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Abstract
Purpose—To investigate the changes of pattern electroretinogram (PERG) after intraocular
pressure lowering in glaucoma patients and normal controls.

Design—Interventional retrospective cross-sectional study.

Participants—Twenty-five patients (49 eyes) with ocular hypertension or glaucoma undergoing
topical treatment to lower IOP served as a study group; 22 patients (44 eyes) with ocular hypertension
or glaucoma observed without treatment served as a control group for treated glaucoma patients; 9
normal subjects (18 eyes) receiving a 250-mg acetazolamide tablet served as a second study group;
and 17 normal subjects (34 eyes) from a previous study served as a second control group for treated
normal subjects.

Method—Pattern electroretinograms were recorded simultaneously from both eyes using skin
electrodes and automated analysis. Visual field (VF) analyses were performed with white-on-white
standard automated perimetry (SAP). Intraocular pressure was measured with Goldmann applanation
tonometry; central corneal thickness was measured with pachymetry.

Main Outcome Measures—Pattern electroretinogram amplitude (microvolts), phase (π rads),
and test–retest variability (test 2–to–test 1 ratio, in decibels), SAP mean deviation (decibels), and
IOP (millimeters of mercury).

Results—In 56% of right eyes and 21% of left eyes of the treated glaucoma subgroup, the PERG
amplitude and/or phase improved beyond the 95% confidence intervals of the test–retest variability
of the untreated glaucoma control group. Pattern electroretinogram improvement with IOP lowering
occurred in both high- and low-tension glaucoma eyes. Eyes with severely impaired VFs showed
little improvement in PERG; however, eyes of normal subjects treated with acetazolamide did not
show significant PERG changes relative to the test–retest variability of normal controls.

Conclusions—Retinal ganglion cell function can be at least partially restored after IOP reduction
in glaucomatous eyes with early VF impairment.

Glaucoma is an optic neuropathy characterized by degeneration of retinal ganglion cells
(RGCs) resulting in progressive loss of vision. The current opinion is that structural changes
of the optic nerve fiber layer precede the appearance of visual dysfunction, as measured by
standard automated perimetry (SAP).1,2 Alternative hypotheses cannot be excluded, however.
3 An appealing alternative hypothesis is that, before irreversible cell death occurs, RGCs
undergo a stage of reversible dysfunction due to intraocular pressure (IOP) elevation and,
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possibly, other factors that remain unknown. If IOP is a major cause of dysfunction, then
lowering it should result in an improvement of RGC function.

Retinal ganglion cell function can be evaluated objectively by means of the pattern
electroretinogram (PERG). The PERG is a special kind of electroretinogram that uses a
stimulus of contrast-reversal gratings rather than uniform flashes of light. Retinal ganglion cell
death and/or RGC dysfunction can alter the waveform of the PERG. Several studies in different
experimental mammals with optic nerve lesions causing retrograde RGC degeneration4–7 and
several case reports of human patients with corresponding clinical conditions8–10 have
demonstrated a strong correlation between the PERG losses and RGC losses. A linear
correlation between the PERG loss and RGC loss has also been reported in monkeys with
experimental glaucoma.11 An important characteristic of the PERG is that it requires
physiologic integrity of viable RGCs to be generated. The PERG amplitude is much reduced
during a transient blockade of RGC spiking activity induced by intravitreal injections of
tetrodotoxin in cats and monkeys.12,13 The PERG amplitude also may be reduced reversibly
in human subjects by a transient increase of the IOP to ≥30 mmHg14–16 with a suction cup or
with body inversion. Thus, a reduction in PERG amplitude may represent the cumulative
effects of RGC death and dysfunction of viable RGCs. Assuming that RGC dysfunction is due
in part to IOP elevation, a reduction of IOP should improve RGC function, resulting in
augmented PERG amplitude and/or shortening of PERG latency (advancement of PERG
phase).

This is a retrospective study of patients with ocular hypertension or glaucoma followed up in
the previous 2 years. We selected patients who had been candidates for treatment and had
previous baseline PERG measurements. We were able to identify a subgroup of patients who
received topical treatment to reduce IOP and another subgroup of patients with approximately
the same mean age and clinical breakdown of the treated subgroup and who were still under
observation before treatment. To facilitate the PERG technique, we utilized a recently
developed user-friendly paradigm for PERG recording.17 In approximately 40% of eyes of the
treated subgroup, the PERG amplitude increased and/or phase advanced beyond the test–retest
variability of the nontreated glaucoma subgroup. This result suggests that, in some eyes with
ocular hypertension or glaucoma, a population of viable RGCs has abnormal function and that
RGC function may be restored, at least in part, by lowering the IOP.

Materials and Methods
Subjects

Patients were selected from a larger group of glaucomatous patients (n>300) observed with
PERG.18 Candidates for treatment with pressure lowering who had 2 baseline PERGs and who
were still under observation were used as a control group for test–retest variability without
treatment. Patients who had one baseline PERG and another PERG after treatment were used
as a study group (test–retest with treatment).

Study Group—Forty-nine eyes of 25 patients (mean age, 65±12 years) received topical
treatment for glaucoma based on standard clinical considerations. Five had ocular
hypertension, defined by IOP of >21 mmHg without glaucomatous changes of SAP and the
optic disc; 8 had chronic open-angle glaucoma (COAG), defined by progressive glaucomatous
abnormalities of the optic disc (vertical cup-to-disc [C/D] ratio > 0.5, C/D asymmetry ≥ 0.2,
localized thinning of the disc, splinter disc hemorrhages) and/or glaucomatous changes of the
SAP with IOP of >21 mmHg; 11 had normal-tension glaucoma (NTG), defined by progressive
glaucomatous abnormalities of the optic disc and/or glaucomatous changes of SAP with IOP
of <21 mmHg; and 1 had primary closed-angle glaucoma (IOP of >21 mmHg with no SAP or
optic disc abnormalities) and also received bilateral iridotomy. Clinical follow-up included
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stereo disc photography, white-on-white SAP (Humphrey), IOP measured with Goldmann
applanation tonometry, central corneal thickness measured with pachymetry, and PERG.
Patients were tested before treatment and 1 to 3 months after.

Control Group—Forty-four eyes of 22 patients (mean age, 57±12 years) were candidates
for treatment based on standard clinical considerations, but were still under observation before
treatment. Two patients had ocular hypertension, 10 had NTG, 2 had COAG, and 7 were
glaucoma suspects based on a glaucomatous appearance of the optic disc associated with ≥1
risk factors for glaucoma (IOP of >21 mmHg, black race, positive family history) but normal
SAP.

Normal Subjects—To understand whether substantial IOP lowering might cause PERG
changes in nonglaucomatous subjects, 18 eyes of 9 normal subjects (mean age, 38±15 years)
were also included. Normal subjects were tested on the same day before and 2 to 3 hours after
receiving 1 tablet of 250-mg acetazolamide (Diamox, Lederle Laboratories, Pearl River, NY),
which is known to induce IOP reductions by approximately 30% in 2 to 3 hours.19 Test–retest
changes in acetazolamide-treated normal subjects were compared with previously published
test–retest changes of 17 untreated normal subjects of comparable mean age (43±12 years).17

Overall, 4 groups of subjects were studied: untreated controls (n = 17, 34 eyes), treated controls
(n = 9, 18 eyes), untreated glaucoma (n = 22, 44 eyes), and treated glaucoma (n = 25, 49 eyes).

The research followed the tenets of the Declaration of Helsinki. The study was approved by
the institutional review board of the University of Miami. Informed written consent was
obtained from all subjects after the nature of the study and possible risks were explained in
detail.

Pattern Electroretinogram Technique
Pattern electroretinograms were recorded simultaneously from both eyes according to a user-
friendly paradigm recently described using skin electrodes.17 This paradigm overcomes some
limitations of current standard PERG techniques with corneal electrodes,20 whose
reproducibility depends on both operator skill and patient compliance (e.g., Jacobi et al21). In
addition, with this new paradigm, the PERG waveforms recorded in individual eyes are not
contaminated by the responses originating from the contralateral eyes, as has been shown to
occur with some corneal electrodes.22,23 In summary, flat-cup electrodes were taped on the
lower eyelids, whereas reference and ground electrodes were taped on ipsilateral temples and
the central forehead, respectively. The pattern stimulus consisted of horizontal gratings (1.7
cup-to-disc ratio, 25° circular field, 95% contrast, 40 candelas per square meter of mean
luminance), reversed in counterphase at 8.14 Hz (16.28 reversals per second). Signals were
band pass filtered (1–30 Hz), amplified (100 000 fold), and averaged (600 sweeps). Subjects
with undilated pupils were refracted for the viewing distance (30 cm) and were asked to fixate
on a target at the center of the stimulus. Subjects were allowed to blink freely. The recording
time was approximately 3 minutes. Sweeps contaminated by eye blinks or gross eye movements
were automatically rejected over a threshold voltage of 25 microvolts.

An example of PERG waveforms recorded from the right eye of a normal subject in 2 different
sessions (tests 1 and 2) is shown in Figure 1. For fast (16.28 Hz) contrast-reversing patterns,
PERG waveforms (black tracings) have an approximately sinusoidal shape, and their frequency
corresponds to the reversal rate. Pattern electroretinogram waveforms are automatically
analyzed by discrete Fourier transform to isolate the sinusoidal component (gray tracings) at
the reversal frequency and measure its amplitude in microvolts and phase lag in π rads. The
PERG amplitude is evaluated as half of the peak-to-trough amplitude, and the PERG phase is
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evaluated relative to the reversal period (vertical grid, 61.4 milliseconds = 2 π rads). Isolation
of the contrast-reversal component is a fundamental process to distinguish the relevant signal
from the additive noise, and to eliminate the ambiguity of choosing a particular peak or trough
of the waveform, thereby increasing the reliability of the measurements. This is particularly
important for evaluating responses of small amplitude. In the example of Figure 1, a small
difference in amplitude and phase between the PERGs recorded from the right eye of a normal
subject in 2 different sessions is noted. The amplitudes and phases of the PERG of test 1 and
test 2 were, respectively, 0.93 microvolts, 1.74 π rads, and 1.08 microvolts, 1.72 π rads.

Statistics
To provide a measure of repeatability of PERG amplitude and phase in 2 different sessions,
test–retest changes in individual eyes have been calculated as test 2–to–test 1 ratios. Values
were log transformed to obtain equivalent numbers independently of whether test 1 or test 2
was larger, and multiplied by 10 to convert them to decibel (dB) units [R = 10*log (T2/T1)].
24 Signed ratios have the advantage of (1) minimizing the problem of large inter-subject PERG
amplitude differences due to different ages and pathologic conditions and (2) providing a
normalized index of test–retest variability (standard deviation [SD]) to be compared with
corresponding PERG measures obtained under different experimental conditions as well as
with different visual tests like multifocal visual evoked potentials or SAP. In normal subjects
and untreated glaucoma patients, the test–retest variability is expected to originate from random
changes. Therefore, mean log PERG amplitude and phase ratios should not differ significantly
from zero. By contrast, a treatment-induced PERG change should result in a biased mean
significantly different from zero. The SDs of log PERG amplitude and phase ratios in normal
controls and untreated glaucoma patients represent corresponding test–retest variabilities. In
both treated glaucoma patients and treated normal controls, eyes with PERG amplitude and
phase ratios exceeding +2 SDs of the test–retest variability of the corresponding control group
(untreated glaucoma patients and untreated normal controls, respectively) have been
considered significantly improved. We performed an analysis of the associations between
PERG changes and visual field (VF) and IOP for right and left eyes separately or using all eyes
after adjusting the variance for the correlation between the two eyes.25

Results
The amplitude and phase of PERGs recorded in individual eyes at test 1 have been compared
with corresponding measures recorded at test 2 in a test–retest scatterplot (Fig 2). In all
diagrams, the diagonal has a slope of 1, which corresponds to identical test–retest measures.
It can be noted in Figure 2 that amplitude and phase measures of untreated normal controls
(Fig 2A, B), treated normal controls (Fig 2C, D), and untreated glaucoma patients (Fig 2E, F)
are distributed rather symmetrically on both sides of the diagonal. This would suggest that test–
retest changes are due to random variability. By contrast, as shown in Figure 2G, amplitudes
of treated glaucoma patients tend to be more frequent on the left side of the diagonal, indicating
that in some eyes PERG amplitudes recorded at test 2 are greater (improvement) relative to
baseline test 1 values. The comparison (paired t test) between tests 2 and 1 is highly significant
for PERG amplitude (right eye, P<0.001; left eye, P = 0.006) but not for PERG phase (right
eye, P = 0.07; left eye, P = 0.5).

Test–retest ratios [10*log (T2/T1)] for amplitude and phase of individual eyes have been
calculated and displayed as amplitude/phase scatterplots (Fig 3; circles, right eyes; squares,
left eyes). Average ratios and corresponding SDs are summarized in Table 1. It can be noted
in Figure 3A and C that ratios cluster around zero in both untreated controls and untreated
glaucoma. The spread of data points, however, is larger in untreated glaucoma eyes (SD of
amplitude, 0.7–0.9 dB) than in untreated control eyes (SD of amplitude, ~0.5 dB). For both

Ventura and Porciatti Page 4

Ophthalmology. Author manuscript; available in PMC 2009 October 3.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



right and left eyes of untreated controls and untreated glaucoma patients, mean amplitude and
phase ratios did not differ significantly from zero (Table 1). Data points of treated control eyes
(Fig 3B) also cluster around zero, and their variability is similar to that of untreated control
eyes. Mean amplitude and phase ratios do not significantly differ from zero. This indicates that
acetazolamide-induced IOP reduction in normal subjects has no significant effect on the PERG.

By contrast, in treated glaucoma (Fig 3D) the distribution of ratios appears skewed towards
positive changes of both amplitude and phase. For both right and left eyes, the mean amplitude
ratio significantly differed from zero (right eyes, P<0.001; left eyes, P<0.05). Mean phase
ratios did not differ significantly from zero. Several eyes had positive changes exceeding the
range of variability of corresponding untreated glaucoma eyes (+2 SDs of mean amplitude and
phase ratios: dotted and dashed boxes in Fig 3D). Twelve right eyes of 25 (48%) improved in
amplitude, 5/25 (20%) in phase, and 3/25 (12%) in both amplitude and phase. Overall, 14 of
25 (56%) right eyes showed PERG improvement in either amplitude or phase. Three left eyes
of 24 (13%) improved in amplitude, 3/24 (12%) in phase, and 1/24 (4%) in both amplitude and
phase. Overall, 5/24 (21%) left eyes showed PERG improvement in either amplitude or phase.

Association between Pattern Electroretinogram Changes and Baseline Mean Deviation and
Intraocular Pressure

To understand the relationship between PERG changes in treated glaucoma patients and some
of the relevant baseline factors, PERG amplitude before treatment was compared with PERG
amplitude after treatment across different levels of baseline IOP and baseline VFs. Standard
automated perimetry mean deviation (MD) was chosen among different SAP indices because,
like the PERG, it is an integrated measure of visual function.

Figure 4 displays PERG amplitude changes as a function of 2 different categories of baseline
VFs. The first category represents no or minor VF loss (MD, −1±1.3 dB, n = 31). The second
category represents severe VF loss (MD, −10±9 dB, n = 18). Figure 4 illustrates 3 points.
Compared with treated normal controls, the PERG amplitude of glaucoma patients is smaller
and progressively decreases with increasing VF defect. In addition, treated glaucoma patients,
but not treated normal controls, show some improvement in PERG amplitude after IOP
reduction. Finally, PERG improvement after treatment in glaucoma patients is substantial for
little or no VF defects (paired t test, P<0.01), whereas for severe defects the improvement is
of borderline significance (paired t test, P = 0.07).

Figure 5 displays PERG amplitude changes as a function of 2 different categories of baseline
IOP (<21 mmHg, average of 15±3, n = 27; ≥21 mmHg, average of 29±12, n = 22). It can be
noted that substantial PERG improvements can be found in eyes with baseline IOPs either
lower than or higher than 21 mmHg. This would suggest that RGCs with reversible dysfunction
can be found in both NTG and COAG. We did not find, however, a significant linear correlation
between PERG amplitude and IOP reduction expressed either as Δ IOP (Pearson product
moment correlation, P = 0.57) or as percent IOP change (Pearson product moment correlation,
P = 0.7). This would suggest that the relationship between PERG improvement and IOP
reduction is complex, and probably depends on other variables and terms not envisioned here.

Discussion
This study shows that reducing the IOP in patients with ocular hypertension or glaucoma may
result in a significant improvement of PERG amplitude and/or phase. Because the PERG
reflects both RGC death and dysfunction of viable RGCs, our results imply that in our particular
group of patients a population of RGCs was dysfunctional, at least in part as a consequence of
increased IOP. Retinal ganglion cell function could be restored to some degree by reducing
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the IOP. We cannot exclude, however, that the PERG effects also may be due to changes
occurring in the inner retina that do not directly involve RGCs.

Improvement due to IOP lowering may occur not only in ocular hypertension and COAG eyes,
but also in NTG eyes. To the best of our knowledge, this is the first report of IOP-dependent
PERG improvement in NTG. Pattern electroretinogram improvements in NTG, compared with
COAG eyes, are associated with smaller IOP reductions. These results might be explained by
assuming that RGCs of NTG eyes are more susceptible to IOP insult than those of COAG eyes.
Consequently, RGC dysfunction occurs at lower IOP levels in NTG as compared with COAG,
and PERG improvement occurs with smaller IOP reductions.

In addition to IOP lowering, PERG improvement seems to depend on other factors. To have a
substantial improvement, the PERG must be abnormal. No significant changes occured in
acetazolamide-treated normal subjects, despite an IOP reduction of approximately 30%. This
finding may explain why previous studies of ocular hypertension eyes with normal or slightly
abnormal baseline PERG and treated with timolol showed slight PERG amplitude increases
of 10% to 20% (i.e., in the range of test–retest variability).26–28 In these studies, PERG changes
displayed a weak negative correlation with IOP changes, indicating that the PERG was
somehow sensitive to IOP reduction in ocular hypertension. In another study by Papst et al,
29 7 patients with protracted elevation of IOP (range, 32–56 mmHg) and severe PERG reduction
but normal VF and optic discs had substantial PERG improvements (range, 30%–200%) after
treatment with acetazolamide.

Our results indicate that greater PERG improvement is associated with normal or early altered
VFs. Less PERG improvement occurs in eyes with severe VF defects. This may explain why
previous PERG studies in patients with advanced glaucoma did not show significant PERG
improvement after glaucoma surgery.30,31 A possible explanation for the interaction between
PERG improvement and the extent of VF loss is that, in eyes with preserved VFs, a larger
population of RGCs is still viable, as compared with advanced disease states. A fraction of
these RGCs have an IOP-dependent dysfunction causing PERG reduction that is reversible
with IOP-lowering treatment. This implies that, in the early stages of glaucoma, reversible
RGC dysfunction may precede RGC death. This conclusion is in apparent contradiction to the
current opinion that structural changes of the optic nerve fiber layer precede the appearance of
visual dysfunction, as measured by SAP.1,2 It is important to consider that PERG and VF
techniques probe different retinal regions and different aspects of visual function. Quigley et
al32 reported that, within 30° eccentricity, a 5-dB sensitivity loss corresponds to a 20% RGC
loss. Within the central 12° (the region subserving the PERG response), a 5-dB sensitivity loss
corresponds to a 50% RGC loss. Thus, the SAP is relatively insensitive to RGC death in the
central area, where there are high RGC density and redundancy. In contrast, the PERG, as a
suprathreshold mass response of central RGCs, may be able to signal early dysfunction of
viable RGCs.

We realize that this retrospective study has several limitations. The first is that the control group
does not accurately match the study group in terms of mean age and clinical breakdown. As
mentioned above, the control group represented an approximation to the ideal based on ethics,
because treatment cannot be denied to patients who need it. The sensitivity of detection of
PERG improvement in the study group was limited by the confidence intervals of test–retest
variability of the external control group. The test–retest variability of amplitude is larger in
untreated glaucoma patients (SD, 0.7–0.9 dB) than in untreated controls (SD, ~0.5 dB). These
variabilities are somewhat smaller than those reported for either multifocal visual evoked
potentials24 or SAP.33 The limitations of the external control group can be overcome in a
prospective study with an internal control, in which the test–retest variability in individual eyes
may be determined in a series of pretreatment measures. The second limitation is that the study
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group included 4 different manifestations of glaucoma with a varied spectrum of disease
severity. Due to the relatively small sample of patients, we were unable to perform a
multivariate statistical analysis to separate the effects of possible variables such as type and
severity of disease and the effects of different pharmacological agents. In future prospective
studies on a larger sample of patients, we will also seek to model the relationship between
PERG improvement and IOP reduction, considering the interaction of factors including
baseline IOP, baseline VF, and baseline optic disc cupping.

In conclusion, this pilot study suggests that lowering the IOP in patients with early glaucoma
may restore, at least partially, the activity of dysfunctional RGCs. Without treatment, these
dysfunctional RGCs may be destined to a premature death. Our results provide a
neurophysiological explanation for several multicenter studies indicating that IOP reduction
delays the onset or the progression of VF deterioration in ocular hypertension,34 early manifest
glaucoma,35 advanced glaucoma,36 and NTG.37 In addition, the present results suggest that
the PERG could be used as a tool to target the neuroprotective effects of IOP-lowering drugs
based on RGC function.
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Figure 1.
Example of pattern electroretinogram (PERG) waveforms and response analysis. A, B, Pattern
electroretinogram waveforms (black tracings) recorded for the right eye of a normal subject in
2 different sessions. Gray sinusoidal tracings superimposed on the PERG waveforms represent
the response component at the contrast-reversal frequency isolated by means of digital Fourier
transform analysis. ms = milliseconds; div = division.
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Figure 2.
Scatterplots of test versus retest PERG amplitude (microvolts; left panels) and phase (π rads;
right panels). Circles represent right eyes, and squares, left eyes.
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Figure 3.
Scatterplots of amplitude ratio versus phase ratio. Amplitude and phase ratios were evaluated
as 10*log (test 2/test 1). Circles represent right eyes, and squares, left eyes. Dotted and dashed
boxes represent the 95% tolerance intervals for right and left eyes, respectively, derived from
data displayed in C. dB = decibels.
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Figure 4.
Pattern electroretinogram (PERG) amplitude (microvolts) before and after intraocular pressure
(IOP)–lowering treatment in normal controls and glaucoma patients with 2 different levels of
severity of visual field (VF) defects. Note that PERG amplitude improvements are larger in
eyes with little or no VF defects than in eyes with severe defects.
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Figure 5.
Pattern electroretinogram (PERG) amplitude (microvolts) before and after intraocular pressure
(IOP)–lowering treatment in glaucoma patients with 2 different levels of baseline IOP. Note
that significant PERG improvement may occur for baseline IOP either lower than or higher
than 21 mmHg.
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Table 1
Summary of Amplitude and Phase Ratios in Different Groups of Subjects

Mean SD n H0

UC

 RE amplitude −0.27 0.54 17 NS

 LE amplitude −0.15 0.47 17 NS

 RE phase −0.048 0.15 17 NS

 LE phase −0.028 0.07 17 NS

TC

 RE amplitude 0.087 0.63 9 NS

 LE amplitude −0.177 0.48 9 NS

 RE phase 0.048 0.091 9 NS

 LE phase −0.044 0.11 9 NS

UG

 RE amplitude 0.014 0.89 22 NS

 LE amplitude 0.24 0.74 22 NS

 RE phase 0.032 0.15 22 NS

 LE phase −0.007 0.15 22 NS

TG

 RE amplitude 1.7 1.3 25 P<0.001

 LE amplitude 0.74 1.54 24 P<0.05

 RE phase 0.092 0.25 25 NS

 LE phase 0.046 .27 24 NS

H0 = hypothesis that the mean ratio does not differ from zero; LE = left eye; NS = nonsignificant; RE = right eye; TC = treated normal controls; TG =
treated glaucoma patients; UC = untreated normal controls; UG = untreated glaucoma patients.
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