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Abstract

In order Lo investigate the mechanising underlying green/red equiluminance matches in human observers and their relationship
1o mechanisms subserviug lutmnance and/or chroynatic (grecn/red) contrast sensinviy, we tested 21 human subjects along these
dimensions at 16 differcnt spatial and temporal frequencies (spatial frequency, 0.25-2 ¢/deg; temporal frequency, 2- 16 Hz) and
applied factor analysis to extract mechanising underlying the data set. The results from our lactor analysis revealed scparae
sources of variability for green/red equiluminance, luminance sensitivity and chromatic sensitivily, thus suggesting scparate
mechantsms underlyving each of the three main conditions. When factor analysis was applicd separutely to green/red equiluininance
data, two lemporally-1uned factors were revealed (factor 1, 2-4 Hz; factor 2. §-16 Hz), suzgesting the cxistence of separate
mechanisms underlying equiluminance setlings at low versns high wemporal frequeneies, In addition, although the three muin
conditions remained separate in our factor analysis of the entire data set. our correlation matrix nonetheless revealed systematic
correlations between equiluminance settings and luminanee sensitivity at high temporal {requencies, and between cquilominance
sellings and chromalic sensitivity at tow lemporal frequencies. Taken together, these data supggest that the high temporal frequency
factor underlying green/red equiluminance is governed predominantly by luminance mechanisms, while the low temporal
frequency factor neceaves contribution from chiromalic mechanisms, 2 2000 Elsevier Science Lid. All righls reserved.

Ceyrwardy Green—red vguiluminance; Chromatic: Lununanee: Individnal differences; Facton analysis; Magnocellular and parvocelluler pathways;
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M-concs (l.e. 5§ — (L + M) Here, we Tocus on only two
of the three channels, the ‘luminance’ and ‘green/red
chromaltic’ chanupels,

1. Introduction

Theories of volor vision typically posit three post-re-

ceptoral ‘channels’, which are derived from the sums
and differences of the three conc types. Once channcl,
the ‘luminance’ channcl, signals a weighted sum of
long-wavelength-selective (L) and medium-wavelength-
selective (M) cones, t.c. L+ M {with some debate re-
garding the contribution of short-wavelenpgth-sclective
{5} cones). Two ‘chromatic’ channels signal weighted
sums and differences of the cones. The grecufred chro-
matic channe! signals differences between L- and M-
cones (i.e. f.—AM). The rritan chromatic channel signals
differences between S-cones und the sum of L- and
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Many psychophysical and neurophysiclogical studies
have investigaied the degree to which these color sig-
nals remain separate and independent throughout the
visusl pathway. In experiments using adaptation (e.g.
Krauskopf, Williams & Hceeley, 1982; Bradlev. Switkes
& IJ¢ Valois, 1988), masking (e.g. Gegenfurtner &
Kiper, 1992: Mullen & Losada, 1994, 1999: Sankeralli
& Mullen, 1997, Giulianini & Eskew, [998: but cf.
Switkes. Bradley & De Valois. [988) and summation
(e.g. Cole, Stromeyer & Kronauer, 1990; Chaparro,
Stromeyer, Kronauer & Eskew, 1994; Mullen, Cropper
& Losada, 1997; Mullen & Sankeralli, 1999, but ¢f. Gur
& Akri. 1992) paradipms, the detection of chromatic
(green/red) sumuli at contrast threshold is neither im-
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paired nor facilitated by the presence of luminance
contrast, or vice versa. Thus, at least for experiments
that measure contrast thresholds, the general consensus
is that the mechanisms underlying detection of lumi-
nance contrast (L + M) and green/red chromatic con-
trast (L — M) are independent.

In addition to its putative role in luminance contrast
sersitivity, the L + M mechanism is also thought to
underlie the perceptual ability to make luminance
matches between two different colors. In theory. two
colors will be perceived as equally luminous — or
cquiluminant when the sum of L and 3f-cone
excitation produced by one color equals the sum of L-
and AM-conc excitation produced by the other color.
Typically, equiluminance is measured using feterochro-
matic flicker phofomerry (HEP), which involves adjust-
ing the relative intensities of two temmporally alternating
colors (often at ~ 15 Hz) until they “fuse’. or the
sensation of flicker 15 minimal. At the point of fusion,
alternation between the two colors is hypothesized to
produce a ‘silent substitution” in the luminance (L + M)
pathway. The existence of an L+ M computation is
supported by the observation that the human luminos-
ity efficiency function (1), which is derived primarily
from HFP data, can be modeled by a weighted sum of
the L- and M-cone fundamentals, with the weighting
factor thought to represent the L:M cone ratio in the
cyc (see Lennie, Pokorny & Smith, 1993 for discassion).

Despite the suggestion that L 4+ M mechanisms un-
derlie equiluminance judgments, there exists evidence to
suggest that chromatic (L — M) mechanisms may also
contribute under certain circumstances. For example,
tasks Lhat involve direetdy assessing and matching the
brightness of two stationary colors (e.g. heterochromatic
brightness marching, HBM) are thought to rely on
signals from botli L + M and L. — M mechanisms. This
is in contrast 1o HFP, which can be modeled solely by
L + M signals. Thus, as might be expected, two colors
set 1o be equally bright (in an HBM task) are often not
perceived as equiluminant (in an HFP task) (e.g. Wag-
ner & Boynton, 1972; Guth & Lodge, 1973; Bauer &
Reehler. 1977: Burns, Smith. Pokorny & Elsner, 1982:
Yaguchi & [keda. 1983). One explanation f(or “he dis-
crepancy between the two measures concerns the possi-
bility that different rasks (HFP vs HBM) tap into
different (L + M vs L — Af) neural pathways (z.g. In-
gling & Tsou. 1988; Webster & Mollon. 1993, and see
Lennie et al., 1993). Alternatively, or in addition to this
possibility, differences may arise because stinulus con-
ditions differ between the two tasks, which in turn may
affect the relative responsiveness of L + M versus [ —
M mechanisms. That is, the high temporal frequency
stimuli employed in HFP may invoke relatively greater
activity in L + M as compared to L — M mechanisms.
Conversely, the stationary (or low temporal frequency)
stimuli employed in brightness matching may invoke

relatively greater activity in L — M mechanisms. Thus,
even in a ‘minimal flicker” paradigm lhke HFP., we
might expect responses in the L — M pathwayv to be
relatively strong (and hence contribute) when stimuli
are presented at sufficiently low temporal frequencies.
In sum, while L + M mechanisms might dominate HFP
equiluminance settings at high temporal frequencies,
L — M mechanisms might alsc be expected 1o con-
tribute al low temporal frequencies.

In order to investigate the mechanisms underlying
green/red equiluminance in hunian observers (as deter-
mined by HFP) and the degree to which these mecha-
nisms overlap with luminance (L + M) or chromatic
(I — M) mechanisms. wc uscd a factor analysis ap-
proach. The methods and theories underlying this ap-
proach have been described in detail elsewhere (e.g
Sekuler. Wilson & Owsley, 1984; Peterzell. Kaplan &
Werner, 1993, and see Peterzell & Teller, 1996 for a
non-technical and historical overview of the topic). This
technique uses individual differences across subjects as
a way of revealing the number of visual mechanisms
underlymgz performance across a range of stimulus con-
ditions. Specifically. when performance under different
stmulus conditions s controlled by a single visual
mechanism, subject differences observed under one con-
dition are expected to correlate with subject differences
in the other conditions. By contrast, when performance
under the different conditions 15 controlled by separate
mechanisms, no such correlation 15 expected. When
factor analysis 1s then applied 1o the correlations in the
data obtained across a variety of stimulus conditions,
the number and nature of underlying visual mecha-
nisis can be estimated. The terms “covariance chan-
nels” or “factors” are used to describe the visual
mechanisms estimated from this procedure, to differen-
tiate thern from wvisual mechanisms/channels derived
from other methods.

Using this approach, we investigated the inter-depen-
dency of green/red equiluminarce. luminance contrast
sensitivity and chromatic contrast sensitivity in human
psychophysical observers. (Note that we use the term
‘equiluminance’ in an operationally-defined manner,
without attributing the underlying basis to a luminance,
ie. L+ M, mechanism.) We predicted that luminance
and chromatic sensitivity would be governed by sepa-
rate sources of variability, and thus modeled by sepa-
rate covariance channels. In addition. we thought
equiluminance measures might covary with luminance
sensitivity at some, but not all, spatial-temporal fre-
quencies. Similarly, if chromatic mechanisms contribute
to equiluminance settings under certain conditions, we
expected that cquiluminance measures might also co-
vary with chromatic contrast sensitivity under a differ-
ent range of spatial-temporal frequencies. To test this
hypothesis, we obtained data from 21 subjects, each of
whom provided green/red equiluminance settings. lumi-
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nanece contrast sensitivity values and chromatic contrast
sensitivity values at 16 different spatial-temporal fre-
quencies. Factor analysis was then applied to the data
fo investigate the number and tuning of covariance
channels underlying the results.

2, Methods
2.1. Subjects

Twenty-two subjects (including the three authors)
participated in these experiments. All subjects had nor-
mal or corrected-to-normal vision, and normal green-
red color vision {as assessed by the Ishihara Test for
color deficiency). Subject age ranged from 18 to 4]
years (mean, 23 years; S.D., 6.5 years). One subject was
unable to provide reliable green/red equiluminance set-
tings, and thus his data were excluded from our analy-
ses. Data from 21 subjects were retained.

2.2, Apparatus

Visual stimuli were generated on a Nanao F2-21
monitor (21 in. display, 1024 < 768 pixels, 105 Hz)
driven by a Cambridge Rescarch Systems (CRS) Video
Board. The 15-bit video beard allowed for 32768 dis-
crete lumimance levels. The CIE (x. y} coordinates for
the monitor primaries were: red (0.625,0.340), green
(0.285, 0.605), and blue {0.150. 0.065). The maximum
output for the monitor was calibrated to equal energy
white (CIE chromaticity coordimates = 0.333, 0.333),
and the voltage/luminance relationship was linearized
independently for each of the three guns in the display,
using a Gamma Correction System (*OptiCal 265M",
purchased from CRS). A PR-650 SpectraColorimeter
(Photoresearch) was used for spectroradiometric and
photometric measurements of our stimuli.

2.3. Stimuli

Stimuli consisted of horizontally-oriented. chromatic
(green/red) and luminancez (white/black} sinusoidal
gratings, counterphase-reversed (temporal sinusoidal) at
16 different combinations of spatial and temporal fre-
quencies (SF=10.25, 0.5, 1, and 2 ¢/deg; TF =2. 4, &,
and 16 Hz). We chose to go no higher in spatial
frequency than 2 c/deg in order to avoid luminance
artifacts produced by chromatic aberration (Flitcroft,
1989; Logothetis, Schiller, Charles & Hurlbert, 1990;
Cavanagh & Anstis, 1991). Gratings subtended 5.4° of
visual angle, and were convolved with a Gaussian circu-
lar envelope (Gabor standard deviation = 2.7°) to elim-
inate spatial edges. Gratings were presented with the
zero-crossing positioned in the center of the stimulus to
ensure equal number of light and dark (or green and

recd) bars in the stimulus. Note that because stimulus
size was held constant across all conditions, the total
number of cycles necessarily varied across different
spatial frequencies.

All gratings (chromatic and luminance) were modu-
lated through cqual energy white {CIE = 0.333, 0.333)
at 28 c¢d/m*, and were of the same mean chrematicity
and luminance as the background. Chromatic (green/
red) gratings were created o selectively modulate activ-
ity within £- and M-cones, while keeping the S-cone
excitation constant {S-cone activation = approximately
[.0 units in MacLeod-Boynton chromaticity space, nor-
malized to equal energy white, see Boynton, 1996).
Chromatic gratings were employed for the purpose of
obtaining: (1) green/red equiluminance settings; and (2)
chromatic contrast sensitivities. Luminance (white/
black) gratings were produced by sinusoidally modulat-
ing the luminance of the white background. and were
employed for the purpose of obtaining luminance con-
trast sensitivities. The contrast of all gratings is de-
scribed in terms of the root-mean-square (r.m.s.) cone
contrast produced in [f- and M-cones (described be-
low). The benefit of a cone contrast metric is that it
standardizes across apparati and laboratories, and al-
lows [ur the expression of cliomatic and luminance
contrast in comparable units (e.g. Mullen. 1985; Lennie
& D'Zmura, 1988: Chaparro, Stromeyer, Huang, Kro-
nauer & Eskew. 19%3).

2.3.1. Cone contrast calcularions

Although our monitor calibration allowed us to
specify any desired cone contrast, we nonetheless used
the PR-630 SpectraColorimeter to confirm the [.- and
M-cone contrasts produced by our stimuli. For I, -
equiluminant stimuli, L- and M-cone excitations pro-
duced by the “green’ peak (Liy;-,. M. -)) and ‘red’
peak (L. M. ) of the gratings were obtained by
integrating the product of stimulus spectral output
(readings taken in 4 nm intervals from 380 to 780 nm)
with the Stockman, MacLeod and Johnson (1993) L-
and M-cone fundamentals for 2° stimuli. For stimuli
differing from ¥, equiluminance, we obtained L- and
M -cone excitations produced by the green (L,. M) and
red (L. M.} peaks ol the stimulus, using the following
formulas:

Lo=AG G oL gy (Ta)
M, = (GG M ()
LR Ryl (le)
M, =(RjRy M, -, ()

where L, 1y Mgy Ly and M, -, refer to the cone
excitations produced by the green and red peaks in the
I, -equiluminant stimulus (as determined above), G-
and Ry are the green and red luminances of those
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V -equluminant stimuli (which are necessarily equal 1o
one another). and G and R are the green and red
luminances that are not V;-equiluminant. The use ol
this Jormuls circumvented the need 10 measure the
spectral output for different green/red pairs employed
in Lhese studies. The validily of these equations was
verified empirically for several green/red stimulus pairs,
Cone excitations were used (o compule L- and M-cone
contrasts  (CC) Ly =(L,— L)L, + L), M=
(M — MM+ M), From these  values.  root-
mean-square cone contrasts {r.m.s. CC = sqrif{ M- +
LI)2]) were detennined. For luminance stimuli, r.m.s,
cone contrasts directly correspond to conventional
Michelson contrast; [(Luminance,,,, — Luminance )/
(Luminance,,,, + Luminance,;,)].

Note that our calculation of cone cxcilalions relics

on the use of cone fundamentals for the ‘srandard’

observer (ds dotermined by Stockman ¢t al., 1993).
Because cone fundamentals are expected o differ some-
what across individuals (based on ditferences across
subjects in /... photopigiment optical density, as well
as lens and macular pigment), there will be some crror
in cone excitations derived from a standard set of cone
fundamentals for all subjects (sce Bieber, Kralt &
Werner, 1998). In addition, because relative L- versus
M -cone weights and phasc-lags can vary with stimulus
parameters such as spatial-temporal frequency and
background chromalicity (c.z. Hamer & Tyler, 1992;
Stromeyer, Chaparro, Tolias & Kronauer. 1997), using
a standard set of cone fundamentals to determine the
cone excilations elicited across a range of stimulus
paramcters can also introduce error into cstimates.
Although we cannot rule out such error, we expect it 1o
be quite simall since our cqual energy while background
is roughly metameric (in terms of the relative excitation
ol L- and M -cones) with a 370 nm light, a wavelenpth
which reportedly does not produce variability in the
responses of L- and M-conces as a function of spatial-
temporal frequency (Stromeyer et al., 1997).

2.4, Paradigm

241, General

For all portions of these experiments, subjects were
tested in a dark room and viewed the video display
binocularly from a chin rest situated 57 cm away.
Subjects were instrueted (o maintain fixgtion on a small
central cross, and provide perceplual reports via key-
presses on g response box, No feedback was provided.
Three main conditions were Wsted: (1) green/red equilu-
minance [G/R-EQUIL]; (2) luminance contrasl sensitiv-
ity [LUM-CS]: and (3) chromatic coutrast sensitivity
[CHROM-CS]. Data for these three main conditions
were obtained at cach of 16 different spatial-temporal
frequencies. Thus, for the entire experiment, each sub-
ject provided 48 data points (16 G/R-EQUIL, 1¢

LUM-CS and 16 CHROM-CS), derived from a total of
al least 4000 (rials. For cach subject, 10-12 h were
required to complete the entire experiment, with testing
divided into I -2 h blocks.

2.4.2, Determining greenjred equiluminance in
individual subjects

Standard HIFP was uscd 1o obtain equiluminance
peints in individual subjects. Chromatic (green/red)
counterphase gratings were centered on the fixalion
cross, and the luminance ratio of the grating was
adjusted with a key press. Luminance ratio is defined as
GiR, where *G/R = 1.0 denotes ¥, equiluminance, ‘G/
R > 1.0 denotes green more luminous than red, and
*G/R < 1.0" denotes red more luminous than green, On
each trial, subjects adjusted the G/R luminance ratio
(interval step = 1.2% change in G/R ratio) of the gral-
ing unlil the percept of flicker was leust salient. The
chromatic gratings employed for determining equilumi-
nance produccd 7.10% r.m.s. cone contrast in L- and
M-cones (al V, cquiluminance). This cone contrast
value was 5.1 x the mean chromatic contrast thresbold
(averaged across all spatial-temporal frequency condi-
tions), and ranped from L4 < threshold for high Ire-
quency {i.¢. 16 Hz, 2 ¢/deg) gratings to 8.7 x threshold
for low frequency (i.c. 2 Hz, .25 c/deg) gratings.

For each subject, equiluminance points were deter-
mined from the mean of 20 wrials, separatcly at cach of
the 16 different spatial-temporal frequency conditions
(*outlicr” trials were excluded i they were greater than
2.5 S.D. from a subjecl’s mean on a particular condi-
tion). Mcan equiluminance valucs obtained in this man-
ner were used to set the (/R luminance ratio for each
subject when tested in the CHROM-CS vondition (sce
helow).

2.4.3. Contrast sensitivity paradigm

Contrast scnsitivity was determined for both lTumi-
naneeg and chromatic stimull, al each of the 16 different
spatial-temperal frequencies, To this end, a Best-PEST
staircase procedure (Lieberman & Pentland, [982) was
employed in a spatial two-alternative forced-choice
paradigm. On each trial, the stimulus appeared centered
2.5% 10 the left or right of fixation, and the subject
reported its Jocation via a key press on a response hox,
Stimuli were presented  for 300 ms, with contrast
ramped on and off in 4 cosine fashion within the first
and last 100 ms, The slaircase procedure continued
unti] the subject had completed at least 120 1rials for
cach stimulus condition. Conlrast sensitivily measure-
ments were divided into four different blocks. Each
block conained four chromatic stimuli {(Chosen ran-
domly out of the 16 dilferent spatial-temporal frequen-
cies) and four luminance stimuli (also chosen randomly
out of the 16 spatial-temporal frequencies), for a total
of eight stimulus conditions per block,
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Fra. 1. Geomaine means obluired Trom 21 subjects 1esled a1 ¢uch of
Iiv spatial-temporal frequencies, T three different stimulus condi-
tions. (A) Green:red equiluminance. Hezre, o log & R ratio af zero
denoles V) equiluminance. Acroxs all conditions, subjects tended 1o
require more green 1o malch Lhe red, as ovidenced by mein loa G R
ratios greater 1han zevo. We do not auribule any significance Lo his.
but rather believe it is a sunple conseguence ol the particular stimulus
patamaters csed n our cxperiments (he. size and placement of
stimuli, background chromutivity, et} (B) Luminance contrast sensi-
Livily, (C) Chromatic contrast sensitiaty. In order 1o Lacilitite com-
parison between  spatial-temporal ficquency conditiens, standind
deviations are not plolled. Stundid devintions were, on average. 0.02
lop units Tor the equiluminaies data, 0.1 1og umils for lumiminee
data, und 013 [og units for chronmitie duta

25 Corvelotional and fuctor analyses

Covarlance analyses of individual differences (i.c.
factor analyses} were performed on the correlations
from the data (as previously deseribed. c.g. Peterzell.
Kaplan & Werner, 1995, Peterzell & Teller, 1996) to
deterntine the degree ol dependence versus indepen-
dence of greenfred equiluminance. luminance sensitivity
and chromatic sensitivity, as well s the tuning of
spatial and temporal channels within the three main
conditions. Becawse (requency histograms of subject
data contormed o norntal distributions when log-trans-
formed, all analvses were performed on log values.

As a first step in our lactor analysis. a principal
component analysis (PCA) was performed on the corre-
lational data. Screc tests, z7 slatistics. and visual in-
spection were used 1o determine the minimum numher
of statistically-significant components (i.c. with eigen-
values greater than 1.0). A chosen number of orthogo-
nal components were then rotated to “simple structure’
using the Varimux ceriterion (Gorsuch, 1983), which
maximiizes the number of zero lacter loadings. Tuctor
analyses were performed (using identical statistical pro-
cedures) on the following: (1) the entire data set: (2)
G/R-EQUIL data alene: (3) CHROM-CS data alone;
and (4) LUM-CS data alone. In addition. in order to
determine the effects of ape, Lhis parameter was also
included in some of our analyses.

3. Resulls

3.1 Means

Geomnelric meian data from 21 subjects are presented
in Fig. 1, separately for G/R-EQUIL, LUM-CS and
CHROM-CS, with values plotted as a function of both
spatial and wemporal frequency. For the G/R-EQUIL
condition (Fig. la). cquiluminance settings varied
across the different spatial-teinpora!l frequency combi-
natiens, bl accordance with results from previous stud-
ies {e.g. Coshman &  Levinson, [983; Cavanagh.
MuacLeod & Anstis, 1987 Livingsione & Hubel, 1987:
Logothetis & Charles, 190; Dobkins & Albright,
19923}, Specifically, equiluminance settings varied signifi-
cantly with temporal frequency (F(3.60) =706, P<
0.001). with mmote green required to match the red s
teinporal frequency was increased. In addition, while
there was not a significant main eltfect of spatial fre-
quency, there was a significant interaction belween
spatial and temporal (requency (F(9.180)=4.169, P <
0.001). due 10 a significant eftect of spatial frequency on
cquilununance settings at 2 Hz, We return 1o a poten-
tal explanation for the cffects of spatial-lemporal fre-
queney on cquilumingnce setfings in Scction 4.
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Fig. 2. Corrclation mairix for the ¢ntire data set (three main condilions by 16 spatial- lemporal lrequencies). Upper-right iriongle: Peason r vilues,
Lower-left trigngle: carcelation matrix coded by pray seale. (Negative correlations are distinguished by 1he addition of white diagonal lines).

Mean  contrast  sensitivities  for LUM-CS  und
CHROM-CS data are shown in Fig. 1b und ¢, respec-
tively, As expected from previous studies (e.g. Robson,
1966: Kelly, 1971 Burr & Ross, 1982: Mullen. 1985;
Mullen & Boulton, 1992; Derrington & Henning, 1993;
Gepenfurtner & Hawken. 1995; obkins, Lia & Teller,
1997; Peterzell & Teller, 2000). luminance contrast sen-
sitivity exhibited bandpass tuning with sensitivity peak-
ing at intermediate spatial and temporal frequencies,
while chromatic contrast sepsitivity exhibited lowpuss
wning for both spatial and temporal frequency.

3.2, Correlation malrix

As a first step in our lactor analysis, we calculated
correlations across the 21 subjects tor the 48 different

daty points (i.e. three main conditions by 16 spatial-
temporal trequencies). The values in this matrix also
allowed us to visuualize consistent trends in the correla-
tions prior to conducling the faclor analysis. The result-
ing corrclation matrix is presented in Fig. 2, with the
values partitioned for the three main conditions. The
upper-right portion of the matrix provides the numeri-
cal Pearson r values, while the lower-left portion pre-
sents these values coded by intensily. A high correlation
value belween two stimulus conditions indicales that
subject data obtained for one stimulus condition were
highly correlated with (i.e. predictive of) data obtained
for the other stimulus condition. This could be in the
form of’ u poesitive correlation {(i.c. higher values in one
condition predicted higher values in the other) or a
negative correlation (e, higher values in one condition
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predicted /ower values in the other). Low (near zero)
valucs indicate thal there was little correlation between
conditions.

As cian be obscerved in the correlation matrix, the
highest correlations were found within each of the
three main conditions (i.c. G/R-CEQUIL, LUM-CS,
CHROM-CS). For example, correlations were positive
and unitformly high within the CHROM-CS condition,
indicating that a subject who was more sensitive than
others at one spatial-temporal frequency was typically
morc scnsitive at all spatial-temporal frequencies. A
generally similar pattern was observed for the LUM-
CS condition, although relatively low correlations were
observed between high (i.e. 16 Hz) and low (1.e. 2- 4
Hz) temporal frequencies. This pattern suggests the
existence of scparate tcmporally-tuned mechanisms for
LUM-CS, which js supported by the results of our
factor analyses (helow)., For G/R-EQUIL data, this
effect of temporal frequency was even more pro-
nounced. Here, high positive correlations were found
separately at low (i.e. 2 -4 Hz) and at high (i.c. 8-16
Hz) temporal frequencies, yet correlations betwceen the
two temporal frequency ranges were quite low. This
pattern in the correlation data indicates that a sub-
ject’s cquiluminance point at 2 Hz could be used to
predict her equiluminance point at 4 Hz, but not at 8
or 16 Hz (or vice versa). .

Comparcd to the correlations ohserved within condi-
tions, corrclations across the three main conditions
were typically much lower, indicating that performance
in one condition (e.g. LUM-CS) was not. in general, a
good predictor of performance in the other two condi-
tions {e.g. G/R-EQUIL or CHROM-CS). Noted ex-
ceptions to this can be found, however. For cxample,
G/R-EQUIL data at higher temporal frequencies (8
and 16 Hz) correlated moderately with LUM-CS at
these same temporal trequencies (which can be ob-
served by the relatively higher numbers and lighter
squares in the high temporal frequency region of the
G/R-EQUIL vs LUM-CS matrix). 'This indicates that
a suhject who, relative Lo others, required more green
to match the red also tended to exhibit higher lumi-
nance contrdast sensitivity. In addition, therc existed
moderate and systematic negative correlations between
G/R-EQUIL and CHROM-CS at lower temporal (i.c.
2 and 4 Hz) and lower spatial (i.e. 0.25 and 0.5 ¢/deg)
frequencics. This indicates thal a subject who required
green more luminous than red (relative to others)
tended 10 c¢xhibit fower-than-average chromatic con-
trast sensitivity under these spatial-temporal condi-
tions. We return to the potential significance of these
correlations across the three main conditions in Sce-
tion 4. (Also notc that there were negative correlations
between G/R-EQUIL and LUM-CS, although these
values were simaller and less consistent. In addition,
note that positive correlations between LUM-CS and
CHROM-CS were generally low and not systematie.)

In sum, these results demonstrate that the highest
correlations exist within the three main conditions, al-
though some systematic corrclations do appear to exist
across conditions. To investigate these relationships
further, we turn to the rcsults of factor analysis, a
procedure that investigates statistically the covariance
structure of the data.

3.3. Factor analyses

3.3.1. Factor analysis of entire data set

The results from our factor analysis of the entire
data set are presented in Fig. 3. Shown are the factor
loadings obtained for a three-factor solution, which
was choscn because it yielded systematic and highly
interpretable results. As in previous analyses (c.g. Gor-
such, 1983; Pcterzell et al., 1995; Peterzell & Teller,
1996), our criterton for significance was a factor load-
ing of + 0.4, Thus, factor loadings with values greater
than or cqual to |0.4] arc plotted for cach of the 48
data points (three main conditions by 16 spatial-tem-
poral frequencics). The results of this analysis yiclded
scparate factors for each of the three main conditions
of the experiment. Specifically, Factor 1, which ac-
counted for 37% of the overall vanance, loaded pri-
marily onto LUM-CS wvalues at =all but four
spatial-temporal frequencies, yet explained almost no
variahility in the two other conditions (with the excep-
tion of a few scattered points in the CHROM-CS
condition). Factor 2 accounted for an additional 22%
of the variance, and loaded exclusively onto the G/R-
EQUIL condition al all spatial-temporal frequencies,
Likewisc, Factor 3, which accounted for 11% of the
variance, loaded onto all spatial-temporal frequencies
in the CHROM-CS condition.

In sum. this pattern of resalts suggests the existence
of separatc neural mechanisms underlying each of the
three conditions — G/R-EQUIL, LUM-CS and
CHROM-CS. It is important to point out that this
separability is not an artifact of choosing a three-fac-
tor solution, as the three factors are completely uncon-
strained in the analysis. Morcover, choosing a grearer
than three-factor solution had no effect on our find-
ings; when we allowed a four-, five- or six-factor solu-
tion to emerge (all of which were significant based on
our screc plots), frequency-tuning began to emerge
within a condition, yet the three main conditions con-
tinued lo remain scparate. We should also point out
that the absence of cross-condition factors (i.e. be-
tween the three main conditions) should not be at-
tributed to an overall failure of our factor analysis
approach, since strong and systematic factors were
observed within each of the three main task conditions.
This positive result, we belicve, clearly demonstrates
that our methods are strong enough to reveal covari-
ance factors.
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3.3.2. Facror analyses for each condition

To investigale the potential for spatial-temporal tun-
ing, faclor anualyses were conducted separarely lor each
of the three main conditions. The resulls are plotted in
Fig. 4. When flactor analysis was performed on G/R-
EQUIL data. two signilicant temporally-tuned laclors
were found (Fig. 4, top panel). Faclor 1. accounting for
68 of the variance, loaded onto low temperal lrequen-
cies (2-4 Flz), whercas Factor 2 (200 of the vartance)
covered high temporal frequencies (i.e. 8—16 Hz). [n an
carlicr pilot study employing slightly different stimulus
conditions (i.e. relatively larger stimuli, a vellow back-
ground. SF range = 0.3-2.2 c¢/deg. TF range=1-19
Hz. Gunther. Peterzell & Dobkins, 1997) we also lound
frequency-tuned factors underlying green/red equilumi-
nance. which were quirte consistent with the ones ob-
served in the present study, Thus, these now replicated
findings suggeslt the existence of multiple temporally-
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tuned mechanisms underlying green/red equiluminance
sellings,

Similar to the case for G/R-EQUIL dawa, our factor
analysis conducted on LUM-CS data revealed two
temporally-tuned factors. Factor | covercd lower tem-
poral frequencies (2-8 Hz, 59% ol the varizncc), while
Factor 2 covered higher 1emporal lrequencies (8-16
Hz. 13% of the variance). with overlap between factors
at 0.25 ¢/deg, 8 Hz, For the CHROM-CS condition, a
single factor (accounting for 64% of the variance)
loaded onto all spatial-temporal frequencies.

333 Effects of age

When subject age was included in our analyses. we
found a fairly strong positive correlation between age
and G/R-EQUIL data at high temporal frequencies
(816 Hz: mean correlation = 0.47), but essentially no
correlation at low temporal frequencics (2 4 Tz mean
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Fig. 3. Factor loadings from a three-factor solution using Principal Component Analysis {with factors rotated 1o simple struciure) on the entire
datir set. White and bluck squutres represent positive and negative factor loadings, respectively. Squares are scaled insize sccording to their value.
Small gray squares represem (hctor loadings that Tell helow the eriterion Tor significance (Factor Teading < 0.4]1. Note 1hat separate laclors were
obtained Tor cach of the three main conditions (see text for further details).
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intercorrelated channels that reveal therr individual
idcntities in adaptation studies (see Peterzell & Teller,
1996 for further discussion). This could occur if all
channels are manufactured from common inputs, for
cxample, from common subcortical inputs to different
classes of requency-tuned cortical cells, and adaptation
occurs at the cortical level only. In order to more
directly test this possibility, it will be important to
systematically evaluate results obtained under different
paradigms {(e.g. the factor analysis approach vs an
adaptation paradigm). being careful to use identical
stimulus conditions and subjects across studics.

4.3, Relationship between green[red equituminance.
hminanee contrast sensitivity and clromatic contrast
SeNSIiviy

When our lactor analysis was performed on the
entire data set, we found three main factors, each
loading scparately onto one of the three main condi-
tions: green/red equiluminance, luminance contrast sen-
sitivity and chromaltic contrastl sensitivity (Fig. 3). The
independence between luminance contrast sensitivity
and chromatic (green/red) sensitivity observed in our
data set confirms reports from previous psychophysical
studics that have cmployed adaptalion, masking or
summation paradigms {Krauskopf et al., 1982; Bradley
el al.. 1988: Cole et al.. 1990; Gegenfurtner & Kiper,
1992; Chaparro et al., 1994; Mullen & Losada, 1994,
1999; Mullen ¢l al., 1997. Sankeralli & Mullen, 1997,
Giulianini & Eskew, 1998; Mullen & Sankeralli, 1999),
In addition, recent studies eniploying the factor analysis
approach have also observed separability between lumi-
nancc and chromatic contrast sensitivity for static grat-
ing stimuli (Peterzell. Chang & Teller, 2000; Peterzell &
Teller, 2000}, and for steady-state sweep-VEP contrast
sensitivity  obtained with counterphase gratings {(Pe-
terzell ¢t al, 1996, 1997). In sum, the results across
diversc studies strongly support the existence of sepa-
rate mechanisms underlying the delection of luminance
and green/red chromatic contrast.

At first glance, the finding of separabilily between
contrast sensitivity and green/red equiluminance set-
tings in our factor analysis may seem somewhat surpris-
ing, sincc we cxpected that greenfred equiluminance
would at lecast be scrved by a luminance (i.c. L+ Af)
mechanism, if not by both a luminance and chromatic
{i.x. L — M} mechanism, There are two main possibili-
ties why our factor analysis may not have cxtracted a
common factor between green/red cquiluminance and
(luminance or chromatic) contrast sensitivity. One. the
signals underlying the different perceptual phenomena
may be processed within & common neural pathway.
yel be extracted at different fevels of visual processing.
For example, green/red equiluminance may bhe deter-
mined very early in visual processing. by the inputs of

L- and M-cones to retinal ganglion cells. Contrast
sensitivity, on thc other hand, may be largely deter-
mincd at the cortical level, by gain control mechanisms
(e.z. Ohzawa, Sclar & Freeman, 1985), temporal filter-
ing of signals (c.g. Lee, Pokorny, Smith. Martin &
Valberg, 1990) or the variability of firing rate (c.g.
Tolhurst, Movshon & Dean. 1983). It this were the
case, the mechanisms underlying equiluminance and
contrast sensitivity might be limited by separate sources
of variability. This, in turn, might allow thc mcasures
to remain separale in our fuclor analyses.
Alternatively, a relationship may exist between the
measures, yet not at a statistically significant level as
would be required to be pulled out by our factor
analysis. We tend to believe this sccond alternative,
because the comelation malrix revealed inlerpretable
results, with systematic positive and negative corrcla-
lions belween green/red equiluminance and coutrasl
sensitivity (see Fig. 2). Specifically, at high temporal
frequencies, higher-than-average G/ R ratios were corre-
lated with higher-than-average luminance contrast sen-
sitivity. AL low temporal frequencies, higler /R ratios
were correlated with /ower-than-average chromatic con-
trast sensitivity. Although one could argue that these
cross-condition correlations were moderate at best (ie.
mcean positive correlation = ~ .35, mean negative cor-
relation = ~ - 0.20), 1t 1s the paetern of correlations (as
opposed Lo the absolute numbers) that is revcaling.
Interestingly, similar to the way in which these cross-
condition correlations were observed separately at low
vs. high temporal frequencies, the results from our
analyses ol green/red equiluminance data also revealed
separate mechanisms underlying performance at low
(2-4 L1z) vs. high (8-16 [{z) temporal frequencies (seen
in the correlation matrix of Fig. 2 and the factor
loadings of Fig. 4, top panel). Taken together, these
findings suggest that the high temporal {requency mech-
anism underlying green/red equiluminance scltings is
related to luminance sensitivity, while the low temporal
frequency mechanism is related to chromatic sensitivity.
This pattern of results is consistent with the finding that
the ¥, tfunction (derived mainly from HFP data ob-
tained at high temporal frequencies, i.e. ~ 15 Hz) can
be modeled by a siinple weighted sum of L- and
M-cone signals. Likewise, the possihility that chromatic
{L — M) mechanisms contribute to the low temporal
frequency factor underlying equniluminance data is con-
sistent with the obscrvation that matches made between
two stationary colors {in a hererochromatic brighmmess
maiching task) can be modeled by contributions from
hoth 7. — M and /. + M mechanisms. Qur results are
also consistent with a study by Wcbstcr and Mollon
(1993) demonstrating that chromatic adaptation alters
cquiluminance settings at low, but not high, tcmporal
frequencies. Like the present study, their findings sup-
port the existence of sepurate mechanisms (presumably
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correlation = 0.07). Thus, as expecied based on the
cllowing of the lens with age (e.g, van Norren & Voss,
1974 Werner, Peterzell & Scheetz, 1990), older subjects
required relatively more green to match the red than
lid younger subjects (at least for high temporal fre-
uencies). With respect (o the LUM-CS condilion, we
found no evidence for ape afiecting performance, as
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correlations between age and LUM-CS were extremely
low under all conditions (2 4 Hz: mean correlation =
0.10, 8-16 Hz: mean correlation =0.04. overall
mean = ¢.07), We did, however, lind @ moderaie posi-
tive correlation between age and CHROM-CS that wae
fairly consistent across all spatial-temporal frequencies
{mean correlation = 0.21), suggesting that older subjects
tended to be more sensitive than younger subjects. This
result 1s a bit surprising becanse contrast sensitivity has
been shown to worsen with age (e.g. Tyler. 1989;
Mayer, Dougherty & Hu, 1995; Knoblauch. Barbur &
Vital-Durand, 1995, and see Werner et al.. 1990 tor a
review).

[n summary, the results from our analysis of age
show moderate effects on performance. with the
stromgest {(and least surprising) effects of age seen for
CG/R-EQUIL data. The fact that age affects G/R-
CQUIL, but not LUM-CS. data indicates that age
cannot accounl lor the moderate positive correlations
seen between these two conditions (see correlalion mit-
trix. Fig. 2). Likewise. age cannot account for the
moderale  negative correlations seen  between GJR-
EQUIIL and CHROM-CS data (sce Fig. 2), since this
effect is opposite to that which would be predicied
based on the pasitice correlation observed for both age
versus G/R-EQUIL and age versus CHROM-CS, In
addition, when age was included in the factor analysis
of the entire data set and four factors were allowed 1o
emerge. (he first three factors were identical to the
Factors in our original three-factor solution {(with cach
factor covering one of the three mnain conditions), and
the fourth factor loaded cxclusively onlo age (with a
factor loading of 0.62). When we altemipled a three-fac-
tor solution with age included in the analysis. age did
not load significantly onto any factor (i.e. no factor
loadings > [0.4]). Based on these results, we believe that
age cannot account for the relationships observed he-
tween the three main conditions.

4. Discussion

These results are discussed in several contexls. First.
we address the potential effects of chromalic aberra-
tion. Sccond, we discuss spatial and temporal factors
underlying the data, and refate our findings 1o those of
previous studies. Third, we discuss the relationship
belween our three main conditions (green/red equilumi-
nance, luminance contrast sensitivity and chromatic
contrast sensitivity), as revealed by our factor analyses
and correlation data. Fourth, we discuss potential un-
derlying neural substrates for our results, with a partic-
ular focus on contribution from parvocellular and
magnocellular pathways. On 4 final note, we discuss the
evidence for the possibilitv that L:M ratios (which are
directly related 1o green/red equiluminance settings)
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may place constraints on both luminance and chro-
matic contrast detection.

4.1, Clhromatic aberrarion

Although our use of spatial frequencies <2 c/deg
should preclude the existence of luminance artifacts
arising from chromatic aberration of the eye (Fliterofl,
1989: Logothetis ¢t al.. 1990; Cavanagh & Anslis,
1991), we nonctheless address the potential cifects of
this phenomenon had it existed. First, because our
stimuli were presented near the fovea. the cfteets of
transverse (1.e. lateral) chromatic aberration are ex-
peeted 1o be negligible. Longitudinal chromatic uberra-
tton, on the other hand. can produce luminance
contrast on the retina if a subjcet accommodates to onc
of the two endpoint colors of the grating instead of 10
the midpoint/background color. For example, accom-
modating to the red peak of the chromatic grating will
cause the green portion to be de-focused and thus
attenuated in contrast. It is important to remember,
however, that subjects were required to set the green/
red grating to be equiluminant (using HFP), Thus, if
dilicrential accommodation occurred (for example. to
red), the equiluminance procedure would aliow the
subject 10 compensate by increasing the luminance of
the green. This resulting green/red value would then be
appropriately used in the chromatic contrast sensitivity
condilion, Moreover, had subjects been using lumi-
nance contrast (as 4 result of ¢chromatic aberration} to
detect the green/red gratings. we would have expected
systematic correlations between Juminance and chro-
malic contrast sensitivity at high spatial frequencies, a
patternt that is not seen in the correlation matrix or
factor analyses. For these reasons, we feel confident
that, even had chromatic aberration existed, it did not
contribule to our results,

4.2 Temporal and spatial channels underlving conrast
detection

Several previous studics have demonstrated temporal
and spatial channels underlving contrast detection ol
luminance and chromatic contrast, With respect to
temporal channels for honinance deiection, results from
masking, summation and temporal frequency discrimi-
nation paradigms point to the ¢xistence of two to four
temporal-frequency-tuned channels (King-Smith & Ku-
likowski, 1975; Tyler, 1975; Mandler & Makous, 1984;
Moulden, Renshaw & Mather, 1984 Anderson & Burr,
1985, Lehky. 1985; Tyler. 1989, Hummectt & Smith,
1992, Hess & Snowden, 1992, Metha & Mullen. 1996).
In addition, results from previous studies employing
factor analyses on luminance contrast sensitivity data
also suggest the existence of two to three temporal
channels (Mayer ¢t al., 1995; Billock & Harding, [996;

Peterzeil, Dougherty & Billock, 1996a; Peterzell, Kelly,
Chang, Gordon, Omaljev & Teller, 1996b. Peterzell,
Chang, Kelly, Hartzler & Teller, 1997a; Peterzell.
Dougherty & Maver, 1997b). In the present study, our
factor analyses revealed Iwo temporal factors underly-
ing luminance contrast detection (one loading onto 2-8
Hz. the other loading onto 816 Hz, see Fig. 4, middle
panel), thus supporting the general consensus that at
least two mechanisins underlie temporal sensitivity for
luminance stimuli.

For chromatic stiimuli, the numbcr of temporal chan-
nels underlying contrast detection has been relatively
less explored. In one reeent study employing temporal
frequency detection and discrimination techniques, two
tempoeral chiannels (onc lowpass. one bandpass) ap-
peared to underlie chromatic (green/red} sensitivity
(Metha & Mullen, 1996). By contrast, our factor analy-
ses revealed only a single temporul factor underlying
chromatie contrast sensitivily (Fig. 4, bottom pancl),
Clearly, more studies in the chromatic domain will be
required to resolve this issue,

With respect to spanal channels, the results of our
factor analyses werc somewhat surprising because they
yielded no spatial factors for either luminance or chro-
matic contrast sensitivity data across the range ol spa-
tial frequencies tested (0.25-2 c/deg). These resulls are
al odds with the sizeable literature obtained from mask-
g, summation and adaptation paradigms, which sup-
ports ul least two spatial channcls below 2 c/deg lor
both luminance (e.g. Tolhurst, 1973; Greenlee, Mag-
nusscn & Norby, [988) and chromatic (e.g. Losada &
Mullen, 1994; Mullen & Losada, 1994) stimuli, and for
both stationary and counlerphase-reversing gratings
(see Graham, 1959 lor u review). Previous factor ana-
Iytic studics using stationary luminance-modulated grat-
ings have reported multiple factors consistent with the
masking, summation and adaptation literature (Sckuler
et al., 1984; Peterzell & Tcller, 1996, 2000). By contrast,
studics that have applied factor analysis to data ob-
tained for counterphase luminance-modulated gratings
rcport only a single spatial covariance channel below 2
c/deg (Billock & Harding. 1996, data re-analyzed by
Peterzell et al., 1996), as is the case in the present factor
analysis. For chromatic stimuli, results from the tactor
analvses of Peterzell and Teller (1996, 2000} agree with
our findings of a single spatial  covariance
chunnel below 2 ¢/deg. As such. the factor amalytic
results for both stationary und counterphase chromatic
gratings, although consistent with cach other, are in-
consistent with results obtained using more traditional
methods.

1t should also be pointed out that the factor analysis
approach may vield fewer laclors than do other meth-
ods (e.g. adapuation) il' the channels revealed by these
other techniques are, in fact, correlated. That is, a
single covariance channel may represent a group of
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L — M vs L 4+ M) dominating equiluminance settings al
low versus high temporal frequencics (also see Lennie et
al., 1993).

We should emphasize here that the task in our
experiment (i.e. to minimize flicker in the stimulus) was
constant across all spaual-temporal frequency condi-
tions. Thus, the contribution of separate mechanisms to
equiluminance settings is expected to be due to difterent
temporal frequencies differentially affecting the refative
activations of' L — M vs L + M pathways, as opposed
to task demands difterentialfy tapping into onc path-
way versus the other (sce Shioiri & Cavanagh, 1992 for
a similar argument), This change in the relative activa-
tions of L — M versus L + M pathways could explain
why equiluminance settings tend 10 vary with icmporal
frequency (as observed in the present and previous
studies). In addition to this possibility, the effect of
temporal frequency on equiluminance settings may be
due to phase-lags and/or relative cone weights belween
L- and AM-cones that vary with temporal frequency (see
Hamer & Tyler, 1992; Smith, Lce, Pokorny, Martin &
Valberg, 1992; Stromeyer et al, 1997). As mentioned
carlier in Section 2, the use of an equal encrgy white
background in our experiments is expected 10 produce
small (it not negligible) variability in phase-lags or cone
weights, Nonetheless, we cannot rule out the possibility
that this factor contributed to the observed efTects of
temporal frequency on equiluminance settings,

4.4. Contributions from magnaceflular versus
parvacellular pathways

In order 10 clucidate potential neural substrates un-
derlying our psychophysical results, we turn o the
known response properties of neurons in the macaque
visual system. Comparisons between macaque and hu-
mans are justified based on the known similarities
between the visual systems ol the 1wo primates {c.g. D¢
Valois, Morgan, Polson, Mcad & Hull, 1974a; De
VYalois, Morgan & Snodderly, 1974b). In particular, we
focus on the properties ol two distinet subcortical path-
ways  — parvocellular and magnocellular — which
originale in the retina and remain segregated up
through layer 4C of area V1 (see Merigan & Maunsell,
1993 or Dobkins & Albright, 1998 for a review). (There
also exists 4 third pathway, the ‘koniocellular’ (K)
pathway, which is less studied and appears lo respond
selectively to stimuli that modulate the S-cones, e¢.g.
irvin, Casagrande & WNorton, 1993; Martin, White,
Goodchild, Wilder & Sefton, 1997, This pathway is not
relevant 1o this discussion.) Although there exists sub-
stantigl evidenve to suggest that the magnocellular
pathway receives additive (i.e. L+ M) cone input while
the parvocellular pathway receives chromatically-oppo-
nent {i.e. L — A) cone input, the notion of complete
dicholoiny of function has been called into question on

several grounds. First, both cell types are known to
respond to both chromatic (green/red) and luminance
stimuli {e.g. Lee ct al., 1990), suggesting that neural
pathways for chromatic and luminance processing are
not completely segregated. Sccond. stimulus parameters
{sueh as spatial-temporal trequency and background
chromaticity) can produce phase-lags between L- and
M-cones and/or between center and surround mecha-
nisms. which in turn can alter the additive or subtrac-
live nature of L- and AM-cone input to the 1wo cell
types (e.g. Gouras & Zrenner, 1979 Derrington,
Krauskopl & Lennie, 1984. Smith et al., 1992 and see
Stromeyer ¢t al., 1997),

Given these complications, it is perhaps surprising
that psychophysical evidence supports fndependence be-
tween chromatic and luminance contrast detection. One
way this apparent discrepancy has been reconciled rests
on the fact that magnocellular cells are far more sensi-
tive 10 luminance contrast than are parvocellular cells,
while parvocellular cells are much more scnsitive to
chromatic contrast than are magnoceliular cells {e.g.
Hicks, Lee & Vidyasagar, 1983: Derrington & Lennie,
1984: 1.ce et al., 1990). Thus, since the mosl sensitive
system presumably uaderlics contrast detection ar
tweshold, iU is reasonable 1o assume that masnocellular
and parvocellular pathways provide the neura) sub-
strate for luminance und chromatic contrast sensitivity,
respectivcly (see Lee ct al.. 1990; Smith, Pokorny, Davis
& Yeh, 1995 Dobkins, Anderson & Lia, 1999), This
notion is not universally accepted, however. An oppos-
ing point of view proposes that the parvocellular subdi-
vision subserves both chromatic and luminance
deteetion, with (he signals for the two tvpes of contrast
‘de-multiplexed’ at the level of visual cortex (c.g. In-
gling & Martinez-Uriegas, 1983 Lennie & D'Zmura,
1988; D¢ Valois & De Valois, 1993; Billock, 1995;
Mullen et al., 1997), Note that this idea rests on the
assuniption that, despite the superior luminance sensi-
tivity of single mugnocellular cells, the far more numer-
ous parvocellular cells (outweighing magnocellular cells
in number by cight-fold) could, as a population, govern
luminance sensitivity revealed perccptually. The parvo-
cellular pathway’s role i luminance sensitivity is par-
tially supported by the results of lesion studies in
macaques, which show impaired Juminanee contrasi
sensitivity for low temporal [requencies/high spatial
frequencies  wfter parvocellular lesions. By contrast,
magnocellular lesions produce large impairments for
high temporal frequencics/low spatial frequency stimuli
(e.g. Merigan & Maunsell, 1990; Merigan, Katz &
Maunsell, 1991). Given the controversy surrounding
this issue, it is currently unclear whether the indepen-
dence of luminance and chromalc contrast sensitivity
can be mapped neally onto magnocellular and parvo-
cellular substrates, respectively.
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With regard to the neural substrates for green/red
equiluminance settings, results from several neurophysi-
ological studics have shown that magnocellular, but not
parvoccllular, cells exhibit minimal responses when the
luminance ratio between (wo colors is near human V,
equiluminance (l.ee. Martin & Valberg, 1988; Kuiser,
Lee, Martin & Valberg, 1990; Logothetis et al., 1990;
Valberg. Lee, Kaiser & Kremers, 1992, and see
Dobkins & Albright, 1995 for sunilar results obtained
from the middle temporal area of visual cortex). Be-
cause magnocellular responses mirror the perceptual
phenomenon of 'minimal saliency’ al equiluminangce,
this pathway has been implicated as providing the
neural substrate for equiluminance. (11 js inleresting to
point out that the lack of correspondence between
parvocellular and perceptual responses impliey that par-
vocellular responses are either ignored or attenuated by
filters at the cortical level, see Lee et ab., 1990). Given
the evidence from psychophysical studies for L — M
contribution (al Jow temporal frequencies). however, a
1otal lack of parvocellular input to equiluminance set-
lings would be surprising. This can perhaps be recon-
ciled by proposing that previous ncurophysiological
studies missed a contribution from parvocellular (L —
M) cells, either because they used relatively high tem-
poral frequencics and/or because the parvocellular
contribution is small and difficult to detect. Alterna-
lively, parvocellular cells may not be required to ac-
count for the psychophysical results if magnocellular
cells, in lacl. respond in a ¢chromatically-opponent (£ —
M) fashion at low temporal frequeneies (e.g. Smith el
dl., 1992; Stromeyer et al., 1997).

4.5, Do LM rurivs place constrainey on fuminaince and
chromatic contrast sensitivity?

In theory, an individual who exhibits a relatively high
G/R equiluminance ratio is predicied 10 have a rela-
tively high number of L- to M -concs (i.e. L:A cone
ratio) in the eye. This prediction is based on a simple
L + M model of green/red spectral sensitivity, i.e. two
colors are expecled to be cquiluminant when the
weighted sums of L- and Af-cones signals produced by
the wo colors arc equaled. This weighling lactor,
which represents the L:M cone ratio in the eye, is
thought Lo be approxitnatety 21 in humans (sec Lennic
et al., 1993), The wvalidity of this model has bcen
supported by scveral studies demonstrating that, within
individual human subjects, L:Af cong ratios derived
from green/red spectral sensitivity data correspond
guite closely with those obtained vsing methods that
dircetly *count’ conc Lypes in the cye (c.g. Vimal, Poko-
rny, Smilth & Shevell, 1989 Wesner, Pokorny, Shevell
& Smith, 1991; Sharpe, Kremers, Knau, Berendschot &
Usui, 1998; Brainard, Roorda, Yamauchi, Caldcrone.
Metha, Ncitz et al., 2000, and scc Jacobs & Decgan,

1997; Dobkins, Thiele & Albright, 2000 for relevant
eXperiments in macaqucs).

Given that areen/red spectral sensitivity is. in fact, a
reasonable indicator of L:M cone ratios (i.e. higher
green/red equiluminance scttings reftecting higher L: W
ralios), we can address how L:Af ratios might place
conslraints on both luminance and chromatic contrast
sensilivity. In our correlation matnx (Fig. 2), wc ob-
served positive correlations between green/red equilu-
minance settings and luminance contrast sensitivity,
yel megative correlations between green/red equilumi-
nance settings and chromatic contrast sensitivity. This
indicates that subjects with higher F:M cone ratjos
{relative Lo olhers) are al an advanlage for delecling
luminance contrast, yet al a disadvantage for detecting
chromatic contrast, IF'or chromatic (greenjred) stimuli,
sensitivity is thought to be implemented on the neu-
ronal level by cells that receive chromatically-oppo-
nent (i.e. L— M) cone input. Whether or not this
wiring arises as a consequence of sclective or stochas-
lic processes (e.g. Lennie, Haake & Williams, 1991;
Reid & Shapley, 1992; Calkins & Sterling. 1996), an
L:M ratio near 1:1 should be most advantageous for
pairing L-cones with M-cones. Conversely, a high
{and thus imbalanced) .M ratio would yield the
worst chances for chromatic opponency, and in turn,
lower chromatic sensitivity, Thus, the correlation be-
wween higher /R ratios (indicative of higher L:Af
ratios) and lower chromatic contrasl sensitivily seen in
our dala may refleet variation in the degree of chro-
matic opponency across subjects, as dictated by L:Af
vone ratios.

By contrast, with regard to lwninance conlrasl setsi-
tivity, a greater degree of cone homogencity (iv.
higher /.M cone ratios) might be considered more
advantapeous, Consider 1he case of g heterogencous
L- and M-cone mosaic. Due 10 differential spectral
sensitivitics across cone Lypes, a homogencous (i.e.
zero-contrast) ficld might produce small differences in
cone signals across a patch of retina, which would be
confusable with signals arising from a low-contrast
luminance stimulus. Here, the visual systen must dis-
ambiguate differences in cone signals that are duc to
luminance variation in the stimulus from diflerences
that are due lo variation in spectral sensilivity across
cone types. In theory, this could be uchicved by "nor-
malizing’ (o the signal jitter produced by differential
cone spectral sensitivities. Dy contrast, a homogenous
cone mosaic would avoid the need to disambiguate
the source of differential signals, and would conse-
quently detect luminance variation more efficiently.
Thus, the correlution between higher /R ratios (in-
dicative of ligher L:A ratios) and higher luminance
contrast sensitivity seen in our data may reflect this
sort of phenomenon. Experiments in our laboraiory
are underway to investigale this issue further.
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