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SUMMARY

1. The visual evoked response to a grating target of varying spatial
frequency was examined for normal subjects and for subjects with meri-
dional amblyopia. This condition, reduced visual resolution for specific
target orientations, is associated with, and thought to result from, marked
ocular astigmatism.

2. For normal subjects, the general relation between spatial frequency
and the evoked response is similar to psychophysical contrast sensitivity
data. Evoked response amplitudes to oblique gratings are typically reduced
and this is analogous to the lower acuity for oblique compared to hori-
zontal and vertical detail.

3. In addition to the oblique effect, the magnitude of the evoked
response for meridional amblyopes depends upon grating orientation over
most of the spatial frequency range tested (0-5-16 cycles/deg). The lowest
evoked amplitude is found when stimulus grating orientation matches
that for which acuity is reduced.

4. The evoked potential spatial frequency response functions are

qualitatively similar to contrast sensitivity functions determined with the
same abnormal subjects.

5. From these results, it may be concluded that the physiological locus
of meridional amblyopia is confined primarily to structures at or prior to
the site of evoked potential generation.

rNTRODUCTION

Most of what is known about vision has been determined using psycho-
physical measurements. The relatively recent contributions of electro-
physiology have been very important but they have been partly limited
because related psychophysical data are predominantly from humans. By
using the visual evoked response (VER), this gap may be bridged. Un-
fortunately, although many VER studies have been conducted (see Riggs
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& Wooten, 1972, for a review) there remains a lack ofknowledge about the
precise physiological genesis of the evoked response. Therefore, it appears
at present that productive evoked potential experiments with humans
may be limited to two primary issues. The first is whether psychophysical
measurements and evoked responses for a given parameter are parallel. If
this is the case, then evoked response tests can be very valuable in situa-
tions where psychophysical measurements are inconvenient or impossible
as, e.g., with young children. Secondly, if a particular phenomenon can be
demonstrated using evoked potentials, its origin can be assigned to a
region at or prior to neurones responsible for the evoked response.
With these applications in mind, we carried out a preliminary study

using evoked potential measurements to demonstrate a direct neuro-
physiological correlate to a psychophysical finding (Freeman & Thibos,
1973). The psychophysical tests had shown visual resolution de-
ficiencies for certain target orientations in subjects with pronounced
ocular astigmatism, even when full ophthalmic corrections were used.
Since optical explanations of the effect had been ruled out (Freeman,
Mitchell & Millodot, 1972), our evoked potential results, which showed
analogous deficits with the same subjects, limit the defect to regions which
are peripheral to or which generate evoked potentials, presumably visual
cortex.
The study has been extended in the experiments described in the

present paper. Our original evoked potential data was obtained using
stimulus gratings of one spatial frequency. We now report details of pre-
liminary findings of differences in the evoked potential specific to grating
orientation over a broad range of spatial frequencies (Freeman & Thibos
1974). These results are compared directly with psychophysical data from
the same subjects of the preceeding paper (Freeman & Thibos, 1975).

METHODS

Stimulus
In order to compare directly the electrophysiological results of this study with the

psychophysical findings of the preceding paper, the same visual stimulus equipment
was used to generate sinusoidal grating targets. However, two modifications were
necessary for the VER experiments. First, preliminary tests indicated that a large
stimulus field gave a stronger evoked response, so we chose a field size of 70, corre-
sponding to a 57 cm viewing distance. Secondly, the grating contrast was sinusoidally
modulated at a temporal frequency of 9 or 12 Hz. With this procedure, total space-
average luminance is kept constant at 22 cd m-2 while the luminance of alternate
bars is modulated in antiphase. A maximum contrast of about 0-64 was used to
avoid saturation effects of either the oscilloscope grating or the evoked potential
mechanisms (Spekreijse, van der Tweel & Zuidema, 1973).
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Procedure

All subjects used ophthalmic lens corrections based upon careful clinical examina-
tion and further checks were made while the subjects were seated before the stimulus
grating. Standard bipolar recording electrodes were placed on mid line at the inion
and 6-9 cm above the inion, with the ear as ground.
We arranged a quasi-random sequence of test targets before each experimental

run. Subjects were then seated and monocularly viewed the target only upon com-
mand in order to minimize fatigue or adaptation effects that might occur with pro-
longed viewing. Test periods were typically 30-60 see, with about 15 sec breaks
between runs. During the test period the e.e.g. was recorded with an FM magnetic
tape recorder and simultaneously it was analysed for the VER content. Each experi-
ment ran continuously until the predetermined sequence had been finished in order
to control for the variability effects between experimental sessions due to differences
in electrode preparation.

Fig. 1. Block diagram of a synchronous filter used to compute visual evoked
response power. The evoked response to an alternating bar pattern is
nearly sinusoidal with frequency twice the alternation frequency, fo. This
component of the raw e.e.g. is extracted by the circuit using a simple
demodulation process. P(t) is real-time VER power; P is the average signal
power obtained by averaging P(t) for T sec; P2 iS the second moment of P(t),
used in calculating the variance of P(t).

Data analysts
We have found, in accord with previous results, that the primary change in the

e.e.g. resulting from a grating pattern stimulus is the generation ofa nearly sinusoidal
signal with frequency twice the stimulating frequency (Campbell & Maffei, 1970;
Cobb, Morton & Ettlinger, 1967; Perry, Childers & Falgout, 1972). To determine the
magnitude of the steady-state evoked response at this second harmonic frequency,
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we measured signal power using two techniques. For the first method, a digital com-
puter is used to sample the e.e.g., compute a discrete Fourier transform from the
samples, and calculate a power spectral density function from the transform. The
spectral function is graphed by an X-Y recorder to show how the signal power of the
e.e.g. is distributed in the frequency domain, and the size of the VER component is
readily obtained from the graph. Because this method is not convenient for routine
on-line measurements, we used it primarily to confirm results obtained by the second
method, synchronized filtering.
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Fig. 2. Calibration of the synchronous filter. The effective band width of
the filter is obtained by sweeping a sinusoid of constant amplitude through
a range of frequencies and recording the output, P(t). In A this output is
expressed as relative gain, i.e. the ratio of average output over T sec for
frequency, f, over average output at twice the stimulation frequency (2f0).
On the frequency axis (abscissa), half-power bandwidth (1Hz) is equivalent
to about 1 cycle/deg. In B and C, outputs for sinusoids of various ampli-
tudes are given. These data show that the system accurately measures
first (C) and second (B) moments of real-time evoked response.

For the second technique, the synchronous (phase-locked) filter shown in Fig. 1
was designed to measure VER power in a standard way (Regan, 1966). With this
system, the e.e.g. signal is multiplied by a sine wave and cosine wave with frequencies
of twice the stimulus modulation frequency. The average values of the products are
found by low-pass filtering and they are then squared and added to give a real-time
measure of VER power, P(t). This signal is integrated over time T (typically 30 to
60 see) to obtain P', the measure of average VER power used for the results we
present below. To facilitate comparison with other results, we have computed for
some data values of VP, i.e. the r.m.s. amplitude. The synchronous filter was cali-
brated by applying sinusoids, of known power to the apparatus. Bandwidth was
measured by sweeping a sinusoid of constant amplitude through a small range of
frequencies and the calibration results are shown in Fig. 2.
With this filtering procedure, we can estimate confidence bounds on the measure-
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ment of average VER power in two ways. First, the second statistical moment of
P(t), P2 is computed. This gives a direct estimate since Var (P) = P2- (P)2. The
second estimate assumes that the evoked response for our stimulus configuration is
a narrow-band Gaussian random process. In this case, P has a X-squared distribution.
Both methods indicate s.E. of the order of 15 per cent.
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Fig. 3. The, evoked responses for a normal subject, L.T., who viewed a grating
target of fixed contrast 0-65 and variable spatial frequency. Evoked
potential power is obtained by spectral analysis using a digital computer
(filled circles) and by synchronous filtering (open circles) using the circuit
shown in Fig. 1. Noise level for the synchronous filtering procedure was
measured while the subject viewed a blank screen and it is indicated by the
rectangle, N.

RESULTS

Normal spatial frequency response functions
Fig. 3 shows VER power for a peak grating contrast of 0-65 as a function

of spatial frequency for a typical non-astigmatic subject. The two sets of
data represent measurements by spectral analysis' and synchronized
filtering. In this graph and the ones that follow, the rectangle denoted N
represents an estimate of the noise power of the e.e.g. in the range of the
filter's passband. The height of the rectangle is the output of the syn-
chronized filter for a control experiment in which the subject viewed a
blank screen, i.e. a grating with zero contrast. As the graph shows, results
for the two measurement techniques are in accord. It is also clear that the
size of the evoked response to a grating varies with spatial frequency and
in this case there is a peak at 4 cycles/deg.
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In previous work, it has been found'that the relation between log con-
trast and evoked potential amplitude for a given spatial frequency is
approximately linear (Campbell & Maffei, 1970). Using this linear relation,
Campbell & Maffei extrapolated suprathreshold VER values to find con-
trast for zero amplitude VER. Close agreement was found with correspond-
ing psychophysically determined contrast threshold data. But apparently,
there also would have been close agreement between psychophysical data
and suprathreshold VER amplitude for a given target contrast. This
follows from the Campbell & Maffei finding that regression lines for evoked
response amplitude as a function of log contrast have a nearly constant
slope for several spatial frequencies and target orientations. So the inter-
cepts on the contrast axis differ only by a scaling factor, the common slope
of the regression lines, from VER amplitude at a given value of contrast.
This accounts for the congruence of the shapes of threshold and supra-
threshold VER functions of spatial frequency. We thus have a basis, if
psychophysically determined contrast thresholds coincide with extra-
polated VER 'thresholds', to compare suprathreshold VER data with
threshold psychophysical results.

In Fig. 4, an example of this comparison is shown for the subject of
Fig. 3. VER amplitude and suprathreshold grating contrast (0.65) (A) and
psychophysical contrast sensitivities (reciprocals of thresholds) (B) are
given as functions of spatial frequency. Both sets of data show low and
high frequency attentuation and overall shapes are similar. This is a
typical result, but for some subjects little or no attenuation is found in the
low frequency region. Inter-subject variability in evoked potentials for
low spatial frequencies extending to zero cycles/deg (uniform luminance
field) has been found in other experiments (Padmos, Haayman & Spek-
reijse, 1973). At present, we cannot explain this finding and it certainly
warrants further investigation.
A final observation about the data in Fig. 4 concerns orientation. It has

been shown that the psychophysical oblique effect, i.e. reduced resolution
for obliquely oriented detail compared to horizontal and vertical orienta-
tions, has a counterpart in the VER. Evoked potential amplitude for an
oblique grating stimulus is lower than that for a vertical or horizontal
grating (Maffei & Campbell, 1970; Freeman & Thibos, 1973). We have
extended this result in the present study by investigating orientation
differences over a range of spatial frequencies. The results shown in Fig.
4A, which have been confirmed in other normal subjects, indicate that the
oblique reduction in VER amplitude is more prominent at the higher
frequencies tested. A similar finding is apparent for the psychophysical
data of Fig. 4B.
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Fig. 4. Evoked response as a function of spatial frequency (A) is shown
along with contrast sensitivity data determined psychophysically (B) for
the same subject of Fig. 3. Three target orientations were used: vertical
(open circles), horizontal (filled circles) and oblique, 450 from horizontal
(open triangles). Evoked amplitudes are given (square roots of average
power) to facilitate comparison with the psychophysical data.

The influence of defocus
We are interested in the effect of target orientation on the visual evoked

potential for subjects who show a meridional resolution deficit (meri-
dional amblyopes). Since relatively small amounts of defocus can depress
the theoretical modulation transfer function significantly (Freeman &
Thibos, 1975), it is important to see how defocus influences the evoked
potential. We will then have an idea of magnitude for comparison with the
data for meridional amblyopes.
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Previous experiments have shown that evoked response is a function of
the eye's refractive state (Harter & White, 1968; IMillodot & Riggs, 1970).
The effect is demonstrated for the subject of Fig. 3 and the result is shown
in Fig. 5A. Gratings of several spatial frequencies were observed through
spherical lenses of 0, + 1, and +3 ID over the proper correction. The +1 and
+3 ID lenses reduce the evoked response, and as expected the reduction is
greater for the higher lens power. Also, higher frequencies are more affected.
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amount that each orientation is defocused. This effect is shown in Fig. 5B
for another subject who viewed a fixed vertical target through the cylin-
drical lens. For this subject the axis of the lens was rotated and target
contrast was adjusted to obtained near-threshold constant level evoked
potential for lens axis orientations of horizontal, oblique and vertical.
Target blur is greatest when the lens axis is vertical and correspondingly,
the highest target contrast is required for constant VER. These results
show that spherical and meridional defocus affects both threshold and
suprathreshold evoked potentials in a predictable way.
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Fig. 6. A, evoked response (open circles) and psychophysically determined
cut-off frequency (open squares) is shown for a meridional amblyope, A.D.
The evoked data is for a 6 cycles/deg target and normalized ordinate values
are used to facilitate comparison. B, evoked response is shown for another
meridional amblyope, P.G., for an 8 cycles/deg grating of several orienta-
tions. The abscissa shows the angle between the test target and the deficit
orientation. The correlation coefficient is 088.

Spatial frequency response functions for meridional amblyopes
Orientation differences. As mentioned above, evoked potentials for

horizontal and vertical orientations of a given target are about equal
and oblique orientations yield lower responses. However, for the meri-
dional amblyope, this oblique reduction is accompanied by a lowered VER
for the target orientation which yields poor acuity (Freeman & Thibos,
1973). This effect is only found in astigmats and the reduced sensitivity
always corresponds to the meridian which would be most defocused if
corrective lenses were not used. Fig. 6A shows orientation differences in
evoked responses to a 6 cycles/deg stimulus grating for a typical meridional
amblyope. Without correction, horizontal lines are blurred for this
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subject. Tests with optimal lens correction show that, in addition to the
oblique effect, responses to the horizontal grating are substantially reduced.
Sensitivity is on a normalized scale to facilitate comparison with the other
set of data, psychophysically determined cut-off frequencies for the
orientations shown. Similar orientation differences are evident for both
types of measurement.
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Fig. 7. Evoked potential-spatial frequency functions are shown for three
meridional amblyopes, C.M. (A), R.B. (B) and C.L. (C). Target contrast
is 0-65 and results for orientations of horizontal (open triangles) oblique
(open circles) and vertical (open squares) are indicated. Noise levels are
indicated by rectangles in the lower right corners.

Evoked responses to several target orientations are shown for another
meridional amblyope in Fig. 6B. Once again, VER power is higher with
increasing angular distance of the target from the deficit orientation.
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Although as Fig. 6A shows, this relation is not linear, a linear approxi-
mation can be used and it shows that the correlation between evoked
potential amplitude and angular distance from the reduced meridian is
very high (r = 0X88; significant at P = 0.01).

Spatial frequency differences. We have demonstrated that orientation
differences in evoked responses of meridional amblyopes parallel psycho-
physical results. Next, it is important to see if the relation holds across a
range of spatial frequencies in order to establish if the complete psycho-
physical finding is accounted for by evoked potential measurements.
Results for three meridional amblyopes are given in Fig. 7 where VER
power is shown for various stimulus grating spatial frequencies of 0-65
contrast.
The subject shown in Fig. 7A has reduced visual acuity for vertical

gratings and for nearly all the spatial frequencies tested there is a corre-
sponding reduction in evoked potential amplitude. The deficit is promi-
nent in the low frequency range including the lowest frequency tested,
0 5 cycles/deg. In Fig. 7B, the most severe deficit is shown. This subject
has poor resolution for horizontal gratings and, except for the lowest
frequency tested, there is also a considerable reduction in the VER at
various spatial frequencies for a horizontal grating stimulus. As with the
other meridional amblyopes, the subject of Fig. 7C has an orientational
acuity deficit, in this case for horizontal gratings. And once again, for most
spatial frequencies, the evoked responses are correspondingly reduced for
horizontal gratings.
These evoked potential results are parallel with psychophysical tests on

the same subjects (Freeman & Thibos, 1975). With few exceptions,
psychophysical contrast sensitivity differences at given spatial frequencies
are qualitatively expressed in evoked potential measurements. This re-
lation is shown in more detail for one other meridional amblyope in Fig. 8.
The subject here is of particular interest because her principal astigmatic
axes are oblique and acuity tests show maximum and minimum values for
grating orientations which match the astigmatic meridians. This difference
applies also to contrast sensitivity over nearly the entire range of spatial
frequencies tested, as shown in Fig. 8B. Evoked response data are shown
for the same subject in Fig. 8A. Following the suggestion that VER
amplitude is directly proportional to log contrast (Campbell & Maffei,
1970), we plot the square root of average VER power in the Figure. The
close similarity in spatial frequency functions between psychophysical
contrast sensitivity data and evoked responses is quite striking for this
subject. An important implication is that the spatial weighting functions
computed from psychophysical data in the preceding paper will approxi-
mate similar functions calculated from evoked response data. As a
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consequence, neurones having the asymmetrical receptive fields predicted
by these weighting functions must reside on the input side of evoked poten-
tial generators. Although there is inter-subject variability in the degree of
concordance between psychophysical and evoked potential spatial fre-
quency response functions, we conclude that the primary features of
meridional amblyopia are evident in the visual evoked potential.
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Fig. 8. Spatial frequency response functions are shown for a meridional
amblyope who has oblique astigmatism. Evoked responses are given in A
and psychophysical contrast sensitivity data are shown in B. Filled circles
represent the normal meridian and open circles are the results for the
orthogonal orientation.
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DISCUSSION

We confirm here that the visual evoked response to a continuously
modulated bar grating target in subjects with meridional amblyopia is
strongly dependent on orientation. The results extend related studies
(Freeman & Thibos, 1973; Fiorentini & Maffei, 1973) to include a range of
spatial frequencies. In general, the weakest evoked response occurs when
the target is oriented in the meridian which would be most defocused in
the absence of ophthalmic lenses. Evoked responses are largest for ortho-
gonally oriented targets. Meridional differences are usually more prominent
at the higher spatial frequencies but some subjects show pronounced
orientation effects for a 0 5 cycles/deg target. These features of evoked
responses in meridional amblyopes agree well with psychophysically de-
termined contrast sensitivity data for the same subjects. Since contrast
sensitivity values for the deficit meridian are definitely below normal, we
would expect analogous evoked amplitudes to be also lower than normal.
However, absolute values for evoked responses depend on so many
variables that we can only refer with certainty to relative differences.
There are indications, though, that the deficit target orientation results in
very low evoked amplitudes which sometimes approach the noise level
(Fig. 7B, for example).
The implications of these results depend on what is known about visual

evoked potentials. Evoked responses monitor activity at a point inter-
mediate to light transduction and perception. The primary VER generator
for patterned light stimulation appears to be visual cortex although there
remain some areas of dispute (Halliday & Michael, 1970; Jeffreys, 1971;
Rush & Driscoll, 1969). From experimental stimulation of selected areas of
visual field and known retinotopic projections to visual cortex, it has been
suggested that the major portion of the occipital signals is due to fovea
(Spekreijse, 1966; Rietveld, Tordior & Hagenouw, Lubbers & Spoor 1967;
Regan & Heron, 1969). Since orientation differences for meridional
amblyopes are evident in evoked potential data, we may imply that the
responsible physiological mechanisms reside in early visual pathways.

This work was supported by a grant from the National Eye Institute, U.S. Public
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