
Dobkins et al. Vol. 17, No. 3 /March 2000/J. Opt. Soc. Am. A 545
Comparison of red–green equiluminance points in
humans and macaques: evidence

for different L:M cone ratios between species

Karen R. Dobkins

Department of Psychology, University of California, San Diego, La Jolla, California 92093

Alex Thiele

The Salk Institute for Biological Studies, La Jolla, California 92037

Thomas D. Albright

Howard Hughes Medical Institute and The Salk Institute for Biological Studies, La Jolla, California 92037

Received June 8, 1999; revised manuscript received July 26, 1999; accepted August 2, 1999

The human spectral luminosity function (Vl) can be modeled as the linear sum of signals from long-
wavelength-selective (L) and middle-wavelength-selective (M) cones, with L cones being weighted by a factor of
;2. This factor of ;2 is thought to reflect an approximate 2:1 ratio of L:M cones in the human retina, which
has been supported by studies that allow for more direct counting of different cone types in the retina. In
contrast to humans, several lines of retinally based evidence in macaques suggest an L:M ratio closer to 1:1.
To investigate the consequences of differences in L:M cone ratios between humans and macaques, red–green
equiluminance matches obtained psychophysically in humans (n 5 11) were compared with those obtained
electrophysiologically from single neurons in the extrastriate middle temporal visual area of macaques (M.
mulatta, n 5 5). Neurons in the middle temporal visual area were tested with sinusoidal red–green moving
gratings across a range of luminance contrasts, with equiluminance being defined as the red–green contrast
yielding a response minimum. Human subjects were tested under analogous conditions, by a minimally dis-
tinct motion technique, to establish psychophysical equiluminance. Although red–green equiluminance
points in both humans and macaques were found to vary across individuals, the means across species differed
significantly; compared with humans, macaque equiluminance points reflected relatively greater sensitivity to
green. By means of a simple model based on equating the weighted sum of L and M cone signals, the observed
red–green equiluminance points were found to be consistent with L:M cone ratios of approximately 2:1 in hu-
mans and 1:1 in macaques. These data thus support retinally based estimates of L:M cone ratios and further
demonstrate that the information carried in the cone mosaic has functional consequences for red–green spec-
tral sensitivity revealed perceptually and in the dorsal stream of visual cortex. © 2000 Optical Society of
America [S0740-3232(90)00103-X]

OCIS codes: 330.1720, 330.4270, 330.5310, 330.5510.
1. INTRODUCTION
In many respects, the color vision of macaque monkeys is
extremely similar to that of humans. Both humans and
macaques possess long-wavelength-selective (L), middle-
wavelength-selective (M), and short-wavelength-selective
(S) cone photoreceptors (with similar respective cone ab-
sorption spectra), and both species combine signals from
the three cone types in very similar ways (see Ref. 1 for a
review). Humans and macaques appear to differ, how-
ever, in the relative number of L to M cones (i.e., the L:M
cone ratio) in the retinal mosaic. The perceptual conse-
quences of these differences are the focus of this study.

Estimates of L:M ratios in humans and macaques have
come from several lines of research. In humans these in-
clude estimates from retinally based methodologies, such
as microspectrophotometry,2,3 adaptive optics combined
with retinal densitometry,4 electroretinogram (ERG)
flicker photometry,5 and the quantification of pigment
mRNA.6,7 Although L:M ratios are found to be quite
0740-3232/2000/030545-12$15.00 ©
variable across human subjects, these studies generally
support a mean L:M ratio of approximately 2:1. In addi-
tion to methods that directly count cones or quantify cone
signals in the retina, human psychophysical techniques
that measure the frequency of stimulating L versus M
cones have also provided estimates of L:M cone ratios.
The results from a variety of studies testing hyperacuity,8

frequency of detection and stimulus size effects,9,10 and
two-point foveal thresholds11,12 suggest an approximate
2:1 ratio of L to M cones in the human eye.

Decades before methodologies were developed to allow
direct sampling of L and M cones in the eye, the L:M cone
ratio of humans was estimated by modeling of the psycho-
physically derived spectral sensitivity curve (also referred
to as the luminous efficiency function or the Vl function)
as a weighted sum of the psychophysically derived L and
M cone fundamentals, with the weighting factor being
thought to represent the L:M cone ratio. In other words,
this model supposes that luminance is encoded by neural
2000 Optical Society of America
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mechanisms that compute a weighted sum of L and M
cone excitations (Refs. 13–16; see Ref. 17 for review).
Thus, when two lights are set to be equally luminous—
referred to as equiluminance, the weighted sum of L and
M cone excitation produced by one color ought to be equal
to the weighted sum of L and M cone excitation produced
by the other color. Based on this weighted-sums model of
human spectral sensitivity, the L:M cone ratio for hu-
mans is calculated to be approximately 2:1 and thus in
line with retinally based estimates.

By contrast to the situation in humans, macaque L:M
cone ratios determined from retinally based techniques
such as microspectrophotometry,18 outersegment
recordings,19 photopigment-transmittance imaging,20

ERG,21 and anatomy of the cone pathways22 support an
L:M ratio near 1:1. Thus, despite the overall similarities
of color vision between humans and macaques, the differ-
ences in L:M cone ratios between species predict differ-
ences in red–green spectral sensitivity. In fact, several
psychophysical studies in macaques and humans have
documented such differences between the two species.
Results from experiments testing increment
thresholds,23–25 heterochromatic flicker photometry26

(HFP), and spatial acuity27,28 suggest that macaques, as
compared with humans, are slightly more sensitive to
short wavelengths and less sensitive to long wavelengths.
Typically, these studies emphasized the similarity be-
tween the two species (e.g., Refs. 26 and 29), most likely
to justify the use of macaques as a model for human color
vision. For this reason these earlier studies did not at-
tempt to model the L:M cone ratio of macaques on the ba-
sis of their spectral sensitivity.

To further investigate the functional consequences of
differential L:M cone ratios between humans and
macaques, we compared the relative sensitivity to red
versus green lights in the two species. To this end, red–
green equiluminance points were obtained in human (n
5 11) and macaque (M. mulatta, n 5 5) subjects. For
our human subjects, equiluminance points were obtained
psychophysically, by a minimally distinct motion tech-
nique. For our macaques, we used a neural metric of
red–green equiluminance. Specifically, we obtained
equiluminance points from individual neurons in the
middle temporal visual area (area MT), which is part of
the dorsal stream of extrastriate cortex. We chose to em-
ploy this neural metric from area MT for two reasons.
First, area MT is known to be driven largely by activity
originating in the magnocellular subcortical division of
the visual system. Because magnocellular cells are
known to receive additive (i.e., L 1 M) input, they (and
the neurons they project to) are the likely substrate for
the putative luminance mechanism. Second, in previous
studies we have shown a close correspondence between an
individual macaque’s neural equiluminance in area MT
and the behavioral equiluminance point determined for
that macaque,30 thus demonstrating that area-MT equi-
luminance can be used to infer behavioral equiluminance.

The human and macaque equiluminance points ob-
tained in the present study were used to derive estimates
of L:M cone ratios in the two species. The values ob-
tained from this analysis support a significantly higher
L:M cone ratio in humans as compared with macaques
and are quantitatively in agreement with retinally based
estimates. These data thus demonstrate that, for both
humans and macaques, the relative number of L to M
cones in the eye has functional consequences for red–
green spectral sensitivity revealed perceptually and in ex-
trastriate area MT.

2. METHODS
A. Subjects
Five rhesus monkeys (Macaca mulatta) provided single-
unit neurophysiological data for this study $mean age,
10.8 years (yr) 64.0 [standard deviation (SD)]%. Three of
the macaques were obtained from the University of Mas-
sachusetts Primate Center. The other two were obtained
from the University of California, Davis, Primate Center.
All but one was male. The neurons from which we re-
corded were studied during the course of other experi-
ments, aimed at investigating the strength of chromatic
input to motion processing in area MT.31,32 Protocols for
all the experiments were approved by the Salk Institute
Animal Care and Use Committee and conformed to U.S.
Department of Agriculture regulations and National In-
stitutes of Health guidelines for the humane care and use
of laboratory animals. Eleven human subjects (7 fe-
males, 4 males) provided psychophysical data for this
study [mean age, 30.7 yr 66.7 (SD)]. Human subjects
reported no known color abnormalities in themselves or
in their family histories. All the human subjects passed
the Ishihara color plate test, ensuring that they were not
red–green dichromats (i.e., they had functioning L and M
cones).

B. Apparatus
Visual stimuli were generated with a Sgt. Pepper Graph-
ics board (Number Nine Computer Corp.: 640
3 480 pixel resolution, analog RGB output, 8 bits/gun,
60-Hz frame rate) residing in a Pentium-based or AT-
class PC. For all the human subjects and two of our
macaques (Teiresias and Kimball), stimuli were displayed
on a 50.8-cm (20-in.) Sony monitor (Model GDM 2000TC,
analog RGB, noninterlaced). The stimuli in these experi-
ments were generated under the charge of CORTEX 5.7
(Laboratory of Neuropsychology, National Institute of
Mental Health), which was also used for data acquisition
and behavioral control. For three macaques tested in an
older study (Lefty, Tutu, and Frisbee), stimuli were dis-
played on a 50.8-cm (20-in.) Phillips monitor (Model
C2064-AS, analog RGB, noninterlaced). Here stimulus
generation, data acquisition, and behavioral control oper-
ated under the charge of a PDP 11/73 computer. The
CIE chromaticity coordinates of the Phillips monitor were
as follows: red (0.618, 0.350), green (0.280, 0.605), and
blue (0.152, 0.067). For the Sony monitor, the CIE coor-
dinates were red (0.623, 0.343), green (0.285, 0.605), and
blue (0.150, 0.065). For both monitors, the voltage–
luminance relationship was linearized independently for
each of the three guns in the display33 by means of a PR-
650 SpectraColorimeter (PhotoResearch). The PR-650
SpectraColorimeter was also used for spectroradiometric
measurements to compute L and M cone excitations pro-
duced by our stimuli.
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C. Stimuli
Red–green sinusoidal gratings were produced by sum-
ming of sinusoidal luminance modulations of the red and
the green phosphors, of identical spatial frequency and
orientation but 180° out of phase with each other. Ren-
dered in this manner, luminance contrast of the resultant
red–green grating is dependent on the mean luminances
and modulation depths of the red and the green sinusoids.
In these experiments modulation depth was held constant
(and identical for the red and the green sinusoids), and lu-
minance contrast in the grating was varied by differ-
ential adjustment of the mean luminances of the red
and the green sinusoids such that the mean luminance
of the resultant red–green grating was held constant.
Luminance contrast of the red–green grating is ex-
pressed as Modulation Depth 3 @(Gmean 2 Rmean)/(Gmean
1 Rmean)#. With this metric, luminance contrast can be
either positive or negative, depending on which of the two
colors is more luminous. By our convention, positive (1)
contrast refers to the case in which the green phase of the
grating is more luminous than the red. Likewise, nega-
tive (2) contrast refers to the case in which red is more
luminous than green. Although we did not attempt to
precisely isolate the L 2 M/L 1 M plane, i.e., the plane
that produces no variation in S cone activity, spectroradi-
ometric measurements revealed that our red–green
stimuli produced less than 10% modulation and negligible
overall activation in S cone photoreceptors (s 5 ;0.12
units in MacLeod–Boynton chromaticity space, normal-
ized to s 5 1.0 for equal-energy white34). Because this
amount of S cone activation is small, and because S cones
are thought not to contribute to luminance (see, e.g., Refs.
35–37, but compare Ref. 38), we assume that S cones are
not a factor in our experiments.

Slight differences in color parameters existed between
the two studies from which these data were obtained.
For experiments conducted on the Sony monitor (in all
the human subjects and in two macaques), heterochro-
matic gratings were set at a mean luminance of 24 can-
delas per square meter (cd/m2) and were presented on a
yellow background of the same luminance, and the red
and the green sinusoids had a modulation depth of 100%.
For older experiments conducted on the Phillips monitor
(in three macaques), heterochromatic gratings were set at
a mean luminance of 10 cd/m2 and were presented on a
black background, and the red and the green sinusoids
had a modulation depth of 90%. The results from pilot
experiments in our human subjects confirmed that equi-
luminance settings are not affected by these slight differ-
ences in stimulus conditions.

D. Procedures

1. Neurophysiology
Our general procedures for recording action potentials
from isolated area-MT neurons of awake fixating
macaques have been described in detail previously.31

Briefly, animals fixated a small (0.3°-diameter) spot of
light on the video monitor in the presence of moving
stimuli on the display while single-unit responses were
recorded from area MT. Receptive-field size, position
relative to sulci, and degree of selectivity for direction of
motion were all criteria used to establish that our record-
ings were from area MT. For each isolated area-MT neu-
ron, receptive field was mapped out, and best direction
was determined with a high-contrast luminance-defined
bar. All subsequently presented stimuli were centered
on the geometric center of the receptive field.

2. Determining Neural Equiluminance in Macaque
Area-MT Neurons
The methods for determining equiluminance in individual
area-MT neurons, including information about the record-
ing procedures and parameters, are described in detail in
our previous studies.30–32 Briefly, each area-MT neuron
was presented with heterochromatic red–green gratings
moving in preferred (P) and nonpreferred (NP) directions
(stimulus duration, 1.0 or 1.5 s). Neural responses were
obtained for several (typically eight) different luminance
contrasts of the heterochromatic grating, varied from red-
more-luminous-than-green to green-more-luminous-than-
red contrast. For each red–green pair, a direction index
(DI) was determined from the mean responses (spikes/s,
averaged across the duration of the stimulus) to motion in
P and NP directions: DI 5 (P 2 NP)/(P 1 NP). A
Gaussian curve was fitted to the resulting DI versus red–
green luminance contrast data, and the luminance con-
trast yielding the minimum in the curve was provision-
ally defined as the neural equiluminance point (see Fig. 1
below). Note that, for two macaques (Teiresias and Kim-
ball), neural equiluminance was determined directly from
minima in P motion responses rather than from DI’s.
This difference was a consequence of a slightly different
experimental design for the study in which these
macaques were tested32 as compared with our earlier
study.31 This difference should not affect our results, as
the two methods for defining neural equiluminance yield
equivalent results.

Tables 1 and 2 present the conditions under which
equiluminance points were obtained for each macaque,
including the different spatial frequencies [cycles/degree
(cpd)] and temporal frequencies (cycles/second, or hertz)
employed. Also shown are the stimulus size and the
mean stimulus eccentricity (based on the mean receptive-
field eccentricity of area-MT neurons) for each animal.
In Table 3 we present the number of area-MT neurons
tested at each spatiotemporal frequency and the resulting
mean red–green equiluminance points obtained under
that condition. To obtain an overall mean equiluminance
point for each macaque, equiluminance points across all
the neurons were averaged.

3. Determining Equiluminance in Human Subjects
Red–green equiluminance points were determined in hu-
man subjects by use of the minimally distinct motion
method (see, e.g., Refs. 39 and 40). Subjects adjusted the
luminance contrast in a moving heterochromatic (red–
green) grating until the percept of motion was least sa-
lient. Equiluminance points were determined from the
mean of 20 trials. Subjects were tested across a range of
stimulus conditions chosen to overlap with those em-
ployed for macaques. These conditions are presented in
Tables 1 and 2. As for macaque data, mean equilumi-
nance points in humans were determined separately for
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the different spatiotemporal frequency conditions. To
yield an overall mean equiluminance point for each hu-
man subject, equiluminance points across different spa-
tiotemporal frequencies were averaged, separately for
stimuli presented at 2.5° and 8° eccentric to fixation.

E. Estimating L:M Cone Ratios from Red–Green
Equiluminance Points
For human subjects, estimates of L:M cone ratios were
calculated based on psychophysically determined red–
green equiluminance points. For macaques, estimates of
L:M cone ratios were calculated based on the mean neural
equiluminance point across area-MT neurons. Estimates
of L:M cone ratios were derived in the following manner:

Table 1. Stimulus Parameters Employed for
Macaque Subjects (nÄ5)a

Macaque SF TF Size (°)
Mean

Eccentricity (°)

1. Teiresias 0.4, 0.7,
or 1.4

1, 2, 4, or 8 5 3.5
(SD, 1.3;

parafoveal)
2. Kimball 0.4, 0.7,

or 1.4
1, 2, 4, or 8 5 4.1

(SD, 1.9;
parafoveal)

3. Lefty 0.5 2, 8, or 13 10 8.0
(SD, 2.5;

peripheral)
4. Tutu 0.5 2, 8, or 13 10 7.7

(SD, 2.5;
peripheral)

5. Frisbee 0.5 2, 8, or 13 10 8.4
(SD, 2.9;

peripheral)

a SF, spatial frequency (cycles/degree). TF, temporal frequency
(cycles/second, or hertz). Size (°), stimulus size. Eccentricity (°), stimu-
lus eccentricity. For macaques, mean stimulus eccentricities are shown
(based on the mean receptive-field eccentricities of area-MT neurons).
Note that, while we use the term parafoveal to refer to eccentricities rela-
tively close to the fovea (2.5°–4.1°), ‘‘peripheral’’ is used to refer to stimuli
placed farther out (;8°).

Table 2. Stimulus Parameters Employed for
Human Subjects (nÄ11)a

Stimulus SF TF Size (°) Eccentricity (°)

1 0.7 8 5 2.5 (parafoveal)
2 0.7 4 5 2.5 (parafoveal)
3 1.4 8 5 2.5 (parafoveal)
4 1.4 4 5 2.5 (parafoveal)
5 0.7 8 10 8 (peripheral)
6 0.7 13 10 8 (peripheral)

a See Table 1 footnote. For humans, stimuli were centered at one of
two eccentricities (2.5° and 8°). The parafoveal stimuli used for humans
(i.e., 2.5°) were slightly closer to the fovea than those for macaques (i.e.,
mean for two macaques, 3.7°), for the following reason: The stimulus ec-
centricity chosen for humans was guided by the mean receptive-field ec-
centricity of the sampled area-MT neurons in Teiresias and Kimball,
which at the time was close to 2.5°. The mean eccentricity for area-MT
neurons moved more peripherally as more neurons were added to the
sample. We do not expect this small difference of ;1.0° between
macaques and humans to affect any of our comparisons. Also, note that
human subjects were not tested under all the spatiotemporal conditions
employed in the macaque experiments.
First, we determined the L and M cone excitations pro-
duced by the red and the green peaks of heterochromatic
gratings set to be equiluminant (either for a given human
subject or for the average area-MT neuron). This in-
volved using the PR-650 SpectraColorimeter to obtain the
spectral output function of the red and the green peaks of
the grating (from 380–780 nm, in 4-nm intervals). These
spectral functions were then cross multiplied with the L
and M cone fundamentals reported for 2° stimuli by
Stockman et al.,41 and the resultant function was inte-

Table 3. Number of Area-MT Neurons Tested at
Each Spatiotemporal Frequency, and the Mean

Red–Green Equiluminance Point for Those
Neuronsa

SF TF Number of Cells Mean Equiluminance Point

Macaque 1: Teiresias
0.4 1 0 –
0.4 2 6 27.77%
0.4 4 5 23.53%
0.4 8 4 25.46%
0.7 1 4 210.81%
0.7 2 6 27.57%
0.7 4 9 28.51%
0.7 8 1 210.27%
1.4 1 0 –
1.4 2 3 27.48%
1.4 4 12 210.35%
1.4 8 5 210.81%

Macaque 2: Kimball
0.4 1 0 –
0.4 2 2 23.21%
0.4 4 4 25.38%
0.4 8 8 23.82%
0.7 1 0 –
0.7 2 1 28.54%
0.7 4 7 24.58%
0.7 8 10 24.32%
1.4 1 0 –
1.4 2 1 28.58%
1.4 4 1 27.51%
1.4 8 3 26.80%

Macaque 3: Lefty
0.5 2 12 28.30%
0.5 7.5 10 28.40%
0.5 13 14 20.39%

Macaque 4: Tutu
0.5 2 23 213.61%
0.5 7.5 64 211.89%
0.5 13 31 29.09%

Macaque 5: Frisbee
0.5 2 26 214.26%
0.5 7.5 58 28.33%
0.5 13 31 24.62%

a SF, spatial frequency (cycles/degree). TF, temporal frequency
(cycles/second, or hertz).
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Fig. 1. Example data from an area-MT neuron presented with heterochromatic (red–green) gratings. The neuron was tested with
eight different red–green luminance contrasts ranging in equal intervals (5.48%) from 224.2% to 13.9%, moving in both preferred (P)
and nonpreferred (NP) directions (stimulus duration, 1.5 s). Bottom: Post-stimulus-time histograms [spikes/s (S/S)] are plotted as a
function of luminance contrast in the red–green grating. Top: Corresponding DI 5 (P 2 NP)/P 1 NP) for each red–green pair. 0%
luminance contrast denotes standard CIE (1924) human Vl equiluminance (as measured by our PR-650 SpectraColorimeter). Neural
equiluminance is defined as the luminance contrast yielding the minimal DI of a Gaussian curve fitted to the mean data, which was
determined to be 28.43% for this neuron.
grated, to yield L and M cone excitations produced by the
red and the green peaks.

L:M cone ratios were then calculated by determination
of the weighting factor (F) for the L cones necessary to
equate the sum of L and M cone excitation for the red and
the green peaks of the heterochromatic grating:

F~Lr! 1 Mr 5 F~Lg! 1 Mg , (1)

where Lg and Mg refer to the cone excitations produced
by the green peak, Lr and Mr refer to the cone excitations
produced by the red peak, and the weighting factor (F) is
an approximation of the L:M cone ratio. Thus the L:M
ratio is calculated as follows:

L:M RATIO 5 ~Mg 2 Mr!/~Lr 2 Lg!. (2)

Note that our model relies on human cone fundamen-
tals for the standard observer (as determined by Stock-
man et al.41) to compute L and M cone excitations. Be-
cause cone fundamentals are expected to differ somewhat
across individuals (based on differences in lmax and pho-
topigment optical density, as well as in lens and macular
pigment, across subjects), there will be some error in L:M
derivations associated with using a standard set of cone
fundamentals for all the subjects (see Ref. 42 for further
discussion). For the purpose of comparing human and
macaque L:M cone ratios, a potentially greater concern
regards our use of human cone fundamentals to estimate
L:M ratios in macaques. As addressed further in Section
4, we believe that the use of human cone fundamentals as
a close approximation to macaque cone fundamentals is
justified because evidence supports similar optics, screen-
ing factors, and lmax between the two species.

Another assumption of our model is that the weighting
factor (F) represents the relative number of L to M cones,
as opposed to some postreceptoral synaptic weighting of L
to M cones. We believe that this is a reasonable assump-
tion inasmuch as there exists empirical evidence, within
individual human subjects, demonstrating that spectral
sensitivity is closely tied to the relative number of L to M
cones (see, e.g., Refs. 11, 12, 43, and 44).

3. RESULTS
A typical example of neural equiluminance in a single
area-MT neuron is shown in Fig. 1. This neuron pre-
ferred leftward motion and had a receptive field located in
the upper contralateral quadrant, centered 7.5° eccentric
from the center of gaze. The neuron was presented with
eight different red–green luminance contrasts ranging in
equal intervals (5.48%) from 224.2% to 13.9%, moving in
both P and NP directions (stimulus duration, 1.5 s). In
this example the neuron was tested with a 0.5-cpd grating
moving at 7.5 Hz. The resulting post-stimulus-time his-
tograms as a function of luminance contrast in the hetero-
chromatic grating are shown in the bottom half of Fig. 1,
and the corresponding DI @DI 5 (P 2 NP)/(P 1 NP)# for
each red–green pair is plotted in the top half. Neural
equiluminance was estimated by determination of the lu-
minance contrast yielding the minimal DI of a Gaussian
curve fitted to the mean data. For this neuron, the equi-
luminance point was determined to be 28.43% with re-
spect to human Vl equiluminance.

A. Human and Macaque Equiluminance Points
Red–green equiluminance points for humans (n 5 11)
and macaques (n 5 5) are shown in Fig. 2(a). For each
macaque, we obtained an individual mean red–green
equiluminance point by averaging equiluminance points
across all area-MT neurons (open symbols). Note that
two of the macaques were tested at mean eccentricities of
3.5° and 4.1° (referred to as parafoveal; open circles),
while the other three were tested at ;8° (referred to as
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peripheral; open triangles). For each human, we ob-
tained a mean equiluminance point by averaging across
spatiotemporal frequency conditions, separately for
stimuli presented at 2.5° (parafoveal; filled circles) and 8°
(peripheral; filled triangles) eccentric to fixation.

Group mean equiluminance points and standard errors
for humans and macaques are depicted by horizontal
lines and shaded rectangles (height 5 61 standard error
of the mean), respectively. For macaques, the group
mean equiluminance point was 27.73% with respect to
human Vl equiluminance. For humans, group mean
equiluminance points were 2.54% and 1.43% for
parafoveal and peripheral stimuli, respectively. Thus
these data demonstrate a clear and significant separation
between human and macaque red–green equiluminance
points [F(1, 14) 5 40.7, p , 0.0001].

B. Derived L:M Cone Ratios
As described in Section 2, red–green equiluminance
points were used to derive estimates of L:M cone ratios.
Individual L:M ratios, determined from red–green equilu-

Fig. 2. (a) Red–green equiluminance points for humans (n
5 11, filled symbols) and macaques (n 5 5, open symbols), ob-
tained by averaging data across spatiotemporal frequency condi-
tions. Circles and triangles represent data obtained from
parafoveal and peripheral locations, respectively (see text and
Tables 1 and 2). Group mean equiluminance points and stan-
dard errors are depicted by horizontal lines and shaded rect-
angles (height 5 61 standard error of the mean), respectively.
For both parafoveal and peripheral stimuli, there is a clear and
significant difference between human and macaque data points.
(b) L:M cone ratios for humans and macaques, derived from red–
green equiluminance points shown in (a). Dashed horizontal
lines represent the approximate L:M ratios of humans and
macaques as determined from direct retinally based methods.
[Symbols are same as in (a).]
minance points [presented in Fig. 2(a)], are plotted in Fig.
2(b). As for red–green equiluminance points, there ex-
ists a clear separation between derived L:M ratios for hu-
mans and macaques. For humans, the group mean L:M
ratio was determined to be 3.29 and 2.63 for parafoveal
and peripheral stimuli, respectively. For macaques, the
group mean L:M ratio was 0.60. We should acknowl-
edge, however, that the low number of macaque subjects
may produce somewhat biased estimates, and for this rea-
son the exact values should be interpreted with some cau-
tion. Nonetheless, our derived L:M ratios for humans
and macaques fall quite close to those determined from
retinally based methods [dashed horizontal lines in Fig.
2(b)].

C. Effects of Temporal and Spatial Frequency
In Fig. 3 we have plotted the equiluminance points of hu-
mans (filled symbols) and macaques (open symbols) as a
function of temporal frequency (2–13 Hz, top plot) and

Fig. 3. Red–green equiluminance as a function of temporal fre-
quency (2–13 Hz, top plot) and spatial frequency (0.4–1.4 cpd,
bottom plot). Note that temporal frequency data are collapsed
across spatial frequencies. Likewise, spatial frequency data are
collapsed over temporal frequency. Combining data in this
fashion was necessary because, for macaques, there was an in-
sufficient number of neurons to allow investigation of each com-
bination of spatial and temporal frequency. A two-factor analy-
sis of variance conducted on the human data revealed no
significant effects of spatial or temporal frequency (and no sig-
nificant interaction between the two). Single-factor analysis of
variance in macaques revealed no significant effect of spatial fre-
quency, yet a significant effect of temporal frequency, on equilu-
minance points. At higher temporal frequencies macaques
needed more green to match the red. (Symbols are same as in
Fig. 2.)
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spatial frequency (0.4–1.4 cpd, bottom plot). Horizontal
bars denote group means. (Note that standard errors are
not plotted because some means are from only two sub-
jects.) The number of neurons included in each condition
can be found in Table 3. As for equiluminance points av-
eraged across all the spatiotemporal frequencies [Fig.
2(a)], the data shown in Fig. 3 demonstrate a clear sepa-
ration between human and macaque data at all the spa-
tial and temporal frequencies. Although there exists
some overlap between human and macaque equilumi-
nance points at the highest temporal frequency tested (13
Hz), the difference between species was nonetheless sig-
nificant at this temporal frequency [F(1, 12) 5 8.62, p
5 0.01].

When statistical tests were applied to evaluate the in-
fluence of spatial and temporal frequency (separately for
macaque and human data), the only significant effect was
that of temporal frequency on macaque equiluminance
points [F(2, 2) 5 10.4, p 5 0.026], with more green
needed to match the red at higher temporal frequencies.
The effects of temporal frequency observed in macaques
but not humans is likely to reflect the fact that, relative to
macaques, humans were tested over a restricted range of
temporal frequencies. That human red–green equilumi-
nance points are, in fact, affected by temporal frequency
is supported by several previous psychophysical studies
(see, e.g., Refs. 34 and 45–49). It is perhaps important to
point out that such effects indicate that the relative num-
ber of L to M cones in the eye cannot be the sole factor
underlying red–green equiluminance. Other factors,
such as changes in the weights or relative phases (see,
e.g., Refs. 45 and 49) of L and M cones must also play a
role.

D. Effects of Eccentricity
The extent to which red–green equiluminance points
and/or L:M ratios vary with eccentricity is still an un-
settled matter (see, e.g., Refs. 6, 9, 50, and 51). To inves-
tigate the effects of eccentricity, statistical analyses were
applied to the data. For human subjects, we used equi-
luminance data for 8-Hz, 0.7-cpd gratings, obtained at
both 2.5° (parafoveal) and 8° (peripheral) eccentric to fixa-
tion. As might be expected by comparison of parafoveal
with peripheral data points in Figs. 2(a) and 3, human
subjects exhibited significantly lower equiluminance
points (i.e., more red needed to match the green) for 8°, as
compared with 2.5°, stimuli [F(1, 10) 5 20.6, p 5 0.001].
The effect was rather small, however, with equiluminance
points lowered (on average) by 1.5%. This effect of eccen-
tricity on equiluminance points may be accounted for by
several factors, including the known decrease in macular
pigment with increasing eccentricity, a lower L:M cone
ratio in the periphery, or differential cone weightings as a
function of eccentricity.

In macaques, regression analysis was employed to in-
vestigate the effect of area-MT receptive-field eccentricity
on equiluminance points, separately for each animal.
The results of this analysis revealed a negative regression
slope for four of five animals. Although the effect was
not significant for any of the animals, the general ten-
dency for lower equiluminance points (i.e., needing more
red to match the green) with increasing eccentricity is a
pattern similar to that observed in human subjects.

4. DISCUSSION
The results of these studies demonstrate a significant dif-
ference in red–green equiluminance points between
macaque and human subjects. When these red–green
equiluminance values are used to derive estimates of L:M
cone ratios, human and macaque values appear fairly
close to those determined from direct retinally based
methods2–7,19–22 and from psychophysical techniques that
selectively stimulate L and M cones.8–12 Thus these data
add to the mounting evidence that the relative number of
L to M cones in the eye has predictable consequences for
red–green spectral sensitivity. Furthermore, the fact
that macaque L:M estimates were based on equilumi-
nance measures in area MT suggests that the dorsal
stream of visual cortex provides the substrate for the lu-
minance mechanism, which computes a weighted sum of
L and M cone excitations.

In our discussion of these findings, first we discuss evi-
dence that area MT provides the neural substrate for
red–green equiluminance revealed behaviorally. Second,
we address the potential for factors other than differences
in L:M cone ratios to contribute to the differences that we
observed. Third, we discuss our results within the con-
text of previous studies that have measured spectral sen-
sitivity in macaques. Finally, we speculate about the po-
tential benefits of higher versus lower L:M ratios and why
differences in L:M ratios across species may have evolved.

A. Does Area MT Provide the Neural Substrate for
Behavioral Equiluminance?
Before we proceed with a discussion of the results, it is
perhaps important to establish that equiluminance deter-
mined for area-MT neurons reflects behavioral equilumi-
nance. In previous experiments30 we used an oculomotor
technique to measure behavioral equiluminance in two of
the macaques (Lefty and Tutu) included in the present
study. The stimulus in these experiments consisted of a
field of moving black dots superimposed upon a tempo-
rally modulated heterochromatic red–green grating (0.5
cpd, 13 Hz). When the red–green grating is set to be
equiluminant the overall flicker in the grating is mini-
mized, thus revealing the motion of the overlying black
dots. This motion elicits smooth tracking eye move-
ments. Under nonequiluminant conditions motion of the
black dots is masked by luminance flicker, and eye move-
ments are consequently of smaller amplitude. Using this
paradigm, we measured macaques’ oculomotor responses
at different luminance contrasts in the red–green grating,
with behavioral equiluminance being defined as the lumi-
nance contrast yielding the largest eye movement ampli-
tude. The results of this experiment revealed an ex-
tremely tight correspondence between the behavioral
equiluminance points of our two macaques and the mean
equiluminance points of their area-MT neurons (obtained
at the same spatiotemporal frequency). Such results
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suggest that area-MT equiluminance can be used to infer
behavioral equiluminance.

In addition to this direct approach, one could also argue
that a link between area-MT and behavioral equilumi-
nance is predicted by the responses of (and projections
from) neurons at earlier stages of visual processing. It
has long been known that, while neurons of the magno-
cellular subcortical pathway receive primarily additive,
i.e., L 1 M, input, neurons of the parvocellular pathway
receive primarily opponent, i.e., L 2 M, input (see Ref.
52 for review, but compare Ref. 53). Based on the pat-
tern of input to these two neuronal types, it is perhaps not
surprising to learn that magnocellular, but not parvocel-
lular, retinal ganglion cells yield spectral sensitivity (Vl)
curves similar to those obtained psychophysically.54–56

Because area MT appears to receive predominantly
magnocellular-driven input,57 these previous experiments
conducted in the retina predict that a correlation between
neural and behavioral equiluminance should also be
found in area MT.

B. Other Potential Factors Underlying Differences
between Macaques and Humans

1. Stimulus Conditions
Several previous human psychophysical studies have
demonstrated that stimulus factors such as spatial and
temporal frequency, as well as adaptation state, can alter
equiluminance measures (see, e.g., Refs. 35, 48, 49, 58,
and 59). Because we expect that the equiluminance
points observed in our study were likewise influenced by
such factors, our derived L:M ratios are expected to be an
approximation. However, these derived L:M values are,
in fact, reasonably close to those predicted by retinal
studies, which suggests that any error associated with
our particular choice of stimulus conditions is rather
small. More importantly, we believe that stimulus fac-
tors (should they have affected our derived measures)
cannot explain the differences that we observed between
species, since humans and macaques were tested under
nearly identical stimulus conditions.

2. Age
Because of the yellowing of the lens with age, older ani-
mals are expected to be relatively less sensitive to green
as compared with younger animals (see, e.g., Refs. 60 and
61). Because our human subjects were older than our
macaques [mean human yr, 30.7 6 6.7 (SD), mean
macaque yr, 10.8 6 4.0 (SD)], one could argue that the
differences in equiluminance points observed in our study
are a mere consequence of age differences. We believe,
however, that it is more appropriate to use adjusted age
(by threefold) for our macaques, to reflect the difference in
life span between the species.62 When we use adjusted
age for our macaques, the mean macaque age
@32.4 yr 6 11.9 (SD)# was indistinguishable from that of
our human subjects (t 5 0.3, p, not significant). Our use
of adjusted age is justified on several grounds. First,
macaques develop presbyopia and senile cataracts at the
same adjusted ages as humans, which suggests that
changes such as lens yellowing are also likely to be tied to
adjusted age. This prediction is, in fact, supported by
previous experiments demonstrating that the lens ab-
sorption of a 5-yr-old macaque is similar to that of a 20-
yr-old human.63 A second issue concerns the possibility
that lens yellowing is the result of accumulative UV ex-
posure (see, e.g., Ref. 64) rather than part of the natural
aging processes. If this is true, it might be inappropriate
to use adjusted age for our macaque subjects. The lens
changes associated with aging appear to be similar for
macaques maintained in cages all their lives (i.e., with
little UV exposure) and those who live in outdoor
colonies,65 which argues against this possibility. For
these reasons, we believe that differences in lens yellow-
ing associated with aging cannot explain the differences
in equiluminance points observed between humans and
macaques.

3. Rods
Because the stimuli used in our experiment were not
bright enough to completely saturate rods, it is possible
that rod activity may have contributed to equiluminance
measurements. In general, this would have the effect of
biasing red–green equiluminance points toward V8l equi-
luminance (i.e., a shift toward relatively greater sensitiv-
ity to green). Thus it is possible that the shifted equilu-
minance points observed in macaques reflect a larger rod
contribution in macaques as compared with humans.
Such a situation could arise if rod signals were more
dominant in macaques than in humans. However, this
possibility is not supported by psychophysical compari-
sons of human versus macaque rod vision (see, e.g., Ref.
24) and is therefore unlikely to account for the differences
observed in this study.

4. Cone Fundamentals
In our derivations of L:M cone estimates from red–green
equiluminance points, we used human cone fundamentals
reported by Stockman et al.41 These cone fundamentals
represent functions for the standard observer, obtained
from a mean across several subjects. Individual differ-
ences in cone fundamentals exist across subjects, how-
ever, arising from differences in lmax and photopigment
optical density, as well as in macular and lens pigment.
Thus it is reasonable to assume that the standard cone
fundamentals used in our derivation of L:M ratios were
not perfect for each subject, resulting in some expected er-
ror in our estimates. While this is not in itself of particu-
lar concern, our use of human cone fundamentals to cal-
culate macaque L:M ratios potentially could be
important. Although we might have attempted to model
cone fundamentals for macaques, we believe that using
human functions is a close enough approximation, since
cone optical density,20 lens density,25,63 and macular
pigment25,66 are thought to be comparable between the
two species.

However, with regard to the absorption spectra of hu-
man and macaque cone photoreceptors, there is reason to
believe that the lmax of L and M cones in the macaque
may be shifted toward longer wavelengths (by as much as
4 nm), as compared with human cones (although the issue
is still a matter of some debate; see Ref. 1 or 21 for a re-
view). To address the possibility that differences in lmax
might explain the differences observed in our study, we
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recalculated macaque L:M cone ratios, using a shifted set
of cone fundamentals (i.e., by shifting the human L and M
cone fundamentals to higher wavelengths by 4 nm).
With these shifted functions, macaque L:M ratios were
even lower than our original estimates and thus even
more different from those calculated for humans. For
this reason it seems highly unlikely that differences in
lmax can account for our results.

5. Contribution of Luminance versus Brightness
Mechanisms
Despite our assumption that equiluminance judgments
rely on a mechanism that computes a weighted sum of L
and M cone signals (i.e., an L 1 M, or luminance,
mechanism), it is possible that an opponent cone mecha-
nism (i.e., an L 2 M, or chromatic, mechanism) may also
contribute. The relative weighting of L 1 M versus
L 2 M mechanisms may depend partially on stimulus
parameters such as spatial and temporal frequency. In
addition, the relative weighting may be task dependent,
leading subjects to selectively monitor activity in L 1 M
versus L 2 M pathways. For example, it is known that
red–green matches based on HFP are discrepant from
red–green matches based on heterochromatic brightness
matching.67 Such differences have typically been ex-
plained by the assumption that while HFP relies solely on
L 1 M mechanisms, heterochromatic brightness match-
ing relies on both L 1 M and L 2 M mechanisms (e.g.,
Refs. 68 and 69). Thus, in principle, the differences that
we observed in red–green equiluminance matches be-
tween humans and macaques could have arisen if our hu-
man subjects employed a brightness matching strategy,
which would allow a greater contribution of L 2 M
mechanisms in humans as compared with macaques.
We consider this explanation unlikely, however, since the
majority (i.e., 9 out of 11) of our subjects were naı̈ve to is-
sues of brightness matching and were simply told to mini-
mize the motion in the stimulus (without any mention of
brightness whatsoever).

C. Spectral Sensitivity in Humans and Macaques:
Relation to Previous Studies

1. Psychophysical Evidence
Several previous psychophysical studies have found dif-
ferences in spectral sensitivity between humans and
macaques. The results from experiments testing incre-
ment thresholds,23–25 HFP,26 and spatial acuity27,28 in-
dicate that macaques are slightly more sensitive to short
wavelengths yet less sensitive to long wavelengths as
compared with humans. In general, these small differ-
ences went unnoticed and were therefore not attributed to
differences in L:M cone ratios between species. This is
perhaps not surprising, since retinally based estimates of
L:M cone ratios had not been reported (for either humans
or macaques) at the time that these experiments were
conducted.

2. Spectral Sensitivity Revealed by Retinal
Electrophysiology
In a recent study, Jacobs and Deegan21 used ERG flicker
photometry (31 Hz) to obtain spectral sensitivity func-
tions in macaques (both M. mulatta and M. fascicularis)
and in humans. Consistent with previous psychophysi-
cal findings, they found small but systematic differences
between the two species. Compared with humans, the
ERG response of macaques reflected slightly greater sen-
sitivity to short wavelengths (,520 nm) and slightly
lower sensitivity to wavelengths longer than this value.
As in the present study, they modeled their results in
terms of L:M cone ratios and concluded that the differ-
ence between human and macaque data reflects differ-
ences in the relative proportions of L and M cones in the
retinas of the two species. Thus our data (obtained from
a cortical metric) serve to confirm those of Jacobs and
Deegan (obtained from a retinal metric). Unlike the re-
sults of Jacobs and Deegan, however, the variability of
L:M ratios across our macaques was extremely low [see
Fig. 2(b)]. Note that this low variability may be an arti-
fact of the low number of subjects in our study, i.e., low n
can produce biased estimates of variability. Other pos-
sible reasons for differences in variability between studies
include the fact that, while Jacobs and Deegan combined
data from two macaque species (M. mulatta and M. fas-
cicularis), which may differ from each other, we tested
only one (M. mulatta). In addition, the low variability in
our study may have arisen from potential genetic similar-
ity among our five macaques (three macaques were ob-
tained from one colony, and two were obtained from an-
other colony).

It is also interesting that, unlike the present study, in
which cortical recordings necessarily reflect postrecep-
toral processing of L and M cone signals, the degree to
which the ERG reflects receptoral versus postreceptoral
processes is still uncertain. Because the ERG spectral
sensitivity data of Jacobs and Deegan can be well mod-
eled by a simple summing of L and M cone signals, it is
reasonable to assume that the ERG signal at high flicker
rates reflects solely additive (L 1 M) responses. One
way in which this could occur is if the ERG reflects sig-
nals originating exclusively from cone photoreceptors
such that the summing of L and M cone responses occurs
at the level of the recording device. However, because
there is reason to believe that the fast-flicker ERG con-
tains signals from postreceptoral cells as well as from
cone photoreceptors,70 Jacobs and Deegan suggest that
the postreceptoral contribution to the ERG signal arises
selectively from retinal cells that receive additive
(L 1 M), rather than opponent (L 2 M), cone input.
Although it is difficult to imagine how L 2 M signals
would be excluded from the ERG signal, the fact remains
that their ERG spectral sensitivity data can be modeled
by a simple summing of L and M cone fundamentals (see
also Ref. 5).

Also relevant to the present study is that of Dacey
et al.,71 who recently reported estimates of L:M ratios in
macaques, based on the strength of L and M cone input to
H1 horizontal cells in the retina. Dacey et al., like Ja-
cobs and Deegan,21 found greater variability in their L:M
estimates as compared with the present study. The
greater variability in the study by Dacey et al. may be due
to the fact that they combined data from three different
macaque species (M. nemestrina, M. fascicularis, and M.
pabio anubis). In addition, differences between studies
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may simply reflect the existence of less variability at
higher stages of visual processing. Based on convergence
in the visual pathway, the variability of L versus M cone
input across individual cortical neurons should be far less
than that observed across retinal cells.

D. Potential Benefits of High versus Low L:M Cone
Ratios
On a final note, it is tempting to speculate as to why dif-
ferences in L:M cone ratios between humans and
macaques may exist. To address this, we might ask
whether any benefit can be expected from possessing a
higher versus a lower L:M cone ratio. In a recent human
psychophysical study, we found that subjects’ red–green
equiluminance points (which presumably reflect their
L:M cone ratios) were correlated with their contrast sen-
sitivity for luminance-defined and chromatically defined
gratings.48 Specifically, at high temporal frequencies,
subjects who exhibited relatively greater sensitivity to red
than to green (i.e., indicative of higher L:M cone ratios)
tended to exhibit higher-than-average luminance contrast
sensitivity. By contrast, at low temporal frequencies,
these subjects tended to exhibit lower-than-average chro-
matic contrast sensitivity. Thus this pattern of results
suggests that the relative number of L to M cones in the
eye may place constraints on luminance and chromatic
contrast sensitivity. Consequently, macaques might be
expected to exhibit higher chromatic, yet lower lumi-
nance, contrast sensitivity as compared with humans.
Thus differences in L:M ratio may have evolved to accom-
modate different needs for greater chromatic sensitivity
versus greater luminance sensitivity. For example, in
macaques, greater chromatic contrast sensitivity afforded
by a lower L:M ratio may have been necessary to distin-
guish red fruit against green foliage.72 By contrast, in
humans, greater luminance contrast sensitivity afforded
by a higher L:M cone ratio may have been relatively more
important for high-precision tasks such as vernier align-
ment, which is known to be highly dependent on lumi-
nance contrast.73

ACKNOWLEDGMENTS
We thank J. Costanza and K. Sevenbergen for superb
technical assistance, Ron Harwerth for helpful discus-
sions regarding optical factors in macaques, and Don
MacLeod for comments on the manuscript. T. Albright is
an Investigator for the Howard Hughes Medical Institute.

Address correspondence to K. Dobkins, who can be
reached by telephone at 619-534-5434 or by e-mail at
kdobkins@ucsd.edu.

REFERENCES
1. G. H. Jacobs, ‘‘Variations in color vision in non-human pri-

mates,’’ in Inherited and Acquired Colour Vision Deficien-
cies: Fundamental Aspects and Clinical Studies, D. H.
Foster, ed. (Macmillan, London, 1990), pp. 199–214.

2. H. J. Dartnall, J. K. Bowmaker, and J. D. Mollon, ‘‘Human
visual pigments: microspectrophotometric results from
the eyes of seven persons,’’ Proc. R. Soc. London Ser. B 220,
115–130 (1983).

3. H. J. Dartnall, J. K. Bowmaker, and J. D. Mollon, ‘‘Mi-
crospectrophotometry of human photoreceptors,’’ in Color
Vision: Physiology and Psychophysics, J. D. Mollon and L.
T. Sharpe, eds. (Academic, London, 1983), pp. 69–80.

4. A. Roorda and D. R. Williams, ‘‘The arrangement of the
three cone classes in the living human eye [see comments],’’
Nature 397, 520–522 (1999).

5. G. H. Jacobs and J. Neitz, ‘‘Electrophysiological estimates
of individual variation in the L/M cone ratio,’’ in Colour Vi-
sion Deficiencies XI, B. Drum, ed. (Kluwer Academic, Dor-
drecht, The Netherlands, 1993), pp. 107–112.

6. S. A. Hagstrom, J. Neitz, and M. Neitz, ‘‘Ratio of M/L pig-
ment gene expression decreases with retinal eccentricity,’’
in Color Vision Deficiencies XIII, C. R. Cavonius, ed., Vol.
59 of Documenta Ophthalmologica Proceedings Series (Klu-
wer Academic, Dordrecht, The Netherlands, 1997), pp. 59–
65.

7. T. Yamaguchi, A. G. Motulsky, and S. S. Deeb, ‘‘Levels of
expression of the red, green and red–green hybrid pigment
genes in the human retina,’’ in Colour Vision Deficiencies
XIII, C. R. Cavonius, ed., Vol. 59 of Documenta Ophthalmo-
logica Proceedings Series (Kluwer Academic, Dordrecht,
The Netherlands, 1997), pp. 21–31.

8. P. D. Gowdy and C. M. Cicerone, ‘‘The spatial arrangement
of L and M cones in the central fovea of the living human
eye,’’ Vision Res. 38, 2575–2589 (1998).

9. J. L. Nerger and C. M. Cicerone, ‘‘The ratio of L cones to M
cones in the human parafoveal retina,’’ Vision Res. 32, 879–
888 (1992).

10. C. M. Cicerone and L. Nerger, ‘‘The relative numbers of
long-wavelength-sensitive to middle-wavelength-sensitive
cones in the human fovea centralis,’’ Vision Res. 29, 115–
128 (1989).

11. R. L. Vimal, J. Pokorny, V. C. Smith, and S. K. Shevell,
‘‘Foveal cone thresholds,’’ Vision Res. 29, 61–78 (1989).

12. M. F. Wesner, J. Pokorny, S. K. Shevell, and V. C. Smith,
‘‘Foveal cone detection statistics in color-normals and
dichromats,’’ Vision Res. 31, 1021–1037 (1991).

13. C. R. Ingling and E. Martinez-Uriegas, ‘‘Simple-opponent
receptive fields are asymmetrical: G-cone centers pre-
dominate,’’ J. Opt. Soc. Am. A 73, 1527–1532 (1983).

14. H. L. De Vries, ‘‘The heredity of the relative number of red
and green receptors in the human eye,’’ Genetica (The
Hague) 24, 199–212 (1948).

15. J. J. Vos, ‘‘Colorimetric and photometric properties of a 2
degree fundamental observer,’’ Color Res. Appl. 3, 125–128
(1978).

16. D. B. Judd, ‘‘Report of U.S. Secretariat Committee on col-
orimetry and artificial daylight,’’ in CIE Proceedings,
Twelfth Session, Stockholm (Bureau Central CIE, Paris,
1951), Vol. 1, Pt. 7, pp. 1–60.

17. P. Lennie, J. Pokorny, and V. C. Smith, ‘‘Luminance,’’ J.
Opt. Soc. Am. A 10, 1283–1293 (1993).

18. J. D. Mollon and J. K. Bowmaker, ‘‘The spatial arrange-
ment of cones in the primate fovea,’’ Nature 360, 677–679
(1992).

19. D. A. Baylor, B. J. Nunn, and J. L. Schnapf, ‘‘Spectral sen-
sitivity of cones of the monkey Macaca fascicularis,’’ J.
Physiol. (London) 390, 145–160 (1987).

20. O. S. Packer, D. R. Williams, and D. G. Bensinger, ‘‘Photo-
pigment transmittance imaging of the primate photorecep-
tor mosaic,’’ J. Neurosci. 16, 2251–2260 (1996).

21. G. H. Jacobs and J. F. Deegan II, ‘‘Spectral sensitivity of
macaque monkeys measured with ERG flicker photometry,’’
Visual Neurosci. 14, 921–928 (1997).

22. D. J. Calkins, S. J. Schein, Y. Tsukamoto, and P. Sterling,
‘‘M and L cones in macaque fovea connect to midget gan-
glion cells by different numbers of excitatory synapses,’’ Na-
ture 371, 70–72 (1994).

23. N. A. Sidley and H. G. Sperling, ‘‘Photopic spectral sensitiv-
ity in the rhesus monkey,’’ J. Opt. Soc. Am. 57, 816–818
(1967).

24. M. L. Crawford, ‘‘Central vision of man and macaque: cone
and rod sensitivity,’’ Brain Res. 119, 345–356 (1977).



Dobkins et al. Vol. 17, No. 3 /March 2000/J. Opt. Soc. Am. A 555
25. R. S. Harwerth and E. L. Smith III, ‘‘Rhesus monkey as a
model for normal vision of humans,’’ Am. J. Optom. Physiol.
Opt. 62, 633–641 (1985).

26. R. L. De Valois, H. C. Morgan, M. C. Polson, W. R. Mead,
and E. M. Hull, ‘‘Psychophysical studies of monkey vision.
I. Macaque luminosity and color vision tests,’’ Vision Res.
14, 53–67 (1974).

27. H. Zwick and D. O. Robbins, ‘‘Is the rhesus protanoma-
lous?’’ Mod. Probl. Ophthalmol. 19, 238–242 (1978).

28. I. Behar and P. D. Bock, ‘‘Visual acuity as a function of
wavelength in three catarrhine species,’’ Folia Primatol. 21,
277–289 (1974).

29. N. A. Sidley, H. G. Sperling, E. W. Bedarf, and R. H. Hiss,
‘‘Photopic spectral sensitivity in the monkey: methods for
determining, and initial results,’’ Science 150, 1837–1839
(1965).

30. K. R. Dobkins and T. D. Albright, ‘‘Behavioral and neural
effects of chromatic isoluminance in the primate visual mo-
tion system,’’ Visual Neurosci. 12, 321–332 (1995).

31. K. R. Dobkins and T. D. Albright, ‘‘What happens if it
changes color when it moves?: The nature of chromatic in-
put to macaque visual area MT,’’ J. Neurosci. 14, 4854–
4870 (1994).

32. A. Thiele, K. R. Dobkins, and T. D. Albright, ‘‘The contribu-
tion of color to motion processing in MT,’’ J. Neurosci. 19,
6571–6587 (1999).

33. A. B. Watson, K. R. K. Nielson, A. Poirson, A. Fitzhugh, A.
Bilson, K. Nguyen, and A. J. Ahumada, ‘‘Use of a raster
framebuffer in vision research,’’ Behav. Res. Methods In-
strum. 18, 587–594 (1986).

34. R. M. Boynton, ‘‘History and current status of a physiologi-
cally based system of photometry and colorimetry,’’ J. Opt.
Soc. Am. A 13, 1609–1621 (1996).

35. P. Cavanagh, D. I. MacLeod, and S. M. Anstis, ‘‘Equilumi-
nance: spatial and temporal factors and the contribution
of blue-sensitive cones,’’ J. Opt. Soc. Am. A 4, 1428–1438
(1987).

36. A. Eisner and D. I. Macleod, ‘‘Blue-sensitive cones do not
contribute to luminance,’’ J. Opt. Soc. Am. 70, 121–123
(1980).

37. B. W. Tansley and R. M. Boynton, ‘‘Chromatic border per-
ception: the role of red- and green-sensitive cones,’’ Vision
Res. 18, 683–697 (1978).

38. A. Stockman, D. I. MacLeod, and D. D. DePriest, ‘‘The tem-
poral properties of the human short-wave photoreceptors
and their associated pathways,’’ Vision Res. 31, 189–208
(1991).

39. J. D. Moreland, ‘‘Spectral sensitivity measured by motion
photometry,’’ in Vol. 33 of Documenta Ophthalmologica
Proceedings Series (Kluwer Academic, Dordrecht, The
Netherlands, 1982), pp. 61–66.

40. K. R. Dobkins and D. Y. Teller, ‘‘Infant motion:detection
(M:D) ratios for chromatic-defined and luminance-defined
moving stimuli,’’ Vision Res. 36, 3293–3310 (1996).

41. A. Stockman, D. I. MacLeod, and N. E. Johnson, ‘‘Spectral
sensitivities of the human cones,’’ J. Opt. Soc. Am. A 10,
2491–2521 (1993).

42. M. L. Bieber, J. M. Kraft, and J. S. Werner, ‘‘Effects of
known variations in photopigments on L/M cone ratios es-
timated from luminous efficiency functions,’’ Vision Res. 38,
1961–1966 (1998).

43. L. T. Sharpe, J. Kremers, H. Knau, T. T. J. M. Berendschot,
and T. Usui, ‘‘Ratios of L and M cones in the normal retina,’’
Perception 27, 26–27 (1998).

44. D. H. Brainard, J. B. Calderone, G. H. Jacobs, A. Roorda, Y.
Yamauchi, D. R. Williams, A. Metha, M. Neitz, and J.
Neitz, ‘‘Functional consequences of the relative numbers of
L and M cones,’’ J. Opt. Soc. Am. A. 17, 607–614 (2000).

45. W. B. Cushman and J. Z. Levinson, ‘‘Phase shift in red and
green counterphase flicker at high frequencies,’’ J. Opt. Soc.
Am. 73, 1557–1561 (1983).

46. K. R. Dobkins and T. D. Albright, ‘‘What happens if it
changes color when it moves?: Psychophysical experi-
ments on the nature of chromatic input to motion detec-
tors,’’ Vision Res. 33, 1019–1036 (1993).

47. N. K. Logothetis and E. R. Charles, ‘‘The minimum motion
technique applied to determine isoluminance in psycho-
physical experiments with monkeys,’’ Vision Res. 30, 829–
838 (1990).

48. K. R. Dobkins, K. L. Gunther, and D. H. Peterzell, ‘‘What
covariance mechanisms underlie green/red equiluminance,
chromatic contrast sensitivity and luminance contrast sen-
sitivity at various spatial and temporal frequencies?’’ Vision
Res. (to be published).

49. C. F. Stromeyer III, A. Chaparro, A. S. Tolias, and R. E.
Kronauer, ‘‘Colour adaptation modifies the long-wave ver-
sus middle-wave cone weights and temporal phases in hu-
man luminance (but not red–green) mechanism,’’ J.
Physiol. (London) 499, 227–254 (1997).

50. M. S. Livingstone and D. H. Hubel, ‘‘Psychophysical evi-
dence for separate channels for the perception of form,
color, movement, and depth,’’ J. Neurosci. 7, 3416–3468
(1987).

51. K. T. Mullen, ‘‘Colour vision as a post-receptoral specializa-
tion of the central visual field,’’ Vision Res. 31, 119–130
(1991).

52. W. H. Merigan and J. H. Maunsell, ‘‘How parallel are the
primate visual pathways?’’ Annu. Rev. Neurosci. 16, 369–
402 (1993).

53. D. M. Dacey, ‘‘Circuitry for color coding in the primate
retina,’’ Proc. Natl. Acad. Sci. USA 93, 582–588 (1996).

54. B. B. Lee, P. R. Martin, and A. Valberg, ‘‘The physiological
basis of heterochromatic flicker photometry demonstrated
in the ganglion cells of the macaque retina,’’ J. Physiol.
(London) 404, 323–347 (1988).

55. P. K. Kaiser, B. B. Lee, P. R. Martin, and A. Valberg, ‘‘The
physiological basis of the minimally distinct border demon-
strated in the ganglion cells of the macaque retina,’’ J.
Physiol. (London) 422, 153–183 (1990).

56. A. Valberg, B. B. Lee, P. K. Kaiser, and J. Kremers, ‘‘Re-
sponses of macaque ganglion cells to movement of chro-
matic borders,’’ J. Physiol. (London) 458, 579–602 (1992).

57. J. H. Maunsell, T. A. Nealey, and D. D. DePriest, ‘‘Magno-
cellular and parvocellular contributions to responses in the
middle temporal visual area (MT) of the macaque monkey,’’
J. Neurosci. 10, 3323–3334 (1990).

58. A. Eisner and D. I. Macleod, ‘‘Flicker photometric study of
chromatic adaptation: selective suppression of cone inputs
by colored backgrounds,’’ J. Opt. Soc. Am. 71, 705–718
(1981).

59. C. F. Stromeyer III, A. Chaparro, A. Tolias, and R. Kro-
nauer, ‘‘Equiluminant settings change markedly with tem-
poral frequency,’’ Invest. Ophthalmol. Visual Sci. Suppl. 36,
S210 (1995).

60. D. V. van Norren and J. J. Voss, ‘‘Spectral transmission of
the human ocular media,’’ Vision Res. 14, 1237–1244
(1974).

61. J. S. Werner, D. H. Peterzell, and A. J. Scheetz, ‘‘Light, vi-
sion and aging,’’ Opt. Vision Sci. 67, 214–229 (1990).

62. J. Tigges, T. P. Gordon, H. M. McClure, E. C. Hall, and A.
Peters, ‘‘Survival rate and life span of rhesus monkeys at
the Yerkes Regional Primate Research Center,’’ Am. J. Pri-
matol. 15, 263–273 (1988).

63. R. S. Harwerth, E. L. Smith III, and L. DeSantis, ‘‘Mecha-
nisms mediating visual detection in static perimetry,’’ In-
vest. Ophthalmol. Visual Sci. 34, 3011–3023 (1993).

64. J. Dillon, ‘‘UV-B as a pro-aging and pro-cataract factor,’’
Doc. Ophthalmol. 88, 339–344 (1994).

65. P. L. Kaufman and L. Z. Bito, ‘‘The occurrence of senile
cataracts, ocular hypertension and glaucoma in rhesus
monkeys,’’ Exp. Eye Res. 34, 287–291 (1982).

66. D. M. Snodderly, P. K. Brown, F. C. Delori, and J. D. Auran,
‘‘The macular pigment. I. Absorbance spectra, localiza-
tion, and discrimination from other yellow pigments in pri-
mate retinas,’’ Invest. Ophthalmol. Visual Sci. 25, 660–673
(1984).

67. G. Wagner and R. M. Boynton, ‘‘Comparison of four meth-
ods of heterochromatic photometry,’’ J. Opt. Soc. Am. 62,
1508–1515 (1972).

68. S. L. Guth, N. J. Donley, and R. T. Marrocco, ‘‘On lumi-
nance additivity and related topics,’’ Vision Res. 9, 537–575
(1969).



556 J. Opt. Soc. Am. A/Vol. 17, No. 3 /March 2000 Dobkins et al.
69. S. L. Guth and H. R. Lodge, ‘‘Heterochromatic additivity,
foveal spectral sensitivity and a new color model,’’ J. Opt.
Soc. Am. 63, 450–462 (1973).

70. R. A. Bush and P. A. Sieving, ‘‘Inner retinal contributions to
the primate photopic fast flicker electroretinogram,’’ J. Opt.
Soc. Am. A 13, 557–565 (1996).

71. D. M. Dacey, L. C. Diller, J. Verweij, and D. R. Williams,
‘‘Physiology of L- and M-cone inputs to H1 horizontal cells
in the primate retina,’’ J. Opt. Soc. Am. A 17, 589–596
(2000).

72. J. D. Mollon, ‘‘ ‘Tho’ she kneel’d in that place where they
grew...’ The uses and origins of primate colour vision,’’ J.
Exp. Biol. 146, 21–38 (1989).

73. C. Wehrhahn and G. Westheimer, ‘‘How vernier acuity de-
pends on contrast,’’ Exp. Brain Res. 80, 618–620 (1990).


