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Abstract. The pattern electroretinogram was recorded to checkerboard stimuli with a wide
range of check sizes and two stimulus field sizes. Check sizes ranged from 0.25° to 7° (field
size, 16° x 14°) and 0.25° to 15° (field size, 32° x 27°) in 14 and seven subjects, respectively.
Reversal rate was 4.5/s. For minimal intrusion of blink artifacts the interrupted stimulation
technique was employed. The P50 and N95 components of the pattern el ectroretinogram were
evaluated separately. With both stimulus field sizes amplitude of P50 and N95 was maximal
between 0.75° and 1°. With smaller check sizes the amplitude dropped monotonically. With
larger check sizesfield size played arole: with the 16° x 14° field, P50 gradually dropped to
89% from 1° to 7°, which was paralleled by N95 only up to 7°, where N95 dropped to 81%
(p<0.05). With the 32° x 27° fidld, there was no significant difference in size dependency
between P50 and N95 for large checks, both components staying constant from 1° to 15°.
We conclude that there is only minor large-check attenuation of the pattern electroretino-
gram, especially with alarge field. The apparent field-size dependency may explain previous
discrepanciesin the literature.

Abbreviations: LSFA —low-gpatial frequency attenuation.

Introduction

With the pending publication of the ISCEV guidelines for pattern elec-
troretinogram (PERG) recording, it seems desirable to agree on basic phys-
iologic properties of the PERG and its possible components. Since studies
of ganglion cell degeneration [1-4] and current source density studies [5,
6] implicate the retinal ganglion cells in the generation of the PERG, the
physiologic properties of the ganglion cells [7] would be expected to be
mirrored in the PERG, keeping in mind that the PERG is a mass response
averaging responses from various types of cells over the field size stimulat-
ed. Thus, on the basis of the lateral inhibition displayed by ganglion cells,
many researchers concluded that the PERG should exhibit spatial tuning, or
more specifically, low-spatial-frequency attenuation (LSFA). Consequently,
responses to large-check stimuli would be derived not from the ganglion
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cells, but from nonlinearities of the luminance ERG [8, 9]. However, the
experimental findings have been somewhat conflicting.

The LSFA depends strongly on stimulus parameters.  Conditions that favor
spatial selectivity include low luminance, fast sinusoidal modulation in time
and space, low contrast and pattern-onset stimul ation [10-13]. Conditionsthat
favour aflat tuning curve include high luminance, square-wave modulation
in time and space, high contrast and pattern reversal stimulation [4, 14-19].

Important species differences preclude generalisations from animal models
to humans.  In pigeons, the PERG is not affected by ganglion cell loss
(optic atrophy) [20]. In cats PERG reduction seems to depend on spatial
frequency [21], in monkeysthe PERG isextinguishedin optic atrophy (spatial
frequenciestested, 1-10 cycles/deg) [22] and in humans optic nerve atrophy
affects the PERG at al check sizessimilarly [3, 4].

One influentia line of interpretation examined the possible differences
between the two major components of the PERG: the positive excursion at
50 ms (P50) versus the negative excursion at 95 ms (N95). Berninger and
Schuurmans [23] reported LSFA for N95 but not for P50, and Holder [24,
25] reported that N95 could be selectively affected in optic nerve or ganglion
cell dysfunction, later confirmed by Ryan and Arden [26].

We had so far found conflicting results, namely that Bach and coworkers
[13, 27, 28] did not find large-check attenuation with reversal rates of 8/sand
less, finding no difference in tuning between P50 and N95; and Holder and
coworkers [25, 29, 30, 31] found clinical evidence of dissociation between
these componentsin pathol ogic conditions. We therefore decided to perform
a cooperative experiment, trying to replicate the findings of Berninger and
Schuurmans[23] to addressthisissuein greater detail. Asthose authors used
check sizesupto 762’ (13°) but used astimulusfield of only 14.5° x 18.5°, we
performed two experiments with two different field sizes, the larger alowing
acheck size of 15°.

Subjectsand methods

Subjects

Sixteen subjects with normal vision participated in the experiments, 14 in
experiment 1 (small field size) and seven in experiment 2 (large field size).
Visua acuity was measured in each eye separately before each experiment
by optotypes at the same distance as the stimuli, with the automated Freiburg
Acuity Test [32]. After appropriate refraction, all subjects reached an acuity
of 1.0 or above.
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Simuli

Stimuli were created with a Cambridge Research VSG2 graphics card and
displayed on an Eizo 9070S raster-scan display with a frame rate of 70 Hz.
Two observation distances were chosen, leading to different stimulus field
sizes: Small field: observation distance, 114 cm; stimulus field, 16° x 14°;
check size, 0.26°, 0.52°, 1°, 2°, 4° and 7° (actually 8° x 7°); and large field:
observation distance, 57 cm; stimulus field, 32° x 27°; check sizes, 0.26°,
0,52°, 1°, 2°, 4°, 8° and 15° (actualy 16° x 14).

The checkerboard stimuli were phasereversed at 4.49 reversals per second
with a contrast of 98% and a space-averaged mean luminance of 45 cd/n?.
Luminance and contrast control of the monitor was calibrated by a method
similar to that of Pelli and Zhang [33].

Recording

The PERG signalswere picked up by goldfoil electrodessimultaneously from
thetwo eyes. Theleadswere attached to the skin below the eyeswith tape and
were positioned such that the electrodes did not touch the skin above the tape
and avoided, if possible, touching thelower lid. When viewed laterally, ablink
from the subject resulted in negligible movement of the electrode. Details
of this method have been described previously [34]. While the stimulus
was reversing, recording occurred only when a stable baseline was present.
Recording was continued for approximately 4 seconds or until instability of
the signal baseline was observed. The recording was then interrupted and the
subject wasasked to blink. Acquisition of datawasresumed when the baseline
was stable. Artifact rejection occurred whenever the signal exceeded + 60
V. Periodically or whenever necessary, the subject was asked to sit as till
as possible, mouth dlightly open (to reduce glossolaryngeal artifacts), head
dlightly bent forward to raise the gaze dlightly (to reduce eye movement noise
and to prevent any subject distraction resulting from the gold foil electrode
interfering with the view of the stimulus) and to concentrate on the fixation
cross in the center of the stimulus. A headrest was used, with the subjects
asked to press their head gently backwards on the rest to maintain a stable
head position. These technical factors are crucial in obtaining PERGs of low
variability [35].

Gold cup reference electrodes were placed at the ipsilateral outer canthi
in relation to the zygomatic fossae. This siting for the reference electrode
is essential to avoid contamination from the cortically generated VEP. A
ground electrodewas attached to the forehead. Signalswereamplified, filtered
(first-order band-pass, 0.32-75 Hz, no notch filter; Toennies Physiological
Amplifier) and digitized to a resolution of 12 bits at a sampling interval of
2.33 ms. While generating the stimuli, a computer simultaneously averaged
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the sweeps and displayed them on-line, if they were not rejected as artifacts
or recording had been paused.

Procedure

Stimuli were presented in a counterbalanced interleaved block design: 30
sweeps to a given check size were obtained, then a different check size
was applied. The initial four responses to a hew check size were discarded.
When all seven or eight check sizes had been presented, the cycle repeated,
averaging the results to each individual check size with those previously
obtained. This was repeated seven times, leading to atotal of 7 x 30 = 210
acquired sweeps per condition. To confirm reproducibility, this procedure
was carried out twice in each subject. Thus, two averages composed of 210
sweeps each were obtained for all check sizes and both field sizes.

Data analysis
Thefinal waveformswere digitally phase-freelow-passfiltered with a cut-off
frequency of 45 Hz. They were averaged for each subject across the two
trials and across the two eyes. The N35, P50 and N95 components were then
identified interactively. Peak-to-peak amplitude measurements were taken
with P50 being measured from N35 to P50, and N95 being measured from
P50 to N95.

For grand mean waveforms, we calculated the average together with the
standard error of the mean (SEM) for each sample point across subjects. For
the sample size (n) we used the number of subjects, not the number of eyes.

Results

Figure 1 displaystraces from one subject for two check sizes (0.52° and 16°).
Thetwo tracesfor each condition are highly reproducible, with minimal trial-
to-trial variability. The P50 and N95 amplitudes are identified by arrows.

Figure 2 displays the grand mean of all subjects for al check sizes and
the two stimulus sizes (small field at left, large field at right). The thin traces
indicate the SEM. For both field sizesthe P50 and N95 componentsare easily
identified. The large field produces slightly larger amplitudes. There is an
obvious decrease in amplitude of both componentsat very small check sizes.
Toward large check sizes the changes are more subtle. Latency of the P50
component decreases monotonously with increasing check size. This was
observed for both field sizes.

Figure 3 shows the relationship between PERG component amplitudes
and check size. In addition to the P50 and the N95 components, the ratio
N95:P50 is aso shown. With the small field, P50 had a maximum at 1°
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Figure 1. Reproducibility. Symbols represent original data points; the smooth lines. represent
the outcome of digital filtering with a low-pass cutoff at 45 Hz. The two runs per check size
match each other closely.
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Figure 2. Grand mean traces for the two field sizes and al check sizes, averaged over all
subjects (after preaveraging over replications and eyes per subject). Check size increases from
bottom to top.
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Figure3. Check size dependency of P50, N95 and N95:P50 ratio at the two field sizes; average
+ SEM of individually detected peaks over subjects. Maximal amplitude is observed between
0.75° and 1° of check size. Some large check attenuation is apparent for the small field. (&ft),
virtualy nonefor thelargefidd (right). For the small field, the N95: P50 ratio shows a shallow
decline with increasing check size.

gradually dropping to 89% from 1° to 7°; N95 had a maximum at 0.75°,
dropping down to 81% at 7° (p<0.05). The N95:P50 ratio dropped from 1.5
to 1.3 with increasing check size. With the large field, both P50 and N95 had
their maximum at 1°. Although onelarger check size than with the small field
was possible, the slight attenuation for large checks (96% for P50, 94% for
N95) was not statistically significant. The N95:P50 ratio was nearly constant.

Discussion

Well-defined and highly reproducible PERG responses were recorded in all
subjects and for all check sizes. With regard to the experimenta variables
check size and stimulusfield, we found the following.

1. Atthe small check side branch, PERG amplitude diminishesbelow 0.5°.
Thisisawell-known phenomenon, which probably results from two factors.
First, space-averaged over the stimulus field, checks become smaller than
the receptive field centers, leading to submaximal excitation of the ganglion
cells. Second, the contrast of the retinal image is degraded with decreasing
check size because of the limited bandwidth of the modulation transfer factor
of the optics of the eye [36, 37].
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2. Maximal PERG amplitude occurs for check sizes of 0.75° for both the
16° x 14° and 32° x 27° stimulusfield. This supports the current suggestion
of acheck size of 0.75° in the ISCEV PERG guidelines [38].

3. For the 16° x 14° small stimulus field, both P50 and N95 show a
moderate attenuation down to 89% and 81% respectively at a check size of
7° relative to the maximum at 0.75°. For the 32° x 27° large stimulus field,
neither P50 nor N95 show appreciable low-spatial-frequency attenuation,
even though larger checks were possible than with the smaller stimulusfield.

4. A small (87%) but significant difference occurs between the N95 and
the P50 tuning in the small stimulusfield condition, N95 being more affected
than P50. No significant difference occurs between the N95 and the P50
tuning in the large field condition.

5. Latency of the P50 component decreases monotonously with increasing
check size, as previously reported by Arden et al. [15].

The results are in agreement with previous reports [4, 14, 19, 39]. How-
ever, they disagree with the findings of Berninger and Schuurmans [23],
although the stimulus conditions were similar. The most striking difference
was obtained for the 15° check condition, where the present study found the
amplitude of both P50 and N95 to be within 96%/94% of maximum, while
Berninger and Schuurmans[23] found adrop down to 58% for N95. Personal
communicationwith the authorsrevealed that in their largest check condition,
only the left top check was of full size, while the others where clipped by
their 14.5° x 18.5° monitor size. Thisisasuboptimal stimulusdefinition, and
we presume that the current results may be more reliable. The effect of field
size has been noted before: Vaegan and Arden [40] compared two field sizes
(4.7 x 7.5° versus 14° diameter) and found stronger LSFA for the smaller
field size. It may in part be related to the change of receptive field sizeswith
eccentricity [41].

Spatial tuning has often been considered evidenceto link the PERG to gan-
glion cell activity. However, a checkerboard stimulus, while clinically useful,
may not be most appropriate to address this question. (1) A checkerboard is
composed of multiple spatial frequencies. (2) Rapid pattern reversal (square-
wavein time) inherently stimulates both transient and sustained mechanisms,
which will mix in an unknown way in the recorded mass response. (3) Var-
ious physiologic properties vary with eccentricity, and associated responses
areintegrated over the entire stimulusfield in the PERG. Although the PERG
(both P50 and N95) may be derived from the ganglion cells (see Introduc-
tion), this does not mean that the same type of ganglion cell necessarily
generates the PERG for different check sizes. It is more likely that multiple
mechanisms generate the PERG and the relative weight of these mechanisms
changes with change in check size (for example, Bach et al. [27]) and other
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stimulus parameters. In thislight it seems possible that the differential effect
of retinal or optic nerve pathology on P50 and N95 [24, 25] may vary with
field size. While no systematic study hastackled this problemto date, it seems
possible that the differential effect will be more pronounced with relatively
small stimulus fields (15° diameter or less). If this were indeed found to be
the case, it becomesan important contributory factor in the design of stimulus
paradigms for optimum clinical sensitivity.
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