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Abstract

This study investigates the receptive-field structure of mechanisms operating in human color vision, by
recording visual evoked potentials (VEPs) to multiharmonic gratings modulated either in luminance or color
(red-green). Varying the Fourier phase of the harmonics from 0 deg to 90 deg produced a family of
stimulus profiles that varied from lines to edges. The stimuli were contrast reversed to elicit steady-state
VEPS, and also randomly jittered (at a higher temporal frequency than the contrast reversal) to ensure that
the evoked response resulted from the polarity reversal, rather than from local variation of luminance or
color. Reliable VEPs were recorded from both luminance and chromatic stimuli at all phases, suggesting
that the mechanisms sensitive to chromatic contrast and those sensitive to luminance contrast have both
symmetric and asymmetric receptive fields. Contrast thresholds estimated by extrapolation of the contrast
response curves were very similar to psychophysical thresholds for phase discrimination, suggesting that the
VEP response is generated by mechanisms mediating phase discrimination. The results support the idea that
human color mechanisms have receptive fields with a variety of spatial symmetries (including odd- and
even-symmetric fields) and that these mechanisms may contribute to phase discrimination of chromatic
stimuli in a similar way to what has been suggested for luminance vision.
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Introduction

Most theories of early visual analysis assume edges and lines
to be rich sources of information. Given the biological impor-
tance of these features, it is plausible that a specialized neuro-
nal machinery has evolved to detect and analyze them. Lines
and edges can be detected with maximal efficiency by opera-
tors whose symmetry is matched to that of the features (Canny,
1986): for edge detection the operators should be odd-symmetric
and for line detection should be even-symmetric. Expressing
the same concept in Fourier terms, the phase spectra of the
impulse response function of the line detector should be 0 deg
or 180 deg, and that of the edge detector +90 deg.

In their original studies of cat and monkey cortex, Hubel
and Wiesel (1962,1968) described both odd-symmetric (dipha-
sic) and even-symmetric (triphasic) receptive fields. More recent
studies also report two major classes of receptive fields with
even- and odd-symmetry (Pollen & Ronner, 1981, Kulikowski
& Bishop, 1981) although other studies suggest that there also
exist receptive fields of intermediate phases or symmetries (Field
& Tolhurst, 1986; Jones & Palmer, 1987; Hamilton et al., 1989).
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However, all researchers agree that there exist at least two types
of receptive fields with different phases.

Psychophysical studies reinforce this evidence. A variety of
techniques, including adaptation, masking, subthreshold sum-
mation (Kulikowski & King-Smith, 1973), and phase discrimina-
tion (Field & Nachmias, 1984) have demonstrated the existence
of at least two classes of receptive fields. The clearest evidence
is the facilitation study of Burr et al. (1989), pointing to the exis-
tence of only two classes of operators, with even- and odd-
symmetry, for foveal vision and suggesting that these detectors
are functionally independent at threshold.

All of the studies mentioned so far have been concerned with
lines and edges defined by changes in luminance. However,
luminance contrast is not the only source of spatial informa-
tion in a visual image. Another rich source of information is
provided by color. Both psychophysical and electrophysiolog-
ical evidence suggests that color is processed by specialized
detectors with chromatically opponent receptive fields. Most
electrophysiological studies assume them to be circularly sym-
metric and hence even-symmetric (Livingstone & Hubel, 1984),
although other reports suggest that odd-symmetrical receptive
fields may also exist in monkey visual cortex (Michael, 1978a-c;
Thorell et al., 1984).

Recently, an electrophysiological technique has been devel-
oped to demonstrate the existence and to study edge-specific
mechanisms in humans (Burr et al., 1992). The technique was
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to record visual evoked potentials (VEPs) in response to coun-
terphased sawtooth gratings that were “jittered” randomly from
frame-to-frame. The random jitter ensures that the response is
not generated by changes in local luminance, but must reflect
the activity of detectors with asymmetric receptive fields. Here
we apply a similar technique to chromatic stimuli to investigate
whether there exist chromatically opponent mechanisms with
receptive fields of various spatial symmetries.

Methods

Stimuli

The stimuli for our experiments were red-green multiharmonic
one-dimensional horizontal gratings. The patterns were gener-
ated by a 12-bit waveform generator (Cambridge Research VSG,
UK), and displayed on the face of a color monitor (Barco CDCT
6551), by modulating only the red and green guns. The peak
spectral response for the red phosphor was at 628 nm (CIE coor-
dinates: x = 0.618, y = 0.35) and that of the green phosphor
531 nm (CIE coordinates x = 0.28, y = 0.605). To minimize stim-
ulation of short-wavelength cones, the stimuli were viewed
through a Kodak Wratten filter (L 16) which heavily attenuates
wavelengths below 520 nm. Viewed through the filter, the CIE
coordinates for the red were x = 0.651, y = 0.348 and for the
green x = 0.403, y = 0.59, with average luminance of 17 cd/m?.
The visible screen was 40 cm wide and 20 cm high, subtending
20 x 10 deg when viewed from 115 cm, except for two experi-
mental sessions where the visible screen was progressively re-
duced with circular masks of variable diameters.

The Fourier expansion of the stimuli is given by the sum of
all even and odd harmonics, with amplitude inversely propor-
tional to frequency. The stimulus can be expressed as the sum
of red and green luminance profiles [R(x, y,¢) and G (x, y,)]
given by

R(x,y,t) = rLo{l + 0.5(m/x)

x >, [cos(2nf,kx + ¢)/kG(k)]]
x
(1
G(x,y,t)=(1 - r)Lo{l - S50.5(m/w)

x 2 [cos(2mfkx + ¢)/kG(k)]}
k

L, is the total mean luminance (17 cd/m?), r the color ratio
(ratio of red-to-total luminance: R/(R + G), m amplitude of
modulation, f; spatial frequency of the fundamental harmonic
and ¢ the Fourier phase. S = +1: when positive the red and
green patterns are out-of-phase, and when negative they are in-
phase. The luminance modulation could either be red-black
(r =1), green-black (r=0), or yellow-black (r=0.5S = -1).
The function G(k) given by

G(k) = exp(—k*/(20%)) @

was used to blur the waveforms (to minimize chromatic aber-
ration). Except where stated otherwise, the space constant ¢ =
10 cycles/period. The parameter ¢ determined the appearance
of the stimuli, illustrated in Fig. 1. When ¢ =0 deg or 180 deg,
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the stimulus appeared as a series of thin lines of the same polar-
ity or color (Fig. 1, top profile), and when equal to +90 deg
as a sawtooth waveform (Fig. 1, third profile from top). For
intermediate values the stimuli appeared as a combination of
edge and line patterns (Fig. 1, second and fourth profiles). Note
again that all these waveforms have the same amplitude spec-
tra shown in Fig. 1B for a value of ¢ = 10 cycles/period.

The contrast for all stimuli was defined as the square-root
of the stimulus variance divided by the mean. This definition
of contrast depends only on the power spectrum of the stimu-
lus, not on the phase (see for example Burr et al., 1989), allow-
ing for a direct comparison between stimuli of all phases. Note
that with the particular Gaussian filter used in this study [eqn.
(2)], the peak-to-mean amplitude of the waveform (determin-
ing Michaelson contrast) varied by more than a factor of two
between sawtooths and lines.

The responses of the long- and medium-wavelength cones
to the stimuli used in this study [eqn. (1)] are readily calculated
from the CIE values of the oscilloscope phosphor and human
cone fundamentals (Smith & Pokorny, 1975). These calculations
show that L cones do not modulate at color-ratio r = 0.43, M
cones do not modulate at » = 0.68, and S cones do not module
at r = 0.83 (points of silent substitution). For » = 0.5, the re-
sponse amplitude of L and M cones is equal and opposite and
the M and L cone contrasts are attenuated by a factor of 2.7
and 7.7, respectively.

To elicit VEPs, the gratings were reversed abruptly in con-
trast (phase-shifted by 180 deg) periodically at a fixed temporal
frequency, causing the bar or sawtooth waveforms to alternate
periodically in polarity. There were two conditions of contrast
reversal, illustrated schematically in Figs. 1C and 1D for the saw-
tooth stimulus. The temporal sequence in Fig. 1C illustrates
the condition that we refer to as “steady,” where the stimulus
remained fixed in position for each frame, and reversed in con-
trast every n frames (three in this example). In this condition,
the local luminance at each spatial position modulated period-
ically, similarly to the standard stimulus used for steady-state
VEP studies to pattern stimuli (except that the luminance or
chromaticity distribution is sawtooth instead of sinusoidal or
checkerboard). The panel in Fig. 1D illustrates the “jittered”
condition, designed to eliminate the synchronized fluctuations
of local luminance or chromaticity. In addition to the periodic
counterphase, the stimulus was moved to a new random posi-
tion (chosen from a uniform random distribution) at a rate of
at least four times that of fundamental temporal frequency
(twice that of the contrast-reversal frequency). The random “jit-
ter” causes random luminance fluctuations at every spatial posi-
tion and, as contrast reversal does not affect the randomness
of the luminance distributions at each spatial position, any VEPs
recorded from this jittered condition cannot result from local
changes, and must therefore be generated by the alternation in
stimulus polarity. In the following sections, the fundamental
frequency of the contrast temporal modulation is simply referred
to as temporal frequency and is measured in Hertz (cycles/s).

VEP recording

EEGs were recorded with surface electrodes (O,, C,, with
Earth halfway between), preamplified 500-fold, filtered between
1-100 Hz, reamplified a further 100-fold, and connected to the
A/D input (12 bits, AS-1 Cambridge Research System, Kent,
UK) of a PC computer for real-time analysis. The computer
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averaged the EEG in synchrony with stimulus contrast rever-
sal, and calculated the amplitude and phase of the harmonics
of the average signals by discrete Fourier analysis. To estimate
background noise and artifacts, the computer also averaged on-
line the EEG at a frequency 10% higher than the stimulation
frequency (asynchronous noise), and calculated the amplitude
and phase of the Fourier components of this average. Poten-
tials whose amplitude were the same value of the background
noise were considered unreliable. As an independent measure
of reliability, we calculated the amplitude and phase of the sec-
ond harmonic of individual “packets” of 40 sums, and derived
an estimate of standard error from the two-dimensional scat-
ter in amplitude and phase of the 40-sum packets (Victor &
Mast, 1991). For details of the VEP recording techniques, see
Morrone et al. (1993).

Five subjects with normal or well-corrected acuity and nor-
mal color vision (assessed by Ishihara tests) participated in these
experiments. Visual evoked potentials were measured as func-
tion of color ratio, contrast, spatial phase, temporal frequency,
spatial blur [o of eqn. (2)], spatial frequency, and size of the
stimulation field. For each subject the equiluminance point
[r of eqn. (1)] was assessed independently by standard flicker
photometry, and was always between 0.48 and 0.54. A total of
48 recording sessions were performed and in each recording ses-
sion at least two complete sets of curves for the steady and the
jittered condition were recorded. No major differences were
observed between subjects. The results obtained as function of
spatial blur, spatial frequency, and size of the viewing field will
not be reported in detail for brevity of exposition.

i

105

Fig. 1. A,B: Examples of the spatial profiles of the
stimuli synthesized from egn. (1) for four different
values of the parameter ¢. The amplitude spectrum of
the stimuli is shown in B. Note that the profile for
¢ = 45 deg and ¢ = —45 deg are mirror symmetric.
C,D: Schematic illustration of the display sequences of
the stimulus. The sketches illustrate six consecutive tem-
poral presentations for the steady (C) and jittered (D)
conditions. In the steady condition, the stimulus re-
mained in the same position while reversing in contrast
periodically. In the jittered condition, it was moved
to a new position at regular intervals, causing the lu-
minance or the color at each spatial location to fluctuate
randomly.

Psychophysical thresholds

Thresholds were measured by a two-alternative-forced-choice
procedure. For detection thresholds, the stimulus was presented
in one of two successive intervals (each marked by a tone), which
the observers had to identify by pressing the appropriate
response buttons. The presentation was curtailed within a Gauss-
ian envelope of time constant 400 ms, lasting 4 s in total. The
contrast of the stimulus varied according to the QUEST (Wat-
son & Pelli, 1983) procedure, which estimated threshold after
each trial and placed the contrast of the following trial near the
new estimate. For the discrimination thresholds, one interval
contained a jittered bar or edge stimulus reversing in contrast
or color at the appropriate temporal frequency, the other inter-
val a jittered stimulus that alternated between a bar and an edge
pattern at the same frequency. The subject had to determine
in which interval the alternating from bar to edge stimulus was
present. Four independent estimates of threshold were taken and
the average reported.

Results

Previous work (Burr et al., 1992) has shown that sawtooth grat-
ings that are jittered in space and periodically reversed in lumi-
nance contrast elicit a VEP response modulated in synchrony
with the rate of inversion of polarity. Here we replicate this find-
ing and extend it to color.

Fig. 2E shows an example of such a response to stimuli of
luminance contrast, over two periods of modulation (four rever-
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Fig. 2. Examples of VEPs from one subject (MCM) in response to edges (A, E, C, and G) and to bars (B, D, F, and H) for
yellow-black luminance and red-green equiluminance stimuli (color ratio: r = 0.5). The first two rows show the VEP for the
jittered condition, and the last two rows for the steady condition. The thick line shows the total average accumulated over two
periods of stimulation (four reversals), and the thin line the average at an asynchronous frequency of 1.1 times the reversal fre-
quency. Each dot of the polar plots shows the individual partial 40-sum response (note that the scale changes for the various
polar plots). Temporal frequency of reversal was 6 Hz, jitter frequency 24 Hz, and fundamental spatial frequency 0.7 cycles/deg
(14 cycles/screen). The power contrast for the equiluminant stimuli was 26%, for the luminance stimuli 7.3%. The panel in [
shows the lack of response to a jittered stimulus (high contrast edges) so heavily filtered (¢ = 0.1) as to resemble a sinusoidal
grating. The amplitude, S/N, and ratio to the total power for the second harmonic modulation for the various records are:

Amplitude (uV)

0.34 £ 0.08
0.83 + 0.09
1.8 £ 0.05
1.5+0.2
0.5 £ 0.07
0.37 £ 0.07
2.3+0.1
1.8 +£0.2
0.07 + 0.09

—TTnOoOTmmooOw)»

S/N Power ratio (%)
11 80
11 46
21 78
9.2 63
9 61
7 40
30 88
10 71
1.1 2

The Hotelling 72 test reveals that the second-harmonic signal in A was significantly different from the response to the jittered

sinusoidal grating in I (P = 0.010).

sals of contrast) at 6 Hz. As in the previous study, the bulk of
the response occurred mainly at the second harmonic. The traces
show four humps clearly distinct from the level of noise (thin
line) evaluated from the asynchronous averaging of the EEG
signal. A further indication of the reliability of the response is
given by the polar plot to the right of the averaged traces, show-
ing the amplitude and phase of the second harmonic of each
partial (40-sum) average (see Methods). The degree to which the
partial sums fall together is an indication of dispersion of the

signal, and this can be used to estimate the error associated with
the estimation of amplitude and phase (see Victor & Mast, 1991),

Reliable VEP responses can also be recorded from equilumi-
nant jittered sawtooth stimuli (Fig. 2A), although the ampli-
tudes are somewhat smaller. To be certain that the signal is
reliable, and does not arise from artifact, we also measured
VEPs to a heavily blurred sawtooth (amplified to keep the same
peak-to-peak contrast). This stimulus was so blurred that there
were essentially no higher harmonics that could give informa-
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tion about edge polarity. The response is shown in Fig. 21. Note
that the amplitude modulation is extremely low and that the indi-
vidual packets span all of the four quadrants, producing an over-
all sum indistinguishable from noise.

The technique introduced by Burr et al. (1992) to study edge-
specific responses (with sawtooth waveforms) can be readily
extended to study bar-specific responses (with bar stimuli). The
bars of this study had the same amplitude spectrum as the saw-
tooths (one the Hilbert transform of the other: see Fig. 1B). An
example of responses to bar stimuli is reported in Figs. 2B and
in 2F for stimuli of chromatic (equiluminant) and luminance
contrast, respectively. As before the response is predominantly
at the second harmonic. For stimuli of luminance contrast, the
response to the bars is of similar amplitude to that to the saw-
tooth. For stimuli modulated in color, the bar response was
twice that of the edge response. However, the phase of the bar
response was very similar to that of the edge response, but both
were clearly different from that for luminance contrast. This
was a general finding and will be pursued more quantitatively
later.

Figs. 2C, 2D, 2G, and 2H show the responses obtained
when the same spatial stimuli were simply reversed in contrast
(“steady” condition). As it is typically observed for standard
VEPs (Fiorentini et al., 1991; Zemon et al., 1991; Morrone
et al., 1993), the response phases for equiluminant stimuli were

ZA 1.0C

amplitude (uV)
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lagged compared with those for luminance modulation, in both
the steady and jittered condition. However, all phases in the
jitter condition are further shifted anticlockwise by about /4
compared with the steady condition.

Color ratio

The dependence of the VEP response on color and luminance
contrast can be studied by measuring the amplitude and phase
of the response as a function of color ratio [r of eqn. (1) and
indicated in the figures as R/(R + G)). Fig. 3 shows the re-
sponses to edges and Fig. 4 the responses to bars, both for the
same subject and the same temporal frequency (6 Hz). The two
extreme points [R/(R + G) = 0 or 1] represent the response
to stimuli of luminance contrast (green-black or red-black,
respectively), and the central point the response to chromatic
contrast [R/(R + G) = 0.5], corresponding to psychophysical
equiluminance measured by standard flicker fusion photometry.
Stimuli of intermediate color ratios contain various amounts
of luminance and chromatic contrast.

The results obtained with the steady condition (Figs. 3A and
3B, Figs. 4A and 4B) show that the VEP amplitudes were larg-
est for pure luminance contrast stimuli, and smallest for inter-
mediate color ratios around 0.3 and 0.7, with a secondary peak
at color ratio r = 0.5. The phases of the response also varied
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Fig. 3. Responses to edges reversed in polarity at the fundamental frequency of 6 Hz (12 reversal/s and 24 jitters/s), as a function
of color ratio [R/(R + G) = r of eqn. (1)] for MCM. The power contrast of the stimulus was 60%. Color ratios of 0 and |
represent pure luminance green-black or red-black stimuli and a color ratio of 0.5 corresponds to the equiluminance point
assessed by flicker photometry. The amplitude and phase of the second-harmonic modulation are shown in A and B for the
steady condition, and in C and D for the jittered condition. E and F show the fourth-harmonic response, corresponding to the
fundamental jitter frequency. Note that the position of the phases in F, near equiluminance, have been shifted by 27 to con-
form to the results in Fig. 4F. The dotted line shows the amplitude of the noise estimated by averaging at 1.1 times the reversal
frequency. The stars show the amplitude and phase to a randomly jittering sinusoidal grating, which should evoke no polarity

response.
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Fig. 4. Responses to bars reversed in polarity at 6 Hz as a function of color ratio for the subject MCM. The power contrast

was 27%. Other conventions are as in Fig. 3.

systematically and symmetrically from the pure luminance to
the pure chromatic contrast, being lagged by 27/3-7/2 at equi-
luminance.

In the jitter condition (Figs. 3C and 3D, Figs. 4C and 4D),
where the response should be generated by edge-specific and bar-
specific mechanisms (see Discussion), the response was also sym-
metrical about the equiluminant point, but here the amplitude
was greater to color contrast than that to luminance contrast.
Phases decreased steadily to a minimum at equiluminance, by
a similar amount to that of the steady condition. If the phase
difference is expressed as a difference in apparent latencies, the
response to chromatic stimuli lags that to luminance stimuli by
35 ms, similar to the steady condition. However, the phases of
both luminance and color of jittered condition are lagged with
respect to the steady response, implying longer latencies.

Perhaps the most interesting aspect of Figs. 3 and 4 is the
similarity of the responses to edges and to bars. The only dif-
ference is a slightly lower amplitude to the purely chromatic
edges compared with purely chromatic bars in the jitter con-
dition.

The color ratio to produce equiluminance for these subjects
was 0.5 (measured by standard flicker fusion photometry), a
value that corresponds well to the point of symmetry of the
amplitude and phase curves. However, from the jitter results
one can obtain a simultaneous estimate of equiluminance by
measuring the response synchronized to the random jitter fre-
quency. The jitter is at a high temporal frequency (24 jumps/s
in this case), where the contribution of the color response should
be weak (Kelly 1974; Burr & Morrone, 1993). The panels E and
F of Figs. 3 and 4 show the amplitude and phases of the response
at the jitter frequency. The amplitude plummeted to zero at psy-
chophysical equiluminance (color ratio 0.5), with a sharp min-

imum in phase at nearby color ratios. This confirms that the
point of symmetry and maximum amplitude of the response to
edge or bar polarity inversion do correspond to the point of equi-
luminance, measured simultaneously for the same EEG signal.

Response curves as those shown in Figs. 3 and 4 were re-
corded for four subjects, and although the data varied some-
what in overall amplitude and overall phase offset from one
subject to another, the general pattern of results (symmetric
curves around the equiluminance point, maximum amplitude,
and phase lag at equiluminance) were confirmed in all subjects.
In one subject, the same experiment was repeated while restrict-
ing stimulated visual field to circles of 10 deg or 5 deg, yielding
very similar results.

Dependence of responses on spatial phase of the stimulus

The edge and bar stimuli were synthesized from the same eqn.
(1) with different values of the spatial phase of the stimulus:
¢ = 0 defines a bar and ¢ = 90 deg (or v/2) an edge. Varying
¢ between these two extremes generates a family of waveforms
that can be considered to be a weighted sum of an edge and a
bar. We recorded responses to stimuli of various spatial phases,
keeping all of the other parameters constant. Fig. 5 shows the
results of two subjects (PG: A and B; MCM: C and D), for lumi-
nance modulation (yellow-black, r = 0.5), color modulation
(red-green, r = 0.5), steady and jittered conditions. To com-
pare the response to chromatic contrast with that to luminance
contrast, one should consider that the effective cone modula-
tion produced by an equiluminant stimulus is less than that for
luminance contrast, because of the overlap of the cone spec-
tral functions. To allow for this, we reduced the contrast of the
luminance stimuli for one subject (MCM) by a factor of 3.5 to
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Fig. 5. Second-harmonic responses as a function of
stimulus spatial phase [¢ of eqn. (1)] for two subjects
PG (top four panels) and MCM (bottom four panels).
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4 Data for chromatic contrast are on the left column,
for luminance contrast on the right column. The filled
symbols show the response to jittered stimuli and the
open symbols to steady stimuli. A Fourier phase of
0 deg defines a bar, 90 deg an edge. The reversal tem-
poral frequency was 6 Hz, the jitter frequency 24 Hz,
and color ratio 0.5 for both subjects. The power con-
trast was 26% for all stimuli except for panel D where
it was 7.2%. The dotted line and stars are estimates
of the noise, as in previous figures. The response am-
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equate for cone contrast (rms cone contrast scaling factor 0.28,
M cone contrast factor 0.37, L cone contrast factor 0.13). For
the other observer (PG), the contrasts for both luminance and
color were left at the maximal realizable value (26%).

Consider first the data for the jittered condition. For lumi-
nance stimuli, the response was practically independent of spa-
tial phase. However, for the chromatic stimuli, the response to
edges (¢ = 90 deg) was lower than for the bars, and changed
smoothly between the two at intermediate Fourier phases. Al-
though the VEPs to chromatic stimuli of ¢ = 90 deg have low
amplitude, the potentials were still highly reliable with S/N ratio
higher than 7. The phases of the responses were constant under
all conditions, indicating that the apparent delay was indepen-
dent of the spatial phase of the stimulus.

For the steady condition, the response to luminance stimuli
was again constant. The trend for chromatic stimuli was oppo-
site to that of the jittered condition, with the response to bars
being slightly lower than that to edges. The amplitude to lumi-
nance stimuli of subject PG was lower than for MCM, proba-
bly because of response saturation at the higher contrast.

phase (nrad)

60 90 plitudes to 90 deg equiluminant stimuli in A and C are
small, but highly significant with S/N ratio greater

than 7.

Note the difference in phase between steady and jittered con-
ditions and between the color and luminance contrast responses.
Both differences are stable for the various stimuli and subjects,
although more pronounced for PG, probably because of the
higher contrast used for this subject for the luminance stimuli.
It is unlikely that the difference in effective contrast of cone
signals could explain this result, as the phase differences between
chromatic and luminance contrast stimuli were also observed
with subject MCM, where the cone contrast was equated for
the two conditions.

Contrast response

The results so far show that at equiluminance it is possible to
record responses specific to edge and bar polarity in the jitter
condition, although the response to edges was always of lower
amplitude. This may indicate a lower sensitivity to chromatic
edges, or perhaps lower response gain. We explore these two
possibilities by measuring the response to edge and bars as a
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function of contrast on three subjects. Fig. 6 shows a typical
example of the pattern of the results,

All of the contrast response curves in the steady condition
were very similar to those obtained for sinusoidal gratings at
similar temporal frequencies (Fiorentini et al., 1991; Morrone
et al., 1993) with amplitude decreasing more steeply for chro-
matic than for luminance contrast. The phases of both curves
decreased steadily with decreasing contrast. For both luminance
and chromatic stimuli, the contrast response curves to bar and
edge were practically superimposed, despite the fact that the
Michaelson contrast of the two patterns differed by about a fac-
tor of 2 for these stimuli. This suggests that the VEP response
is directly related to the overall power (perhaps to the local
energy: Morrone & Burr, 1988) of the stimuli, rather than to
local Michaelson contrast.

The chromatic contrast response curves can be approximated
by linear regression on semilogarithmic plots (up to response
saturation). Extrapolation of the regression line to zero ampli-
tude provides an estimate of threshold, that is usually in good
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agreement with the psychophysical estimate. The agreement
holds for all range of stimulus temporal frequency, including
very low frequency (lower than 1.5 Hz) that are unable to elicit
reliable luminance contrast response (Fiorentini et al., 1991).
The results of Fig. 6 show that similar results occurred with saw-
tooth and bar waveforms. The psychophysical detection thresh-
olds (indicated by arrows) agree closely with the estimates
obtained by extrapolation of VEP amplitudes to chromatic con-
trast (for detail of regression see figure caption). It is impor-
tant to note that despite the relatively high temporal frequency
used (6 Hz), the subject perceived the stimuli to be colored at
detection threshold, suggesting that the threshold is mediated
by chromatic opponent mechanisms (see Discussion).

The luminance contrast response curves usually have a more
complex shape, comprising two or more different limbs with
different slopes, often separated by local minima. The different
limbs have been interpreted as reflecting activity of separate
visual mechanisms, the magno and parvo pathways (Nakayama
& Mackeben, 1982). For ramp and bar stimuli, the two limbs

® bars
O edges

Fig. 6. Contrast response curves to bars (filled circles)
and edges (open circles) reversed in luminance contrast
(right) and in color contrast (left) at 6 Hz for subject
MCM. Fundamental spatial frequency 0.7 cycles/deg,
color ratio 0.5. The arrows show the psychophysical de-
tection (C,D) and discrimination (A, B) thresholds (aver-
age of 4 Quest estimates). The straight lines are the best
linear fit of the amplitude data negatively weighted with
the S.E. of the amplitude estimate. Points near the noise
level and those after response saturation were not used for
the fit (but left in the figure). The short dashed lines join
the phases of unreliable VEP (whose amplitude are equal
to the background noise amplitude, shown by the dotted
curves). The estimated threshold for the extrapolated
VEP amplitude and the psychophysical measurements
were:

phase (n rad)

01 1
contrast (%)

o
o

Excluded
points
Stimulus ¥ VEP contrast (%)
A edge 29 2.6 (x04LU) none
A bar 29 4(x0.2LU) 6,9
B edge 0.62 1.5 (+0.155LU) 18,30
B bar 0.62 1(x0.2LU) 3.3,16,18
o C edge 2.0 2.7 (x0.04LU) 2.3,26,33
10 C bar 2.1 1.7 (£0.14LU) 3,30
D edge 0.26 0.26 (+£0.07LU) 0.26,24
D bar 0.23  0.36 (+0.15LU) none
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are present in the response curves (Fig. 6D). However, they are
not so clearly separated as in other conditions to allow a sepa-
rate fitting for the estimation of contrast thresholds. When all
of the data from the two limbs (except the saturated response
at the highest edge contrast) were pooled together, the fitted
linear curves still extrapolated very near to the psychophysical
detection thresholds.

The pattern of results are basically the same for jittered lumi-
nance stimuli. There were no appreciable differences between
the response to edges and/or bars at any contrast, and both
extrapolate to a similar value (although there is some error asso-
ciated with the extrapolation thresholds). With the jittered chro-
matic stimuli, the amplitudes to both bars and edges decreased
linearly with contrast, but the response to the bar had higher
gain. That is to say, the amplitude of response increased with
contrast more rapidly than to the edge. Despite the difference
in slope of the response curves, however, both curves extrapo-
lated to a similar contrast, suggesting similar thresholds. The
arrows in Figs. 6A and 6B show the psychophysical thresholds
for discriminating a bar from an edge stimulus, when jittered
and reversed at 6 Hz. Note that these discrimination thresholds
agree reasonably well with the extrapolation of VEP data in all
cases, and is particularly good for the stimuli modulated in
color, suggesting a correlation between the bar- and/or edge-
specific VEP signals and the phase-discrimination ability of the
visual system.

Temporal frequency

The VEP response to chromatic stimuli is stronger at low than
high temporal frequencies for sinusoidal temporal modulation
(Fiorentini et al., 1991). Unfortunately, it was not possible to
measure very low temporal frequencies with the jitter technique,
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since each reversal is necessarily abrupt therefore eliciting a tran-
sient type of response. The range of temporal frequencies
between 5 and 6 Hz were chosen to be sufficiently low to elicit
a strong chromatic contrast response while being high enough
to avoid a spurious response to the third and higher harmonics
of the abrupt polarity reversal (that should occur around 15-
18 Hz, well above the optimal range for VEPs). However, to
be certain that the results were not specific for the conditions
reported here, we measured polarity-specific VEPs at several
temporal frequencies, over at least a limited range.

Fig. 7 shows the response as a function of color ratio mea-
sured at 3.8 Hz for edges in the steady (A) and jitter conditions
(B) for subject FR. At this temporal frequency, the relative
response amplitude to stimuli modulated in luminance and color
is different than at 6 Hz, but the curves as function of color
ratio are still symmetrical about the equiluminance point. At
equiluminance there is a local amplitude maximum in the jit-
tered condition, and a lag in phase of about 7/3 with respect
to the luminance condition, corresponding to an apparent delay
of about 22 ms.

Fig. 8 shows responses to bar stimuli reversed at the same rate
(3.8 Hz) in the jitter condition for the same subject. Figs. 8A
and 8C plot second-harmonic amplitude and phase, while Figs. 8B
and 8D show the first-harmonic response. Fig. 8E shows the
average VEP trace for two temporal periods of the equilumi-
nant stimulus, with the corresponding polar plots for first (F)
and second harmonic (G). It is obvious that at this temporal
frequency much of the signal power is at the first harmonic,
both for luminance and chromatic stimuli. The reliability of the
first harmonic at equiluminance is shown by the clustering of
the partial-sum packets of Fig. 8G. The presence of the first
harmonic in the response to bars is not surprising given that the
second-order statistics of the stimulus varies with bar polarity
(which does not occur for the ramps: Victor, 1985; Victor &
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Zemon, 1985). However, this does not affect the basic pattern
of results for the second harmonic.

We were also able to record edge- and bar-specific responses
at higher temporal frequencies, up to 9 Hz, and at temporal fre-
quencies as low as 2 Hz (results not shown). However, at low
frequencies (lower than 3.5 Hz) much of the power of the sig-
nal comes from the fourth and higher harmonics (that often
coincide with the jitter frequency), so the analysis becomes com-
plicated. Despite all of the technical constraints, we were able
to replicate the basic results over a reasonably wide range of
temporal frequencies, indicating that the effects were not pecu-
liar to 6 Hz.

Discussion

We have demonstrated that reliable VEPs can be recorded in
response to changes in the polarity of edge and bar modulation
of both luminance and color contrast. The random jitter of the
stimulus synchronized at a higher frequency than the reversal
frequency ensured that the VEPs were generated by edge or line
reversal, rather than by changes in local luminance or color.

1.0
. i
*
L]
Ll
L]
Fig. 8. Amplitude and phase of the first (B,D) and
second-harmonic (A,C) components of the response
. to jittered bars as a function of color ratio for the sub-
L . ject FR. Polarity reversal 3.8 Hz; jitter frequency 30.4
] Hz. Power contrast: 30%. The panel in E shows an
_.:'_‘ example of a VEP trace for the color ratio of 0.5 ac-
* cumulated over two periods of stimulation. Panels F
. and G show polar plots of partial averages for first

and second harmonics, respectively.

The previous paper of Burr et al. (1992) discussed in detail
how the VEP response to jittered ramp stimuli provides evidence
for the existence of asymmetrical receptive fields. For the chro-
matic signal the reasoning is essentially the same. An equilumi-
nant red-green ramp stimulus (a series of chromatic edges of
the same sign) excites all types of chromatically opponent units,
independently of the symmetry of their receptive fields. When
the stimulus reverses in color contrast, all of these units will
change their response. However, units with even-symmetric
receptive fields will produce a mirror symmetrical response, pre-
serving the parity of the input. Those units could therefore not
contribute to the synchronized response, as the firing pattern
does not change with the contrast alternation. If all chromatic
neurons had even-symmetrical receptive fields, the VEP re-
sponse to the ramp stimulus would not be modulated over time.
Given that the response was strong and reliable over a large
range of contrasts and other stimulus parameters, we must con-
clude that there exist chromatically opponent units with recep-
tive fields that are not even-symmetric. A similar reasoning can
be applied to the bar stimuli (showing that all units are not per-
fectly odd-symmetric) and to all of the other spatial phases. If
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only one class of receptive field existed with a specific phase
spectrum, one would expect a null in the amplitude response
for stimuli of certain spatial phases. However, the response as
a function of stimulus phase varied by less than a factor of 2
in amplitude and was constant in phase for both luminance and
chromatic stimuli, suggesting the existence of at least two dif-
ferent types of neurons with different phase spectra.

The exact type of symmetry of these neurons cannot be
derived directly from the present data, nor can we be certain
that there do not exist more than two types. For stimuli modu-
lated in luminance, psychophysical experiments suggest the exis-
tence of mechanism with only even- and odd-field symmetry,
at least for central vision. However, for peripheral stimuli, there
appear to exist a range of field symmetries (Burr et al., 1989;
Morrone et al., 1989). Similarly, electrophysiological studies
have reported a range of receptive-field symmetries in the cat
and monkey visual cortex (Field & Tolhurst, 1986; Hamilton
et al., 1989). For color mechanisms, it is reasonable to assume
the existence of chromatically opponent cells with even-sym-
metric receptive fields, given the ample evidence for these types
of neurons from electrophysiological studies of primary and sec-
ondary visual cortex in monkey (Hubel & Wiesel, 1968; Living-
stone & Hubel, 1984; T’so & Gilbert, 1988; Lennie et al., 1990).
The lack of orientation selectivity of many cortical color oppo-
nent neurons is further evidence for receptive fields with even
symmetry. On the other hand, very few studies have reported
chromatically opponent cells with odd-symmetrical receptive
fields (Michael, 1978a-c; Thorell et al. 1984), suggesting that
they may be outnumbered by those with even-symmetric recep-
tive fields. The greater response to the bar than to the edge stim-
uli, the gradual decrease of the response from the bar to the
edge (Fig. 5), and the higher gain of the chromatic contrast
response curve for the bar stimulus (Fig. 6) are all consistent
with this suggestion. However, the similarity between the chro-
matic contrast sensitivity to bars and edges, evaluated by the
extrapolation technique of the contrast response curves, would
suggest that both even- and odd-symmetric receptive fields have
similar sensitivity. Contrast thresholds are an index of the sen-
sitivity of the mechanism, not of the overall numbers of units
comprising the mechanism.

Contrast reversal of the bar pattern (but not the edge pat-
tern) induces a change in the second-order statistics of the stim-
ulus. Therefore, at least for luminance contrast, it is possible
that the response could be generated by local nonlinearities that
selectively amplify the response of one particular polarity (such
as compressive luminance gain mechanisms) and hence not
necessarily generated by mechanisms with particular symme-
try. However, the data do not support this idea. The second-
harmonic responses to jitter stimuli of all spatial phases were
very similar both in amplitude and phase. Sawtooth and bar
stimuli produced the same response for very low contrasts near
the psychophysical discrimination threshold, reinforcing the sug-
gestion that the responses to both stimuli arise from a subset
of receptive fields with appropriate field symmetries. When the
alternation rate was slower than 4 Hz, a first-harmonic com-
ponent became apparent in the response. This component may
arise from the different statistics of the pattern and to asym-
metries in the ON and OFF pathways as it has been advocated
by Zemon et al. (1988). Interestingly, the first-harmonic mod-
ulation also occurred for equiluminant stimuli and by analogy
could be associated with asymmetry between the red and green
center-opponent receptive field. However, this possibility should

113

be viewed with some caution, given the recent psychophysical
evidence for lack of asymmetry between the two populations
of chromatic detectors, at least at threshold (De Marco et al.,
1994).

The responses to the steady condition (Figs. 3 and 4) show
many of the characteristics of the steady-state VEP to luminance
and equiluminance sinusoidal gratings (Regan, 1973; Fioren-
tini et al., 1991; Morrone et al., 1993). For both VEPs and
PERGs, amplitude curves tend to be symmetrical as a function
of color ratio with a maximum or a minimum near the equi-
luminant point. The amplitude curves often have a W shape,
with local minima flanking the maximum at equiluminance
(Kulikowski et al., 1991; Morrone et al., 1993, 19944,b). Pre-
vious studies have shown that this dependence on color ratio
cannot be explained by chromatic units that linearly subtract
the cone signals, such as L — M or S — (L + M). However, the
responses to intermediate color-ratio stimuli can be well pre-
dicted by decomposing the physical stimulus into its luminance
and chromatic contrast components and considering the sepa-
rate VEP response to these components (for details see Mor-
rone et al., 1993, 19944,b; Morrone & Bedarida, 1995). The
amplitude minima straddling the equiluminant point can be pre-
dicted by vector summation of the response to luminance and
chromatic contrast, which are out-of-phase at these points. The
result shows that the VEP response is strongly related to chro-
matic contrast and is not influenced by the average chromatic-
ity of the stimulus,

Previous studies have suggested that the VEP response to
contrast-reversed equiluminant stimuli reflects many of the
properties of chromatically opponent units, over a wide range
of stimulus parameters (Zemon et al., 1991; Fiorentini et al.,
1991), although other stimulation paradigms may be equally
effective (Murray et al., 1987). Nevertheless, some caution is
still urged in interpreting VEPs to chromatic modulation. It is
now clear from the electrophysiological literature that a reliable
response of the magno cellular pathway can be elicited from
equiluminant stimuli, both at retinal and cortical levels (Schiller
& Colby, 1983; Lee et al., 1989; Saito et al., 1989; Gegenfurt-
ner et al., 1994). This response is particularly strong at tempo-
ral frequencies around 10 Hz. It is therefore conceivable that
the response to the jittered edge stimulus in equiluminance could
be generated by achromatic units of the magno pathways. How-
ever, this interpretation is not supported by many results re-
ported here. Although the magno pathway may respond at
equiluminance, it does not convey any psychophysically useful
information about the color of the stimulus (Merigan, 1991;
Merigan & Mausell, 1993). For the psychophysical measure-
ments reported here, subjects had to use color information to
discriminate between a jittered bar and edge at equiluminance,
and these psychophysical thresholds could be well predicted by
extrapolating the VEP amplitude curves. The phases of the
response to equiluminant bars and edges were always equal to
each other, and quite different from the phase of the responses
to stimuli modulated in luminance (even after equating for effec-
tive cone contrast). The response to jittered edge had local max-
ima at the equiluminant point, difficult to explain with a single
population of M-type neurons that respond less vigorously to
color than to luminance. Similar conclusions can be derived
from the W-shape color-ratio response curves. It is hard to imag-
ine how a spurious response from the achromatic magno path-
ways could produce these consistent results.

The amplitude of the VEP response to jittered stimuli of var-
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ious contrasts extrapolates to values near the psychophysical
threshold, with a particular good agreement for the equilumi-
nant measurements. Note this is not a detection threshold but
a discrimination threshold: the minimum contrast to distinguish
a jittering series of lines from a jittering series of edges. The
stimuli at this contrast, two to three times detection threshold,
were all clearly visible and the judgment for the equiluminant
patterns were based on the clearly visible spatial distribution of
color. To our knowledge this is the first example of a VEP curve
predicting discrimination performance. The good agreement
of the prediction indicates that the recorded signal may be
tapping those specific mechanisms that mediate spatial phase-
discrimination tasks. Furthermore, the fact that the ratio be-
tween detection and discrimination thresholds was the same for
the luminance and the equiluminance patterns suggests that
phase discrimination for chromatic stimuli should be as good
as for luminance stimuli. Measurements from our laboratory
show that this is indeed the case, provided that multiharmonic
stimuli are employed and that the contrasts of the luminance
and chromatic stimuli are equated for detectability (Martini
et al., 1993; Girard et al., 1993). .

The second-harmonic component of the response to the
“steady” (standard) condition was insensitive to the spatial
phases of the stimulus: bars, edges, and weighted combinations
of them eliciting the same second-harmonic response. In other
words, stimuli that have the same overall spatio-temporal power
produced the same VEP response, irrespective of its spatial pro-
file. One way for this to occur would be for neuronal mecha-
nisms to compute a “local energy function” of the input by
squaring and summing the output of quasilinear units with
odd- and even-symmetric receptive fields (Morrone & Burr,
1988). A model of this type would predict the same response
for all of the family of stimuli used in this paper in the steady
condition and also predict the same psychophysical thresholds
for these stimuli. The present VEP data reinforces the idea that
the generator of counterphase VEPs could be associated with the
second-order nonlinearity of the “/ocal energy units.” For the
luminance system, many cortical units, such as the complex cell
types, have property suitable to perform a local energy trans-
formation. For the color system such units have not yet been
described, but the present data would imply that they should
exist.

One major difficulty in studying color vision is the possibil-
ity of artefactual responses arising from chromatic aberrations.
The stimuli used here are broadband in spatial frequency, com-
prising harmonic components of up to 10 cycles/deg, that could
be subject to chromatic aberration (Flitcroft, 1989). To mini-
mize the problem, we blurred the stimuli with a Gaussian filter
that heavily attenuated the contrast of the higher harmonics.
Further consideration of the results rules out almost completely
the likelihood of interference by chromatic aberrations. The
response to steady-state stimulation produced very similar results
to those obtained using very low spatial-frequency equiluminant
sinusoidal gratings, that should be unaffected by chromatic
aberration (compare the figures of this paper with those of Mor-
rone et al., 1993; Fiorentini et al., 1991). In the jittered condi-
tion, we recorded simultaneously the response to the change of
polarity and to jitter frequency. At equiluminance, the response
to the reversal was maximum, while that to the jitter was absent,
virtually excluding the possibility that the equiluminant response
results from spurious luminance signals, that should be equally
strong in both cases.

P. Girard and M.C. Morrone

One important result is the phase lag of the chromatic
response compared with the luminance response, both for the
jittered and for the steady stimulation. The lag corresponds to
a delay of about 30-40 ms for both conditions. This result con-
firms the electrophysiological reports of Fiorentini et al. (1991)
and Regan and He (1993) that chromatic mechanisms have a
longer integration time than luminance mechanisms. The VEP
estimates also agree well with psychophysical demonstration of
differences in response time for luminance and color stimuli,
as estimated by reaction times (Nissen & Pokorny, 1977; Nis-
sen et al., 1979), judgment of apparent simultaneity (Bowen,
1981) and summation (Swanson et al., 1987; Burr & Morrone,
1993). The difference in VEP delay between the response to
stimuli modulated in color or luminance, on the other hand,
is about 10-20 ms longer than that measured at the retinal level
(Morrone et al., 1994a,b), indicating an involvement of thalamic
or cortical mechanism in the integration time.

The response to jitter stimulation is also lagged with respect
to the steady stimulation, by a similar amount for the color and
luminance stimuli. In integration time the difference corresponds
to about 20-30 ms, similar to that estimated by Burr et al. (1992).
As discussed in that paper, the delay could reflect either the
activity of a more sustained population of neurons generating
the polarity specific VEP, or the activity of generators at a sub-
sequent stage of visual processing. It is also interesting to note
that all VEPs elicited by change in the structure of the pattern
rather than change of local luminance have a latency that is usu-
ally longer than the characteristic 90-120 ms of transient pat-
tern reversal response (Victor & Zemon, 1985; Bach & Meigen,
1992). Recent experiments in our laboratory show that also the
latencies of orientation-specific VEPs (Braddick et al., 1986)
is similar to those measured for the edge-specific VEP and tex-
ture segregation VEP, of about 140 ms. Although it is not pos-
sible to be more specific about the site of the generator, the
longer latency and the agreement with the other studies indi-
cate a clear involvement of cortical processing in the generator
of the polarity-specific VEP, both for the color and the lumi-
nance response.

Having provided evidence for the existence of chromatically
opponent units with a variety of spatial symmetries (including
even- and odd-symmetrical receptive fields), it is reasonable to
speculate about the functional significance of such neuronal
machinery for color vision. Edges and bars are usually consid-
ered to be key features used to detect and perceive objects in
a visual scene. A recent model (Morrone & Burr, 1988) suggests
that feature detection can be achieved from the output of oper-
ators (mimicking human receptive fields) in quadrature phase.
Any two particular phase spectra could be used, either the stan-
dard even- and odd-symmetric receptive-field pairs, correspond-
ing to 0- and 90-deg phase spectrum, or any other phase spectra,
such as 45 deg and —45 deg, corresponding to asymmetrical
receptive fields. For achromatic vision, the local energy model
has survived severe testing, and has been proven to predict
quantitatively several visual phenomena (for review see Burr &
Morrone, 1992, 1994). Preliminary results from our laboratory
(Burr, 1993) show that the same tests used to validate the energy
model for luminance scenes survive at equiluminance, suggest-
ing that a similar strategy may be used by the color system. The
results presented in this paper, demonstrating the existence of
mechanisms with various phase spectra, give biological plausi-
bility to the idea of an equivalent “local energy model” for color
vision.
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