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PURPOSE. The measurement of achromatic sensitivity has been an important tool for
monitoring subtle changes in vision as the result of disease or response to therapy. In this
study, we aimed to provide a normative data set for achromatic and chromatic contrast
sensitivity functions within a common cone contrast space using an abbreviated
measurement approach suitable for clinical practice. In addition, we aimed to provide
comparisons of achromatic and chromatic binocular summation across spatial frequency.

METHODS. We estimated monocular cone contrast sensitivity functions (CCSFs) using a quick
Contrast Sensitivity Function (qCSF) approach for achromatic as well as isoluminant, L/M
cone opponent, and S cone opponent stimuli in a healthy population of 51 subjects. We
determined the binocular CCSFs for achromatic and chromatic vision to evaluate the degree
of binocular summation across spatial frequency for these three different mechanisms in a
subset of 20 subjects.

RESULTS. Each data set shows consistent contrast sensitivity across the population. They
highlight the extremely high cone contrast sensitivity of L/M cone opponency compared with
the S-cone and achromatic responses. We also find that the two chromatic sensitivities are
correlated across the healthy population. In addition, binocular summation for all
mechanisms depends strongly on stimulus spatial frequency.

CONCLUSIONS. This study, using an approach well suited to the clinic, is the first to provide a
comparative normative data set for the chromatic and achromatic contrast sensitivity
functions, yielding quantitative comparisons of achromatic, L/M cone opponent, and S cone
opponent chromatic sensitivities as a function of spatial frequency.
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Ever since it was first introduced into clinical practice by
Gstalder and Green1 more than 40 years ago, the

measurement of achromatic contrast sensitivity has been an
important tool for monitoring subtle changes in vision as the
result of disease or in response to therapy.2–7 However, a
comprehensive assessment of visual function should go beyond
the measurement of achromatic contrast sensitivity, based on
the summing of cone outputs, and also include chromatic
sensitivity, derived from the two postreceptoral, cone-oppo-
nent processes. One process, loosely termed red-green (RG), is
L/M cone opponent and is associated with the midget bipolar
and midget ganglion cells of the primate retina and the P cell
layers of the lateral geniculate nucleus (LGN). The other,
loosely termed blue-yellow (BY), opposes the S cones against
the combined L and M cones, using distinct retinal cells (i.e., S-
cone bipolar, small bistratified, large sparse monostratified, and
large sparse bistratified ganglion cells)8–10 that project to the K
cell layers of the LGN.11 A comparison of the sensitivities of all
three mechanisms requires a common stimulus metric that
allows both chromatic and achromatic stimuli to be represent-
ed using the same physical units, and this is typically cone
contrast. Within the three-dimensional cone contrast space,
stimulus chromaticity is represented by the proportional
modulations of the three cone types (vector direction) and

cone contrast by the magnitude of the cone modulations
(vector length).12–14 Hence, measurements of detection thresh-
olds for different chromatic and achromatic stimuli yield their
respective cone contrast sensitivities (CCSs) within this
common biological metric, allowing them to be directly
compared.

It is well known that there are characteristic differences
between the chromatic and achromatic responses in terms of
the shapes of the spatial contrast sensitivity functions (CSF).
The chromatic CSF is spatially lowpass with optimal contrast
sensitivity at spatial frequencies below 0.5 cycles/degree (c/d),
in comparison to the bandpass, high-acuity form of the
achromatic CSF.15,16 The combined measurement of achromatic
and chromatic contrast sensitivity across spatial frequency
provides a comprehensive assessment of visual function from
retina to cortex and ideally should be incorporated into clinical
practice. There have been no direct comparisons of the three
spatial CCS functions for the RG, BY, and achromatic
postreceptoral mechanisms, although this has been done for
temporal frequency in a limited number of subjects.17 There is
also no normative data base for both achromatic and chromatic
CCSs as a basis for assessing an individual patient’s results,
although the study by Rabin et al.18 compared in a large
population the detection thresholds of letters along the three
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individual cone axes within a cone contrast space, as a
successful test of inherited color vison deficiencies. A further
obstacle is that traditionally the measurement of these
sensitivities in the laboratory has required time-consuming
psychophysical procedures that are not well suited to the
clinic.

In the present study, we sought to overcome these obstacles
with the aim of facilitating the use of contrast sensitivity in all
of its forms in the clinic. We provide a normative data set (n¼
51) for achromatic as well as chromatic (RG and BY) CCS
functions (CCSFs) measured with the quick Contrast Sensitivity
Function (qCSF) approach.19,20 Further, we characterized the
binocular CCSFs for achromatic and chromatic vision in a
subset of 20 young adults to derive the degree of binocular
summation (binocular/monocular sensitivity) as a function of
spatial frequency for these three different systems. In addition
to providing this normative data set, we reveal two interesting
findings. First, the two chromatic (RG versus BY) sensitivities
exhibit correlations across the healthy population. Second,
binocular summation for all mechanisms depends strongly on
stimulus spatial frequency.

METHODS

Apparatus

Stimuli were generated using a ViSaGe videographic card
(Cambridge Research Systems, Kent, UK) with 14-bit contrast
resolution and presented on a Sony Trinitron (GDM 500DIS)
monitor (Sony Corporation, Tokyo, Japan) at 120-Hz frame
rate and 1024 3 768 spatial resolution. The monitor was
gamma corrected using the VSG calibration routine with the
OptiCal photometer (Cambridge Research Systems). The
spectral emission functions of the red, green, and blue
phosphors of the monitor were measured using a Spectra
Scan PR-645 spectrophotometer (Photo Research, Inc., Chats-
worth, CA, USA). The CIE-1931 chromaticity coordinates of
the red, green, and blue phosphors were (x ¼ 0.610, y ¼
0.333), (x ¼ 0.302, y ¼ 0.591), and (x ¼ 0.153, y ¼ 0.084),
respectively. The background was achromatic, with a mean
luminance of 51 cd/m2 at the screen center. Stimuli were
viewed at a distance of 58 cm in a dimly lit room, with a patch
on the nondominant eye (self-reported) for the monocular
condition and without it for the binocular condition.
Chromatic and achromatic stimuli were controlled indepen-
dently by lookup tables.

Observers

Fifty-one subjects between 19 and 59 years (mean age 25.8 6
7.2 SD, 25 females, 26 males), including three authors and 48
näıve subjects, participated in the main experiment. Twenty
participated in the binocular experiment and six participated
in the control experiment. All subjects had normal or
corrected-to-normal visual acuity, and normal stereopsis tested
with the three-book Randot Preschool Stereoacuity Test
(Stereo Optical Co., Inc., Chicago, IL, USA).21 Participants
were screened for normal color vision using the Farnsworth/
Lanthony Combined D-15 Test (Gulden Ophthalmics, Elkins
Park, PA, USA). The experiments were performed in accor-
dance with the Declaration of Helsinki and approved by the
institutional ethics committee of McGill University Health
Center. Each subject signed an informed consent form.

Stimuli and Color Space

Stimuli consisted of either horizontal- or vertical-oriented
bandpass filtered noise generated in the space domain by

filtering white noise by a Gabor filter with a spatial frequency
bandwidth of 1.84 octaves and were presented in a Gaussian
window with a sigma of 58 (Fig. 1a). This is essentially a
stimulus with the same amplitude spectrum as a windowed
grating but with a more complex phase spectrum. One
advantage is that any normative data can be more easily
related to future studies using second-order modulations that
use a bandpass noise carrier. Another possible advantage is
that the areas of peak and trough stimulation (e.g., red versus
green, blue versus yellow) are varied on a trial-by-trial basis.
Stimulus peak spatial frequency and contrast were varied.
Stimuli were presented for 1 second with an abrupt onset/
offset.

The three types of stimuli used were cardinal, isolating the
achromatic (Ach), RG, and BY postreceptoral processes,
respectively (Fig. 1a). Stimuli were represented in a three-
dimensional cone contrast space13,14 in which each axis
represents the response of the L-, M-, or S-cone type
normalized to the response to the white background. Cone
contrast was calculated using the cone fundamentals of Smith
and Pokorny,22 with a linear transform calculated to specify the
required phosphor contrasts of the monitor for given cone
contrasts. Stimulus contrast is defined as the vector length in
cone contrast units (Cc):

FIGURE 1. (a) Three examples of the stimuli: oriented (either vertical
or horizontal) filtered noise patterns for the Ach (left), the RG
(middle), and the BY (right) cone contrasts, each isolating the LþM
(often referred to as the luminance mechanism), L-M (referred to as
the RG mechanism), S-(LþM) (referred to as the BY mechanism)
mechanisms, respectively. (b) An example of CCS across spatial
frequency estimated by the qCSF method that assumes the sensitivity
function has a log-parabola shape characterized by its peak gain cmax,
peak spatial frequency fmax, and cutoff spatial frequency fc

parameters.
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CC ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
LCð Þ2 þ MCð Þ2 þ SCð Þ2

q
ð1Þ

where LC, MC, and SC represent the L, M, and S Weber cone
contrast fractions in relation to the L-, M-, and S-cone values of
the achromatic background.23 This contrast metric is higher by
a factor of =3 (1.73) from the conventional luminance
Michelson contrast. Stimulus chromaticity is given by vector
direction. The achromatic cardinal stimulus has an L-, M-, and S-
cone response ratio of 1:1:1 respectively, the BY cardinal
stimulus is the S-cone axis of the cone contrast space (cone
response ratio of 0:0:1) and the RG cardinal stimulus has an
isoluminant direction in the L/M cone contrast plane and was
determined individually for each subject using a minimum
flicker task. To determine RG isoluminance, the subject viewed
a counterphasing horizontal grating (4 Hz, 0.375 c/d) in a
Gaussian envelope (r ¼ 28) and a method of adjustment was
used to determine the L:M cone ratio at which a minimum in
perceived counterphase flicker occurred based on the average
of 10 repeated measurements. The average RG isoluminant
point across all 51 subjects, expressed as the L:M isoluminant
cone ratio was 1:�1.83 (6 1.30 SD) (see Supplementary Fig.
S1).

Procedures and Analysis

The subjects’ task was to identify the orientation of the pattern
in a single-interval identification task by pressing a button box
after the stimulus disappeared. Audio feedback was provided.
The CSFs S( f ) (Equation 2) were determined using the qCSF

method.19,20 The frequency range of the test was truncated
from 0.24 to 2.39 c/d for chromatic conditions and from 0.24
to 9.57 c/d for achromatic conditions. In the orientation
identification task, the qCSF was estimated with 100 trials,
which took approximately 8 minutes and was repeated twice.
The method estimates the log-sensitivity function with a
truncated log-parabola model,24,25 which is described by four
parameters: the peak gain cmax, the peak spatial frequency fmax,
the bandwidth b, and the truncation d, given in Equation 2 (see
Fig. 1b).

S0 fð Þ ¼ log10 cmaxð Þ � j
log10 fð Þ � log10 fmaxð Þ

b0=2

� �2

S fð Þ ¼ log10 cmaxð Þ � d if f , fmax and S0 fð Þ, log10 cmaxð Þ � d

S fð Þ ¼ S0 fð Þ else

ð2Þ

with j ¼ log10(2) and b’ ¼ log10(2b).
The initial gain prior (cmax) was set to 100 for the Ach and

BY conditions and 1000 for the RG condition. The peak
frequency prior was set to 2 c/d and the bandwidth prior was
set to 3 octaves in all conditions. We discarded the truncation
parameter from our analyses because it was often out of the
range of our measurements. The cutoff spatial frequency fc was
calculated in function of the other parameters, as the
frequency for which the log-sensitivity is minimal S ¼ 0
(Equation 3), thus the bandwidth was not analyzed because it
became redundant.

fc ¼ fmax:10
b0

2

ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
log10 cmaxð Þ

j

p
ð3Þ

RESULTS

Figure 2 shows monocular CCSFs for the Ach (solid black line),
RG (solid red line), and BY (solid blue line) conditions averaged
across the 51 subjects. Results from each individual subject are
plotted in Figure 3. As can be seen in Figures 2 and 3, the

overall shapes of the CCSFs for the RG and BY stimuli are
lowpass, as previously reported,16,17 whereas Ach functions
are more bandpass, resembling achromatic CSFs previously
reported for low temporal frequencies.26 As can be seen from
Figure 2, the CCS for BY and Ach at 1 c/d is roughly equal.
Similar results have been reported previously (see Figs. 3a, 3b
from Wuerger et al.27). Here, the bandpass shape of the
achromatic condition has a peak spatial frequency fmax at 1.63
c/d (see average estimated values in the Table). In comparison,
for both the RG and BY chromatic conditions, the two lowpass
functions have peak spatial frequencies fmax at 0.58 c/d and
0.49 c/d for the RG and BY conditions, respectively.

The CCS for the RG chromatic condition is clearly greater
than the other two. The estimated value of the peak gain cmax

for the RG condition averaged across the 51 subjects is 204.6,
which is six and seven times higher than the Ach (cmax¼ 34.7)
and BY (cmax ¼ 28.5), respectively, which are similar to each
other (see the Table). The superior CCS of the L/M cone
opponent process compared with the other two mechanisms
at low spatial frequencies is well known, particularly from the
measurement of threshold contours in a cone contrast
space.13,14,28,29 We note that the advantage of using the cone
contrast space is that it allows the two chromatic and the
achromatic contrast sensitivities to be directly compared
across a range of spatial frequencies.

The estimated values of the cutoff spatial frequency fc for
the achromatic condition averaged across the 51 subjects is
27.4 c/d, which is 1.9 and 4.4 times higher than the RG (14.8
c/d) and BY (6.3 c/d) ones, respectively (see the average
estimated values in the Table). This result reflects the higher
spatial resolution of the achromatic mechanism compared with
the RG and BY chromatic mechanisms.17,30

The distributions of the three model parameter estimates
(cmax, fmax, and fc) across subjects for each of the achromatic,

FIGURE 2. Measured CCS as a function of spatial frequency for the Ach
(solid black line), RG (solid red line), and BY (solid blue line)
conditions under monocular viewing. The average across the 51
subjects is shown. The dotted lines indicate the log-parabola model
estimation, which is reconstructed with the average estimated values
for each of the three parameters by the qCSF. The averaged model
parameters are reported in the Table. The shaded regions represent 6
SD.
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FIGURE 3. The individual CCSFs for the 51 subjects used to calculate the averages in Figure 2. Each panel indicates an individual’s data in which
each subject replicates two times for the Ach (solid black line), RG (solid red line), and BY (solid blue line) sensitivity measurements with the qCSF.

TABLE. Statistics of the Model Parameter Distributions for the Ach, RG, and BY Conditions Presented on the Right Side of Each Panel of Figure 4

Condition

cmax fmax (c/d) fc (c/d)

l r cv l r cv l r cv

Ach 34.68 8.71 0.25 1.63 0.39 0.24 27.42 8.41 0.31

RG 204.56 59.51 0.29 0.58 0.16 0.28 14.83 4.08 0.28

BY 28.46 9.46 0.33 0.49 0.12 0.24 6.26 1.72 0.28

Mean (l), SD (r), and coefficient of variation (cv) of the distributions are presented for the peak gain cmax, peak spatial frequency fmax, and cutoff
spatial frequency fc parameters.
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RG, and BY conditions are plotted in the right side of each
panel in Figure 4. The average (l), SD (r), and coefficient of
variation (cv) of these distributions are given in the Table. The
coefficient of variations in these parameters are approximately
0.3 for both the achromatic and chromatic (RG and BY)
conditions. This finding indicates that mechanisms mediating
the achromatic and chromatic sensitivities show the same
variability. This variability is quite low, as can be seen in Figure
3. The CSFs of individual subjects are very reproducible over
two measurements and consistent between subjects.

To further explore the relationship among the Ach, RG, and
BY CSFs, we investigated the correlation between the tuning of
their functions, represented by the peak gain cmax, peak
frequency fmax, and cutoff frequency fc parameters. Figure 4
plots the correlation of each parameter (rows) in the three
different pairs of comparisons (columns).

For the BY versus RG comparison (left column, Fig. 4), each
of the three parameter estimates (cmax, fmax, and fc) are
significantly correlated between the RG and BY conditions
(cmax: R2¼0.204, P¼0.001; fmax: R2¼0.194, P¼0.001; fc: R2¼
0.107, P¼ 0.019). Interestingly, this finding reveals a potential
dependency between the RG and BY cone-opponent mecha-
nisms.

For the RG versus Ach comparison (middle column, Fig. 4),
the peak gain parameter cmax only reveals a potential
correlation between the RG and BY conditions (cmax: R2 ¼
0.129, P ¼ 0.010). However, this effect is mainly due to one
outlier subject with a very high achromatic sensitivity (S34, in
the top right of the panel, see individual data in Fig. 3).
Without this outlier, the coefficient of correlation R2 for the
peak gain between the RG and Ach conditions drops to 0.086
(P¼ 0.039). In comparison, the other two parameters show no
significant correlation between the conditions ( fmax: R2 ¼
0.001, P ¼ 0.860; fc: R2 ¼ 0.000, P ¼ 0.886).

For the Ach versus BY comparison (right column, Fig. 4),
each of the three parameters reveals no correlation between
the conditions (cmax: R2¼ 0.058, P¼ 0.089; fmax: R2¼ 0.002, P

¼ 0.768; fc: R2 ¼ 0.014, P ¼ 0.400). In addition, without the
outlier subject (S34, in the top right of the panel) for the peak

gain parameter, the coefficient of correlation R2 between the
Ach and BY conditions drops to 0.022 (P ¼ 0.303).

In the next experiment, we evaluated binocular summa-
tion (the change in sensitivity when using two eyes as
opposed to one) for a subset of 20 subjects. Figure 5a shows
the measured monocular (solid line) and binocular (dotted
line) CCSFs for the Ach, RG, and BY conditions (black, red,
and blue lines, respectively), and Figure 5b plots the ratio of
the binocular/monocular contrast sensitivities. Results show
the binocular summation ratio declines with spatial frequen-
cy, with the two chromatic conditions showing a consistent
decline and the Ach declining after 1 c/d. At the lowest spatial
frequency (0.24 c/d), the ratio is approximately 1.8 for the
achromatic and 1.9 for the BY conditions, and is approxi-
mately 2.1 for the RG condition. At the highest spatial
frequency used for the two color conditions (2 c/d), the ratio
drops to 1.5 for the RG and 1.6 for the BY condition, and to
1.5 for the achromatic conditions at 10 c/d. A similar trend of
spatial frequency–dependent binocular summation was ob-
served at subthreshold level31 for the RG condition, with
summation ratios of 1.78 (5 dB) and 1.58 (4 dB) at low and
high spatial frequency (0.375 and 1.5 c/d). respectively.
However, this trend was not observed for the Ach condition,
in which the ratio was 1.41 (3 dB) for both spatial
frequencies. Furthermore, several other studies also have
explored this issue at detection level for Ach,32 and both Ach
and RG conditions31,33,34 with a low spatial frequency (0.5 c/
d).

These observations are also quantified by comparing the
parameters of the sensitivity functions. Figure 5c shows the
estimated values for the peak gain fmax averaged across the 20
subjects under the monocular (‘‘M,’’ left bar) and binocular
(‘‘B,’’ right bar) presentations for the RG, BY, and Ach
conditions. Results show that the estimated peak gain value
for the binocular presentation is significantly higher than for
the monocular one (Wilcoxon signed rank test, a ¼ 0.05) for
the three contrast conditions, indicating a superior sensitivity
for the binocular presentation compared with the monocular
one. No change is observed in the peak spatial frequency fmax,

FIGURE 4. Parameter correlations. The estimated values for each of the peak gain cmax, the peak spatial frequency fmax, and the cutoff spatial
frequency fc are correlated in the three pairs: (1) BY versus RG (left column); (2) RG versus Ach (middle column); and (3) Ach versus BY (right

column). On the right side of each panel is plotted the distribution of the estimated values of the parameter represented in ordinates. Statistics of
the model parameter distributions are given in the Table.
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as shown in Figure 5d. However, a concomitant increase in the
cutoff spatial frequency fc is observed only for the achromatic
condition, as shown in Figure 5e.

DISCUSSION

We have determined the absolute CCSs for the three cardinal
directions in the cone contrast space over a range of spatial
frequencies for a healthy population, providing direct compar-
isons between achromatic and the two chromatic postrecep-
toral CCSs. This study provides a number of novel
contributions: a normative data set for the achromatic and
two chromatic CSFs using an abbreviated approach potentially
suitable for clinical practice; a quantitative comparison of
achromatic, RG chromatic, and BY chromatic sensitivity as a
function of spatial frequency in a common cone contrast
space; and a detailed comparison of achromatic, RG chromatic,
and BY chromatic binocular summation as a function of spatial
frequency.

Clinical practice is well served by a wide variety of well-
established color vision tests that focus on defining the
patterns of color vision losses within specified color spaces
to characterize the different forms of congenital color vision
deficiencies, including the pseudoisochromatic plates for
inherited color vision deficiencies,35 the Farnsworth-Munsell
100-hue test and D15 test,36 the Lanthony desaturated D15,37

the Mollon-Reffin minimal color test,38 and the screen-based
City University dynamic color vision test.39 These tests are not
specifically designed for quantifying any deficiencies in color
vision associated with the postreceptoral processes and do not
take into account any dependence on the spatial properties of
the stimulus, both of which are more likely to be associated
with acquired vision disorders. The more recent ‘‘cone
contrast test’’18 is closer to our approach in that it uses a
cone contrast metric and measures contrast detection thresh-
olds; however, it tests sensitivity to letter stimuli (of fixed size)
using contrasts that isolate the individual L, M, and S cone
types, and so will target the diagnosis of cone-based color
vision defects.

A qCSF Normative Data Set

We have used the qCSF19,20 approach to characterize the
monocular cone CSFs for the achromatic Ach, RG, and BY
chromatic stimuli for 51 young adults to provide a normative
dataset (n¼ 51) (Figs. 2, 3). To be able to compare these three
sensitivities using a common cone contrast space has potential
advantages clinically, because different postreceptoral mecha-
nisms may be affected in different conditions. The inclusion of
BY contrast sensitivities is important because in general retinal
pathologies are known to selectively affect BY sensitivity,
whereas optic nerve pathologies may affect RG sensitivity
selectively, and cortical pathologies both RG and BY contrast
sensitivity.39–44 The current results, as shown in Figure 4,
revealed a significant correlation between the RG and BY
sensitivity, and this finding is surprising because the underlying
mechanisms subserving the RG and BY cone contrast
sensitivities are presumed to be independent at thresh-
old,12,13,45–48 although there is some support for a weak S-
cone input to the RG chromatic mechanism.13,48,49 This data
set is for subjects of mean age 25.8 6 7.2 SD and it would not
be expected to apply across the age range. Age-dependent
optical (e.g., yellowing of the lens, loss of lens transparency,
pupillary miosis) as well as possibly neural changes would
reduce not only the spatial resolution but also the peak
sensitivity of these functions. There will be a need to extend
this work to older subjects before this approach is of use in
clinical populations.

Binocular Summation of Chromatic and
Achromatic Contrast

Binocular summation is one of a number of different indexes to
binocularity and has received attention recently as it has
provided evidence that strabismic amblyopes,50 previously
thought not to have binocular function, do have a latent form
of binocularity that can lead into a successful treatment.51

Using a common cone contrast metric, we have revealed that
binocular summation depends not only on stimulus chroma-
ticity (i.e., RG, BY, and Ach) but also on stimulus spatial
frequency (Fig. 5b). The current observation is the first to have
measured the binocular summation ratio within a common
cone contrast space over a wide spatial frequency range for the
three different chromatic stimuli (RG, BY, and Ach) in a large
sample of healthy observers. Many previous studies have
explored binocular summation using only achromatic lumi-
nance contrast at detection threshold.32,52–56 Some studies
have investigated binocular summation using chromatic as well
as achromatic stimuli at detection threshold33,34 and at
subthreshold levels31 in small-scale laboratory studies. Their
results are also consistent with the notion that binocular
summation depends on the spatial frequency, varying from
approximately 1.78 to 2.0 at low spatial frequencies (0.375–0.5
c/d) to approximately 1.41 at high spatial frequencies (1.5 c/

FIGURE 5. Binocular summation. (a) CCSFs for the monocular (solid

lines) and binocular (dotted lines) presentations averaged across the
20 subjects are plotted for the Ach (black), RG (red), and BY (blue)
conditions. (b) The averaged ratio of the binocular to the monocular
sensitivity across spatial frequency is plotted for the Ach, RG, and
BY conditions. The shaded regions represent 6 SE. (c–e) The
estimated values of the peak gain cmax (c), peak spatial frequency
fmax (d), and cutoff spatial frequency fc (e) for the monocular (‘‘M,’’
left bar) and binocular (‘‘B,’’ right bar) presentations for the RG
(red), BY (blue), and Ach (gray) conditions averaged across the
subjects are plotted. Error bars are SD. The asterisk indicates that
the estimated values obtained from the monocular and binocular
presentations are significantly different (paired Wilcoxon signed
rank test, a ¼ 0.05).
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d).31–34 It is apparent from Figure 5c that binocular viewing
not only results in a vertical translation of the sensitivity
function (gain), but also a change in the bandwidth of the
function. We believe that these summation results reflect
neural processing rather than, for example, optical factors such
as accommodation being more accurate under binocular as
opposed to monocular viewing conditions. For low-contrast
targets such as the ones presented here, accommodation
accuracy does not depend on target spatial frequency for the
range that we have investigated here,57 so it is unlikely that the
better summation at lower spatial frequencies can be
explained in terms of the accommodative response.
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APPENDIX

Control Conditions (With the Method of Constant
Stimuli)

In a control experiment, the chromatic sensitivity functions
measured with the qCSF in the main experiments (Figs. 2, 3)

are compared with the sensitivity functions measured with the
Method of Constant Stimuli (MCS) for the RG and BY
chromatic conditions for each spatial frequency: 0.24, 0.33,
0.46, 0.64, 0.89, 1.23, 1.72, and 2.39 c/d for six subjects. The
order in which participants performed the different spatial
frequency conditions is randomized. The contrast levels used
are 0.0013, 0.0018, 0.0025, 0.0035, 0.005, 0.0071, 0.01, 0.014,
0.02, 0.028, and 0.04 for the RG condition, and 0.013, 0.018,
0.025, 0.035, 0.05, 0.071, 0.1, 0.14, 0.2, 0.28, and 0.4 for the
BY condition. There are 20 repetitions per each contrast. Each
measurement takes approximately 10 minutes. The detection
thresholds are determined by fitting a Weibull function of the
log-levels to the psychometric datasets (Equation 4, maximum
likelihood estimation method).

FW x; a; bð Þ ¼ 0:5þ 0:5 � 1� e�
x
að Þ

b
� �

ð4Þ

where x indicates the log-levels, a the log-threshold, and b the
slope of the psychometric function.

FIGURE A1. Methods comparison. (a) The different panels represent
an individual’s CCSFs for the RG (red) and BY (blue) conditions
measured using the MCS (squares), and the qCSF method (dotted lines,
Fig. 3). (b) CCS functions averaged across the six subjects for the RG
and BY conditions are shown in (a). Error bars and shaded regions

represent 6 SD.
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The CCS functions measured using the qCSF and the MCS
for the six subjects are plotted together in the appendix figure.
Data obtained from different methods are similar to each other,
as shown in the Figure A1a (individual data) and Figure A1b

(average data). Note that the qCSF method shows a tendency
to underestimate the sensitivity at low spatial frequency and
overestimate it at middle spatial frequency, possibly resulting in
an overestimation of the peak spatial frequency fc.
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