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Abstract

Purpose—To determine the reproducibility of the pattern electroretinogram with the new Pattern
Electroretinogram for Glaucoma (PERGLA) recording paradigm in glaucoma patients with a range
of severity.

Design—Experimental study.

Participants—Fifty-three glaucoma patients were recruited for the study (mean age + standard
deviation [SD], 69 %11 years). Their mean deviation (MD) global indices on static automatic
perimetry ranged from 2.16 to —31.36 decibels (mean MD, —9.05).

Intervention—All patients had pattern electroretinogram recordings done 5 times by the same
operator, on 5 different days with the standardized PERGLA paradigm.

Main Outcome Measures—Pattern electroretinogram amplitude (microvolts), phase (= radians),
response variability (coefficient of variation [CV] = SD/mean x 100) of amplitude and phase of 2
partial averages that build up the pattern electroretinogram waveform, interocular asymmetry in
amplitude and phase (in terms of the CV generated by the pattern electroretinogram software), signal-
to-noise (S/N) ratio, SDs, CV, and intraclass correlation coefficient (ICC). All analyses were done
on one eye of each subject, except when interocular asymmetry was studied.

Results—The CVs of intrasession variabilities in amplitude and phase were 12.08% and 2.20%,
respectively, and those of intersession variabilities were 20.82% and 4.17%. The pattern
electroretinogram produced intersession ICCs in amplitude and phase of 0.791 and 0.765,
respectively. These ICCs were significantly higher than the ICCs for pattern electroretinogram
interocular asymmetry in amplitude and phase (0.659 [P<0.05] and 0.571 [P<0.05], respectively).
On average, the pattern electroretinogram S/N ratio in glaucomatous patients was about 5:1.

Conclusions—The reproducibility of PERGLA in glaucomatous patients is sufficiently good for
it to be considered a useful complementary clinical tool. Being more reproducible, direct measures
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of amplitude and phase should be more useful in monitoring progression than interocular asymmetry
comparisons. Ophthalmology 2008;115: 957-963 © 2008 by the American Academy of
Ophthalmology.

Itis generally agreed that the pattern electroretlnogram response originates from the ganglion
cell layer or, at least, the inner/proximal retina.L The pattern electroretinogram has been shown
to be abnormal in patients with established glaucoma and, sometimes, in ocular hypertension,
which suggests its potential usefulness in the diagnosis and management of glaucoma.z_4 In
fact, pattern eIectroretlnogiram amplitude reduction sometimes precedes other signs of
glaucomatous damage Even though most studies focused on the reduction of pattern
electroretinogram amplitude in glaucoma, some studies suggested that other parameters, like
pattern electroretinogram phase and latency, as well as interocular asymmetry in any of these
parameters, could also be altered in glaucomatous and suspect patients.8!11_

Recently, the pattern electroretinogram was shown to be as successful as frequency-doubling
technology and short-wavelength automated perimetry in detecting disease before standard
automated perimetry and identifying those likely to show future development of glaucoma and
progression as judged by current standard methods. 14 The pattern electroretinogram might
even have a better sensitivity and specificity than short-wavelength automated perimetry in
recognlzmg the g)resence of glaucoma. S An abnormal pattern electroretinogram correlates with
risk factors p055|bly representing cases of subclinical disease, and it has also been
thought, p055|bly, to predict progression.© Pattern electroretinogram responses can improve
upon lowering the intraocular pressure (IOP), which suggests that some retinal ganglion cells
might not be functioning normally but are still alive in some glaucomatous eyes.1

However, despite these reasons for renewed scientific interest in the pattern electroretinogram,
its clinical use in ophthalmology has not gained widespread acceptance. Both the recording
and interpretation of the pattern electroretinogram are challenging, and the pattern
electroretinogram response varies. 20-28 geyeral contradlctory studies have been published
regarding pattern electroretinogram reprodu0|b|I|ty

Recently, a new pattern electroretinogram paradigm tailored for use in glaucoma (PERGLA)
was introduced to render the pattern electroretino%ram testing more user-friendly and clinically
useful by easing its execution and interpretation. 4,37 PERGLA is automated and uses a fast
paradigm with skin electrodes. On normal subjects it yields results as reliable as the best
previously reported with the traditional protocols. 241 glaucoma, however, the
reproducibility, or test—retest variability, of PERGLA has not been studied. The reproducibility
and range of values in normal subjects are useful in making a diagnosis, but reproducibility in
glaucoma must also be evaluated if PERGLA is to be used to judge progression.

For this reason, we studied the reproducibility (intersession and intrasession—intratest
variability) of PERGLA in stable glaucoma patients, with a standardized protocol and a single
operator.

Materials and Methods

Subjects

Fifty-three glaucoma patients were recruited for the study. Their mean age (+ standard
deviation [SD]) was 69+11 years (median, 71; range, 40-91); 28 were male and 25 female.
The study group included 23 Caucasians, 17 Hispanics, 11 African Americans, and 2 Asians.
Their mean deviation (MD) on standard automated perimetry ranged from 2.16 to —31.36
decibels (mean MD, 9.05). Each subject had a complete ophthalmologic examination,
including visual acuity (VA), slit-lamp examination, IOP measurement, visual field
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examination with the Humphrey Visual Field Analyzer (Carl Zeiss Meditec, Dublin, CA), and
dilated fundus examination. Within 8 weeks, each subject had 5 pattern electroretinogram
recordings on 5 different days. To be included as a subject, the patient had to (1) be at least 18
years old; (2) have a clinical diagnosis of glaucoma or emerging glaucoma; (3) be reasonably
assumed, from clinical evaluation, to be stable; (4) have best-corrected VA of 20/40 or better;
(5) have <5 diopters (D) of spherical and <3 D of cylindrical refractive error; (6) have a > 2-
mm pupil diameter; (7) have no history of ocular or neurologic disease or surgery that might
produce test results or vision changes that confound recognition of test results due solely to
glaucoma; (8) have no history of amblyopia; (9) have the mental and physical capacity to
undergo the tests; and (10) agree to participate as a subject in the scientific study. An effort
was made to have a good distribution of early, moderate, and advanced glaucoma, as well as
glaucoma suspects. Patients were recruited from a hospital-based outpatient glaucoma
ophthalmology practice (Anne Bates Leach Eye Hospital, Bascom Palmer Eye Institute,
University of Miami Miller School of Medicine, Miami, Florida).

The study followed the tenets of the Declaration of Helsinki, and the protocol was approved
by the human subjects institutional review board of the University of Miami, Miller School of
Medicine. Informed consent to participate was obtained from all subjects and documented with
their signatures.

Pattern Electroretinogram Recording

The pattern electroretinograms were recorded by means of the recently described PERGLA
paradigm.24 The testing strategy was incorporated in a commercially available system (Glaid,
Lace Elettronica, Pisa, Italy). In accordance with the PERGLA technique, both eyes were
recorded simultaneously by means of skin electrodes on the lower eyelids, reference electrodes
on the temples, and a common ground electrode on the forehead. Before positioning the skin
electrodes, the skin was gently cleansed with electrode skin preparation pads to reduce skin
impedance to <5000 ohms. The skin electrodes (9-mm-diameter discs coated with conductive
cream) were placed as consistently as possible from one visit to another, in keeping with the
standard placement previously described.?4 In summary, the central forehead electrode was
placed 3 cm above the bridge of the nose, temporal electrodes were placed 3 cm lateral to the
lateral canthus, and the upper margin of the lower eyelid electrodes was kept 5 mm below the
eyelashes. The pattern stimulus consisted of black-and-white horizontal lines with a square
wave profile (1.6 cycles per degree, 95% contrast, 40 candelas/m? of mean luminance),
alternating in counterphase at 8.14 hertz (16.28 reversals per second) and displayed on a
television monitor (14.1-cm-diameter circular field) in a Ganzfeld bowl, which was used to
provide a fixed amount of background adaptation and minimize the effects of stray Iight.?’4
The pattern covered a circular retinal area of 25° diameter centered on the fovea. Signals were
band pass filtered (1-30 hertz), amplified (100,000 fold), and averaged.

The pattern electroretinogram waveform was obtained by averaging 2 separate sequential series
of 300 artifact-free pairs of reversals (sweeps) of 122.8 milliseconds. For each block, the first
30 pairs of reversals, or sweeps, were rejected from the average to eliminate the spurious effect
of the stimulus onset and allow steady-state recording. During the recording, subjects were
allowed to blink freely, but sweeps contaminated by blinking or gross eye movement were
automatically rejected, as judged by a threshold voltage over 25 pV. Subjects were recorded
with undilated pupils and with the appropriate lens correction for the viewing distance (30 cm).
The subjects received no anesthetic or other eyedrops before pattern electroretinogram
recording to prevent any corneal surface alterations. Each subject was asked to fix his gaze on
a target at the middle of the circular field stimulus. Because of the relatively fast alternating
stimuli, the electrical response was a steady-state waveform. It was automatically analyzed by
a discrete Fourier transform, to isolate the sinusoidal component at the reversal frequency of
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16.28/second and to extract both the amplitude (microvolts) and the phase lag (n radians).3sv
39 The pattern electroretinogram amplitude represents half of the peak-to-trough amplitude,
and the pattern electroretinogram phase is recorded relative to the reversal period.

Statistical Analysis

Results

Intersession Test—Retest Variability—The pattern electroretinogram was recorded 5
times on 5 different days on each subject by the same operator within an 8-week period. The
mean amplitude and mean phase lag of the 5 recordings (600 sweeps each) were calculated,
along with the variances (and SDs) around the mean for each subject.

Intrinsic (Intratest) Variability—Intrinsic variability was defined as the SD of 2
consecutive partial averages of 300 sweeps, divided by V2. Therefore, intrinsic variability is a
form of intrasession—intratest variability. Because each net pattern electroretinogram
measurement was calculated as the average of 2 sets of 300 sweeps and test—retest variability
was calculated on a total of 600 sweeps, an adjustment factor (\2) permitted an appropriate
comparison of the magnitude of the 2 variabilities.

Interocular Asymmetry—Because glaucoma may be of asymmetric severity and may also
progress asymmetrically, 0 the differences in pattern electroretinogram amplitude and phase
between the two eyes (interocular asymmetry) has been suggested as a potential criterion to
recognize the presence of ganglion cell or axon injury and, perhaps, also to evaluate changes
in the retinal ganglion cell function.#142 Ventura et al® have shown that the average
interocular asymmetries in pattern electroretinogram amplitude increased with the severity of
the disease at early stages (i.e., for glaucoma suspects and those with early manifest glaucoma).
Therefore, we also evaluated the reproducibility of the interocular asymmetry, which is
reported automatically by the commercial pattern electroretinogram computer software system
(Glaid) as a coefficient of variation (CV) between the two eyes.

PERGLA produces values for amplitude and phase and, for each, the intrinsic (intratest)
variability and interocular differences. We evaluated reproducibility for both intersession test—
retest and intrinsic (intratest) of both amplitude and phase in 3 ways: the SD of repeat
measurements, CV, and intraclass correlation coefficient (ICC).

Figure 1 shows the intersession test—retest variability of pattern electroretinogram amplitude,
expressed in terms of the SD of the results obtained for each glaucoma subject during the 5
sessions. The results were plotted against their mean amplitude to illustrate whether variability
relates to the PERGLA amplitude, which in turn may relate to the severity of the glaucomatous
disease (i.e., cupping and field Ioss).8'18':"’443'44 Thus, plotting SD against their mean
amplitude also might show any possible relationship of the variability of PERGLA to the
severity of glaucomatous disease. A Pearson correlation coefficient was calculated to
determine the strength of the link between the magnitude of amplitude and variability of the
measurement. The same approach was used for phase.

The correlation coefficient between the mean amplitude and variability (represented as the SD
of repeat measurements) was r? = 0.164 (P = 0.003). We explored whether this weak but
statistically significant correlation existed over the entire range or might be explained mainly
by the reduced variability in a limited region where the measurement values were small. The
variability may become smaller simply because the electrophysiologic signal is close to the
noise level and, hence, relatively invariant upon repeat measurement. The amplitude noise level
with the PERGLA recording paradigm is, on average, 0.084+0.03 uV.24 Anamplitude of 0.144
pV (mean noise + 2 SDs) should be the lower limit of the clinically useful dynamic range, and
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the test-retest variability near these low amplitude values should diminish where measurement
values include a large element of noise and a small element of electrophysiologic response
(signal). If we exclude these lower amplitudes (<0.144 V) from the analysis, the correlation
of variability (expressed as SD) with the mean measurement is indeed smaller but still
statistically significant (r2 = 0.104, P =0.026). To further support the anchoring effect produced
by the small amplitude values (i.e., those closer to the noise level), there was no relationship
of SD to severity of disease between 0.3 and 0.8 pV (r2 = 0.064, P = 0.11). For phase, the
correlation was r2 = 0.026 (P = 0.25), so reproducibility was not affected by the extent of the
phase lag.

Figure 2 shows the intrinsic (intratest) variability of pattern electroretinogram amplitude, as
described in the method section. To view the impact of amplitude on the variability, the intrinsic
(intratest) variations were plotted against their mean amplitude. The same approach was used
for phase. Their correlation coefficients were r2 = 0.175 (P = 0.002) and r2 = 0.0075 (P = 0.54)
for the amplitude and phase variability, respectively.

Table 1 shows the intrinsic (intratest) and test—retest (intersession) CVs for the pattern
electroretinogram amplitude and phase. Coefficients of variation for test—retest (intersession)
are higher than those of intrinsic (intratest) variability for both amplitude and phase, suggesting
that the between-days (between session) variability is greater than the inner variability due to
the PERGLA instrument itself.

Table 2 lists the ICC for several pattern electroretinogram parameters (amplitude, phase,
interocular asymmetry in amplitude, and interocular asymmetry in phase). Because amplitude
and interocular asymmetry in amplitude have each been thought to be useful parameters to
evaluate abnormality due to glaucoma, 2-4,8,11-13 ye compared the ICC of the pattern
electroretinogram amplitude value with the ICC of the interocular asymmetry in amplitude.
The ICC of interocular asymmetry in amplitude (0.659; 95% confidence interval [CI], 0.5502—
0.7605) was significantly worse (P<0.05) than the ICC for the amplitude value (0.791; 95%
Cl, 0.7104- 0.8592). Scientific evidence for the alteration of pattern electroretinogram phase
in glaucoma is not as strong as that for amplitude,&46 but pattern electroretinogram phase and
Battern electroretinogram interocular asymmetry in phase could also be altered by glaucoma.

Therefore, we compared the ICC of phase with the ICC of interocular asymmetry in phase.
The ICC of interocular asymmetry in phase was significantly lower than the ICC for the phase
value (phase ICC, 0.7650 [95% ClI, 0.6781- 0.8408]; interocular asymmetry in phase ICC,
0.5714 [95% CI, 0.4516-0.6906]) (P<0.05).

Discussion

Reproducibility of Pattern Electroretinogram

Several contradictory reports have been published in the past on pattern electroretinogram
reproducibility. The large test—retest variability reported in some studies (as high as 100% of
coefficient of variation) entertained doubts concerning its clinical usefulness.20-36

Reproducibility is affected by details of the recording techniques, including the nature of the
stimuli, as well as electrode sites and types.zo_36 PERGLA was developed in hopes that
attention to technical details, use of comfortable electrodes, and empirically optimized stimuli
with signal averagin% would permit the pattern electroretinogram to be clinically practical and
more reproducible.2 The present study was undertaken to test in detail the reproducibility of
the PERGLA method in glaucoma patients, a necessary condition for it to be useful in
monitoring the course of the disease and for the diagnosis of early disease.
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Reproducibility with the PERGLA Paradigm for Recording

In glaucomatous patients, we obtained CVs in amplitude of 20.82% for test-retest
(intersession) variability and 12.08% for intrinsic (intrasession—intratest) variability, about 2
to 2.5 times that reported on normal subjects with the same paradigm (8.2% +5.0% for test—
retest (intersession) variability and 6.9% £4.9% for intrinsic variability (intratest—
intrasession).24 That finding is not surprising because, by definition, the CV takes into account
the mean value of the measurement, and the average amplitude in our glaucoma cohort is about
2 to 2.5 times smaller than that of normal subjects (i.e., 0.412 pV in this study on glaucoma
and 1.1 pV in normals using PERGLA24). Indeed, the CV will tend to increase as the amplitude
decreases in glaucomatous patients, even if the SD remains constant. Because the CV is often
used in the pattern electroretinogram literature to express the degree of variability, we included
it in this report, but the CVs should not be the sole basis for judging the reproducibility of a
diagnostic test in a diseased population.

Overall, however, we obtained better CVs of amplitude than most previous reports on pattern
electroretinogram reproducibility, close to those reported by Trick#6:47 and Odom et al.29
Our better reproducibility could, in part, be explained by technical aspects of the recording
(such as electrode placement), the optimized stimulus characteristics of PERGLA, and the
analysis of steady-state responses rather than transient responses. Hess and Baker48 reported
that steady-state recordings with a fast Fourier transformation could perform better than
transient recordings because of lower variability and superior S/N ratio.

Sources of Variation in Pattern Electroretinogram Measurements

Size of rejection band, number of sweeps, reference electrode placement, electrode positioning,
and %/pe of electrode have all been shown to influence pattern electroretinogram variability.
20,32,49-53 Gold foil electrodes can generate excessive tearing, blinking, and electrode
movement artifacts that degrade the pattern electroretinogram.2 ©1-55 |n our study, only skin
electrodes were used, and their positioning was standardized according to the PERGLA
paradigm.24 Also, when the forehead or ear is used as a reference, a response can be obtained
from an occluded eye because of contamination from a cortically generated visual evoked
potential by the other eye.52‘54 The PERGLA paradigm places the reference electrodes
temporally to the outer canthus, which, compared with the forehead or ear, minimizes
contamination from other sources and minimizes variability in the measurement.32:94,55

Other sources of variation were avoided by not permitting use of anesthetic or dilating drops
before the pattern electroretinogram was performed, as corneal surface irregularities produce
scatter that could, in principle, change the contrast of the stimulus and the pattern
electroretinogram response.56 Not only were these confounding factors eliminated, but doing
PERGLA without dilation allowed us to evaluate PERGLA in a more clinically useful way
(i.e., not requiring dilation). Further study would be required to determine whether any of these
factors have a significant impact.

The fact that all measurements in this study were done by a single operator could cause an
underestimate of the test— retest variability that might occur when different operators perform
the test. On the other hand, the pattern electroretinogram operator had only brief training, which
could generate more variability, as demonstrated by Odom et al.29 However, compared with
the technique used by Odom, the PERGLA method has fewer details needing attention and
may be less affected by training.24 Because pattern electroretinogram testing is usually done
in an electrophysiology unit with one or more operators experienced in this testing, it can be
hoped that variability would be at least as low as found in this study.
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Intratest Variation

There is likely a systematic difference between the first 300 sweeps and the second, because
habituation has been reported in retinal ganglion cell activity during steady-state pattern
electroretinogram in normal subjects.57 Thus comparison of these halves of the test is not a
perfect surrogate for an independent test conducted in the same session after a rest period.

Interocular Asymmetry

Interocular asymmetry may signify glaucoma even before pattern electroretinogram amplitude
and phase are outside the normal range of values, provided that the normal range of asymmetry
has been documented.8:24 However, to be a reliable early indicator of glaucoma and to be able
to judge progression, it must also be reproducible. We found a significantly worse (lower) ICC
for pattern electroretinogram interocular asymmetry in amplitude (and phase) than for the
pattern electroretinogram amplitude (and phase) of a single eye. Therefore, interocular
asymmetry is not likely to be as useful for monitoring progression, even if it turns out to be a
useful parameter for detection of glaucoma.

Signal-to-Noise Ratio and Impact of Noise on Our Results

We obtained an average amplitude of 0.412 uV on glaucomatous patients. An average noise
in amplitude of 0.084 uV has previously been reported for PERGLA,24 yielding an average
S/N ratio of 4.9 if we apply that value in our study on glaucomatous patients. Assuming that
the noise component is constant over the range of measurements, the S/N ratio would be
expected to be lower in those with glaucoma than in normal subjects5‘9v11’12 and become
lower progressively as the disease is more severe and the signal is smaller. Not surprisingly,
our estimate of the S/N ratio in a glaucomatous population is not as good as what was previously
reported with the same paradigm on normal subjects. However, it is still in the higher range of
what has been reported in the field of evoked potential recordings.24’58

The amplitude noise level with the PERGLA recording paradigm being on average 0.084+0.03
uV,24 an amplitude of 0.144 pV (mean + 2 SDs) is probably the lower limit of the clinically
useful dynamic range of the pattern electroretinogram instrument with this paradigm. Estimates
of measurement variability as these low amplitudes are approached may be dominated by the
variability in noise rather than the variability of a small signal due to glaucomatous damage.

If we exclude these lower amplitudes (<0.144 pV) from the analysis, we obtain ICCs of 0.731
for amplitude and 0.737 for phase, which are slightly lower than those of all patients combined
(ICCs0f0.791 and 0.765 for amplitude and phase, respectively) but still in an acceptable range.

The correlation between the SD of amplitude and the amplitude itself is low (r2 = 0.164 for
test—retest variability and r2 = 0.17 for intrinsic variability). If the lower end of the measurement
range (<0.144 pV) is excluded, the correlation coefficients become even smaller, with r2 =
0.104 (P = 0.026) for test—retest variability and r2 = 0.146 (P = 0.007) for intrinsic variability.
Even though the variability is thus weakly related to the severity of disease, the magnitude is
not great enough to be of consequence for the clinical interpretation of the test. To further
support that, we found no significant relationship of SD to amplitude value between 0.3 and
0.8 uV (r2=0.064, P = 0.11).

Overall, the PERGLA recordings are reproducible enough in glaucomatous patients to be
considered a useful complementary clinical tool for recognizing the presence of glaucoma and
monitor its progression. To document fully the potential usefulness of PERGLA for quantifying
deterioration of disease, further studies are needed to show how each parameter (amplitude
and phase) changes in concert with standardly defined degrees of worsening of the disease, as
well as to determine the range of disease severity covered by the useful dynamic range of the
pattern electroretinogram signal. Both amplitude and interocular asymmetry in amplitude have
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been proposed as useful in early diagnosis and in monitoring glaucoma.8 Because the amplitude
parameter is more reproducible than the interocular asymmetry in amplitude, an abnormal
interocular asymmetry should be taken as an early sign of glaucoma only if confirmed or in
keeping with other clinical evidence. As with other clinical tests, interpretation must be done
with a good understanding of the unique additional information that pattern electroretinogram
technology provides, as well as its limitations.4>
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Figure 1.

Scatter plot showing the intersession test—retest variability of pattern electroretinogram
amplitude, expressed as standard deviation (SD) of amplitude on 5 repeat sessions per
glaucoma patients against their mean amplitude value, measured by the Pattern
Electroretinogram for Glaucoma paradigm.
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Figure 2.
Scatter plot showing the intrinsic (intratest) variability of pattern electroretinogram amplitude,
expressed as intratest standard deviation of amplitude per glaucoma patients against their mean
amplitude value, measured by the Pattern Electroretinogram for Glaucoma paradigm.
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Table 1
Summary of the Variability and Repeatability of the Pattern Electroretinogram Recorded According to the Pattern
Electroretinogram for Glaucoma Paradigm

Coefficient of Variation and Standard Deviation

Source of Variability Amplitude Phase
Intrinsic 12.08 £ 6.90 2.02+1.95
Test—retest 20.82 +10.84 4.17 +£3.49
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Summary of the Intraclass Correlation Coefficient (ICC) of the Pattern Electroretinogram Recorded According to the
Pattern Electroretinogram for Glaucoma Paradigm on Glaucomatous Patients

ICC
Amplitude 0.7905
Interocular asymmetry in amplitude 0.6590
Phase 0.7650
Interocular asymmetry in phase 0.5714
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