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Abstract
Purpose—To better understand pathophysiological mechanisms underlying Pattern
Electroretinogram (PERG) losses in glaucoma by simulating either RGC dysfunction or RGC loss
in normal subjects.

Materials and Methods—The steady-state PERG has been recorded in ten normal subjects (mean
age 31 ± 8 years) according to the PERGLA paradigm by means of skin electrodes in response to
horizontal gratings (1.7 cycles/deg, 99% contrast, 40 cd/m2 mean luminance, circular field size 25
deg diameter) alternating 16.28 times/s. Simulated RGC dysfunction has been obtained by reducing
either contrast and mean luminance, or blurring the visual stimulus. Simulated RGC loss has been
obtained by reducing stimulus area. Outcome measures were PERG amplitude and phase obtained
by Discrete Fourier Transform of PERG waveforms.

Results—Progressive PERG amplitude reductions spanning the entire dynamic range of PERG
response could be obtained by progressively reducing stimulus contrast and luminance, blurring the
stimulus, and reducing stimulus area. The same variations in stimulus conditions caused phase
changes of disparate sign and magnitude. Phase advanced (latency shortened) by reducing stimulus
contrast of or blurring the stimulus; phase lagged (latency increased) by reducing stimulus luminance;
phase remained constant by reducing stimulus area.

Conclusions—PERG amplitude and phase are essentially uncoupled, implying that these measures
reflect distinct aspects of RGC activity. Based on our results and known PERG physiology, we
propose a model in which that both RGC dendrites and RGC axons contribute to the PERG signal.
PERG delays may represent and indication of synaptic dysfunction that is potentially reversible.
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The pattern electroretinogram (PERG) depends on the integrity of retinal ganglion cells (RGC)
1, 2 and represents an important surrogate measure of RGC function in glaucoma 3–7 8 and
other optic nerve disorders.9 In glaucoma, the PERG may be used for early detection, (e.g.,
10) monitoring progression, (e.g., 11) and for monitoring the beneficial effects of IOP-lowering
treatments.12 The PERG may be altered even before the appearance of visual field defects as
measured by Standard Automated Perimetry (SAP) and losses of the retinal nerve fiber layer
(RNFL) as measured by OCT.8 The recent introduction of a user-friendly and reproducible
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method of recording steady-state PERG responses using skin electrodes and automated analysis
(PERGLA paradigm) has generated further interest in the PERG technique for applications in
glaucoma13–15 together with the need of better insight on pathophysiological mechanisms
underlying PERG losses.

Using the PERGLA paradigm, patients with glaucoma may display large amplitude reductions
(up to 90%) and/or phase lags (latency delays up to 15 ms) compared to age-matched controls.
10, 15 The physiological significance of these abnormalities has not been elucidated. Amplitude
and phase represent two distinct aspects of neural activity. Response amplitude is related to
the number 16 and/or vitality17 of retinal neurons contributing to the recorded electrical signal.
To a first approximation, the smaller the number of neurons activated by the visual stimulus
the smaller the electrical signal; the sicker the neurons (and/or abnormal connectivity or gain
relationships between neurons) the smaller the electrical signal. Temporal phase lag is an
additional index of vitality of activated neurons that may or may not be associated with
amplitude reduction. Mechanisms of phase lag are less understood than those of amplitude
reduction, and will represent a major focus of this study. To a first approximation, the slower
the electrical signal generated by activated neurons the larger the phase lag.18

To better understand physiological significance of PERG losses in glaucoma, we have
manipulated the stimulus characteristics (luminance, contrast, area) in order to reproduce in
normal subjects the entire range of amplitude and phase abnormalities reported to occur in
glaucoma. Luminance changes at constant contrast are expected to affect primarily the activity
of photoreceptors and have secondary effects on 2nd order neurons; contrast changes at constant
mean luminance are not expected to affect the mean activity of photoreceptors but are expected
to affect primarily the activity of postreceptoral neurons with strong center-surround
antagonism (i.e., RGCs); changes in stimulus area are expected to affect the number of activated
neurons. The type and magnitude of stimulus manipulation to reproduce specific PERG
changes may provide clues on specific sites/mechanisms of response alteration and offer a
framework for interpretation of PERG losses in glaucoma.

Methods
PERG technique

The PERG has been recorded according to the PERGLA paradigm incorporated in a
commercial apparatus (Lace Elettronica, Rome, Italy) as previously described.13 In brief, the
PERG was recorded simultaneously from both eyes by means of small (9 mm diameter) skin
electrodes taped on the lower eyelids (references ipsilateral temples, common ground central
forehead). The pattern stimulus was displayed on a CRT monitor (VTM, Bologna, Italy, 65
Hz refresh rate, not interlaced) within a Ganzfeld bowl, and consisted typically of horizontal
gratings (1.7 cycles/degree, 25 degree diameter circular field, 99% contrast, 40 cd/m2 mean
luminance). The surround lighting was 3 cd/m2. The grating was temporally modulated in
counterphase at 8 Hz, corresponding to 16.28 contrast reversals/s). We checked with a
radiometer (Model DR-2000, Gamma Scientific, San Diego, CA) that the mean luminance and
contrast values provided by the produces were correct. The spatio-temporal characteristics of
patterned stimuli were chosen to maximize PERG amplitude. 19, 20 Prior testing, subjects were
allowed at least 5 minutes exposure to the room background, approximately similar to the
Ganzfeld background. During testing, subjects fixated on a target at the center of the stimulus
with the appropriate correction for a viewing distance of 30 cm. Subjects did not receive dilating
drops, and were allowed to blink freely. Signals were band pass filtered (1–30 Hz), amplified
(100,000 fold), and averaged (600 sweeps) in two successive blocks of 300 sweeps each,
separated by a brief pause of about 15 seconds. The first 30 sweeps of each block were discarded
to avoid transients and allow steady fixation. Sweeps contaminated by eye blinks or gross eye
movements were automatically rejected over a threshold voltage of 25 µV. The total recording
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time was about 3 minutes. Since the PERG was recorded in response to relatively fast
alternating gratings, the response waveforms were steady-state (sinusoidal-like) with a
temporal period corresponding to the reversal rate (Fig. 1). PERG waveforms were
automatically evaluated in the frequency domain by Discrete Fourier Transform (DFT) to
isolate the component at the reversal rate (16.28 Hz), and measure its amplitude in µV(1/2 of
the peak-to-trough amplitude) and temporal phase in π rad. Phase values are bound within ± 1
π rad. To avoid inherent discontinuity of phase data around 0 and ± 1 π rad, phase readings
were automatically unwrapped by subtracting actual readings from the value modulo of 2 π
rad [2 minus actual reading]. Phase values were thus bound between 1 and 3 π rad without
discontinuities. At the reversal rate of 16.28 Hz, the value modulo of 2 π rad corresponds to
1/16.28* 1000 = 61.4 ms. Phase advances (shorter latencies) are associated with increasing
values, and phase lags (longer latencies) are associated with decreasing values.

It has to be pointed out that phase values are not unique. There exist an infinite set of phases
separated by 2π radians (61.4 ms in our conditions), so there is an inherent ambiguity about
the absolute value of temporal phase. In our protocol the phase advances or lags in an orderly
fashion between conditions (e.g., changing contrast, luminance, area); the amount of phase
shift is small (a fraction of π rad or a few ms) compared to the value modulo (2 π rad or 61.4
ms). Therefore it is safe to assume that phase shifts occur within the same modulo, and therefore
represent unambiguous, progressive changes in PERG latency with changing conditions. The
situation is different when the changing condition is stimulus temporal frequency. Under these
conditions, phase lags are apparent (do not represent actual changes in PERG latency), since
what is changing is the value modulo in ms that becomes progressively smaller with increasing
temporal frequency. The results of this is that the phase lags progressively with increasing
temporal frequency to span the entire modulo (2 π rad), at which point the phase jumps back
by 2 π rad and the phase shifts starts over. The curve representing the phase shift with increasing
temporal frequency has therefore a saw tooth appearance. To choose the correct phase at points
of discontinuity it is necessary to add or subtract (manually or automatically) multiples of 2π
rad to the raw data to produce maximum orderliness (unwrapping of phase discontinuities).
21 The slope of unwrapped phase with temporal frequency provides a means to calculate the
absolute value of latency of steady-state responses. This approach has been successfully used
to evaluate the temporal properties of the visual system in normal subjects (e.g., 19, 22, 23) as
well as in disease, including glaucoma.24–26 In this study only one temporal frequency will be
used, so that phase changes will occur within a constant value modulo.

Rationale
In a normal subject, a PERG signal of a given amplitude and phase in response to an optimal
visual stimulus is expected to reflect the maximized activity of the neural ensemble upon which
the visual stimulus is projected. In a glaucoma subject, a reduced/delayed PERG signal may
indicate diminished activity of the viable neurons — including connectivity or gain
relationships among neurons — diminished number of neurons, or a combination of either
conditions. Our approach A) aims at simulating diminished activity of existing neurons by
reducing stimulus contrast or mean luminance, and also by artificially inducing optical
opacities that blur the visual stimulus. Our approach B) aims at simulating diminished number
of neurons by reducing stimulus area.

The effect of contrast was studied by setting the contrast at different values (99%, 50%, 25%,
12%) at constant mean luminance of 40 cd/m2. The effect of luminance was studied by adding
neutral filters to each eye that attenuated mean luminance by 0.5 log units, 1 log units, or 1.5
log units, while the visual stimulus on the display had 99% contrast. The effect of blur was
studied by adding Bangerter foils (1.0, 0.8, 0.6, 0.4, 0.3, 0.2, 0.1, Fresnel Prism & Lens Co.
Eden Prairie, MN) to each eye, while the visual stimulus on the display had 99% contrast and
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40 cd/m2 mean luminance. The effect of area was studied by reducing the stimulus size either
concentrically (i.e., decreasing the stimulus diameter) or sectorially (i.e., removing sectors)
while the remaining visual stimulus on the display had 99% contrast and 40 cd/m2 mean
luminance. The removed part of the stimulus was a uniform gray field with 40 cd/m2 mean
luminance.

The PERG has been simultaneously recorded from both eyes. Graphic representation and
statistical analysis of data have been performed for the right eye only. Virtually identical results
have been obtained by analyzing left eyes.

Study subjects
Subjects were 10 normal young individuals (mean age 31 ± 8 years) who were free of systemic
or ocular diseases as assessed by routine ophthalmologic examination, and had best corrected
Snellen visual acuity of ≥ 20/20. Subjects had refractive errors smaller than −3.0 spherical
diopters and ± 1.5 cylindrical diopters. The methods applied in the study adhered to the tenets
of the Declaration of Helsinki for the use of human subjects in biomedical research. Institutional
Review Board approval was obtained for this study, and informed consent was obtained from
each subject before recording.

Results
Approach A: simulating diminished activity of existing neurons

Luminance reduction—With decreasing mean luminance, the steady-state PERG
amplitude (Fig. 2A) progressively decreased (ANOVA, P=0.014) in approximately linear
fashion to reach a value about 67% smaller than the baseline values with 1.5 Log units of
luminance attenuation. The PERG phase also progressively decreased (ANOVA, P=0.009) to
a level 0.38 π rad smaller (latency increased by 12.06 ms) with 1.5 Log units of luminance
attenuation (Fig. 2B).

Contrast reduction—With decreasing contrast, the PERG amplitude progressively
decreased (ANOVA, P<0.01) in approximately linear fashion to reach a value about 82%
smaller than baseline at 12% contrast (Fig. 3A). Phase, instead increased (ANOVA, P=0.02)
by 0.15 π rad (latency shortened by 4.6 ms) between 99% and 12% contrast (Fig. 3B).

Image degradation—With increasing blur, the PERG amplitude progressively decreased
(ANOVA, P<0.001) and tended to level off at a value about 83% smaller than baseline for
filters 0.2 and 0.1, which correspond to a reduction in visual acuity to 20/100 and 20/200 (Fig.
4A). As for contrast reduction, phase increased (ANOVA, P=0.001) with increasing blur by
0.21 π rad (latency shortened by 6.6 ms) between baseline (no filter) and 0.1 filter (Fig. 4B).

Approach B: simulating diminished number of neurons
Sectorial area reduction—With decreasing area the PERG amplitude progressively
decreased (ANOVA, P<0.001) in a linear fashion to reach a value about 93% smaller than
baseline (noise range level) for an area size 1/32 of total (Fig. 5A). Phase remained remarkably
constant (ANOVA, P=0.98) across conditions (Fig. 5B).

Concentric area reduction—By concentrically decreasing the stimulus area the PERG
amplitude progressively decreased (ANOVA, P<0.001) (Fig. 6A). Differently from sector area,
however, the relationship between amplitude and area was highly non-linear. About 60% of
the total signal could be elicited with just 25% (6 deg eccentricity) of the total area (12.5 deg
eccentricity). The relationship between amplitude and area and could be well described by a
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simple logarithmic equation [y=y0+a·ln(area)] with a constant a of 0.24. Phase remained
constant (ANOVA, P=0.96) across conditions (Fig. 6B).

Discussion
This study aimed at characterizing the effects of stimulus parameters on the steady-state PERG
using a paradigm (PERGLA) that was introduced to render the testing more user-friendly and
clinically useful in glaucoma. In normal controls, stimulus-response relationships simulated a
range of pathological conditions occurring in glaucoma patients. Analysis of these conditions
sought to better understand the physiological significance of PERG amplitude and phase and
provide clues on interpretation of PERG losses in glaucoma. Our results are in general
agreement with previous reports showing that the amplitude of the steady-state PERG
decreases with decreasing contrast, luminance, area, and increasing blur. 20, 27–30 31, 32 The
same stimulus manipulations induce in disparate phase changes. PERG phase may delay (by
reducing luminance), advance (by reducing contrast or increasing blur) or remain constant (by
reducing area). Therefore, a key outcome of this series of experiments is that amplitude and
phase are essentially uncoupled. This implies that amplitude and phase represent distinct
aspects of neural activity. Relevant questions for glaucoma are whether or not the electrical
sources of these distinct aspects of neural activity originate from the same cellular
compartments and where these compartments are located in the retina. Here we provide a
working model to provide a possible answer to these questions.

Our model relies on three main assumptions, which are based on a large body of literature on
PERG generators.2, 27 The first assumption is that RGCs are the main generators of the PERG.
The second assumption is that stimulus contrast, typically defined as difference in luminance
between adjacent pattern elements divided by their sum (LumMax − LumMin)/(LumMax +
LumMin), is the effective stimulus for the center-surround antagonism of RGCs.33 Reduction
of the stimulus mean luminance does not change stimulus contrast. It should be taken into
account that stimulus contrast is not the only stimulus parameter that affects PERG amplitude.
PERG amplitude may be also be secondarily affected by events occurring in the pre-ganglionic
retina. It is well known that by reducing stimulus luminance, the full field photopic ERG
decreases in amplitude and increases in latency. (e.g., 34) Analogue changes in PERG are
expected based on reduced activation of photoreceptors. The third assumption is that by
reducing mean luminance at maximum contrast, outer retina activity is diminished and delayed,
and this offsets RGC activity to a lower level of amplitude and latency; by reducing the contrast
at constant mean luminance RGC activity is diminished but outer retina activity is not changed.

Approach A: simulating diminished activity of existing neurons
In an idealized glaucoma patient, outer retina function is expected to be normal. Hence any
increase in PERG latency (phase delay) must depend on pathological events occurring at RGCs
and/or in the inner retina circuitry impinging on them. Our results show that by reducing
stimulus contrast or stimulus area at constant mean luminance the PERG amplitude is reduced,
but the PERG latency is not delayed. This implies that diminished activity of RGCs (such as
resulting by a combination of missing RGCs and sick RGCs) explains PERG amplitude losses
but not phase delays often found in glaucoma. To explain phase delays one needs to hypothesize
that the input to RGCs may be diminished, as it occurs by reducing stimulus luminance. Since
photoreceptor dysfunction has been excluded in glaucoma, (see however35) a likely candidate
for reduced input to RGCs may be reduced synaptic function 36 between 2nd and 3rd order
neurons. Synaptic dysfunction between 2nd and 3rd order neurons in glaucoma may occur for
a number of reasons, such as RGC dendritic shrinkage with loss of both neuronal dendritic
connection extent and complexity, 37–39 and synapse elimination.40 These dendritic
modifications typically precede neuronal loss and result in reduced responsiveness of RGCs
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in glaucoma. 41 Reduced responsiveness of RGCs includes reduced ability to follow stimuli
of increased temporal frequency, implying a slower temporal dynamics and longer latency. A
phase delay without amplitude attenuation could arise from synaptic and transport delays.42

In the vertebrate retina, RGC electrical activity is generated in the form of both graded synaptic
currents at the level of dendrites and action potentials at the level of axons.43 Based on a
substantial body of literature, both dendritic and axonal activity appear to contribute to the
PERG. (see for review 44) By blocking action potentials in the inner retina with intravitreal
injections of tetrodotoxin (TTX), the PERG amplitude can be reduced (by about 50%) but not
abolished.45, 46 All RGC activity can be abolished by optic nerve section which causes
retrograde degeneration of RGC together with their dendrites.47 This implies that RGC
dendritic activity (TTX-independent) is necessary to the PERG generation and represent a
substantial component of the PERG signal.

Reducing stimulus contrast at constant mean luminance results in phase advancement (latency
shortening). A likely explanation for this is that PERG generators include a mixed population
of RGCs.48 RGC are commonly divided in two major classes: M-cells (morphologically known
as parasol with large dendritic field size and projecting to the Magnocellular layers of the lateral
geniculate nucleus), and P- cells (morphologically known as midget cells with small dendritic
field size and projecting to the Parvocellular layers of the lateral geniculate nucleus). M cells
are much more sensitive to luminance contrast than P cells 49 and their response has a faster
temporal dynamics than P cells. 33 Low contrast stimuli are expected to elicit relatively larger
contribution of M generators with shorter latency compared to high contrast stimuli, and this
may be reflected in PERG phase advancement.28

Blurring the visual stimulus with Bangerter foils at constant mean luminance results in phase
advancement of even larger magnitude compared contrast reduction alone. A likely explanation
for this is that Bangerter foils, in addition to reducing stimulus contrast, also suppress the
square-wave edges of the grating pattern, thereby removing the high-spatial frequency content
of the stimulus. Since P cells have smaller receptive fields compared to M cells, blurring is
expected to shift the relative contribution of M and P generators towards M generators with
shorter latency, and this may be reflected in PERG phase advancement. PERG phase
advancement may be also obtained with simulated blur (i.e., comparing a square-wave gratings
with a smoothed-wave grating 28) or by reducing the stimulus spatial frequency.19, 23 The
implication for glaucoma is that while patients with cataracts may display non-specific PERG
amplitude reductions due to stimulus deterioration, PERG phase delays are not expected.

Approach B: simulating diminished number of neurons
By reducing the stimulus area, either sectorially or concentrically, the phase does not change.
Linear amplitude reduction with sectorial reduction of stimulus area indicates complete spatial
summation,50 and excludes generators sources external to the area covered by the stimulus as
it might occur if substantial stray light were generated at the stimulus boundaries.

Amplitude reduction with concentric reduction of stimulus area is instead highly non-linear,
the macular area being strongly overrepresented in the PERG signal. The relative contribution
of extramacular retinal regions to the PERG signal progressively diminishes with increasing
eccentricity. Since common visual field abnormalities occur at extramacular eccentricities,
51 the PERG is not expected to show a strong correlation with both visual field 10, 52 and RNFL
thickness. 8, 53 The fact that the PERG indeed shows moderate correlation with both visual
field mean deviation and mean RNFL thickness, and is often altered before evident visual
defects, or for visual defects peripheral to the PERG stimulus10, 52, 54, 55 implies that PERG
losses reflect early damage involving macular RGCs.
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Conclusions
The PERG has been used since more than 25 years as an objective test for RGC function in
glaucoma. The introduction of reproducible methods of recording using skin electrodes has
generated renewed interest in the technique. Interpretation of PERG losses is still object of
discussion. PERG amplitude losses do not have a unique solution. Excluding co-morbid retinal
disorders, PERG amplitude losses may occur because of lost RGCs, sick RGCs, or a
combination of both conditions. Older normal subjects, compared to young normal subjects,
have reduced amplitude and delayed phase (e.g., 10, 13). From a PERG perspective, therefore,
older age may be considered qualitatively similar to glaucoma, albeit quantitatively different.
The model of neuronal dysfunction/loss we have proposed includes age- and glaucoma related
alterations. PERG amplitude loss may also occur because of optical opacities that deteriorate
the optical quality of the stimulus.

Alterations of PERG phase have not been systematically investigated. Some laboratories
reported that latency delays are rarely observed in glaucoma (e.g., 56, while others using
different experimental conditions reported sizable latency delays in a substantial proportion of
patients (e.g., 57; 10). This implies that the choice of a specific PERG paradigm may play a role
in detection of PERG alterations. According to the working model proposed in this study,
PERG phase advances may indicate optical deterioration of the pattern stimulus; PERG phase
delays suggest pathophysiological mechanisms such as dendritic dysfunction or delay of axonal
transport, and may represent an opportunity to detect RGC dysfunction preceding cell death.
At this stage, RGC damage is potentially reversible.12 Recent results of our group show that
reversible PERG amplitude loss and phase delays may occur in patients with pituitary tumors.
58 Reversible PERG amplitude losses and remarkable phase delays may also be temporarily
induced in some glaucoma suspects during head-down body tilt.59 The PERGLA paradigm we
used appears suitable to show phase delays in a variety of conditions that make the working
model we proposed clinically relevant.
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Figure 1.
Examples of steady-state PERGs recorded for each eye of a normal subject in response to a
pattern of horizontal gratings (1.7 cy/deg, 99% contrast, 40 cd/m2 mean luminance, circular
field size 25 deg diameter) alternating at 16.28 times/s or every 61.4 ms. The continuous lines
represent the actual PERG waveforms (black, right eye; grey, left eye). The dashed waveforms
superimposed on the PERG waveforms represent the harmonic components at the reversal
frequency, isolated by means of Digital Fourier Transform (DFT). The amplitude and phase
of DFT-isolated components represent the actual PERG measures.
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Figure 2.
Mean PERG amplitude (A) and phase (B) as a function of mean luminance. Error bars represent
the SEM. In panel A the Y-axis has been normalized to the maximum amplitude.
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Figure 3.
Mean PERG amplitude (A) and phase (B) as a function of contrast. Error bars represent the
SEM. In panel A the Y-axis has been normalized to the maximum amplitude.
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Figure 4.
Mean PERG amplitude (A) and phase (B) as a function of increasing density of Bangerter foils.
Error bars represent the SEM. In panel A the Y-axis has been normalized to the maximum
amplitude. Acuity values correspond to those reported for each foil by the producer Fresnel
Prism & Lens Co. Eden Prairie, MN.
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Figure 5.
Mean PERG amplitude (A) and phase (B) as a function of sector area. Error bars represent the
SEM. In panel A the Y-axis has been normalized to the maximum amplitude. In both panels
the X-axis has been normalized to the maximum area.
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Figure 6.
Mean PERG amplitude (A) and phase (B) as a function of concentric area. Error bars represent
the SEM. In panel A the Y-axis has been normalized to the maximum amplitude. In both panels
the X-axis has been normalized to the maximum area.
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