, 65.7 £11.6 years), and
patients with nonarteritic ischemic optic neuropathy (N; n = 5, mean age 59.4 = 8.6
years). The PERGx stimulus was a black-white horizontal grating generated on a 14 X
14 ¢cm LED display (1.6 cycles/deg, 15.63 reversals/s, 98% contrast, 800 cd/m? mean
luminance, 25° field). PERGx signal and noise were averaged over 1024 epochs (~2
minutes) and Fourier analyzed to retrieve amplitude and phase. Partial averages (16
successive samples of 64 epochs each) were also analyzed to quantify progressive
changes over recording time (adaptation).

Results: PERGLA and PERGx amplitudes and latencies were correlated (Amplitude R?
= 0.59, Latency R? = 0.39, both P < 0.0001) and were similarly altered in disease.
Compared to PERGLA, however, PERGx had shorter (16 ms) latency, higher (1.39X)
amplitude, lower (0.37X) noise, and higher (4.2X) signal-to-noise ratio. PERGx
displayed marked amplitude adaptation in C1 and C2 groups and no significant
adaptation in G and N groups.

Conclusions: The PERGx high signal-to-noise ratio may allow meaningful recording in
advanced stages of optic nerve disorders. In addition, it quantifies response
adaptation, which may be selectively altered in glaucoma and optic neuropathy.

Translational Relevance: A new PERG method with increased dynamic range allows
recording of retinal ganglion cell function in advanced stages of optic nerve disorders.
It also quantifies the response decline during the test, an autoregulatory adaptation to
metabolic challenge that decreases with age and presence of disease.

important tool for detecting and monitoring loss of

Introduction

The pattern electroretinogram (PERG) is an
established technique for assessment of the electrical
responsiveness of retinal ganglion cells (RGCs) in
vivo in human and experimental models."* As RGC
death is the ultimate cause of blindness in glaucoma
and most optic neuropathies, the PERG is an

RGC function in these diseases.”’ While there are
standard guidelines that define a single minimum
stimulus and recording protocol for clinical transient
PERG:," other paradigms for steady-state PERG (SS-
PERG) have been adopted in a number of studies as
these appear advantageous for early detection and
monitoring of glaucoma (reviewed in Refs. 9 and 10).
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Current limitations of the PERG technique include
the nature of visual display units not allowing
simultaneous display of the whole stimulus field. This
happens in cathode ray tubes (CRTs) in which each
frame is updated using raster scanning technology.
Consequently, only a few bars are presented to the eye
at a given time. This generates delays as acknowl-
edged in the International Society for Clinical
Electrophysiology of Vision (ISCEV) standards and,
at least 5-ms correction was suggested.® The use of
liquid crystal displays (LCDs) as visual displays may
partially resolve this issue at expense of luminance
artifacts. Current approaches of signal processing do
not account for nonstationarity of the PERG signal
over recording time (adaptation)'''?; adaptation is a
physiological component of the PERG that may be
selectively altered in disease.'”"'* Finally, the limited
response’s dynamic range'>'® does not allow moni-
toring of advanced stages of optic nerve diseases.

Here we describe a new method for steady-state
PERG recording in human based on a visual display
unit built with Light-Emitting Diode (LED) technol-
skin electrodes, and optimized signal pro-
cessing to quantify response adaptation (dubbed
PERGx as a contraction of PERGnext). We show
that, compared to a validated method, the PERGx
has a very high signal-to-noise ratio (SNR); this
suggests that meaningful responses can be recorded in
advanced stages of diseases such as nonarteritic
ischemic optic neuropathy (NAION).

Subjects

In order to investigate the PERGx method over the
entire dynamic range of the response, we tested a
mixed population (n =33, 66 eyes) of healthy controls
and patients including younger healthy controls (C1; n
=10, mean age 38 * 8.3 years), older healthy controls
(C2; n=11, mean age 57.9 = 8.09 years), patients with
early manifest glaucoma (G; n = 7, mean age 65.7 *
11.6 years, Humphrey visual field MD range: —1.03 to
—5.86 dB), and patients with NAION (N; n =5, mean
age 59.4 = 8.6 years, Humphrey visual field mean
deviation (MD) range: —6.34 to —30.26 dB). G-
patients were under treatment with IOP-lowering
drops; N-patients were under treatment with steroids.

The mean age was not statistically different
between groups C2, G, and N (analysis of variance
[ANOVA], P = 0.26), whereas it differed between
groups C1 and C2 (ANOVA, P <0.0001). In order to

establish whether the PERGx was altered across a
range of conditions similarly to other validated
PERG methods, the main outcome measures of the
PERGx method were compared with corresponding
measures obtained in the same subjects with an
established paradigm for SS-PERG recoding (PER-
GLA) that uses comparable spatio-temporal stimulus
characteristics and frequency-domain analysis of the
response waveform.'® The study followed the tenets
of the Declaration of Helsinki and was approved by
the Institutional Review Board of the University of
Miami. Informed written consent was obtained from
all subjects.

PERGx Method

The visual stimulus (Fig. 1A) consisted of a black-
white horizontal grating (1.6 cycles/deg, 15.63 rever-
sals/s, 98% contrast, 800 cd/m” mean luminance)
generated on a LED display (14 X 14 cm) developed
with National Institute of Health - National Eye
Institute (NIH - NEI) support (R43EY023460; Jorvec
Corp., Miami, FL). Gratings were generated by
horizontal arrays of 560 white LEDs separated by
thin strips of light-impermeable metal to prevent
crosstalk between adjacent rows and to give the
pattern a well-defined edge. A sheet of light-diffusing
material overlying the arrays allowed discrete LED
light sources to appear as a continuous and uni-
form."” Adjacent rows were switched ON-OFF in
counterphase (pattern-reversal) without apparent
luminance artifacts when the pattern was blurred
with a diffusing screen. Stimuli were presented
binocularly at 30 cm viewing distance in a dimly lit
room."” Subjects wore corrective lenses as needed for
the viewing distance. PERG signals (Fig. 1B) were
simultaneously recorded from both eyes with skin
electrodes (Grass Technologies, West Warwick, RI)
over the lower eyelids (reference ipsilateral temple,
ground central forehead), amplified (100,000X) fil-
tered (1-300 Hz; Opti-Amp bioamplifier, Intelligent
Hearing Systems Corp., Miami, FL), and averaged
over 1024 epochs in sync with the contrast reversal
automatically rejecting epochs occasionally contami-
nated by blink artifacts. Recording time of 1024
artifact-free epochs was approximately 2 minutes
depending on the number of rejected epochs. Previous
studies have shown that with steady-state presenta-
tion of high contrast stimuli, the PERG amplitude
progressively decreases with time (adapts) until
reaching a plateau after approximately 2 min-
utes.'""'#?%?' The prestimulus display presented a
steady grey field of the same mean luminance of the
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Figure 1. Set up for the PERGx method. (A) LED tablet displaying a horizontal grating (98% contrast, 800 cd/m?, 14 X 14 cm size). For
PERG recording, the grating reversed in contrast 15.63 times/s. (B) Subjects looked at the center of the display for 2 minutes from 30 cm
distance with natural pupils and blinking, while signals were acquired from skin electrodes. (C) Representative PERG waveforms (thick
lines) recorded simultaneously from each eye together with corresponding noise waveforms. For both PERG and noise, the sinusoidal
component at the reversal rate (dashed lines) was isolated with Fourier analysis and its zero-to-peak amplitude (vertical arrow), phase, and

time-to-peak latency (horizontal arrow) automatically assessed.

patterned field. The first four contrast reversals were
rejected to eliminate transients to stimulus onset.
Noise signals were simultaneously retrieved using the
+/— reference method.””** In the example shown in
Figure 1C of a representative 45-year-old healthy
control, the steady-state PERG waveforms included
one stimulus cycle of 127.96 ms (two contrast
reversals; two responses per epoch) and was auto-
matically submitted to Fourier analysis to retrieve the
zero-to-peak amplitude and phase of the harmonic at
the 15.63 Hz reversal frequency (Universal Smart Box
acquisition system, Intelligent Hearing Systems
Corp.). A similar analysis was used for the noise

waveform. Partial averages of the PERG signal (16
successive samples of 64 epochs each) were also
analyzed to quantify progressive changes of the
PERG amplitude/phase over recording time (adapta-
tion) and within-test variability of the PERG signal
(example in Fig. 3).

The PERGLA method is incorporated in a
commercial instrument (Lace Elettronica, Rome,
Italy) and has been previously described in detail."’
Similarities with PERGx were: recording electrodes/
placement; the spatio-temporal characteristic of the
stimulus (horizontal square-wave gratings of 1.6
cycles/deg with 95%-98% contrast); reversal rate
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Comparison between PERGx and PERGLA methods in different subjects’ groups. (A) mean (+SEM) PERG amplitude in different

groups of subjects (C1, young controls; C2, older controls; G, early manifest glaucoma; N, NAION). Note that with either method the
response amplitude was largest in the C1 group and lowest in the N group. However, the average amplitude across groups was larger
with the PERGx method compared to PERGLA. (B) Mean (+SEM) response latency in different groups. Note that with either method the
latency tended to a delay between C1 and G groups, while it was similar between C1 and N groups. However, the average latency across
groups was shorter with the PERGx method compared to PERGLA by approximately 16 ms. (C) Mean (+SEM) noise amplitude in different
groups. With both methods, the noise amplitude was not different among groups, but the average noise amplitude across groups was
smaller with the PERGx method compared to PERGLA. (D) mean (+SEM) SNR in different groups. Note that with the PERGx method the
SNR was substantially larger than that with the PERGLA method by an average of 6 dB across groups.

(PERGx, 15.63 Hz; PERGLA, 16.28 Hz); field size
(PERGZx, 25° square field; PERGLA, 25.17° circular
field); +/— reference method for noise assessment’’;
and Fourier analysis of the PERG signal and noise
(PERGZX, uninterrupted 1024 artifact-free epochs;
PERGLA, 600 artifact-free epochs interrupted by a
~15-second pause after the first 300 epochs). As
Fourier analysis provided phase measurements with
different scales for PERGx (degrees) and PERGLA (nt
radians), phase measurements were converted to
latency values in ms.”* We used the standard function
for cosine waves” [A(t) = Acos(mt — $)] where A (t) is
amplitude at a given time t, o is the angular frequency

(2nf), ¢ is the phase, and f corresponds to the reversal
rate. The steady state function can be written as A(t) =
Acos(o(t — ¢/®)) = Acos(wt — ¢); where A(t) = d/w is
a positive time shift (toward the right). When the
phase is null, the function has its first maximum at
zero and it moves, positive in time, as ¢ increases. The
maximum repeats in time at intervals corresponding
to the reversal period (2n/w = 1/f). In the example of
Figure 3B, the response phase is —63.98° that would
correspond to a time shift of ¢; =—11.4 ms. Since the
PERGx is a periodic signal with period 64 ms (1/
15.625), the first time-positive maximum occurs at ¢ =
6 4 m s - 11.4 m s = 52.6
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PERGx temporal dynamics and intrinsic variability in a representative normal subject. (A) The amplitude of PERGx samples

(blue circles, 16 consecutive partial averages of 64 epochs each over 2 minutes) progressive declined (adapted) with a slope of —0.031 pV/
sample (R’ = 0.48), whereas the PERGXx phase (red circles) was stationary. The variability (SD) unexplained by the linear trend was 0.15 pV
for amplitude and 5.5° (0.97 ms) for phase. (B) Polar diagram displaying combined amplitude and phase of PERG samples (open black
circles) and noise samples (open grey triangles). The PERG amplitude (1.65 pV) is represented by the length of vector connecting the origin
of the axes with the cluster centroid. The PERG phase (63.6°) is represented by the angle ® between the vector and the x-axis. Note that
the noise cluster overlapped the origin of axes, with a centroid corresponding to an amplitude of 0.082 pV. The within-test variability is
represented by the two-dimensional spread of clusters, and the significance of the difference between PERG and noise was measured

with T? statistics (P < 0.00001)

ms, which we defined as PERG latency. A similar
calculation can be done when phase is expressed in ©
radians as in the PERGLA setup [phase lag nrad /
(2*16.28 Hz) = latency delay s]. The calculated latency
from phase in the example in Figure 3B precisely
corresponded to the peak latency of the sinusoidal
component isolated with Fourier analysis (Fig. 1C).

Major differences were the nature of the visual
display unit (PERGx, LED'’; PERGLA, CRT') and
the corresponding stimulus mean luminances
(PERGx, 800 cd/m*; PERGLA, 50 cd/m?).

Statistics

Each participant was randomly tested with the two
methods by the same operator without removing
electrodes with approximately 30-minute intervals
between tests. One eye per patient was selected for
analysis. As in the groups C1, C2, and G, there were
no significant interocular differences in visual acuity;
one eye only (left eye) was selected. In the N group, as
there were interocular differences in visual acuity, the
eye first affected was selected. All analyses were
repeated on the eyes nonselected for the original
analyses. Significant differences between PERG
methods across groups were tested with two-way
repeated measures ANOVA (RM-ANOVA) with

factor Method (two levels) and Group (four levels).
The ability of PERG methods to detect G and N
disease compared to similarly-aged C2 controls was
tested with logistic regression using PERG amplitude
and phase as dependent variables. Progressive chang-
es of PERGx amplitude and phase with time
(adaptation) were evaluated with linear regression
analysis, and between-groups differences of slopes
were tested with ANOVA. Significant differences
between signal and noise using combined amplitude
and phase were tested with the Hotelling T statis-
tics”® (example in Fig. 3).

PERGx Versus PERGLA Amplitude, Latency,
and Noise

Figure 2A compares the mean PERG amplitudes
of younger controls (C1), older controls (C2), patients
with early glaucoma (G), and patients with NAION
(N). With both methods, PERG amplitudes appeared
largest in young controls and lowest in NAION.
(Univariate ANOVA: PERGx P < 0.01; PERGLA P
< 0.05). However, with the PERGx method, the
amplitude was larger than that with the PERGLA
method across groups (two-way RM-ANOVA: effect
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of group, P < 0.0001; effect of method, P = 0.005;
interaction between group and method, P = 0.9).
Mean amplitudes = SD (uV) for PERGx versus
PERGLA were as follows: C1: 1.215 £ 0.39 vs. 0.912
+0.236, P=0.05; C2: 1.03 = 0.36 vs. 0.684 = 0.36, P
=0.001; G: 0.64 = 0.208 vs. 0.457 £ 0.21. P =0.04;
N: 0.527 £ 0.27 vs. 0.28 = 0.198, P=0.01. Matched-
pair analysis across groups showed that the amplitude
with the PERGx method was on average larger than
that with the PERGLA method by 0.235 pV (SE
0.048, P < 0.0001), which corresponds to a 1.39X
factor. The amplitudes with the two methods were
well correlated (R2 =0.59, P < 0.0001).

Figure 2B compares the mean PERG latency for
different groups and methods. A two-way RM-
ANOVA showed that there was an effect of group
(P < 0.0004) and method (P < 0.0001) but no
significant interaction between group and method (P
= 0.08). Latency was delayed in older controls®’
compared to young controls (P = 0.0009), but it was
not different between older controls and similarly
aged glaucoma (P = 0.2) and NAION patients (P =
0.07).”*%” Mean latencies = SD (ms) for PERGx
versus PERGLA were as follows: C1: 51.13 = 1.91 vs.
63.5 = 1.44, P < 0.0001; C2: 52.29 = 1.13 vs. 69.1 *
2.96, P < 0.0001; G: 53.12 £ 4.09 vs. 70.37 = 3.38, P
< 0.0001; N: 55.36 = 3.0 vs. 66.83 = 3.77, P < 0.001.

Matched-pair analysis across groups showed that
the latency with the PERGx method was on average
shorter than that with the PERGLA method by 16.09
ms (SE 0.58, P < 0.0001). Latencies obtained with
both methods were correlated (R*=0.36, P < 0.0001).

Figure 2C compares the mean PERG noise
amplitude for different groups and PERG methods.
A two-way RM-ANOVA showed that there was no
effect of group (P = 0.41) but a strong effect of
method (P < 0.0001) and no interaction between
group and method (P=0.69). Mean noise levels = SD
(uV) for PERGx versus PERGLA were as follows:
Cl1: 0.055 = 0.032 vs. 0.124 = 0.078, P =0.019; C2:
0.068 = 0.025 vs. 0.184 £ 0.10, P =0.006; G: 0.044 =+
0.025 vs. 0.164 £ 0.099. P =0.029; N: 0.067 = 0.017
vs. 0.165 = 0.032, P =0.0005. Matched-pair analysis
across groups showed that the noise amplitude with
the PERGx method was on average lower than that
with the PERGLA method by 0.105 puV (SE 0.017, P
< 0.0001), which corresponds to a 0.37X factor. The
noise amplitudes with the two methods were not
correlated (R* = 0.02, P = 0.47).

Figure 2D compares the mean SNR for different
groups and PERG methods. SNRs were expressed in
dB units to approximate normal distribution. A two-

way RM-ANOVA on SNRs of left eyes showed that
there was a strong effect of group (P < 0.0001) and
method (P < 0.0001) without a significant interaction
between group and method (P = 0.6). SNRs = SD
(dB) for PERGx versus PERGLA were as follows:
Cl1:13.7 = 3.39 vs. 9.13 = 2.03, P =0.002; C2: 11.86
* 1.7 vs. 5.54 £ 3.37, P=0.0001; G: 12.22 * 4.25 vs.
4.53 = 3.44, P=0.009; N: 8.63 = 2.07 vs. 1.48 £2.73,
P = 0.003. Matched-pair analysis across groups
showed that the SNR with the PERGx method was
larger than that with the PERGLA method by 6.23
dB (SE 0.68, P < 0.0001), corresponding to a 4.2X
factor. More important, there were substantial
differences in SNRs between the two methods in the
NAION group. While with the PERGx method the
signal was significantly (T?> <0.00001) larger than
noise in all eyes, with the PERGLA methods the
signal was in the noise range (T >0.5) in three out of
five eyes. This would mean that in optic nerve
disorders with severe RGC dysfunction such as
NAION, responses significantly different from noise
may be difficult to record with the PERGLA method,
whereas they may be recordable with the PERGx
method.

PERGx Versus PERGLA Ability to Detect
Presence of Disease

To compare the ability of PERGx and PERGLA
methods to detect presence of disease, we performed a
logistic regression comparing older controls with
either similarly aged glaucoma or NAION patients
and using PERG amplitude and phase as dependent
variables. The PERGx method appeared slightly
superior for detecting the presence of early glaucoma
(area under the receiver operating characteristics
(ROC) curve [AUROC]: PERGx = 0.892; PERGLA
= 0.728), whereas the two methods appeared equiv-
alent for detecting the presence of NAION (AUROC:
PERGx = 0.85; PERGLA = 0.86).

PERGx Temporal Dynamics and Intrinsic
Variability

As described in the Methods section, one of the
characteristics of the PERGx was to split the response
in partial averages (16 consecutive samples of 64
epochs each) of the total average (1024 epochs, ~2-
minute recording time). This provided a means to
assess response intrinsic variability. The example of
Figure 3 corresponds to the PERGx of the left eye of
the control subject shown in Figure 1. In Figure 3A,
amplitude and phase of samples are plotted as a
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Figure 4. PERGx amplitude and phase adaptation. (A) Mean (+SEM) amplitude adaptation in different groups of subjects (C1, young
controls; C2, older controls; G, early manifest glaucoma; N, NAION). Note that amplitude adaptation had a negative slope that was larger
in C1 compared to C2, and it was much reduced in groups G and N. (B) Phase adaptation had a shallow positive slope that was not
different among groups. (C) Amplitude adaptation contributed to more than 40% of the amplitude variance in C1, while it contributed to
approximately 10% in the N group. Phase adaptation contributed little (15%-5%) to the phase variance in all groups.

function of sequential samples. It can be noted that
the amplitude progressively decreased (adapted)'!
with time. The slope of the linear regression was
—0.031 pV/sample (R? = 0.48) indicating that ampli-
tude decreased by 0.47 pV over recording time,
accounting for 48% of the variance of the signal
amplitude. The within-test variability unexplained by
the linear trend (detrended SD) was 0.15 pV. The
response phase changed little with time (slope =
—0.0049 deg/sample, R? =0.0017). The detrended SD
of phase was 5.5° (0.97 ms). In order to have a
measure of the statistical variability of the PERG
signal, amplitude and phase of individual samples
were combined and displayed in polar diagram (Fig.
3B).*" The average amplitude is represented by the
length of the vector connecting the origin of the axes
to the centroid of the PERG cluster. The phase is the
angle ® between the vector and the x-axis. When the
phase angle decreases, the latency increases. In Figure
3B, the PERG amplitude was 1.65 uV, and phase
delay was 63.6° (52.7 ms). The noise amplitude was
0.082 puV. The SNR was 20. Note that the PERG
samples clustered far from the origin of the axes,
whereas noise samples clustered around the origin, the
statistical difference between the two clusters being
highly significant (T?, P < 0.0000).%°

Figure 4 shows mean amplitude and phase
adaptation slopes for different groups. Univariate
ANOVA on amplitude slopes (Fig. 4A) showed that
there was a strong effect of group (P = 0.0036), the
steeper negative slopes occurring in younger controls
and the shallower negative slopes occurring in
patients with NAION. Average slopes corresponded

to an amplitude difference between the first and last
sample (delta) of 0.52 uV in young subjects and of
0.096 pV in NAION. Figure 4B shows that phase
tended to have positive slopes that however did not
differ among groups (ANOVA, P =0.24, P = 0.99)
and were not significantly different from zero (mean
0.10 deg/sample, 95% confidence interval [CI]: 0.28 to
—0.08). Figure 4C shows the contribution of ampli-
tude and phase adaptation to the signal variance as
measured by the R° of corresponding linear regres-
sions over time. The % variance due to amplitude
adaptation was on average largest in young controls
(>40%) and lowest (<10%) in NAION patients
(ANOVA, P =0.0026). The PERGX intrinsic ampli-
tude variability (detrended SD, see Fig. 3) ranged
between 0.16 puV in young subjects and 0.12 pV in
NAION patients, with no significant difference
between groups (ANOVA, P = 0.29) and weak cor-
relation (R? = 0.14) with PERGx amplitude. The %
variance due to phase adaptation tended to be
largest in young controls than in NAION patients,
but the difference between groups was not significant
(ANOVA, P = 0.5). The detrended SD of PERGx
phase ranged between on average of 7.5° (1.3 ms) in
young controls and 25° (4.4 ms) in NAION patients,
but the difference among groups was not significant
(ANOVA, P =0.08).

Discussion

This study investigated a new method for steady-
state PERG recording in human (dubbed PERGx)
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that takes advantage of recently developed LED
visual displays'""'® and incorporates the recent notion
that a substantial portion of the within-test (intrinsic)
variability is due to response adaptation.''" PERG
adaptation provides specific physiological informa-
tion on RGC function,'""'? as it is selectively altered
in diseases such as glaucoma®' and optic neuritis.”' To
explore the response dynamic range and intrinsic
variability over a wide range of conditions relevant to
clinical application, we investigated the PERGx
method in different groups of subjects including
younger normal controls, older normal controls,
open-angle glaucoma patients with modest visual
field defects, and NAION patients with severe visual
field defects. The PERGLA paradigm'® seemed a
suitable standard, as it has been validated in a number
of studies from different laboratories.'>'®273273
Both methods use similar spatio-temporal pattern
stimuli, skin electrodes, and spectral-domain signal
analysis. However, PERGx used a LED display,
whereas PERGLA uses conventional CRT display.
As the sample of subjects was small, the study was not
intended to investigate age/disease-dependent PERG
alterations per se, but rather to compare PERGx and
PERGLA methods across a range of conditions
spanning the entire dynamic range of the response.
To ensure that the results were consistent, all analyses
were repeated on the eyes not originally selected with
virtually identical results.

Results show that with either method, the PERG
amplitude was largest in younger controls and was
relatively smaller in older controls and in similarly
aged patients with glaucoma and NAION, in
agreement with previous reports (e.g., Refs. 16 and
28). However, the magnitude of the PERGx signal
was systematically higher (1.39X) than that of the
PERGLA signal across groups. With either method,
the magnitude of the noise was independent from age
of controls or presence of disease. With the PERGx
method, however, the magnitude of the noise was
lower (0.37X) than that of the PERGLA. A conse-
quence of the larger amplitude and lower noise of the
PERGx compared to PERGLA was that the SNR
was remarkably higher (4.2X) in the former. Statistical
analysis of amplitude and noise in individual eyes of
NAION patients showed that in three of five eyes the
amplitude was not significantly different from noise
with the PERGLA method while it was well above the
noise level (P < 0.0001) with the PERGx method in
five of five eyes. The expanded dynamic range of the
PERGx method thus offers the opportunity to record
robust responses in advanced stages of optic nerve

diseases. This represents an important expansion of
the PERG technique with skin electrodes'® and of the
PERG technique in general, which so far has been
considered useful primarily for monitoring initial
stages of disease due to its limited dynamic
range.' 7 Likely explanations for the larger
amplitude of the PERGx method, compared to
PERGLA, are that the pattern stimulus was slightly
larger in the former (square with 25° side versus circle
with 25° diameter) and had higher luminance (800 vs.
50 cd/m?).*" In addition, with the PERGx method,
the LED display generated synchronous contrast-
reversals over the entire pattern stimulus, whereas
with the CRT display contrast-reversal occurred in a
sweeping manner.'’ Asynchrony in activation of
contrast-driven PERG generators can affect the
strength of their response, as well as smear it in time
and delaying the time-to-peak. A likely explanation
for the lower noise of the PERGx method compared
to PERGLA is that the number of averaged epochs
was higher in the former (1024 epochs versus 600
epochs). Results also show that the PERGx latency
was on average shorter than that of PERGLA by
approximately 16 ms. The delay of the PERGLA
response compared to PERGx may be due to
temporal differences in the onset of pattern reversal®
between LED and CRT displays, sequentially delayed
retinal outputs in response to raster-generated pat-
terns®® compared to instantaneous retinal output in
response to LED-generated patterns, and responses of
longer latency for CRT display with relatively lower
luminance than LED display.*”

With the PERGx method, signal sampling allowed
quantification of the response adaptation, which
represented a substantial portion of the intrinsic
response variability (>40% of amplitude variance in
young subjects). As PERG adaptation appeared to be
disease dependent, it may represent a novel source of
physiological information on RGC function. It has
been suggested that PERG adaptation represents
metabolic events occurring in the inner retina in
response to high-contrast, sustained stimulation that
can be explained by an energy budget model.'” Signal
sampling also allowed distinguishing between adap-
tive and nonadaptive intrinsic response variability.
The nonadaptive response variability (detrended SD
of PERGx amplitude and phase) was in the range of
that reported in previous studies'®'®**“* and had
little dependence on age and presence of disease. This
should minimize consequences for the clinical inter-
pretation of the test.”> Finally, signal sampling
allowed statistical comparison of combined amplitude
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and phase clusters of PERG and noise, as well as
comparison of differences between PERG clusters of
the two eyes.”®

In conclusion, the PERGx method appears to
represent a substantial evolution in the PERG
technique as its large signal and low noise extends
the response dynamic range suggesting the possibility
of monitoring of advanced stages of glaucoma and
optic nerve disorders in which the PERG may not be
recordable with traditional methods. In addition, the
PERGx method quantifies the adaptive response
component, which may be selectively altered in
glaucoma and optic neuropathies. The PERGx
method maintains the comfort and stability of skin
electrodes used with the validated PERGLA meth-
od,'® as these are necessary conditions to minimize
variability and assess nonstationarities in the signal.
Based on these promising characteristics, we are
currently using the PERGx method in two NIH-
supported clinical trials on LHON gene-therapy
(NCT02161380) and glaucoma (NCT02390284). Fi-
nally, the superior temporal characteristics of the
LED display compared to CRT and LCD displays
allow simultaneous presentation of different contrast-
reversal frequencies. The resulting quasi-steady-state
PERG waveform can be mathematically deconvolved
to extract conventional transient PERGs thus allow-
ing measurement of the N35, P50, and N95 compo-
nents; this may provide further information on retinal
sources of the response.' ™’
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