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A B S T R A C T   

Chromatic sensitivity reduces as spatial frequency increases. Here, we explore the behavioural and neuronal responses to chromatic stimuli at two spatial frequencies 
for which the difference in sensitivity will be greater for S-cone than L-M stimuli. Luminance artefacts were removed using the Random Luminance Modulation (RLM) 
technique. As expected, doubling the spatial frequency increased the detection threshold more for S-cone than for isoluminant L-M gratings. We then used fMRI to 
measure the cortical BOLD responses to the same two chromatic stimuli (S and L-M) at the same two spatial frequencies. Responses were measured in six visual areas 
(V1, V2, V3, V3a, hV4, TO1/2). We found a significant interaction between spatial frequency in V1, V2 and V4 suggesting that the behaviourally observed increase in 
contrast threshold for high spatial frequency S-cone stimuli is reflected in these retinotopic areas. Our measurements show that neural responses consistent with 
psychophysical behaviour in a colour detection task can be observed as early as primary visual cortex.   

1. Introduction 

It has been long established that human colour vision is trichromatic 
(Young, 1802, Von Helmholtz, 1867). Long after those historical works, 
it was found that cone photoreceptors in the human eye had different 
spectral absorptions (Brown and Wald, 1964; Bowmaker and Dartnall, 
1980), having three cone classes tuned to long (L) medium (M) and short 
(S) wavelengths. These three cones form three visual pathways; L+M 
(achromatic luminance channel), L-M (red-green) and S-(L+M) (blue- 
yellow) (MacLeod and Boynton, 1979) demonstrated in the Lateral 
Geniculate Nucleus (LGN) of primates (Wiesel & Hubel, 1966; Der-
rington, Krauskopf, & Lennie, 1984). Early psychophysical work inves-
tigated contrast sensitivity as a function of spatial frequency along red- 
green and blue-yellow colour directions and found that sensitivity is 
reduced as spatial frequency increases (Mullen, 1985). The chromatic 
pathways in the LGN have since been more accurately described as red- 
cyan (L-M) and lavender-lime (S-(L+M)) (Conway, 2009). The reduction 
in sensitivity for high spatial frequency chromatic gratings has been 
replicated more recently for both L-M and S colour directions (Mullen & 
Kingdom, 2002, Welbourne, Morland & Wade, 2018, Neitz et al., 2020, 
Wuerger et al., 2020). Work above threshold in colour matching tasks 

has shown that pattern sensitivity is lower in S-cone than L-M conditions 
(Poirson and Wandell, 1993). Other work has confirmed that the dif-
ference in threshold between high and low spatial frequencies is more 
pronounced for gratings defined along the S than the L-M cardinal colour 
directions (Poirson and Wandell, 1996, Mullen and Kingdom, 2002). 

Work by Williams and colleagues (1993) investigated whether these 
differences were due to optical factors or neural sampling effects. Op-
tical factors are any factors relating to the eye such as chromatic aber-
ration, which causes colour distortion, and differences in quantum 
catch, which is the effect of the reduced number of S-cones in the human 
retina when compared to L and M cones. They showed that the reduction 
in sensitivity caused by optical factors to S-cone and L-M stimuli was 
largely the same across spatial frequencies, particularly those below 4 
cpd. They found that neural factors affected L-M and S-cone sensitivity 
at similar rates at 4 cpd and above. Between 2 (the lowest spatial fre-
quency tested) and 4 cpd, there is a hint that there is a greater reduction 
in sensitivity for S-cone compared to L-M stimuli. Other work (Swanson, 
1996) has shown that S-cone contrast sensitivity can be relatively in-
dependent of non-neural factors when measured between 1 and 5 cpd 
using an extension of two-colour increment threshold techniques 
developed by Stiles (1946). Later work has shown using quick contrast 
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sensitivity functions that binocular summation of chromatic stimuli 
depends on neural processing and not optical factors up to 2.5 cpd (Kim 
et al., 2017). The current study aims to investigate neural factors and has 
adopted a method inspired by the work of Stiles using backgrounds to 
ensure targets are detected by single chromatic neural mechanisms. 

The human occipital lobe has multiple retinotopic representations, 
which can be identified with fMRI (DeYoe et al., 1994; Sereno et al., 
1995; Engel, Glover & Wandell, 1997). The largest representation is 
striate cortex (V1) (Dougherty et al., 2003), which receives input from 
the LGN. Beyond V1, lie V2, V3, V3a and hV4, which have been shown to 
exhibit preferential responses to different stimuli. Colour appears to 
drive responses in ventral occipital area hV4, first identified in humans 
by Zeki and colleagues (1991). Area V3a lies on the dorsal surface and 
has a similar topography and the same hierarchical position as hV4 in 
the visual cortex. V3a, is more commonly associated with motion 
selectivity (Tootell et al., 1997; Klaver et al., 2008; Mikellidou et al., 
2018) and has shown a significant preference for achromatic stimuli 
(Mullen et al., 2007) as well as high temporal frequency flicker (Liu and 
Wandell, 2005). However, other work has shown dorsal involvement in 
colour processing, including V3a (Liu & Wandell, 2005; Mullen, 
Thompson and Hess, 2010; D’Souza et al., 2011, Castaldi et al., 2013). 
Further along the dorsal stream lie TO1 and TO2, the retinotopic 
analogue of MT+ (Amano, Wandell, & Dumoulin, 2009), the human 
motion area. These visual field maps are considered to be motion se-
lective and show lower responses to chromatic stimuli than achromatic 
stimuli (Mullen et al., 2007; Wandell et al., 1999). 

While many studies have shown that ventral visual areas, including 
hV4, are very sensitive to colour stimuli (Zeki et al., 1991; McKeefry & 
Zeki, 1997; Wade, Brewer, Rieger & Wandell, 2002; Goddard et al., 
2011; Mullen, Chang and Hess, 2015; Mullen, 2019), the findings do not 
mean that substantive chromatic processing is not undertaken in earlier 
visual areas such as V1 (Mullen et al., 2007). In fact, studies have shown 
chromatic processing is a common feature in early visual areas (Railo 
et al., 2012; Mullen et al., 2015; Mullen, 2019); an fMRI adaptation 
study showed all early visual areas showed responses to both coloured 
and achromatic stimuli (Mullen, Chang and Hess, 2015; Mullen, 2019). 
Careful examination of responses to colour modulations in V1 and V2 
(Engel, Zhang and Wandell, 1997) showed a coupling between fMRI 
BOLD responses to coloured gratings and psychophysical detection 
thresholds, for some, but not all stimulus conditions. 

Using fMRI to link neuronal responses and perception is challenging. 
To optimise signal quality in fMRI, stimuli are normally presented above 
threshold and over a relatively large spatial area. The former means that 
inaccurate specification of cone stimulation values can result in small 
but significant luminance artefacts. The latter means that accurate 
specification of cone stimulation is challenging because of the spatial 
variations of spectrally selective absorption in the macular pigments 
(Ruddock, 1963; Snodderly, Auran & Delori, 1984; Hammond, Wooten, 
& Snodderly, 1997; Chen, Chang and Wu, 2001; Davies and Morland, 
2004) and morphology of cone outer segments (Goodchild, Ghosh and 
Martin, 1996; Srinivasan et al., 2008) across eccentricities of the retina. 
Chromatic aberration can also induce luminance artefacts, particularly 
at high spatial frequencies (Murasugi and Cavanagh, 1988; Bradley, 
Zhang and Thibos, 1992). To overcome these challenges, we adopted the 
approach taken by Birch, Barbur and Harlow (1992), who presented 
colour stimuli superimposed on a rapidly updating grid of checks with 
random luminance values. This Random Luminance Modulation (RLM) 
reduces the sensitivity of the achromatic pathways. This renders lumi-
nance artefacts undetectable and therefore allows responses to chro-
matic content of stimuli to be isolated. This specific technique has not 
yet been used fMRI experiments, though Wade and colleagues (2008) 
used a similar technique to demonstrate robust responses to colour 
stimuli in human ventral cortex. 

In this study we first aimed to determine whether the lower sensi-
tivity to high spatial frequency S-cone grating stimuli compared to their 
L-M counterparts could be established psychophysically in the presence 

of an RLM background. We measured sensitivity to square wave gratings 
on an RLM background at two spatial frequencies (1.25 and 2.5 cycles 
per degree (cpd)) for two colour directions (S-cone and L-M). Relatively 
low spatial frequencies were chosen to reduce the effects of longitudinal 
chromatic aberration, which are more pronounced as spatial frequency 
increases (Murasugi and Cavanagh, 1988; Bradley, Zhang and Thibos, 
1992). We found grating contrast sensitivity at 2.5 cpd was reduced 
compared to 1.25 cpd grating and that this reduction in sensitivity was 
greater for S-cone than L-M gratings. Suprathreshold versions of the four 
grating stimuli were presented to participants during acquisition of fMRI 
data. We assessed responses from six retinotopic representations (V1, 
V2, V3, V3a, hV4 and TO1/2) to determine at what levels of the cortical 
hierarchy we might observe processing consistent with the contrast 
sensitivities we measured. We found an interaction between spatial 
frequency and colour direction - that followed our contrast sensitivity 
measures - in V1, V2 and, in one experiment V4, which was driven by the 
greater difference between responses to high and low spatial frequency 
stimuli defined along the S-cone compared to L-M colour directions. The 
responses we measured in these areas were therefore consistent with the 
behavioural data and likely indicate that the mechanism limiting 
detection of coloured gratings is set at or before primary visual cortex. 

2. Methods 

2.1. Participants 

2.1.1. Behavioural experiment 
Six (four female) colour-normal trichromats (confirmed with a 

Rayleigh match) with a mean age of 33.5 years (+- 11.00 years) were 
recruited for a single 40-minute psychophysics session in the scanner. 
The ethics committee at York Neuroimaging centre at the University of 
York approved this experiment. 

2.1.2. FMRI experiments 
Six (four female) colour-normal trichromats (confirmed with a 

Rayleigh match) with a mean age of 25.7 years (+- 5.47 years) were 
recruited. All participants took part in five hour-long fMRI sessions. The 
ethics committee at York Neuroimaging centre at the University of York 
approved these experiments. 

2.2. Experiment and stimulus design 

2.2.1. Target stimuli 
Target stimuli (Fig. 1) were square wave gratings in the central 

10x10 degrees squared of either low spatial frequency (1.25 cpd) or high 
spatial frequency (2.5 cpd). The spatial frequencies tested in this 
experiment were carefully chosen to ensure that any results found could 
not be explained exclusively by the effects of longitudinal chromatic 
aberration, which has a strong influence at high spatial frequencies 
(Murasugi and Cavanagh, 1988; Bradley, Zhang and Thibos, 1992). 
Some evidence suggests that the effects of longitudinal chromatic ab-
erration are negligible below 4 cpd (Pefferkorn, Chiron & Vienot., 1997) 
which is beyond the highest spatial frequency of the current study at 2.5 
cpd. To examine this more thoroughly, we used the equation detailed by 
Strasburger et al (2018) to calculate the diameter of blur given as:  

b◦ = 0.057PD                                                                                       

where P is the pupil diameter in millimetres and D is the defocus in 
diopters. A different project in our lab used the same contrast RLM 
background as the current project, but recorded videos of the eyes of 
participants. We found in 6 participants that pupil diameter was 3.19 
mm on average. Rynders, Navarro, and Losada (1998) calculated D over 
similar wavelengths (458–632 nm) to the limits of the projector used in 
the current study (455–625 nm) and found D to be equal to ±0.5 over 
the eccentricities used in our stimuli. Therefore, the diameter of blur is 

R. Lowndes et al.                                                                                                                                                                                                                                



Vision Research 207 (2023) 108209

3

equal to 0.091. The blur would therefore extend 0.045 degrees on either 
side of the grating boundary. Given that the grating bar width has a 
minimum of 0.2 degrees, blur extending from each boundary (2 × 0.045 
degrees) leaves the majority of the bar, 0.109 degrees, unaffected by 
blurr and therefore at the specified contrast. 

Chromatic contrasts of the targets (2.7% L-M and 10.5% S-cone) 
were chosen for the fMRI experiments based on multiples of the 
behavioural thresholds found in the behavioural experiment outlined in 
2.2.4 and 3.1. An fMRI study by Mullen et al (2007) found surprisingly 
high responses to S-cone stimuli at lower (5x) multiples of threshold in 
comparison with similarly high responses to L-M stimuli at much higher 
(31x) multiples of threshold. We reasoned therefore that selecting 
stimulus contrasts that should elicit similar fMRI responses for L-M and 
S-cone stimuli at 1.25 cycles per degree would offer the best way to 
examine effects associated with doubling spatial frequency. We there-
fore chose values of ~ 22x (21.95) multiples of threshold for L-M 
(equating to 2.7%) and ~ 6x (6.17) multiples of threshold for S-cone 
(equating to 10.5%). We erred on the side of caution insofar as relative 
to Mullen et al (2007) our S-cone stimuli may be anticipated to yield 
greater response than those to L-M stimuli. Moreover, these values were 
also high enough that our high spatial frequency targets (2.5 cpd) in 
both chromatic conditions were still visible (11.49 multiples of 
threshold for L-M and 1.93 multiples of threshold for S-cone). 

2.2.2. Random luminance modulation (RLM) stimuli 
The stimuli used for the RLM background were adapted from Birch 

and colleagues (1992). The background stimulus consisted of an array of 

squares, in which each check was assigned a greyscale value between 
±50% L+M contrast from the uniform grey field at random every 0.05 s 
(20 Hz). This background subtended 20x20 degrees square of visual 
angle and remained on for the duration of each scan. The rationale for 
the design is to have a rapidly updating, relatively high luminance 
(mean luminance 177 cd/m2) contrast component to the stimulus, to 
which luminance sensitive mechanisms will respond robustly. Any small 
luminance artefacts resulting from colour modulations superimposed on 
the background should therefore be undetected by luminance sensitive 
mechanisms. 

2.2.3. Stimulus presentation 
The visual stimuli were designed and presented using PsychoPy and 

PsychToolBox in MATLAB. The delivery system used for the visual 
stimulus in the scanner was a ViewPixx projector, which projected the 
stimulus onto a custom-made acrylic screen. The participant viewed the 
screen with a mirror fixed to the head coil in the scanner. Spectral 
measurements of the RGB channels of the scanner screen were made 
using a ‘Jaz’ (Ocean Optics, FL) spectrometer. Chromatic stimuli were 
defined using the 10-deg cone fundamentals based on the Stiles and 
Burch 10-deg colour matching functions described in Stockman and 
Sharpe (2000). These values allowed us to specify isoluminant S and L-M 
cone stimuli for the average observer using silent substitution. No 
further accounting for luminance for the individual participants in this 
study was conducted, so if presented on a uniform background the 
gratings we generated could contain luminance artefacts. However, the 
random luminance modulation described in 2.2.2 is an effective way of 

Fig. 1. Images of the stimuli that were presented during experiments. Note that target gratings are shown at a higher contrast for demonstration purposes. The 
multiples of threshold shown below are based on the mean threshold found for each condition from the behavioural experiment described in 2.2.4 and 3.1, with a 
contrast of 2.7% in the L-M condition and 10.5% in the S-cone condition. Fixation is shown here as was present during the fMRI experiments. 
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rendering many of these artefacts invisible. 

2.2.4. Behavioural experiment 
Behavioural experiments were performed inside the scanner bore 

using a two-interval forced choice paradigm. The RLM background 
comprised an array of 100x100 squares (0.2x0.2 degrees squared) 
(Fig. 1) which remained on throughout the duration of the experiment. 
Target stimuli were chromatic gratings in the central 10x10 degrees 
squared of either low spatial frequency (1.25 cpd, comprising bars of 
width equal to two background checks) or high spatial frequency (2.5 
cpd, comprising bars of width equal to one background check). Fixation 
changed from standard (+) to cross (x) for 0.5 s when the target stimulus 
could be present. Targets were separated by a 2 s interval, with one 
target containing a chromatic grating, and one without but still showing 
the RLM background. Participants were asked to press ‘1′ if the target 
was in the first presentation of ‘x’ and ‘2′ if it was in the second pre-
sentation. A standard three-up one-down staircase was used to adjust the 
target contrast. The task finished after 16 reversals or 100 trials. The ~ 
80% threshold was calculated as the mean of the contrast during the last 
7 reversals. 

2.2.5. fMRI experiment 1: RLM background (0.2x0.2 squared degree 
checks) 

In the first fMRI experiment, the background comprised an array of 
squares (100x100) covering an area of 20x20 degrees squared (Fig. 1) - 
identical to that used in the behavioural experiments. Each element of 
the array subtended 0.2 × 0.2 degrees of visual angle. Target gratings 
were superimposed over the RLM background which added either 
chromatic contrast (L-M contrast at 2.7%, S-cone contrast at 10.5%) or, 
in a control experiment, achromatic contrast (L+M contrast at 15%), in a 
square wave pattern. As before, stimuli at two spatial frequencies were 
presented; 1.25 cpd and 2.5 cpd. The orientation of the target grating 
was vertical and contrast polarity was reversed at 1 Hz. The choice of 
reversal rate of the target stimulus increases the likelihood that colour 
specific mechanisms dominate the response to the colour modulations, 
as they have sluggish temporal response properties (Regan and He, 
1996, Wade et al., 2008), particularly for S-cone stimuli (Liu & Wandell, 
2005). Each block-design fMRI run consisted of a single combination of 
three potential chromatic conditions and two potential spatial frequency 
conditions presented eight times with a cycle time of 30 s. Each cycle 
contained a 15 s grating presentation with RLM background and fixation 
marker and 15 s of RLM only with a fixation marker. In each session, 
lasting approximately one hour, all six combinations of stimulus spatial 
frequency and colour direction were presented. Each participant 
completed three sessions resulting in 18 h of scan data. 

To help participants maintain fixation during the fMRI experiments, 
they performed a demanding attentional task (button press when the 
fixation cross changed width) which was not locked to the timing of the 
stimuli. 

2.2.6. fMRI experiment 2: RLM background (0.4x0.4 squared degree 
checks) 

In order to establish whether any effects were due to the change in 
spatial frequency, or the change in spatial concordance with the RLM 
background, all participants also completed a further one-hour scan 
session with the background checks set to 0.4 deg rather than the 
original 0.2 deg. This meant that the 1.25 cpd grating matched the RLM 
background spatially. The target gratings followed the same colour di-
rections (L-M, S-cone and L+M) at one spatial frequency of 1.25 cycles 
per degree. Participants completed the same fixation task as described in 
2.2.5. Each chromatic condition was presented in two runs in one 
scanning session leading to six scans in a session. Each run followed the 
block design described above. 

2.2.7. Retinotopy stimuli 
The retinotopy scans used a sweeping bar stimulus, which were 

similar to those described in other experiments (Dumoulin and Wandell 
2008; Binda, Thomas, Boynton, & Fine, 2013; Alvarez et al., 2015; 
Welbourne, Morland & Wade, 2018). Specifically, our bars were 1.25 
degrees of visual angle wide, and moved in 16 steps across a 20 degrees 
diameter circular aperture, for 8 bar directions (with four blank pe-
riods); the order of the bar directions and positions of the blank periods 
was as described in Welbourne, Morland and Wade (2018). Each bar 
step lasted for the length of one TR (2500 ms), and contained a 100% 
contrast white noise stimulus, which had been scaled by a factor of 8 to 
reduce the average spatial frequency in the texture. The texture updated 
at 2 Hz. Participants carried out four repeats of these scans in one scan 
session. To aid participants in maintaining central fixation, participants 
performed an attentional task (button press when the fixation point 
changed colour) that was not locked to the timing of the stimuli. The 
scan session for the retinotopy lasted for approximately 40 min and 
comprised four runs. 

2.3. MRI protocol 

All scans were carried out using a Siemens 3 T MRI scanner, with a 
64-channel head coil. The participant’s head was positioned in the coil 
with foam padding to ensure the head was stable. For the functional 
scans, 76 EPI slices were taken within an FOV of 192x192mm with 1.5 
mm isotropic voxels (TR = 2500 ms, TE = 40.8 ms, flip angle = 75 
degrees, voxel matrix = 128x128). Scan slices were aligned axially and 
always covered occipital and temporal lobes. 

In addition to the functional scans, three T1-weighted and two T2- 
weighted structural scans were taken for each participant, at a 
0.8x0.8x0.8 mm resolution. The protocol for these scans was taken from 
the Human Connectome Project (Glasser et al., 2013). 

2.4. Data processing 

2.4.1. Structural - data processing 
All structural scans were analysed using the HCP minimal processing 

pipeline (version 5.0, (Glasser et al., 2013) using a combination of FSL 
(http://fsl.fmrib.ox.ac.uk/fsl/fslwiki/ (Smith et al., 2004) and Free-
surfer (http://surfer.nmr.mgh.harvard.edu/ (Dale, Fischl & Sereno, 
1999; Reuter, Schmansky, Rosas, & Fischl, 2012)). 

TO1 and TO2 were derived using the anatomically defined reti-
notopy atlas (Benson et al., 2014) implemented in the python analysis 
toolbox ‘neuropythy’ (Benson and Winawer, 2018). The atlas then 
predicted several Freesurfer-based maps (visual area, eccentricity, polar 
angle, and pRF size), which were used to delineate the central 5 degrees 
of TO1 and TO2 which were then combined into a single ROI referred to 
as TO1/2 for further analysis. 

2.4.2. Retinotopy - data processing 
Population receptive field (pRF) mapping was performed using the 

2015 version of the VISTA software (https://web.stanford. 
edu/group/vista/cgi-bin/wiki/index.php/Software) (Vista Lab, Stan-
ford University), running under MATLAB 2015 (The MathWorks Inc., 
Natick, MA, USA). We applied pRF modelling to an average of all reti-
notopy scans which had been motion corrected between and within 
scans using a maximum likelihood alignment routine (Nestares and 
Heeger, 2000). Functional scans were aligned to individual anatomy 
scans using FLIRT linear registration (Jenkinson and Smith 2001; Jen-
kinson, Bannister, Brady, & Smith, 2002). The retinotopic eccentricities 
and polar angles extracted by the pRF model were then used to draw 
boundaries of visual areas V1, V2, V3, V3a and hV4 on a flattened 
representation of visual cortex (see Fig. 2); for details of the pRF model 
used see Welbourne et al (2018). These regions of interest (ROIs) were 
then restricted to the central 5 degrees of eccentricity to best fit the 
stimuli (10 deg diameter) and transformed into NIFTI files using the 
VISTA function roiSaveAsNifti for use in the rest of the analysis, which 
was performed in FSL (see below). 
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2.4.3. fMRI experiments - data processing 
The data for all fMRI experiments other than retinotopy detailed in 

2.4.2 were pre-processed using FEAT (FMRI Expert Analysis Tool) 
version 6.00, part of FSL (FMRIB’s Software Library) version 5.0. Images 
were skull-stripped using a brain extraction tool (BET (Smith, 2002)). 
Motion correction (MCFLIRT; (Jenkinson, Bannister, Brady, & Smith, 
2002)) was followed by spatial smoothing (Gaussian full width half 
maximum 2 mm). Data were high pass temporal filtered (Gaussian- 
weighted least-squares straight line fitting with sigma = 15.0 s). Indi-
vidual participant data was registered to their own high resolution 
structural (generated from T1 and T2 structural images using the HCP 
processing pipeline) using FLIRT (12 DOF, Jenkinson and Smith, 2001; 
Jenkinson, Bannister, Brady, & Smith, 2002). Time-series statistical 
analysis was carried out using FILM with autocorrelation correction 
(Woolrich, Ripley, Brady, & Smith, 2001). 

For each run for each participant, two explanatory variables were 
defined. The first modelled our target as 15 s on and 15 s of blank. The 
second modelled each time the task appeared on screen. The target 
model was our main effect and the task was modelled as a variable of no 
interest. Percentage signal change was then computed for each run, each 
visual area and in each participant individually using FeatQuery. Signal 
change values for runs of the identical conditions were then averaged for 
each participant. 

3. Results 

3.1. Behavioural results 

We first assessed whether a doubling of the spatial frequency of the 
chromatic gratings from 1.25 to 2.5 cpd reduced the sensitivity more to S 
compared to L-M contrast. The sensitivity (1/cone contrast threshold) 
for detecting chromatic gratings superimposed on the luminance- 
modulated background are shown in Fig. 3. Doubling the spatial fre-
quency decreased sensitivity to gratings modulated along both cardinal 
colour directions (Fig. 3 left panel). Every participant tested demon-
strated greater difference between S-cone than L-M contrast sensitivity 
(Fig. 3 right panel). A 2x2 ANOVA revealed a significant interaction 
between colour condition and contrast threshold (F(1, 5) = 7.83, p =

.038, η2 = 0.61) which is driven by the greater loss of sensitivity to high 
spatial frequency S-cone stimuli consistent with the literature (Mullen, 
1985; Mullen and Kingdom, 2002; Poirson and Wandell, 1993; 1996; 
Welbourne, Morland and Wade, 2018). Brain regions that perform 
chromatic processing that underpin the behavioural measures should 
therefore show an interaction in the BOLD response between the spatial 
frequency and colour axis of the gratings. 

3.2. fMRI results 

Based on the behavioural data, we hypothesised that the effect of 
doubling spatial frequency would be more pronounced for BOLD 

Fig. 2. The retinotopic maps used to delineate ROIs for one participant with phase map (left) and eccentricity map (right) for the left hemisphere. Visual area 
boundaries are overlaid on the maps. 

Fig. 3. Left panel: A graph to show the inverse log of the cone contrast 
thresholds (~80% correct) for L-M and S-cone conditions at the test spatial 
frequencies of 1.25 and 2.5 cpd. The dots and diamonds represent each par-
ticipant’s individual threshold and lines are drawn between each participant’s 
threshold at each spatial frequency. Right panel: A graph showing the differ-
ence (Δ) between sensitivities shown in the left panel at 1.25 cpd and 2.5 cpd 
for L-M and S-cone conditions. Dots represent the difference for each partici-
pant and lines are drawn between their L-M and S-cone Δ values. 
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responses to S-cone targets compared to L-M targets. Given that different 
visual areas have different sensitivities to both colour and spatial fre-
quencies, we also asked whether this interaction might also depend on 
the cortical location from which we record responses. Such an effect 
would be indicated by a three-way interaction between visual field map, 
chromaticity and spatial frequency. 

Responses to the four chromatic stimulus conditions acquired for 
each visual field map are shown in Fig. 4. It appears that the reduction in 
response resulting from a doubling of spatial frequency is greater for S 
than L-M stimuli in all regions of interest apart from TO1/2. To assess 
whether effects varied by visual field map, we ran a three-way repeated 
measures ANOVA (see table 1) which revealed a significant three way 
interaction between visual area, colour direction and spatial frequency. 
There was a significant two-way interaction between colour direction 
and spatial frequency, likely driven by the fact that all but one (TO1/2) 
visual area showed the same pattern of response. Also noted is the 
interaction between visual area and spatial frequency, again likely 
caused by the responses in TO1/2. 

To follow-up on the three-way interaction we performed two-way 
ANOVAs on the responses from each visual field map. Significant in-
teractions between colour axis and spatial frequency were found in V1 (F 
(1, 5) = 11.26, p = .020, η2 = 0.69;) and V2 (F(1, 5) = 9.75, p = .026, η2 

= 0.66) but not in V3 (F(1, 5) = 3.30, p = .129, η2 = 0.40), V3a (F(1, 5) 
= 1.50, p = .275, η2 = 0.23) or TO1/2 (F(1, 5) = 0.76, p = .422, η2 =

0.13) with V4 (F(1, 5) = 6.34, p = .053, η2 = 0.56) approaching 
significance. 

Given the markedly small responses from TO1/2 we checked to see 
whether they differed from zero with single sample t-tests. The TO1/2 
response only differed from zero for the high spatial frequency L-M 
condition (T(5) = 3.14, p = .026). 

While the responses we recorded to gratings defined along cardinal 
colour axes fitted with our predictions in some visual field maps we still 
wanted to check that the modulation of the background minimised the 
chance of detecting responses to luminance artefacts in our stimuli. To 
do this, we presented gratings defined by L+M contrast superimposed on 
the modulating background. The gratings were at a contrast that was 
high (15%) relative to any expected luminance artefact. The responses 
to target gratings at 1.25 and 2.5 cpd are shown for each visual field map 
in Fig. 5. The responses at 2.5 cpd were not significantly different from 
zero, but responses to the low spatial frequency grating appear larger, 
although notably smaller than responses we recorded to coloured grat-
ings of the same spatial frequency. The results indicate that small 
luminance artefacts are unlikely to register responses that would unduly 
affect the responses we attribute to chromatic modulations of our tar-
gets. To investigate potential effects we applied a two-way repeated 
measures ANOVA, which showed a significant interaction between the 
effect of spatial frequency and visual field map (F(5,25) = 6.31, p =
.020, η2 = 0.56). There could be an issue therefore in terms of how the 
difference between the spatial frequency of the target and background 
reduces the masking of the background. Pairwise comparisons reveal 
that this effect appears to be driven by V1 (F(1, 5) = 9.73, p = .026, η2 =

0.66) and V2 (F(1, 5) = 7.08, p = .045, η2 = 0.59) as all other areas 

showed a non-significant effect of the spatial frequency of achromatic 
stimuli (V3: F(1, 5) = 2.04, p = .212, η2 = 0.29; V3a: F(1, 5) = 0.50, p =
.512, η2 = 0.09; hV4: F(1, 5) = 1.01, p = .360, η2 = 0.17; TO1/2: F(1, 5) 
= 2.10, p = .207, η2 = 0.30). It is reassuring that in the high spatial 
frequency condition there is no significant response to 15% contrast 
L+M gratings as a source of a luminance artefact in chromatic conditions 
is chromatic aberration, which is increasingly problematic as spatial 
frequency increases (Murasugi and Cavanagh, 1988; Bradley, Zhang and 
Thibos, 1992). 

To check whether the partial release from the masking of the back-
ground (when target and background are not matched) could have 
caused the interaction between chromatic condition and spatial fre-
quency we performed an experiment in which we increased the size of 
the background checks to 0.4 squared degrees, which matched the width 
of the coarser (1.25 cpd) target grating’s bars. We compared the target 
related responses to this stimulus configuration with those originally 
obtained with the background check size of 0.2 squared degrees as 
shown in Fig. 6. In all visual field maps the responses obtained with the 
smaller background checks were greater than those obtained with 
background checks that matched the width of the target gratings irre-
spective of the colour of those gratings. However, if the change in 
response to the target resulting from the change in the background 
varied by colour direction, this could contribute to the interaction be-
tween spatial frequency and colour direction we detected earlier. We 
therefore ran a three-way repeated measures ANOVA (Table 2), which 
showed no significant interaction between colour direction and spatial 
frequency of the background and no significant three-way interaction 
between colour direction, spatial frequency and visual area which shows 
that the different target and background spatial properties that we 
originally used are unlikely to be the cause of the interaction between 
colour direction and spatial frequency that we observed earlier 
(Table 1). 

In the knowledge that increasing the background check size reduced 
the response to the low spatial frequency target grating, notwith-
standing the absence of an interaction between background check size 
and colour direction, we chose to be cautious and compare responses to 
target grating of different spatial frequencies and colour directions 
under conditions where the background checks matched the bar widths 
of the target gratings. The spatial frequency of the target gratings are 
therefore identical to those shown in Fig. 4. The responses obtained 
under these matched conditions are shown in Fig. 7. The reduction in 
response caused by the doubling of spatial frequencies is still clearly 
evident for S-cone stimuli, but is now less clear for L-M stimuli. It ap-
pears therefore, that the larger cost of increasing spatial frequency for S- 
cone than L-M cone defined grating persists. To check this we ran a 
three-way ANOVA as we did before (Table 3). There was a significant 
three-way interaction between visual field map, spatial frequency and 
colour axis and the same two-way interaction between spatial frequency 
and colour axis as found for the main experiment. Follow-up two-way 
ANOVAs applied for each visual field map - to investigate the source of 
the three-way interaction - showed significant interactions between 
colour axis and spatial frequency in all visual field maps apart from V3a 

Fig. 4. A bar graph to show the mean percent signal change to each spatial frequency (1.25 and 2.5 cpd) for each colour direction (L-M and S-cone) for each visual 
area. Error bars are one standard error of the mean (SEM). 
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and TO1/2 (V1: F(1, 5) = 6.82, p = .048, η2 = 0.58; V2: F(1, 5) = 7.90, p 
= .038, η2 = 0.61; V3: F(1, 5) = 7.13, p = .044, η2 = 0.59; V3a: F(1, 5) =
2.10, p = .207, η2 = 0.30; hV4: F(1, 5) = 19.24, p = .007, η2 = 0.79; 
TO1/2: F(1, 5) = 5.81, p = .061, η2 = 0.54). The significant interactions 
are driven by the lower responses elicited by the high spatial frequency S 
gratings compared to their lower spatial frequency counterparts and 
gratings defined by modulation along the L-M colour axis. The results 
indicate again that the doubling of the target grating’s spatial frequency 
reduces responses to stimuli defined by modulations along the S more 
than those defined by modulations along the L-M axis. 

4. Discussion 

The aim of this study was to uncover the effects of spatial frequency 
on both behavioural and neural responses to chromatic stimuli. We 
found reduced contrast sensitivity for high compared to low spatial 
frequency coloured gratings. Moreover, the decrease in sensitivity at 
high spatial frequencies was greater for gratings defined by S compared 
to L-M cone contrast. The BOLD responses we recorded from V1, V2 and 
V4 showed a significant interaction between spatial frequency of the 
target and chromatic condition, mirroring the behavioural results. This 
study suggests that neural responses to colour align well with behaviour 
in these areas. 

The contrast sensitivity measures we obtained replicate a long-
standing interaction between L-M and S-cone defined gratings and their 
spatial frequency (Mullen, 1985; Mullen and Kingdom, 2002; Poirson 
and Wandell, 1993, 1996, Welbourne, Morland and Wade, 2018). This 
shows that the RLM technique is capable of isolating chromatic mech-
anisms of human vision as others who devised the approach have shown 
in the past (Birch, Barbur & Harlow, 1992; Barbur, Birch and Harlow, 
1993; Barbur, Harlow and Plant, 1994). We went further when we 
applied the RLM technique to measure brain responses. Measuring brain 
responses always comes with greater challenges because stimuli are 
presented at many times threshold and over a large area of visual field. 
For colour, this means that there is the potential for relatively large 
chromatic contrasts to generate small achromatic artefacts. Moreover, 
chromatic aberration can also play a role in generating luminance ar-
tefacts of coloured gratings, particularly at high spatial frequency 

Fig. 5. Bar graphs to show the percentage signal change to achromatic stimuli at both spatial frequencies (1.25 and 2.5 cpd). Error bars are one SEM.  

Fig. 6. A bar graph to show the mean percent signal change to the lower spatial frequency target (1.25 cpd) on the high spatial frequency and low spatial frequency 
background (0.2 and 0.4 degrees squared checks) for each colour direction (L-M and S-cone) for each visual area. Error bars are one SEM. 

Table 1 
Results of the ANOVA to investigate effects of visual areas (V1, V2, V3, V3a, hV4 
and TO1/2), chromatic condition (L-M and S-cone) and spatial frequency (1.25 
and 2.5 cpd) on the BOLD response. Greenhouse-Geisser correction is applied 
when sphericity is violated.  

Source Mauchly’s 
p 

df1, df2 F p Effect 
Size 

Area (A) 0.099 5, 25  7.57  <0.001  0.60 
Chromatic 

Condition (B) 
. 1, 5  8.05  0.036  0.62 

Spatial Frequency 
(C) 

. 1, 5  41.71  0.001  0.89 

A £ B 0.012 1.52, 
7.60  

1.37  0.299  0.22 

A £ C 0.073 5, 25  10.88  <0.001  0.69 
B £ C . 1, 5  6.67  0.049  0.57 
A £ B £ C 0.203 5, 25  3.92  0.009  0.44  

Table 2 
Results of the ANOVA to investigate effects of visual areas (V1, V2, V3, V3a, hV4 
and TO1/2), chromatic condition (L-M and S-cone) and spatial frequency of the 
RLM background (0.2 and 0.4 degrees squared checks, 1.25 cpd target grating) 
on the BOLD response. Greenhouse-Geisser correction is applied when sphericity 
is violated.  

Source Mauchly’s 
p 

df1, 
df2 

F p Effect 
Size 

Area (A) 0.009 1.37, 
6.86  

8.59  <0.001  0.63 

Chromatic Condition 
(B) 

. 1, 5  2.17  0.201  0.30 

Background Spatial 
Frequency (C) 

. 1, 5  8.85  0.031  0.64 

A £ B 0.169 5, 25  7.44  <0.001  0.60 
A £ C <0.001 1.51, 

7.56  
6.93  0.024  0.58 

B £ C . 1, 5  0.26  0.631  0.05 
A £ B £ C 0.053 5, 25  0.38  0.920  0.05  
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(Murasugi and Cavanagh, 1988, Bradley, Zhang and Thibos, 1992). Our 
result that gratings defined by a relatively high (15%) increment of 
achromatic contrast generated undetectable brain signals when pre-
sented on the randomly changing backgrounds suggests that any ach-
romatic artefacts would not generate significant responses from cortex. 
This shows therefore that the RLM approach is well suited to studies of 
chromatic mechanisms, particularly for suprathreshold stimuli pre-
sented over a large area of the visual field. We note however that we did 
not account for each individual’s macular pigment density, which could 
rotate the vector of the S-cone stimuli. However, this rotation is likely 
very small as variations in white points as a function of macular pigment 
density align closely with tritan confusion lines (Wright 1928–29, 
Ruddock, 1963). 

Returning to the behavioural results, we replicated the lasting 
finding that there is lower sensitivity to S-cone stimuli than L-M stimuli 
in general and even more so at high spatial frequencies (Mullen, 1985; 
Mullen & Kingdom, 2002; Poirson & Wandell, 1993, 1996; Welbourne, 
Morland & Wade, 2018). Previous studies have suggested that S-cones 
have a lower response at all spatial frequencies due to a reduced 
quantum catch (Williams, Sekiguchi, & Brainard, 1993), but this does 
not explain the spatial frequency differences. Swanson (1996) showed 
that non-neural factors do not affect S-cone contrast sensitivity between 
1 and 5 cpd, so these differences must be due to neural factors. The brain 
responses to coloured gratings depended both on their spatial frequency 
and colour as demonstrated by the interaction we have reported. This 
feature was most consistently observed in visual areas V1 and V2, but 
was also observed in hV4 in one but not another test. Previous work in 
our lab (Welbourne, Morland & Wade, 2018) has demonstrated 
decreased activity in V1 in high spatial frequency S-cone conditions 
when compared to L-M, but only at more peripheral eccentricities. 
Engel, Zhang and Wandell (1997) showed that responses in V1 aligned 
well with behaviour at 1 Hz temporal frequency, which is the same 
frequency we have used. There is also evidence that V1 is functionally 

linked with V2 and hV4 in a way that could explain the consistent 
interaction found in these areas in the current study. For example 
Nakamura and colleagues (1993) showed that in macaques, whilst V4 
primarily receives input from V2, it also receives information directly 
from V1, bypassing V2. It also sends feedback projections to V1 and V2, 
as well as V3 (for review see Pasupathy, Popovkina & Kim, 2020). In 
humans, Wade and colleagues (2008, 2002) found significant responses 
to chromatic contrast across the ventral surface. 

Although V3a exhibited a strong response to chromatic conditions, 
the interaction between chromatic condition and spatial frequency was 
not shown. V3a has been shown to have preference for achromatic 
stimuli and an enhanced response to flicker stimuli (Liu and Wandell, 
2005). Therefore, the interaction between chromatic condition and 
spatial frequency may not be as salient in this area. In contrast to our 
work, previous work using an luminance modulated background found 
that chromatic responses were confined to the ventral surface (Wade 
et al., 2008), with no activation by chromatic stimuli of human dorsal 
areas like V3a. However, this study differed from ours in important ways 
that may explain the strong response we demonstrate in V3a. Firstly, the 
chromatic stimuli used in Wade and colleagues (2008) were defined as 
patches of colour and luminance, and had no spatial coherence unlike 
the gratings used in our study. Secondly, the chromatic target and 
achromatic background updated together at 1 Hz, so the temporal fre-
quency of their achromatic and chromatic components were the same. 
V3a has been shown to be responsible for structure in motion processing 
(Koyama et al., 2005), so it is possible that our use of spatially structured 
grating and a temporally disparate stimulus has caused the colour to be 
perceived as a coherent separate stimulus that led to the response from 
V3a we have shown in this study. 

TO1/2 showed very little response to any of our conditions, consis-
tent with a motion selective and colour invariant area (Zeki et al., 1991). 
Previous work has shown fMRI responses in MT + to s-cone stimuli 
(Wandell et al., 1999), but this was 10 times lower than responses to 
achromatic stimuli, and the stimulus used in their experiment was low 
spatial frequency (0.5 cpd) and fast moving (8 degrees/second). In 
contrast, our stimuli were not moving, but phase shifting at a much 
lower rate (1 Hz) and our lowest spatial frequency grating was higher 
and thus not optimised for MT+. The research on MT+ is contentious 
about whether this area receives chromatic input at all (Zeki et al., 1991; 
Liu and Wandell, 2005) and our study suggests that it might not, or only 
when the chromatic information is at much lower spatial, but higher 
temporal, frequencies. Indeed, psychophysical studies have shown that 
when moving chromatic gratings are equated in luminance there is no 
visual perception of motion (Ramachandran and Gregory, 1978), 
lending support to the idea that MT+ does not receive chromatic input. 
Previous work relied on no, or suboptimal luminance masking to isolate 
chromatic stimuli (Wandell et al., 1999). Since MT+ is highly sensitive 
to even very low achromatic contrast, it is feasible that these previous 
results have been influenced by small luminance artefacts and chromatic 
aberration, which our study has accounted for using RLM. 

hV4 has often been found to be a colour-specific area (Zeki et al., 
1991; McKeefry & Zeki, 1997; Goddard et al., 2011) so it is interesting 

Fig. 7. A bar graph to show the mean percent signal change to the low spatial frequency target (1.25 cpd) on the low spatial frequency background (0.4 degrees 
squared checks) and the higher spatial frequency target (2.5 cpd) on the high spatial frequency background (0.2 degrees squared checks) for each colour direction (L- 
M and S-cone) for each visual area. Error bars are one SEM. 

Table 3 
Results of the ANOVA to investigate effects of visual areas (V1, V2, V3, V3a, hV4 
and TO1/2), chromatic condition (L-M and S-cone) and spatial frequency when 
both targets were concordant with the RLM background (0.4 degrees squared 
checks with 1.25 cpd target and 0.2 degrees squared checks with 2.5 cpd target). 
Greenhouse-Geisser correction is applied when sphericity is violated.  

Source Mauchly’s 
p 

df1, df2 F p Effect 
Size 

Area (A) 0.052 5, 25  6.10  0.001  0.55 
Chromatic 

Condition (B) 
. 1, 5  7.73  0.039  0.61 

Spatial Frequency 
(C) 

. 1, 5  4.19  0.096  0.46 

A £ B 0.017 1.86, 
9.31  

2.57  0.131  0.34 

A £ C 0.356 5, 25  5.22  0.002  0.51 
B £ C . 1, 5  6.76  0.048  0.58 
A £ B £ C 0.152 5, 25  7.06  <0.001  0.59  
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that we did not find anything special about hV4 in this experiment. This 
research provides support for the suggestion that chromatic vision is 
more generally processed across the cortex, with some preferential 
processing in early areas V1 and V2 and ventral hV4. That we observed 
an interaction between spatial frequency and chromatic condition in V1, 
the lowest level of the cortical hierarchy, suggests that the neural 
mechanism could be set before the cortex, perhaps in the LGN or even 
colour opponent ganglion cells. 

Psychophysical research has shown that colour perception is 
spatially low-pass at detection threshold (Mullen, 1985; Mullen and 
Kingdom, 2002; Poirson and Wandell, 1996; Welbourne, Morland and 
Wade, 2018) and for suprathreshold stimulus matching (Poirson and 
Wandell, 1993). In fMRI, V1 has also been shown to have spatially low- 
pass responses to colour stimuli when luminance is absent (Schluppeck 
and Engel, 2002). Both the behavioural and imaging studies are thought 
to be consistent with a low-pass single-opponent mechanism and our 
results add weight to this argument. It is also noted that there are double 
opponent cells in V1 that respond to both colour and luminance, but 
these exhibit band-pass characteristics, peaking at 2.56 cpd (Schluppeck 
and Engel, 2002). Such band pass mechanisms have recently been sug-
gested to underpin the appearance of some structured chromatic stimuli 
(Shapley, Nunez and Gordon, 2019). However, our responses are far less 
likely to reflect these double opponent mechanisms because we record 
lower, not greater, responses to the 2.5 than the 1.25 cpd gratings. 

We noted BOLD responses to S-cone stimuli at low spatial frequency 
were remarkably similar to those elicited by L-M stimuli. The cone 
contrasts of the stimuli eliciting these responses were however many 
more multiples of the psychophysically determined threshold for L-M 
than for S-cone stimuli. Mullen and colleagues (2007) also found sur-
prisingly high S-cone responses in early visual areas relative to 
threshold, and found that cone contrast correlated better with BOLD 
response than a threshold based metric. Specifically, they found fMRI 
responses were just as robust for S-cone stimuli at 5 times threshold as L- 
M stimuli at 31 times threshold. Similarly, the current study has found 
similar BOLD responses to low spatial frequency S-cone stimuli at 6.17 
times threshold as L-M stimuli at 20.95 times threshold. These results 
support the hypothesis that some contrast normalisation must be 
implemented for S-cone stimuli, leading to responses being amplified in 
V1 (Georgeson & Sullivan 1975, Heeger, 1992, Mullen et al., 2007, 
Carandini and Heeger, 2012). 

5. Conclusions 

This study has used RLM to provide support for previous work on 
colour contrast sensitivity, showing that colour vision is spatially low- 
pass, a finding which is reflected in fMRI BOLD responses in visual 
cortex. In V1, V2 and hV4, BOLD responses mirror behavioural data 
most consistently, showing that these areas are likely involved with 
colour perception. There is also some normalisation of S-cone signals 
across visual areas to make them more visible. The spatially low-pass 
nature of colour vision shown in this study provides support for work 
indicating that colour vision utilises single-opponent mechanisms. We 
have also found signals in the brain in early visual cortex that align well 
with behaviour, showing that chromatic responses are set early in the 
visual pathway, perhaps in the LGN. 
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