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Abstract-Visual evoked potentials (VEP’s) were obtained to grating stimuli modulated in phase at 
8 Hz. The amplitude of the VEP was linearly related to the length of a centrally-fixated grating up to a 
critical length value equivalent to 9-16 grating cycles, for a range of spatial frequencies; thereafter 
amplitude first decreased then increased with increasing length. VEP amplitude was proportional to log. 
contrast as well as to length, and the intercept of the regression line with the contrast axis coincided with 
the psvchophvsical threshold for gratings of different lengths. More sensitive measurements with low- 
con&& stim;li around threshold indicated that in this-range VEP amplitude is linearly related to 
contrast. and there is no threshold nonlinearity. The effects of visual tield location and adaptation on the 
VEP to gratings of different lengths and spatial frequencies were also studied. The relationship of these 
findings to psychophysical, single-cell and transient VEP data is discussed. 

INTRODUCTION 

A linear relationship between amplitude of visual 
evoked potentials and the logarithm of stimulus con- 
trast has been found in a variety of studies employing 
different techniques. Campbell and Maffei (1970) stud- 
ied relationships between the “steady-state” visual 
evoked potential and the contrast, spatial frequency 
and orientation of gratings. The amplitude of the 
evoked potential to sinusoidal gratings shifted in 
phase by 180” at 8 Hz was linearly related to the 
logarithm of the contrast of the stimulating grating, 
and the intercept of the extrapolated voltage/log con- 
trast function with the contrast axis predicted the ob- 
server’s psychophysical contrast threshold for gratings 
of all spatial frequencies. Campbell and Kulikowski 
(1972) confirmed these relationships using gratings 
which were switched on and off as well as gratings 
shifted in phase by I80 deg. Similar relationships have 
been obtained using narrowband phase-locked filter- 
ing of the evoked potential (Tyler et ul., l978), and for 
several components of transient visual evoked poten- 
tials to gratings (Kulikowski, 1977) and checker- 
boards (Regan, 1972; Spekreijse, 1977). 

In attempting to understand how the visual system 
detects patterns of contrast, one of the fundamental 
questions to be answered concerns the spatial extent 
of visual field subregions over which contrast is 
detected and the parameters of spatial summation 
within such subregions. It is possible that visual 
evoked potentials can give electrophysiological evi- 
dence for mechanisms of spatial integration which 
have been studied psychophysically (Kulikowski, 
1966; Howell and Hess, 1978; Wright, 1982). These 
studies showed that the psychophysical threshold for 
detecting a sinusoidal grating decreases initially with 
the square root of grating,length but at longer lengths 
the curve becomes more level, probably as a result of 

the fall in sensitivity with eccentricity in the visual 
field (Robson and Graham, 1981). The length at 
which the curve levels off has been called the critical 
length; it depends upon spatial frequency and has 
been estimated as equivalent to 7-16 grating cycles 
(Howell and Hess, 1981; Wright, 1982). It is possible 
that visual evoked potentials too would show similar 
effects. 

The aims of this study were to define the relation- 
ship between evoked potential amplitude and the spa- 
tial extent (length) of gratings. and to determine 
whether the established relationships between evoked 
potential amplitude, contrast, and psychophysical 
contrast threshold generalise over variations in grat- 
ing length. Adaptation of the evoked potential (Blake- 
more and Campbell, 1969; Mecacci and Spinelli, 
1976; Bodis-Wollner, 1972; Barber and Galloway, 
1979) inevitably occurs during the prolonged data col- 
lection times necessary in this type of study and so the 
time-course of adaptation of the evoked potential was 
measured. 

METHODS 

St in1ulus 

Gratings with sinusoidal luminance profiles were 
generated on a Tektronix 608 oscilloscope with a P31 
phosphor and linearised Z-axis by a microprocessor 
function generator, under computer control. The con- 
trast of the grating was modulated sinusoidally in 
counterphase at 8 Hz. Maximum contrast could be 
varied in steps of 1 dB by a switchable attenuator, and 
the space-averaged luminance of the grating remained 
constant throughout. The grating was at I50 cm from 
the observer, and had a maximum angular subtense of 
4deg. To vary the length of gratings, they were 
viewed through an aperture in the mask. The edges of 
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the aperture were “softened” by allowing tracing 
paper to overlap them by 1 mm (0.04 deg). in order to 
reduce the edge effects which appear at the boundary 
of a grating. Dimensions of the apertures were 
measured from the centre of the tracing paper over- 
lap. The masks were constructed of matt white paper 
and transversely illuminated by a circle of 16 tungsten 
filament green indicator bulbs. It was possible to 
obtain even illumination of the masks (outer diameter 
5 deg) and a good match to the mean luminance 
(100 cd/m’) and colour of the grating. The area sur- 
rounding the aperture masks was a 16 deg square of 
white card of approximately the same mean lumin- 
ance, and a somewhat lower ambient luminance was 
provided by tungsten room light. Viewing was bin- 
ocular throughout. with natural pupils, and normal 
accommodation. A chin and head rest were used to 
stabilise the head and eliminate EMG artefacts. Both 
authors served as subjects. 

Evoked potentials were recorded from 8 mm Ag! 
AgCl electrodes applied to the scalp vvith collodion; 
impedance was below 5 KR. Two bipolar electrode 
pairs were used: the first on the inion and 3 cm later- 
ally (electrodes I and 2): the second 3 cm above the 
inion and 3 cm laterally (electrodes 3 and 4). In pre- 
liminary studies it was found that signal/noise ratios 
were better for bipolar than monopolar recordings. 
and this is an important consideration when the very 
small potentials evoked by stimuli of small area. low 
contrast or high spatial frequency arc the object of 
study. Isolation of components from a single cortical 
area is however uncertain with a bipolar, steady-state 
technique. Signals were differentially amplified, and 
an earth electrode was placed on the forehead to min- 
imise EOG artifacts. EEGs were displayed on a Grass 
polygraph and monitored throughout the experiment 
to guard against long-term drifts in recording charac- 
teristics. After amplification, each EEG signal w as 
passed in parallel through a narrow band active filter 
(Barr-Stroud) (centre frequency 16 Hz, half-amplitude 
bandwidth 3 Hz) and through high and low pass fil- 
ters with corner frequencies of 3 and 30 Hz; the latter 
gave essentially similar results to the former but noise 
levels were greater. All four filtered EEGs were digi- 
tised by a North Star Horizon minicomputer fitted 
with 12 bit A:D converters and averaged using a 
specially developed software package. Artefact rejec- 
tion occurred when the voltage on either of the 
broad-bandpass recording channels exceeded a preset 
limit. Usually. 1024 responses were averaged for each 
data point; occasionally this gave insuthcient resolu- 
tion and responses from different experimental runs 
were summed. For analysis the average evoked re- 
sponse, which had a sinusoidal waveform at double 
the stimulus modulation frequency, was rectified and 
integrated: graphs of the integrated responses against 
stimulus condition were plotted automatically by 
computer, which also fitted regression lines where 

appropriate. The calibration of the amplitude axis in 
these computer plots is such that 1 /tV = 50 divisions, 
except Fig. 8 where I /tV = I20 divisions. In order to 
check for the absence of time-locked artefacts, control 
responses were recorded in each series with the sub- 

ject in his usual  position but with the grating fully 
attenuated. 

Contrast thresholds were determined using a 
method of constant stimuli. Six contrast levels in I dB 
steps around the estimated threshold were presented 
three times each in random order and the subject 
gave a “yes:no” response to indicate whether or not 
he could see the grating. Fully-attenuated (blank) 
stimuli were presented randomly on one in seven of 
the trials. but no false positive responses occurred. 
Threshold w as defined as the best estimate (to within 
I dB) of the 50”,, seeing level. The transition from 
loo”,, to o”,, detection occurred within 4 dB. 

RtCSl:L’l’S 

Masks were used having an aperture width of 3 deg 
and a height varying in logarithmic steps from 0.04 to 
2.X deg. Vertical gratings were fixated centrally 
through the aperture. which was placed 2 cm in front 
of the oscilloscope screen. Grating contrast was 
generally set at 25 dB above the psychophysical 
threshold for a given spatial frequency at the largest 
mask aperture. Preliminary data on contrast/response 
functions indicated that the visual evoked potential to 
8 Hz counterphase gratings does not saturate at these 
contrast levels. 

When plotted against log length (Fig. 1) the evoked 
potential amplitude increased in a positively-acceler- 
ating curve. Replotted on linear axes, or when the 
experiment was repeated using an equally-spaced 
series of grating lengths. (Fig. 2) it was found that the 
visual evoked potential&ngth relationship could be 
fitted by a straight line. The origin of the line was 
close to zero on the X- and Y-axes (this is to be 
expected, since a grating of zero length is no stimu- 
lus). This linear relationship was confirmed for both 
subjects and both bipolar electrode placements. at ;I 
number of spatial frequencies. and for lengths up to 
the equivalent of about ten grating cycles. 

The slope of the amplitude!length function varied 
with spatial frequency. Low, spatial frequencies gave 
larger slopes than high spatial frequencies (Fig. 2). 
Both the absolute and relative values of these slopes 
varied with electrode location. The goodness of tit as 
determined by least squares error was superior for I I  
linear relationship between evoked potential and 
length than for evoked potential vs square root or log 
length. It soon became apparent. however. that there 
were systematic departures from the linear trend, par- 
ticularly at longer lengths and higher spatial frequen- 



VEP amplitude, grating contrast and length 1391 

Log length, deg 

60.0 

F 

i’ 
I 

/ J 

o.l: 
0.00 1.00 

Log length, deg 

Fig. I. Evoked potential response amplitude as a function 
of the logarithm of grating length. (a) W = 2.7c/deg, 
0 = lOc/deg, (b) n = 4c/deg, 0 = 12 c/deg. Means of 
three separate determinations, 1024 sweeps each per data 

point. Vertical bars k I SE. Electrodes 3.4. Subject A.J. 

ties. These observations were therefore repeated with 
a display at 100 cm rather than 150 cm from the ob- 
server, to allow gratings up to 4 deg in length (and 
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Fig. 2. Evoked response amplitude as a function of grating 
length (linear plot). Electrodes 3,4. n = 3 c/deg, (r = 0.99; 
SE: Y = 2.7, X = 0.15); 0 = 12c/deg, (r = 0.85; SE: 
Y = 3.6, X = 0.51); l = Grating fully attenuated (SE: 

Y = 0.8). Subject A.J. 

width) to be presented. Length/response functions 
were measured twice at each of four different spatial 
frequencies. Each of the length-response functions was 
triphasic, with a fall in response following the initial 
rise as grating length increased, and a further increase 
in response following the “dip” in the curve. With the 
I2 c/deg grating, the dip was most pronounced, so 
that the response to a 2.3 deg grating was as small as 
that to a 0.04 deg grating. Furthermore, the positions 
of the peak and trough in the curve were shifted down 
the X-axis as spatial frequency was increased. 

In order to determine whether these variations were 
systematically related to spatial frequency, the data 
were plotted on log/log coordinates, and each curve 
was shifted along the X-axis so that length was 
expressed as a multiple of the size of one cycle of the 
grating. This is shown in Fig. 3, together with ad- 
ditional data for IOc/deg, and repeated observations 
at each spatial frequency. When plotted in this way, 
the initial peaks coincided at relative lengths of 9-16 
cycle periods. 

(2) Contrust/rrspon.wfurwtions: +ects of gruting length 

und relationship to psychophysical thresholds 

The amplitude of the visual evoked potential was 
proportional to the logarithm of stimulus contrast, 
and the intercept on the contrast axis was related to 
the psychophysical threshold (Fig. 4). This relation- 
ship between evoked potential and log contrast was 
confirmed at several spatial frequencies. For spatial 
frequencies above 4 c/deg the psychophysical 
threshold always fell within the standard error in the 
estimate of the intercept (given in the legend to Fig. 4 
as SE of X), but for lower spatial frequencies the 
intercept was consistently at a higher contrast than 
the threshold for detecting a grating. The noise level 
(response to a fully-attenuated grating) depends upon 
the number of sweeps averaged: for a standard block 
of 1024 sweeps noise levels between I and 5 amplitude 
units were obtained. 

There was an interaction between the slope of the 
contrast response function, spatial frequency and elec- 
trode location. For low spatial frequencies, the slope 
was similar for both electrode placements but at 
higher spatial frequencies, the slopes of the contrast/ 
response functions at the two electrode locations was 
dissimilar. In the experiment of Fig. 4 the maximum 
evoked potential amplitude for the 9c/deg grating 
was approximately double for the placement 3 cm 
above the inion than for the inion placement. Re- 
sponses from the two recording channels were, how- 
ever, highly correlated (r = 0.97); so that the differ- 
ence in amplitude may be related to a difference in 
disposition of the electrodes about a common source. 
Although the absolute and relative amplitudes of 
evoked potentials are affected by electrode placings 
the intercept of the log contrast/response function was 
more robust and electrode position was less critical. 

As noted above, a linear increase of evoked re- 
sponse amplitude with grating length occurred with 
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Fiy. 3. Length response functions at four spatial frequencies plotted on log log coordinates. The curves 
are transposed on the X-axis so that the length of the bars is expressed as a multiple of the size of one 
period of the sinusoidal grating at that spatial frequency. Mean background noise activity (grating 
blank) equals four amplitude units. Open and solid squares represent independent measurements per- 

formed on different days. Grating contrast = 0.3. Electrodes I.2 Subject A.J. 

IOU spatial frequency gratings, and for higher spatial 
frequencies up to a length equivalent to about IO 
cycles of the grating. Figure 5 shows the length!res- 
ponse functions obtained with 3 deg wide gratings of 
high, moderate and low contrast. The effect of 
increasing contrast was  to increase the slope of the 
length, response function. 

If the data are consistent, it must follow that the 
slope of the evoked potential amplitude,‘contrast func- 
tion varies with the length of the grating. Figure 6 
shows this to be the case. Contrast response functions 
were obtained for gratings of 3 and I I cideg with 
lengths of 0. I9 and I .9 deg. The psychophysical 
thresholds for the four gratings are shown by arrows 
on the X-axis. The slope of the contrast/response 
function increased markedly for increasing lengths. 

Similar effects of length upon contrast/response 
functions occurred both for gratings of low (below 
4c.deg) and high spatial frequency. Even where the 
lengths of gratings differed by a factor of IO, there was 
little change in the intercept of the voltage!‘log con- 
trast functions, whereas there were major changes in 
slope. Within the limits of experimental error (see 
legends for standard error in intercepts) these inter- 

cepts concided with the psychophysical threshold for 
gratings of high spatial frequency. but consistently 
exceeded the threshold for gratings of low spatial fre- 
quency. 

The evoked response to gratings at low levels of 
contrast was investigated. First. the contrast. to the 
nearest I dB, at which a grating of ;I given length WI S 

seen by the subject on 50”,, of presentations was de- 
termined using ;I method of constant stimuli. Then ; I  

range of I? contrasts was solccted such that the smal- 
lest contrast was below threshold for gratings of each 
length. and then increased in steps of 2 dB. Evoked 
responses were then obtained to this series of con- 
trasts at each of three different lengths. Five hundred 
and twelve sweeps were averaged for every contrast 
and length. then the whole series was repeated four 
times and the grand averages (2048 sweeps) of the 
evoked responses were obtained. 

Using this modified procedure. the inclusion of low 
contrast stimuli improved the tit between the zero 
volts intercept of the amplitude, log contrast function 
and the psychophysical thresholds (Fig. 7a). The same 
data points were plotted also on linear axes (Fig. 7b). 
Data for high-contrast stimuli were better described 
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Fig. 4. Evoked potential amplitude as a function of log 
contrast of a grating counterphase-modulated at 8 Hz. (a) 
9cideg: 0 = electrodes I,2 (r = 0.80; SE: Y = 2.1, 
X = 0.29); n = electrodes 3,4 (r = 0.97; SE: Y = 1.7, 
X = 0.12). (b) 4c.‘deg: 0 = electrodes 1,2 (r = 0.99; SE: 
Y = 1.2. X = 0.07); n = electrodes 3,4 (r = 0.95; SE: 
Y = 3.0, X = 0.16). Arrows indicate psychophysical 

thresholds. Subject M.W. 

by a logarithmic function (Fig. 6). On the contrary, 
for the low-contrast stimuli, the fit as measured by 
least squares error was better for the linear function 

Length, deg 

Fig. 5. Evoked potential amplitude as a function of grating 
length for gratings of different contrast. Spatial frequency 
= 2.6 c/deg. Electrodes 3.4. n = 0.5 (r = 0.97; SE: 
Y = 2.7, X = 0.24); 0 = 0.16 (r = 0.98; SE: Y = 3.7, 
X = 0.20); 0 = 0.04 (r = 0.75; SE: Y = 2.7, X = 0.63). 

Subject A.J. 

than for the logarithmic one (linear functions: 
r = 0.85, r = 0.90, r = 0.97; logarithmic functions: 
r = 0.74, r = 0.82, r = 0.90). On the linear plot each 
regression line intercepted threshold at a small but 
constant amplitude, whereas for the logarithmic plot 
there was no such consistent relationship. Further- 
more, the linear plot showed all three functions con- 
verging to zero amplitude at zero contrast, obviating 
the need to postulate any threshold-type nonlinearity 
in the evoked potential. 

This experiment was repeated with an increased 
number of averaged temporal cycles, in an attempt to 
reduce the scatter of data points about the regression 
line. The evoked potential to a 6c/deg grating was 
obtained at I2 contrast values. six above and six 
below the 50% detection level, with 2 dB steps. To 
average out long term drifts in responsiveness, the 
contrast level was changed every 8 sec. and many of 
these 8 set blocks were averaged together. To reduce 
adaptation, and for the comfort of the subject, the 
experiment was divided into eight sessions of 
1024 x I2 stimulus cycles, with at least I5 min breaks 
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Fig. 6. Evoked potential amplitude as a function of log 
contrast for gratings of different lengths, (a) Spatial fre- 
quency = 11 c/deg: n = 0.19deg (r = 0.68; SE: Y = 1.26, 
x = 0.35); 0 = 1.9deg (r = 0.96; SE: Y = 1.76. 
X = 0.13). (b) Spatial frequency = 3 c/deg: n = 0.19 deg 
(r = 0.77; SE: Y = 2.89, X = 0.30); 0 = 1.9deg (r = 0.97; 
SE: Y = 5.39, X = 0.12). Arrows indicate psychophysical 

thresholds. Electrodes 1,2. Subject A.J. 
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Fig. 7. (a) Evoked potential amplitude as a function of log 
contrast for stimuli close to the psychophysical threshold. 
Soatial freouencv = 4 cideg. l = 0.19 den (r = 0.74; SE: 
,’ = 2.56. . X =- 0.26); 0 = 0.72 deg (r = 0.82; SE: 
Y = 3.11. x = 0.22): n = 1.14deg (r = 0.90: SE: 
Y = 3.17. X = 0.17). (b) Same data plotted on a linear 
contrast axis. 0 = 0.19deg (r = 0.85: SE: Y = 2.0. 
x = 0.015): 0 = 0.72deg (r = 0.90: SE: Y = 2.5. 
x = 0.013); n = 1.14deg (r = 0.97: SE: 1’ = 1.6. 
.Y = 0.006). Arrows indicate psychophysical thresholds. 

Electrodes 1.2. Subject A.J. 

between sessions. A grand average of 8 192 temporal 
cycles was obtained each contrast level. The results 
are shown in Fig. 8, plotted on linear axes. The con- 
vergence of the function to zero volts at zero contrast 
was again apparent. Pooling data from two such con- 
trast series, it was found that even for the 6 contrast 
values below threshold, there was a significant corre- 
lation between response amplitude and contrast 
(r = 0.4; P < 0.02), confirming that no threshold non- 
linearity occurs in the evoked potential. 

Len&response functions were measured in upper, 
lower and central visual fields: that is with fixation 

held as constant as possible at either the bottom. 
centre or top of the mask aperture. Measurements 
were made at three spatial frequencies and the results 
are presented in Fig. 9. A linear function was obtained 
for all three field locations for the 3 c;‘deg grating. 
with a maximum slope for central fixation. Evoked 
potentials to stimuli in the upper field were smaller 
than those for lower field stimuli, which were nearly 
as large as those for central fixation. This difference in 
slope for upper and lower field stimuli is probably 
due to electrode configuration rather than reflecting 
any real difference in spatial summation between 
upper and lower visual fields. The length response 
functions for gratings of 6 or 8 c:deg show reductions 
in response for longer gratings for both central and 
eccentric fixation. These reductions occurred at 
shorter lengths for eccentric than for central stimuli. 
and the length which gave ;I maximum response was 
generally shorter for eccentric than central stimuli. 

There is evidence (Jeffries and Axford, 1972: Blum- 
hardt et crl.. 1978) that phase-alternating checker- 
boards confined to one hemitield give transient 
evoked potentials such that opposite hemifields yield 
responses of opposite polarity. Responses evoked 
from upper and lower fields might tend to cancel one 
another by electrical summation of volume-conducted 
responses at the recording electrode. This effect could 
conceivably account both for the decrease in response 
to longer gratings in our experiments, and the appar- 
ent lack of spatial summation for small gratings in the 
experiments of Campbell and Maffci (I 970). 

However comparison of the evoked potential to ;I 

grating in upper and laxer hemitields showed that the 
phase angle of the response differed by no more than 
15 deg. This should result in minimal electrical can- 
cellation of steady state responses from peripheral 
parts of the visual field. To confirm this we compared 
the result of adding together the amplitudes of the 
evoked potentials from upper and lower tields in two 
different ways. First. WC summed integrated amplitude 

Fig. 8. Evoked potential amplitude (I /IV = I20 divisions) 
as a function of contrast for stimuli above and below 
threshold. Grating length = 2.2 deg. spatial frequency = 
6c/deg. Arrow = psychophysical threshold. r = 0.94: SE: 

Y = 6.75. X = 0.0125. Electrodes 3.4. Subject M.W. 
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Fig. 9. Evoked potential amplitude as a function of grating 
length for gratings located in different parts of the visual 
field. Contrast = 0.3. n = 3 c/deg; 0 = 6c/deg; 
l = 8 c/deg. (a) Upper field. (b) Central field. (c) Lower 

field. Electrodes l,2. Subject A.J. 

values for each pair of evoked potentials to gratings 
of a given length; this sum is unaffected by the tem- 
poral phase of the responses. Second, we found the 
point-by-point sum of the evoked potentials them- 
selves and integrated the summed potential to obtain 
a second amplitude measure. The amplitude of the 
summed evoked potentials will depend on the relative 
phase of the responses. Only when the temporal phase 
of the responses is identical will the amplitude of the 
summed evoked potential equal the sum of the ampli- 
tudes of the paired evoked potentials. For responses 
180 deg out of phase, the amplitude of the summed 
evoked potential is the difference between the ampli- 
tudes of the paired evoked potentials. The difference 
between the two amplitude values increases with the 

80.0 F 
60.0 ‘\./’ \ . . . 
40.0 IL . 

\ 

. 

20.0 l -•\., 

Fig. 10. Lack of electrical cancellation between upper and 
lower field evoked responses. Sum of amplitudes of evoked 
potentials to stimuli located in upper and lower fields. 
n = 6 c/deg, 0 = 8 c/deg. Amplitude of algebraic sum of 
evoked potentials to stimuli located in upper and lower 
fields. 0 = 6 c/deg, 0 = 8 c/deg. Contrast = 0.3. Elec- 

trodes 1,2. Subject A.J. 

phase difference between the responses. The results 
are clear cut: the two sets of values were very close 
(Fig. IO) and consequently the fall-off in response in 
the parafoveal region is not due to electrical cancel- 
lation of responses at the electrode. 

(4) Aduptution 

Responses to successive blocks of stimuli are not 
necessarily independent, but may be subject to adap- 
tation effects (Blakemore and Campbell, 1969; Barber 
and Galloway, 1979). These effects are specific to 
spatial frequency and to orientation (Mecacci and 
Spinelli, 1976). 

In determining the relationship between visual 
evoked potential and contrast or length described 
above, one or more of the following approaches was 
used to minimise adaptation effects. 

(I) Successive blocks had spatial frequencies difler- 
ing by approximately 2 octaves, which is the limit for 
spatial frequency specific adaptation (Mecacci and 
Spinelli, 1976). 

(2) Fully-attenuated gratings with a duration equal 
to one stimulus block were inserted into series to per- 
mit recovery from adaptation. 

(3) The first two seconds of response to any stimu- 
lus was discarded since it is over this time period that 
the visual evoked potential changes most rapidly as a 
function of time (Barber and Galloway, 1979). 

(4) In contrast series, an ascending series was used, 
so that a stimulus of a given contrast was preceded by 
one of lower contrast. In length series, a longer grat- 
ing was preceded by a shorter grating. Since the 
amount of adaptation produced by a given stimulus 
increases with contrast and with length (see below), 
this order of presentation should minimise adaptation 



M. J. WKIGHT and A. JOHNSTO\ 

60.0 ‘0, 1 
. >-. . 

. l --, ’ 
‘i-. 

.*. 
40.0 . .e 

l . ’ 

13 
-$C-~__a 

20.0 -‘o-~--_-O 0 0 ?s-u-L_ 
----___ 

---- . 

.--. 
‘. 

. . n -. , .-m-‘-m . . 
. 

/ 11 1 I1 / I, 11 / 11 1 
0 5.00 10.00 15.00 20.00 

Stimulus block no. 

Fig. I I. Evoked potential amplitude as a function of time 
for constant gratings. Duration of each stimulus block = 
2 min 8 set; interval between blocks = 30 set (grating fully 
attenuated between blocks). Spatial frequency = 2.7 c’deg. 
l = 2.7deg (r = -0.77. SE: Y = 5.9): 0 = 1.14deg 
(r = -0.72. SE: Y = 2.5); n = 0.38 deg (r = 0.43 (NS) SE: 
Y = I .4). Arrow = response to 2.7 deg grating following 30 

min recovery. Electrodes 3,4. Subject A.J. 

effects upon stimuli which produce weak responses. In 
some experiments, ascending and descending series of 
stimuli were compared. 

(5) A recovery interval of at least 30 set was pro- 
vided between blocks of stimuli (including blanks at 
mean luminance) and a recovery interval of at least 
30 min was provided between successive series of 
stimuli. 

Adaptation effects were also estimated directly. 
Figure I I shows the response to successive blocks 
(1024 presentations. X Hz) of the same stimulus. Each 
block was  separated by ; I  recovery period of 3Osec 
during wlhich ;I blank screen of average luminance 
was viewed. The first 2 set of the evoked responses to 
each stimulus block was discarded. It is likely. there- 
fore. that any adaptation effects seen reflect predomi- 
nantly ;I slow phase (Rose and Lowe. 1982) of adap- 
tation. Adaptation was more mnrkcd for long gratings 
than for short (Fig. I I ). The decline in response 
amplitude was not steady but exhibited a “uaxing 
and \vaning” effect which has been observed in pre- 
vious studies (Perry and Copenhaver, 1965: Laurian 
and Gaillard. 1976). 

Stronger adaptation was  produced by high contrast 
than by low contrast gratings but even a low contrast 
grating produced some adaptation. The response to a 
grating of contrast 0.3 was smaller when preceded by 
a grating of contrast 0.045 than when preceded by a 
fully attenuated grating (Fig. 12) (t = 4. P < 0.01). 

It was clear from these experiments that a smooth 
process of adaptation did not account for all the 
variability in the magnitude of evoked responses. Rc- 
sponses to successive blocks of the same stimulus 

varied in a seemingly random fashion over 21 consider- 
able range. This variability occurred equally in both 
conventionally-filtered, broad bandpass responses and 
narrow bandpass (active filter) responses. 

If the variability were simply due to ; I  residue ol 
background noise which had not been removed hi 
filtering and averaging. then it should be independent 
of the absolute amplitude of the evoked response, and 
equal to the noise level recorded with a blank screen 
of average luminance. In other w,ords, noise from the 
EEG should be additive. It is clear that. on the con- 
traq. variability in visual evoked potential amplitude 
is in part multiplicative: it increases with the size of 
the cvokcd potential (see for example Fig. I). 

I)Is(‘t SSIO\ 

These experiments shon that the amplitude of the 
evoked potential increases initiall) in linear fashion 
with the length of gratings of constant contrast. The 
gain of the amplitude length function is inverse]) 
related to spatial frequency over the range 3 -16 c deg. 
A linear regression provides a good fit to much of the 
data. but deviations from ;I linear function occur aftcr 
a length value which varies systematically with spatial 
frequency. and also with eccentric versus central fixa- 
tion. 

Our evoked potentials probably reflect the activity 
of diverse populations of visual cortical cell-types. An 
approximately linear increase in response with length 
from zero is a very general property of visual neur- 
ones in cat and monkey (Bodis-Wollner ot trl.. 1976: 
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Fig. I?. Evoked potentlnl amplitude a> ii function of time 
and preceding contrast for a 2.7 c deg grating. counterpha- 
se-modulated at X Hz. Each data point = response to 1024 
stimulus repetitions (2 min 8 set). Intervul between stimulus 
blocks = I min. 0 = Response to grating of contrast = 0.3 
when previous block w’as a fully-attenuated gratmg. 
0 = Response to ;I grating of contrast = 0.3 when pre- 
vious block was ;I grating of contrast = 0.045. 0 = Res- 
ponse to a grating of contrast = 0.045 (previous block con- 
trast = 0.3). n = Baseline noise level (response with grat- 

ing fully attenuated). Electrode 3.4: subject A.J. 
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Schiller et ul., 1976). Over small lengths (typical values 
from these single-cell studies studies suggest a sum- 
mation length for cortical receptive fields equal to 
four cycles of an optimum grating) this might lead us 
to expect length/response functions for evoked poten- 
tials to be linear also. However, this would not take 
into account the fact that as a grating becomes larger 
it will stimulate not only more of a given receptive 
field, but a greater number of receptive fields. 

Since the ratio of numbers of striate cortical cells to 
retinal area (the cortical magnification factor) de- 
creases approximately logarithmically with distance 
from the fovea (Drasdo, 1977), it is perhaps surprising 
that our evoked potential shows a linear rather than 
logarithmic relationship with grating length. Even 
though all our stimuli were confined to the fovea1 and 
parafoveal region, some effect of magnification factor 
should be discernible within this range. Tyler et (II. 
(1980) also found that fovea1 stimuli produced smaller 
bipolar, steady state VEP’s to 12 Hz counterphase 
gratings than predicted from the cortical magnifica- 
tion factor. However, in a study using monopolar 
evoked potentials to small, phase-reversing checker- 
board patches, Meredith and Celesia (1982) obtained 
results consistent with cortical magnification over the 
central 4deg of the visual field. They found that the 
smallest size of patch required to evoke a detectable 
response varied with retinal eccentricity. The size of 
the patch was that estimated (from published values 
of the cortical magnification factor) to activate an 
equivalent amount of cortex at each eccentricity. It 
may be that relative amplitudes of fovea1 and extra- 
fovea1 contributions to the evoked potential are 
strongly affected by electrode configuration. Another 
unexpected feature of the VEP amplitude/length func- 
tion in our study was the presence of a dip or de- 
crease in amplitude beyond an optimum length. This 
might be related to end-inhibition in hypercomplex 
cortical cell receptive fields (Schiller et (I/., 1976). but 
other explanations are possible. Although we ruled 
out electrical cancellation of steady state evoked 
potentials from upper and lower parts of the grating, 
some more complex interaction might occur for 
instance between electrical components of striate and 
extrastriate origin (Drasdo, 1980). Topographic 
studies with transient. monopolar evoked potential 
techniques may elucidate these phenomena. 

Certain systematic features of our length versus 
VEP amplitude function may be related to retinal in- 
homogeneity. A critical length is found, for each spa- 
tial frequency, beyond which evoked potential ampli- 
tude shows little or no net increase. The optimum 
stimulus length occurs when a centrally-fixated grat- 
ing is 9- I6 times as long as one cycle for every spatial 
frequency (Fig. 3). It is known that transient VEP’s to 
checkerboards with small checks decrease more 
rapidly with eccentricity than VEP’s to checkerboards 
with large checks (Harter, 1970). and Tyler er uI. 
(1980) report a similar finding for steady state VEP’s 
to extrafoveal gratings of different spatial frequency; 

amplitudes of responses to high spatial frequencies 
decrease more rapidly with eccentricity than re- 
sponses to lower spatial frequencies. Thus as length of 
a grating of medium to high spatial frequency is incre- 
mented, eventually the ends of the grating will 
encroach a region of the parafovea which contributes 
little or nothing to the evoked potential, and the in- 
crease in amplitude with length must diminish or 
cease. This region will be closer to the fovea for 
stimuli of high than lower spatial frequency. Conse- 
quently the VEP critical length will be shorter for 
higher than for lower spatial frequencies. Fixation of 
the upper or lower border of the grating results in a 
shorter length for maximum VEP amplitude (Fig. 9), 
and this would be explicable by the fact that an eccen- 
trically-fixated grating extends further into the per- 
ipheral visual field than a centrally-fixated one. The 
critical length values in the VEP and psychophysical 
contrast sensitivity are quantitatively similar (Howell 
and Hess, 1978; Robson and Graham, 1981; Wright, 
1982) and may thus both be related to variation in the 
sensitivity to different spatial frequencies with dis- 
tance from the fovea. 

Consideration of the effects of grating contrast on 
the visual evoked potential indicates further similari- 
ties with psychophysics. The voltage/log contrast re- 
lationship was linear, and predicted the psychophysi- 
cal threshold when extrapolated to zero volts. Over a 
considerable range, the slope of the voltage/log con- 
trast function increased with increasing length. The 
relationship remained linear, and whereas the inter- 
cept changed rather little, it continued to predict the 
changed psychophysical threshold within the limits of 
experimental error, and was similar for both electrode 
pairs. The relationship between the extrapolated volt- 
age/log contrast curve and psychophysical threshold 
therefore appears to be very general. 

Data obtained with low contrast gratings alone 
were better fitted by a linear contrast function than a 
logarithmic one. Linear contrast functions for grat- 
ings of differing lengths intercepted the u-axis close to 
zero but had differing slopes. This suggests that there 
is no threshold non-linearity in the visual evoked 
potential and that threshold is associated with a small 
evoked potential amplitude, a conclusion consistent 
with the findings of Kulikowski (1977). Because the 
contrast/response function for a short grating has a 
shallower slope than that for a long grating, more 
contrast will be needed for a short grating to reach 
this small amplitude than a long grating. On the 
assumption that the same neural mechanisms detect 
the long and short grating, this mechanism could 
generate contrast sensitivities which increase as a 
negatively-accelerating function of length (Howell and 
Hess, 1978; Wright, 1982). 

This analysis implies that psychophysical threshold 
is related to the amount of stimulus-determined 
neural activity which can be distinguished from 
intrinsic noise (Tanner and Swets. 1954) rather than 
with the presence or absence of an evoked potential. 
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and that the amplitude of the evoked potential de- 
creases to zero volts only at zero contrast. Intrinsic 
noise refers not to the uncorrelated EEG activity or 
residual noise levels in averaged evoked potential. but 
to the noise level in a detection channel. The detec- 
tion channels may be single neurones which discharge 
only when incoming neural activity (reflected in the 
evoked potential) exceeds a threshold. 

Recent measurements of the contrast, response 
functions of single cells in cat visual cortex (Dean, 
1981) indicate a similarity with our evoked potential 
results, since the response is linearly related to con- 
trast over the lower range. A logarithmic relationship 
describes responses to a higher range of contrasts 
wjhere response compression occurs. The existence of 
a threshold nonlinearity in single cell responses 
(Dean. 198 1) would not necessarily imply an equival- 
ent threshold nonlinearity in the evoked potential if. 
as seems probable. the latter retlects changes in 
graded membrane potentials of neural elements rather 
than action potentials themselves (Mitzdorf and 
Singer, 197X). 

The slope of voltagejlog contrast functions was not 
independent of grating length. but varied with length 
in ;I manner predictable from the voltage!length func- 
tion for gratings at constant contrast. Similarly, the 
gain of voltage/length functions increased with con- 
trast in a predictable way. This reciprocity is evidence 
that mechanisms detecting long and short gratings 
respond to contrast in ;I similar way. 

In the adaptation experiments I grating with con- 
stant orientation. spatial and temporal frequency. 
length and contrast was presented in successive 
12X SK blocks interspersed with 3Osec blank inter- 
vals. There M;IS ;i general tendency for responses to 
successive blocks to diminish. and both increased 
contrast and increased length hastened adaptation. 
There was also substantial variability which was con- 
trast and length dependent and which cannot be 
accounted for in terms of background noise. Pre- 
viously the evoked potential has been round to adapt 
in ;I regular fashion showing spatial frequency specific 
adaptation and orientation specific adaptation (Blake. 
more and (‘ampbell. 1969. Meccacci and Spinelli. 
1976). Transient evoked potential components also 
she\\ adaptation (Ochs and Aminoff. 1980; Smith and 
Jcffreys. 1978; Barber and Galloway. 1979). 

Bodinger (1978) has shown that psychophysical 
contrast sensitivity to gratings measured after 1 min 
adaptation has not fully recovered even with a 5 min 
interval before testing. In an experiment in which sub- 
jects received five periods of 1 min of adaptation fol- 
lowed by I min in which threshold was tracked. Rose 
and Lowe ( 1982) found ;I successive decrease in the 
recovery of contrast sensitivity in each tracking 
period. Between testing sessions there was a residual 
effect of adaptation. 

Regardless of whether two functions describe recov- 
ery from adaptation or whether one power function is 
sufficient (Bodinger. 1978: Rose and Loue. 1982) 

there is an initial quick recovery from adaptation and 
a residual effect of long persistence. The regression 
lines for the high contrast stimuli in Fig. I I probably 
reflect the electrophysiological counterpart to this 
slow phase of adaptation. 
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