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Abstract

Chromatic and achromatic signals in the brain have historically been studied independently. This thesis
examines the combinations of chromatic and achromatic signals using both functional Magnetic
Resonance Imaging (fMRI), structural MRI, and behavioural measurements to understand how these
essential facets of human vision interact. Chapter one utilises random luminance masking to examine
functional cortical responses to colour stimuli, and whether they can be used to predict behavioural
threshold measurements. First, | examine the potential independence and interdependence of
chromatic and achromatic signals in primary visual cortex. | found evidence of interdependence in a
manner consistent with a normalising effect of achromatic contrast on chromatic signals, which can
accurately predict behavioural thresholds. Then | used the same methods to examine the differing
responses to L-M and S cone signals at two spatial frequencies, between which the behavioural
sensitivity difference is greater for S cone than L-M stimuli. | found responses in early visual cortex
which aligned well with behavioural sensitivity. In both projects described in chapter one, | have
shown that chromatic responses do not reduce dramatically up the visual hierarchy, while achromatic
responses do. In chapter two, | present research collected from a cohort of rare participants with
congenital achromatopsia, who have no functional cone-mediated vision from birth, leading to a total
loss of chromatic and central vision. This cohort, known as rod achromats, represents a unique
opportunity to investigate the effects of chromatic deprivation on the brain. Using structural MR, |
found widespread reduction in cortical surface area in the achromat group compared to healthy
controls, suggesting that the loss of chromatic vision or the loss of high acuity foveal vision significantly
affects cortical morphology. | conclude with some areas for future research which would further
expand the understanding of the links between chromatic perception and the structure and function

of the human brain.
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represent the difference for each participant and lines are drawn between their L-M and S-

cone A values.
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23

28

29

15



Declarations

I, Rebecca Helen Lowndes, declare that this thesis is a presentation of original work, carried out under

the supervision of Professor Antony Morland and Professor Alex Wade, and | am the sole author. This
work has not previously been presented for a degree or other qualification at this University or
elsewhere. All sources are acknowledged as references. All the studies contained in this thesis were
conducted in accordance with the ethical standards of the Department of Psychology at the University
of York and the York Neuroimaging Centre. Data in Chapter 2 was collected in collaboration with Dr
Barbara Molz.

The work presented in Chapter 1 has been published in the form of the following articles:

Lowndes, R., Aveyard, R., Welbourne, L. E., Wade, A., & Morland, A. B. (2024). In primary visual cortex
fMRI responses to chromatic and achromatic stimuli are interdependent and predict contrast detection
thresholds. Vision Research, 218, 108398.

Rebecca Lowndes: Writing — review & editing, Writing — original draft, Software, Methodology,
Investigation, Formal analysis, Data curation, Conceptualization. Richard Aveyard: Software. Lauren E.
Welbourne: Investigation. Alex Wade: Supervision, Software. Antony B. Morland: Writing — review &
editing, Supervision, Software, Methodology, Investigation, Formal analysis, Conceptualization.

Lowndes, R., Welbourne, L., Williams, M., Gouws, A., Wade, A., & Morland, A. (2023). Increasing spatial
frequency of S-cone defined gratings reduces their visibility and brain response more than for gratings
defined by LM cone contrast. Vision Research, 207, 108209.

Rebecca Lowndes: Conceptualization, Methodology, Software, Investigation, Formal analysis, Data
curation, Writing — original draft, Writing — review & editing. Lauren Welbourne: Formal analysis,
Visualization. Molly  Williams: Investigation. Andre ~ Gouws: Software. Alex  Wade: Supervision,
Software, Writing — review & editing. Antony Morland: Conceptualization, Writing — review & editing,
Methodology, Software, Investigation, Formal analysis, Supervision.

The work presented in Chapter 2 has been published in the form of the following article:

Lowndes, R., Molz, B., Warriner, L., Herbik, A., De Best, P. B, Raz, N., ... & Baseler, H. A. (2021).
Structural differences across multiple visual cortical regions in the absence of cone function in
congenital achromatopsia. Frontiers in Neuroscience, 15,718958.

HB, NL, MH, AM, and BM conceived and designed the experiments. BM, PB, AH, RL, NL, NR, AG, KA,
RM, IG, SK, LC, JM, MK, BK-K, IW, and EB data acquisition. BM, AH, and PB performed the experiments.
RL, LW, and BM analysed the data. RL and LW wrote the paper. HB, RL, LW, BM, AM, MH, PB, AH, NL,
NR, AG, KA, RM, IG, SK, LC, JM, MK, BK-K, IW, and EB revised the manuscript. All authors contributed
to the article and approved the submitted version.

A Nohaod. £ L svonitos

Antony B Morland, PhD Rebecca H Lowndes
13/09/2024 13/09/2024



Acknowledgements

When a PhD takes *slightly* longer than usual, there will naturally be many people who have
contributed significantly to its completion, both in direct research support and personal support along
the way. | would like to start by thanking all those who have participated in my research over the

years. This literally would not be possible without you.

Tony — my supervisor and mentor in life as well as science for many years — this thesis would be a lot
longer were | to thank you properly for your guidance, support, and friendship. Instead, | will just say:

thank you for everything, and that | have and continue to enjoy working with you a great deal.

| would like to thank all my co-authors sincerely for their contributions. There are many of you who
have all helped in big and small ways in the journey from inception to publication of the papers herein,
and | cannot name you all. However, special thanks go to Alex Wade and Heidi Baseler. Alex - my
second supervisor - you provided invaluable insight on all aspects of my work throughout this PhD.
Heidi, thank you for working with me during strange and difficult times. | am pretty sure that project

kept me sane!

None of this would have been possible without my wonderful colleagues and friends at YNiC, both
pastand present. All of you have helped me in your own ways and | cannot thank you enough. Special
thanks to Jackie, my ‘work Mum’ who sat with me through countless reception days, always providing

a laugh and a chat when (very often) needed.

Thank you to all the members of the various labs that have allowed me to call them home for the last
six years: Morland/Baseler lab, Baker/Wade lab and Jefferies lab. Thank you to Katya for being so
welcoming and introducing me to a different aspect of neuroscience and so many lovely people.

So many thanks to Lauren Welbourne, who arrived early in my PhD journey and helped my research
in immeasurable ways.

For starting all of this, | must thank Barbara Molz, who welcomed a lowly undergraduate and gave me
the time and faith that | could be genuinely helpful during her own PhD journey. | hope | was slightly
more helpful than time consuming.

Holly — your friendship means the world to me. Thank you for everything. Social bubbles really are for

life.

To Susan Lowndes, David Lowndes, and David Blackwood. Thank you. There is a great deal of peace in

knowing you always have people in your corner.

Phil - | could not have done any of this without you. Thank you forever.



Introduction

Chromatic vision can be difficult to research above threshold due to the nature of defining ‘pure’
colour stimuli, which is affected by factors within the eye. For this reason, colour vision research in
fMRI, which by its nature requires large stimuli presented at many multiples of threshold, may be
unduly affected by luminance artefacts. The papers bound in this thesis (Lowndes et al., 2024;
Lowndes et al., 2021; Lowndes et al., 2023) attempt to overcome these issues at York Neuroimaging
Centre using two main methods. | developed a random luminance modulating background, first
designed by Birch et al (1992), for use in the neuroimaging centre using new state-of-the-art projector
equipment. In using this method | sought to remove luminance artefacts by overstimulating the
luminance sensitive mechanisms in visual cortex to access ‘pure’ chromatic responses. In chapter two,
| was involved with a project investigating a population who are born without functioning cones. This
condition presents a unique opportunity to probe the effects of an absence of chromatic vision from
birth on cortical structure. Paradoxically, looking at the structure of the brain after the complete
deprivation of chromatic information can teach us about the processing of colour in the normal
population. Another way of describing this thesis is that chapter one reports two papers that use a
luminance mask to attenuate the signal we can measure from the cone additive pathway (achromatic),
while in chapter two | have investigated a population in which both chromatic pathways are naturally

attenuated.
These methods allow this thesis to answer three questions:

e How do chromatic and achromatic signals combine in the brain, and can models of this
combination be used to predict detection thresholds?

e How do the different behavioural effects of spatial frequency in different chromatic directions
relate to brain responses?

e How does a complete loss of chromatic (as well as central) vision affect the structure of visual

cortex?

This introduction will provide the context that is essential for answering these questions.

Cells in the retina and beyond

Two types of photoreceptors mediate human vision: rods and cones. Rods are responsible for vision
in scotopic, or very low, illumination conditions, while cones are responsible for vision at photopic, or

high light levels. Light levels that produce signals in both rods and cones are termed mesopic (Forbes,
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1928). Rods and cones contain the photopigment rhodopsin and iodopsin respectively (Brown & Wald,
1964; Wald et al., 1955). There are around 92 million rods in each eye, compared to around 5 million
cones (Curcio et al., 1990). Despite the densely packed rod mosaic, rod-initiated vision has poor visual
acuity. The signals from many rods map onto single retinal neurons leading to high sensitivity to light
atthe cost spatial resolution. Conversely, many retinal neurons receive input from very small numbers
of cone photoreceptors, leading to high spatial resolution, particularly in the cone-only foveola, at the
cost of absolute light sensitivity. Cones are tightly packed together in the fovea, decreasing in spatial
density with increasing eccentricity. Gaps in the parafoveal cone photoreceptor mosaic are filled with

the smaller outer segments of rods (Curcio et al., 1990).

There are three classes of cone photoreceptors, known as short (S), medium (M) and long (L)
wavelength (Hurvich & Jameson, 1957; Jameson & Hurvich, 1968) which are named for their differing
absorption properties. L and M cones maximally absorb the longer (557nm) and medium (530nm)
wavelengths respectively. S cones maximally absorb the shortest wavelength of the three, at 426nm
(Merbs & Nathans, 1992). Though the photopigments in each type of cone preferentially absorb
certain wavelengths, they also absorb light at other wavelengths, and each photoreceptor can only
make a single univariate response to light (Rushton & Baker, 1964). Thus, combinations of opponent
cone responses are necessary to discriminate between light spectra (De Valois, Smith, Karoly, & Kitai,

1958; De Valois, Smith, Kitai, & Karoly, 1958).

Retinal ganglion cells combine cone photoreceptors into one cone-additive and two cone-opponent
pathways that project to different layers of the lateral geniculate nucleus (LGN). These layers are
defined by the structural characteristics of the cells that make up each layer. Magnocellular (M) cells
are found in the lowest two layers of LGN and receive inputs from ganglion cells forming the L+ M+S
(achromatic) pathway. Parvocellular (P) cells form the next four LGN layers and receive input from
ganglion cells forming the L-M (red-green) pathway. Koniocellular (K) cells form layers in between the
main six LGN layers and receive inputs from the S-(L+M) pathway (blue-yellow). From the LGN, all
three pathways project to primary visual cortex (referred to as V1 from here on). Chromatic and
achromatic pathways terminate in separate layers of V1, leading researchers to believe that their
signals remain initially segregated (Livingstone & Hubel, 1988). Bound in my first chapter is a paper
suggesting that these signals are not as separate and independent as the historical work would suggest
and that V1 must therefore integrate signals arising from the canonical pathways (Lowndes et al.,

2024).



Cortical visual areas

From V1 information is passed to V2 (Federer et al., 2009). V1 and V2 pass information to V3, V3a and
V4 (see figure 1). V4, on the ventral surface, has been shown to be very sensitive to chromatic stimuli
(Goddard et al., 2011; McKeefry & Zeki, 1997; Mullen, 2019; Mullen et al., 2015; Wade et al., 2002;
Zeki et al., 1991). Continuing along the ventral visual stream, VO1 and VO2 are also associated with
chromatic vision (Arcaro et al., 2009; Brewer et al., 2005; Jiang et al., 2007). Conversely, dorsal V3a is
associated with motion selectivity (Klaver et al., 2008; Mikellidou et al., 2018; Tootell et al., 1997) and
previous work has shown no chromatic stimuli activation in V3a (Wade et al., 2008) and a strong
preference for achromatic stimuli (Mullen et al., 2007). However, other work has shown V3a
involvement in colour processing (Castaldi et al., 2013; D'Souza et al., 2011; Liu & Wandell, 2005;
Mullen et al., 2010). Bound in my first chapter is my paper which has also found evidence of chromatic
processing in V3a (Lowndes et al., 2023). Continuing along the dorsal visual stream, TO1 and TO2, the
retinotopic analogue of human MT+, are considered colour invariant and associated with motion

processing (Amano et al., 2009; Zeki et al., 1991).

A Medial Dorsal Ventral
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Figure 1: A) Adapted from Lowndes et al (2024). The medial, dorsal and ventral views of an inflated
brain surface for one participant. B) Adapted from Lowndes et al (2023). The flattened representation
of the left hemisphere of the same participant showing phase map (left) and eccentricity map (right).

“
v

Visual area boundaries are displayed on the maps. Lowercase and “d” indicate ventral and dorsal

areas respectively.

An area of the brain can be considered retinotopically organised if the inputs that drive neurons in
that area are arranged in a specific reflection of retinal geometry. That is, each area of visual space is
represented cortically near to its neighbour in retinal space. This is adhered to across visual cortex,
but the map of visual space is unevenly represented due to cortical magnification of the central visual
field (Tootell et al., 1998). Because visual cortex represents the visual field in a series of contiguous
maps, TMRI can reveal those mappings by acquiring responses during the presentation of a visual
stimulus that moves systematically through the visual field as a function of time. The timing of the
brain response therefore codes the position of the visual stimulus to which a location in the brain is
sensitive. Visual field map boundaries occur at representations of the vertical and horizontal
meridians. As a result, flattened representations of timing (phase) of the BOLD responses allow

boundaries of visual areas to be drawn at reversals of map of phases as shown in Figure 1 B.

The work in chapter one used retinotopic mapping techniques outlined in detail by Welbourne et al
(2018) to define visual areas V1, V2, V3, V3a, and V4. Defining the maps and drawing ROIs for each
participant individually is time-consuming, but worthwhile for the accurate specification of individual
areas. Individual ROI definition is particularly advantageous in the studies | have reported, with low
numbers of participants being scanned numerous times. The study described in chapter two mapped
visual areas of the cortex using the Benson atlas (Benson et al., 2014; Benson & Winawer, 2018). This
allowed me to investigate more anterior visual areas than could feasibly be drawn using retinotopic
mapping: V1,V2,V3,V3a, V3b, TO1, TO2, V4, V01, V02, LO1, and LO2. While an atlas-based approach
is not as robust as a retinotopic approach, the necessity to scan many rare participants over numerous

scanning sites outweighed the potential problems with this method.
Current understanding of chromatic vision

Psychophysical research is instrumental to our understanding of chromatic vision. The work in this
thesis primarily relies on contrast detection threshold measurements, using staircase procedures. An
important example for my first chapter is work by Mullen (1985), who showed that contrast sensitivity
reduced as spatial frequency increases in L-M and S-(L+M) colour directions. | have also drawn from

studies that used other psychophysical methods. For example, the same paper (Lowndes et al., 2023)
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utilises the findings of Poirson and Wandell (1993), who used an above threshold colour matching task

to show that S cone has poorer sensitivity to high spatial frequencies than L-M stimuli.

Another behavioural study central to the first chapter of this thesis is that by Barbur et al (1994). They
used a background with randomly modulated achromatic luminance checks between certain contrasts
to mask the effects of luminance artefacts in a detection threshold study and reported that the
chromatic target and achromatic background components of the stimuli were independent of each
other, suggesting that signals elicited by chromatic and achromatic stimuli are entirely separable over
the range of conditions tested. However, Chen et al (2000a) found that chromatic and achromatic
detection thresholds were actually interdependent in a manner that could be effectively modelled by
a divisive contrast normalisation mechanism (Chen et al., 2000b). Divisive contrast normalisation is
thought of as canonical of human neural computation (Carandini & Heeger, 2012) and all chromatic
cortical neurons show evidence of divisive contrast normalisation in the primary visual cortex of
macaques (Solomon & Lennie, 2005). To arbitrate between the apparent independence shown by
Barbur (1994) and the interdependence found by Chen (2000a), my first chapter describes a
psychophysical and fMRI study on the combinations of responses to achromatic and chromatic stimuli

(Lowndes et al., 2024).

Functional neuroimaging has also attempted to understand colour perception in humans. One
particular study that influenced my research was Engel, Zhang and Wandell (1997) who demonstrated
that cortical responses in V1 and V2 to colour stimuli strongly resembled their psychophysical
measurements in both the S-(L+M) and L-M chromatic planes. This finding led me to ensure that each
of the functional neuroimaging studies | have reported included an analogous psychophysical
detection threshold experiment. When results from neural and behavioural modalities can agree

about an effect, there is more convincing evidence for that effect.

In the same vein, fully understanding colour vision requires more than just understanding the function
and behaviour of colour perception in the normally sighted. | was fortunate enough to have been
involved in a consortium project which scanned a cohort of congenital achromats, who had no cone
function from birth, discussed in chapter two of this thesis (Lowndes et al., 2021; Molz et al., 2023;
Molz et al., 2022) . Visual deficits like this can act as a lesion model for the type of vision that is deficient
allowing researchers to non-invasively investigate the relationship between visual deficits and cortical
architecture. Extensive research has shown grey matter abnormalities in the visual cortex of people
with congenital visual loss caused by congenital cataracts (Guerreiro et al., 2015), albinism (Neveu et
al., 2008; von dem Hagen et al., 2008), amblyopia (Chan et al., 2004; Li et al., 2013; Xiao et al., 2007),

as well as in later visual loss, caused by macular degeneration (Boucard et al., 2009; Hernowo et al.,
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2014), retinitis pigmentosa (Kitajima et al., 1997) and glaucoma (Boucard et al., 2009; Chen et al.,
2013; Li et al., 2012). Similarly, functional MRI has shown a large body of evidence for cortical
reorganisation related to visual loss (Bridge & Watkins, 2019; Cheung & Legge, 2005; Eysel et al., 1999;
Merabet & Pascual-Leone, 2010; Sanda et al., 2018), though this remains controversial (Makin &
Krakauer, 2023). For review of structural abnormalities related to visual deficits see Brown and

colleagues (2016).
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Chapter 1: A novel method to investigate chromatic
vision reveals cortical responses can predict behavioural

thresholds

Bound thesis paper 1: Lowndes, R., Aveyard, R., Welbourne, L., Wade, A., & Morland, A. (2024).
In primary visual cortex fMRI responses to chromatic and achromatic stimuli are interdependent
and predict contrast detection thresholds

Bound thesis paper 2: Lowndes, R., Welbourne, L., Williams, M., Gouws, A., Wade, A., &
Morland, A. (2023). Increasing spatial frequency of S-cone defined gratings reduces their
visibility and brain response more than for gratings defined by L-M cone contrast. Vision
Research, 207, 108209.

The first method | employed to investigate chromatic vision in the brain was to look at functional MRI
responses to colour stimuli in visual cortex. York Neurolmaging Centre was well-placed at the time to
examine this, having acquired a state-of-the-art projection system alongside MRI facilities. As a
technician, part of my role was to provide users of the centre with new methods to push forward with
their science. Historically, work on colour has needed to use relatively low contrast and small stimuli
to ensure correct cone contrast, but in fMRI this would lead to a poor signal-to-noise ratio. Due to the
need for high contrast stimuli that subtended much of the visual field for use in fMRI, many
researchers expressed that they never felt completely sure that their results were not due to
aberrations or poor specification of cone contrast, particularly in the periphery. | wanted to develop
and provide proof-of-concept for a method of investigating colour vision in normally sighted people
that allowed for large, higher contrast stimuli, without having to specify cone contrast for each
individual. Barbur (1993; 1994) had reported independence of the random luminance modulation
(RLM) background he developed and chromatic overlays in his study, so | developed this further for

use in fMRI.
Random luminance modulation background development

Barbur et al developed a random luminance modulating stimuli that they claimed effectively masked
the luminance signals present in chromatic target stimuli (1993; 1994; 1992). The original design
consisted of an array of checks subtending 4 degrees of visual angle. Each check was 12 arcmin (or 0.2

degrees of visual angle) squared. Each check chose a randomly selected value between given contrast
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values every 0.05 seconds. Overlayed on the checks were colour target stimuli, which were either solid
squares of colour, or vertical bars of colour over every other column of checks. The task was to
determine the presence or absence of vertical bars. The study reported chromatic contrast detection
thresholds that were independent of the background luminance contrast, which the authors suggest
shows that chromatic and achromatic signals are processed separately. Following this work, another
group of researchers used this method to investigate colour responses in visual cortex using fMRI

(Wade et al., 2008). | used these works together to inform my stimulus definition as shown in table 1.

Barburetal, 1994 | Wade etal., 2008 | Lowndes et al., 2024 | Lowndes et al., 2023

Check size 0.2 1 0.2 0.2-0.4
(°)

Check 20Hz 1Hz 20Hz 20Hz

update rate

RLM 0-35% <24% 3.125-50% 50%
contrasts
Target size 4 12 20 10
(°)
Target type | Vertical bars or Random Gratings Gratings
squares
Target SF 1.25cpd (vertical NA 1.25cpd 1.25 and 2.5cpd
bars)

Table 1. A table showing the different parameters used for stimuli set up of two previous experiments
which used random luminance modulating backgrounds (Barbur et al., 1994, Wade et al., 2008)
alongside the papers bound in this thesis (Lowndes et al., 2024; Lowndes et al., 2023). My work

matched the work by Barbur as closely as possible, but with larger stimuli sizes for use in fMRI.

The Random Luminance Modulation (RLM) stimuli | developed from Barbur et al (1992) consists of
two components: an achromatic background and a chromatic or achromatic target grating. The
background consists of checks which were specified to be as similar as possible to the original work,

consisting of 0.2° (or 12arcmin) checks which randomly select a luminance level between 3.125 and
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50% contrast and update every 0.05 seconds. The target gratings were superimposed onto this
background at differing chromatic directions and spatial frequencies. The rationale behind the stimuli
was that it is very difficult or impossible to display chromatic stimuli for every individual and across
the large eccentricities of the retina without some amount of luminance artefacts affecting the
response. The higher the chromatic contrast, and the larger the area of vision covered by chromatic
stimuli, the more luminance artefacts we would expect. The RLM background | employed ensured that
there was a high baseline response to achromatic stimulus, so responses to achromatic luminance
artefacts from mechanisms that respond to achromatic stimulation would be undetectable. This is
particularly helpful in fMRI studies, in which we need to display stimuli at relatively high cone contrasts

and sizes in order to increase the signal and be able to detect responses from the brain.

| attempted to conform to as many of the stimulus parameters outlined in Barbur et al (1992) as
possible, given the nature of the fMRI studies | wanted to conduct. However, the original stimuli only
subtended 4°, and | wanted to use larger stimuli to ensure the signal was as high as possible for use in
fMRI, to ensure | could access stimulus responses from the brain. For that reason, my grid extended
20 degrees of visual angle with the chromatic element consisting of the entire extent of the

background for one study (Lowndes et al., 2024) and 10 degrees for the other (Lowndes et al., 2023).
Combinations of chromatic and achromatic signals

Before we can use the RLM background to answer questions about chromatic vision in the brain, we
must first determine how separable signals arising from the RLM background and chromatic targets
are. Barbur, Harlow and Plant (1994) suggested that responses to the RLM background and target are
completely independent, demonstrating no change in threshold for chromatic targets dependent on
achromatic background contrast in normal participants. However, close inspection of the results from
this study shows some increases in threshold may be present at the highest RLM contrast modulation
(35%). | was interested in whether | could show the independence that Barbur suggested in threshold
data, and whether the neural signals | could detect in fMRI followed any independence or

interdependence.

To uncover the nature of combinations of achromatic and chromatic signals in the brain | applied the
RLM method both behaviourally and in fMRI (Lowndes et al., 2024). In both parts of my study, | used
five different contrast levels of the achromatic background with chromatic targets superimposed. In
the behavioural study, | used a standard staircase procedure to estimate detection threshold of the
target grating in on achromatic (L+M+S) and two chromatic (L-M and S-cone) directions. The results

showed that achromatic contrast detection thresholds increased linearly with background contrast,
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which follows the results found previously (Barbur et al., 1993; Barbur et al., 1994). For L-M targets,
thresholds remained consistent up to 12.5% background contrast, then showed clear increases at 25
and 50% background contrast. S- cone signals showed a similar pattern. This is not consistent with the
conclusions made by Barbur and colleagues (1994) who suggested that the background and target

were independent of each other up to 35% RLM background contrast in all chromatic directions.

To investigate the nature of independence or potential interdependence of chromatic and achromatic
signals in the cortex, | also performed an event-related fMRI experiment. | recruited 7 participants
with normal or corrected-to-normal vision with refractive correction no more than five dioptres. This
used similar stimuli as before, now presenting the achromatic background and chromatic target
concurrently in two second trials. | then averaged the percent signal change found in V1 for each
participant for each of 25 compound conditions. The results of this analysis are shown in figure 2,
which show an increase in response with increasing achromatic contrast, and a smaller increase in
response as chromatic contrast increases in both directions (L-M and S). The range of chromatic
responses reduces with increasing achromatic contrast, suggestive of some interdependence of the
chromatic and achromatic signals, as was the case in the behavioural experiment. | also noted that L-
M and S-cone responses were remarkably similar, despite the L-M contrasts used being many more
multiples of threshold than S — cone. Past research has shown that BOLD response to S cone stimuli

correlates better with contrast than threshold (Mullen et al., 2007).

| initially used three models to investigate the potential mechanisms behind these results, shown in
the left columns of figure 2 A, Band C. The independent model assumes no dependence of achromatic
contrast on chromatic responses and vice-versa. The selective chromatic contrast normalisation
model is drawn from Chen et al (2000b) and assumes that there is a normalising effect of achromatic
contrast on chromatic responses, but not vice-versa. The mutual chromatic-achromatic contrast
normalisation model assumes that there is mutual normalisation between chromatic and achromatic
contrast and responses. Of these three models, the selective model best described the fMRI results in

V1, closely followed by the mutual model.

Engel, Zhang and Wandell (1997) previously showed that signals in the brain elicited by chromatic
stimuli can reflect behavioural thresholds, so my next step was to investigate whether the models that
fit the brain data well could also predict behavioural thresholds. | achieved this by calculating the
response to chromatic and achromatic contrast separately for each model. | then calculated the
gradient of these responses with respect to chromatic contrast at every achromatic response level.
That result was then multiplied by a free parameter (see Lowndes et al,. 2024 section 2.6 for details).

The results of this model fit are show in the left three graphs of figure 3. It is clear from the figure and
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the AIC and R? values shown that the selective model provides the best fit for the behavioural data, as
well as the fMRI data, suggesting that achromatic contrast has a normalising effect on chromatic

responses, but not vice-versa.

| also extracted the ROls for other visual areas up the visual hierarchy: V2, V3, V3a and V4. The results
of this analysis showed that responses to achromatic responses were increasingly compressive further
up the visual hierarchy, while chromatic responses largely retained their dynamic range. Maintaining
a large dynamic range for encoding colour, while reducing the response to achromatic contrast, could
allow the visual system to optimise processing to more salient aspects of an image, for example
colourful objects in a scene. Responses to L-M and S cone stimuli were again similar to each other,

despite the large difference in multiples of threshold.

Alternative models

A fourth model that accounted for potential non-linearities in the fMRI responses in V1 was also
considered. The alternative model assumed a linear combination of chromatic and achromatic neural
responses, the result of which was then passed through a further compressive non-linearity (Naka-
Rushton), which would occur if the neural to hemodynamic response function was not linear. This
model fit my fMRI data in V1 very well (Figure 2 A right column), with a lower AIC value (-113.44) than
the previous best model, selective chromatic contrast normalisation (-98.42). A nonlinearity between
neural and BOLD responses (which will henceforth be denoted with a * symbol) is possible but
evidence has shown that the neural to hemodynamic response can be modelled as linear in V1
(Boynton et al., 1996). As outlined in Lowndes et al (2024), the independent* model would not be able
to account for the changes we found in chromatic detection thresholds with increasing achromatic
background contrast, due to there being no dependence of chromatic response on achromatic

contrast so | chose not to take this model further into the analysis.
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Figure 2: Adapted from Lowndes et al (2024). A figure showing the percentage signal change averaged
across all participants and both runs for all 25 stimulus conditions in the fMRI sessions, with the L-M
condition used as an example. Top panels are responses to L-M plotted along the achromatic contrast
axis, with the chromatic contrast increasing from green to red. Bottom graphs show the same data,
this time plotted against the L-M contrast axis with the achromatic contrast increasing as the dots
move from black to grey. A: The graphs in the first column show the independent model fits, the second
show the independent model fits with an additional compressive model of the BOLD response. B: The
graphs in the first column show the selective chromatic contrast normalisation model fits, the second
show this model with an additional compressive model of the BOLD response. C: The graphs in the first
column show the mutual chromatic achromatic contrast normalisation model fits, the second show

this model with an additional compressive model of the BOLD response.

There are some models of hemodynamic non-linearities that could theoretically predict changes in
detection thresholds. For completeness, | extend the published work here by taking each of the other

candidate models (from the paper) and passed the resultant sum through a further Naka-Rushton
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equation (Figure 2 B and C) and found that each model was improved by the addition of post-neural
compressive non-linearity (selective*: -98.86, mutual*:-114.74) indicating that these models are more
likely to explain the data in V1 than the models outlined in the paper. | then used the parameters
found for V1 for each of these models to predict behavioural thresholds as before (Figure 3). The
independent* model fits the data better than the original independent model, owing to an improved
ability to predict the achromatic detection thresholds but, as in the original independent model,
chromatic threshold predictions are flat. Interestingly, the models that would in theory be able to
predict chromatic detection threshold changes perform even worse, often predicting a reduction in
chromatic detection threshold with increasing achromatic contrast. The AIC and adjusted R? values
are poor when compared to the original candidate models. The inconsistency between brain models
and behaviour further supports our conclusion that this data is capturing the interdependencies of

neural populations and not the non-linearity of BOLD response.
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Figure 3. Adapted from Lowndes et al (2024). A figure showing the behavioural thresholds obtained by
individuals (thin light grey, blue and red lines) and the mean (dashed lines) for L+M+S, L-M and S colour
directions against the different achromatic background contrast levels (3.125-50%). Each graph
displays the same data. The thick transparent lines show the model fit for each model as predicted by
the models of V1 results for the independent, selective chromatic contrast normalisation, and mutual
chromatic-achromatic contrast normalisation models, alongside their compressive BOLD model
counterparts. The AIC value at the top of each graph is the sum of the individual AIC values for each

colour direction.

In conclusion, this work added to understanding about how chromatic and achromatic signals combine
in the brain. Chromatic and achromatic signals are interdependent in a way that can be modelled with

divisive contrast normalisation. Although the signals are not independent from each other, we can still
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detect strong chromatic responses using the RLM background even at high background contrasts. This
chromatic response is also well preserved up the visual hierarchy, while the response to achromatic

background contrast is not.
Chromatic responses to different spatial frequencies

Having shown that chromatic responses can be detected using the RLM background at 50% achromatic
contrast, | will now describe another study | conducted using this same background. This time, | aimed
to uncover whether the RLM background could be used to demonstrate longstanding psychophysical
effects, and how that is reflected in cortical responses. | chose to look at spatial frequency since
visibility of chromatic stimuli reduced as spatial frequency increased, due to the low-pass nature of
chromatic vision (Mullen, 1985, 2002; Poirson & Wandell, 1996; Welbourne et al., 2018). Furthermore,
the effect of increasing spatial frequency on sensitivity is greater for S cone than for L-M stimuli
(Poirson & Wandell, 1993). | first aimed to assess whether this effect could be replicated using the
RLM background, then | investigated whether the effect was reflected in the cortical response using
fMRI. The spatial frequencies chosen were based on previous work on colour-matching of
suprathreshold stimuli (Poirson & Wandell, 1993). They showed differences in sensitivity to S cone

and L-M stimuli which starts to emerge between ~1.25 and ~2.5cpd (figure 4).

| used a standard two interval forced choice procedure to calculate ~80% detection thresholds at
1.25cpd and 2.5cpd for both L-M and S cone stimuli (figure 4). The L-M stimuli had greater sensitivity
(lower threshold) than S cone stimuli at both spatial frequencies in every participant tested. A 2x2
ANOVA showed a significant interaction between colour direction and spatial frequency. Though there
is some reduction in L-M sensitivity at higher spatial frequencies, the interaction was driven by the
greater reduction in sensitivity (increase in threshold) for S cone stimuli. This is in line with the previous

work by Poirson and Wandell (1993).
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Figure 4. Left plot is adapted from Poirson and Wandell (1993) showing results of an above threshold
colour-matching task in two participants. The y-axis ‘scale factor’ is analogous to sensitivity, and the
x-axis is spatial frequency in cycles per degree. The middle and right figures are taken from Lowndes
et al (2023). The middle plot shows the inverse log of the cone contrast thresholds (analogous to
sensitivity) 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 participant’s individual threshold and lines are drawn between each
participant’s threshold at each spatial frequency. The right plot shows the difference (4) 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 participant and lines are drawn between their L-M and S-cone A

values.

My next aim was to assess if this behavioural effect was reflected in the brain data. | used a block
design to scan participants in L-M and S cone directions, using the highest contrast (2.7% and 10.5%
respectively) used in the previous paper (Lowndes et al., 2024) at both 1.25 and 2.5 cpd. ROIls were
defined retinotopically using a separate scan as shown in figure 1 B in the introduction (V1, V2, V3,
V3a, V4). Additionally, TO1/2 was defined using the Benson atlas (Benson & Winawer, 2018). TO1/TO2
combined serve as an analogue to MT+ which shows preferences for motion stimuliand low responses
to chromatic stimuli (Mullen et al., 2007; Wandell et al., 1999). The responses from each brain area to
both chromatic conditions and spatial frequencies are shown in figure 5 and reveal a robust response
to colourin all ROIs tested excluding TO1/2, which showed minimal responses in all conditions. There
is a reduction in response for both L-M and S cone gratings at the higher spatial frequency (2.5cpd)
which appears to be consistent across visual areas. A 3-way ANOVA revealed a significant interaction
between visual area, colour direction and spatial frequency. There was also a significant interaction

between spatial frequency and colour direction, which seems to be driven by the low response to
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higher spatial frequency S cone stimuli present in all visual areas. To confirm this, | then ran a 2x2
ANOVA for each visual area separately, which revealed a significant interaction between spatial

frequency and colour direction in V1 and V2, with V4 approaching significance (p = .053).

| also added an achromatic grating condition at 15% contrast to assess whether any achromatic
luminance artefacts would affect the BOLD response in the chromatic conditions. The achromatic
condition revealed very minimal responses to the relatively high contrast grating, especially when
compared with the significantly higher responses found for chromatic stimuli. That | found little
response to relatively high contrast achromatic stimulation reassures me that the responses | detected
to chromatic stimuli will not be influenced by luminance artefacts, because any artefact would be of

much lower contrast than we have tested.
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Figure 5: Taken from Lowndes et al (2023), a figure showing the fMRI responses to L-M and S cone
conditions at each visual area tested (V1, V2, V3, V3a, V4 and TO1/2).

Interim discussion: chapter 1

The work bound in this chapter has demonstrated the utility of the RLM background in colour vision
research. | have calculated behavioural thresholds and found that achromatic detection thresholds
are dependent on achromatic background contrast, as was shown in the original Barbur work (Barbur
et al., 1993; Barbur et al.,, 1994). Additionally, | have shown that chromatic detection thresholds
increase with achromatic RLM background contrast, unlike the historical work, but aligning well with
more recent research (Chen et al., 2000a). In fMRI, | have again demonstrated that responses to
chromatic gratings are dependent on achromatic background contrast, but not vice versa. | have also
replicated the historical work that showed an increase in detection threshold for higher spatial

frequency S gratings that is more dramatic than for L-M gratings (Poirson & Wandell, 1993, 1996).

Both projects have demonstrated a link between brain responses and behaviour. In one project, | used
modelling of V1 responses to accurately predict behavioural thresholds (Lowndes et al., 2024). In

another project, brain responses to chromatic gratings aligned with behaviour in V1 and V2. Using
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brain responses and behavioural thresholds in tandem allows us to draw stronger conclusions from
our data since we have results from two different metrics. The following chapter will investigate a

third modality to investigate colour vision by looking at the structure of visual cortex.

Examining the extrastriate results for both projects, we can see that in both the chromatic response
does not reduce much up the visual hierarchy, while in one experiment the achromatic response
became increasingly compressive. That chromatic information is preserved in more anterior visual
regions while achromatic information is downweighted, may allow for more efficient visual
processing. Additionally, in both projects S cone responses were surprisingly similar to L-M responses
despite the latter being many more times psychophysically defined threshold. Other work has shown
that cortical S cone response correlates better with contrast than detection threshold (Mullen et al,,
2007). There is evidence from single-cell recordings in primates that S cone responses are processed
differently, doublingin response between LGN and V1 when compared to the contribution of Land M
cells (De Valois et al., 2000). My research along with others is therefore suggestive of some additional
contrast normalisation of S cone stimuli, leading to amplified signals in V1 (Georgeson & Sullivan,
1975; Mullen et al., 2007). However, it is also of note that S-cone responses are slower in primary
visual cortex than L/M opponent signals which could suggest that S cone signals are amplified in V1
through recurrent excitatory networks (Cottaris & De Valois, 1998). Further research is needed to
determine the relative contributions of contrast normalisation and amplifications through recurrent

networks.
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Chapter 2: Structure of the brain in the absence of

chromatic vision

Bound thesis paper 3. Lowndes, R., Molz, B., Warriner, L., Herbik, A., De Best, P. B,, Raz, N, ... &
Baseler, H. A. (2021). Structural differences across multiple visual cortical regions in the absence
of cone function in congenital achromatopsia. Frontiers in Neuroscience, 15, 718958.

Other relevant co-authored papers:

Molz, B., Herbik, A., Baseler, H. A., de Best, P. B., Vernon, R. W,, Raz, N,, ... Lowndes, R,, ... &
Morland, A. B. (2022). Structural changes to primary visual cortex in the congenital absence of
cone input in achromatopsia. Neurolmage: Clinical, 33, 102925.

Molz, B., Herbik, A., Baseler, H. A., de Best, P., Raz, N., Gouws, A., ... Lowndes, R., ... & Hoffmann,
M. B. (2023). Achromatopsia—Visual Cortex Stability and Plasticity in the Absence of Functional
Cones. Investigative ophthalmology & visual science, 64(13), 23-23.

My contribution

| assisted with the data collection of ACHM participants and controls collected at York (14 total). |
also helped with the preprocessing of the data and early analysis. These contributions led to me
being selected as a co-author on the two papers written by Molz (2023; 2022). Subsequently, |
conducted an independent analysis with my own research questions and hypotheses, supervised
by Heidi Baseler and Antony Morland, which led to bound thesis paper 3.

As part of my role as a technician, | collaborated with a multi-centre consortium investigating the
effects of achromatopsia (ACHM) on visual cortex. ACHM is a rare, largely stationary, congenital
disorder characterised, in its complete form, by a dysfunction in all three cone photoreceptors from
birth (Hirji et al., 2018; Remmer et al., 2015), leading to a total loss of colour perception. As the central
fovea is solely occupied by cone photoreceptors, ACHM also leads to a loss of central vision. Though
ACHM causes other symptoms, such as nystagmus and photophobia, | was most interested in the
effects of colour and central vision loss. Following my work in chapter one, which showed
consistencies between colour perception and neural responses, ACHM participants provided the
opportunity to investigate how a total absence of colour perception can impact the anatomy of visual
cortex. | can therefore use ACHM as a ‘colour lesion” model to investigate the same visual areas as
before and hopefully demonstrate some similar areas that play a role in perception in the normally
sighted in my first chapter and are affected by a lack of colour in this chapter. Despite the wealth of
evidence of structural and functional abnormalities in visual cortex in people with visual deficits

(Brown et al., 2016), there was very little MRl work in ACHM at the inception of this work (Baseler et
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al., 2002; Morland et al., 2001). Though my interests are primarily in chromatic vision, it will be difficult
to parse whether effects we see in ACHM are caused by the loss of chromatic vision alone or the loss
of central vision, but | can make estimations based on what we know about the behaviour of individual

ROIls in previous research.

While ACHM provides a lesion model of colour, linking with the other chapters of this thesis, there are
other important potential impacts of this work. The consequences of changes in the structure and
function of visual cortex in ACHM could limit the efficacy of gene therapeutic interventions which has
shown promise in other ophthalmologic diseases (Ashtari et al., 2011; DiCarlo et al., 2018). Nothing
close to full restoration of colour perception in ACHM has yet been achieved (McKyton et al., 2023)
and while this outcome may result from a lack of recovery at a retinal level, structural cortical changes
may also affect these outcomes. In congenital cataracts the degree of visual restoration is inversely
related to the extent of the abnormalities found in the visual cortex (Guerreiro et al., 2015; Guerreiro
etal., 2016). However, despite some previous work showing functional cortical reorganisation in visual
cortex of ACHM participants (Baseler et al., 2002), structural differences between ACHM and controls
had not yet been investigated. Detailed structural reporting may provide a non-invasive confirmation
of the feasibility of gene therapeutic interventions in ACHM populations, perhaps even on an
individual-by-individual basis. The consortium project data we had collected therefore provided me
the opportunity to investigate the structural differences in ACHM across visual cortex to answer the

following hypotheses:

1. Differences in visual cortex will be present in visual areas that have large central
representations. Due to the central rod scotoma, these areas have been deprived of input
since birth. Early visual areas with large central representations, V1, V2 and V3 may therefore
show differences.

2. Ventralvisual areas such as V4, VO1 and VO2 would also be expected to show differences due
to the central bias of these regions (Arcaro et al., 2009; Brewer et al., 2005; Winawer &
Witthoft, 2015) and their preferential colour responses (Jiang et al., 2007; Mullen, 2019; Zeki
et al., 1991).

3. | would not expect changes in the dorsal stream due to the peripheral bias of these areas
(Tootell et al., 1997; Wandell et al., 2007) and their invariance to chromatic stimulation (Wade

et al., 2008).
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Cohort data collection approach

In total, we recruited 17 ACHM participants and 42 normal vision controls. We genetically confirmed
the most common ACHM gene mutations, CNGA3 and CNGB3 in all participants, and
electroretinographically confirmed total absence of cone function (McCulloch et al., 2015) to ensure
that there would be no residual cone function affecting the results. The necessity to recruit as many
as we could of this extremely rare cohort outweighed the potential negatives of scanning at three
different sites (University of York, Hadassah Medical Centre and University of Magdeburg). We tried
to mitigate these differences by reducing the variability in parameters we could control. Two sites
used the same type of MRl scanner, and all three sites used Siemens 3T MRI scanners to take a single,
T1-weighted anatomical scan for each participant, with the parameters matched as closely as possible

across sites. All data was transferred for analysis in York and underwent identical analysis pipelines.

In brief, the analysis pipeline consisted of the following: anatomical scans were first segmented into
grey and white matter using Freesurfer (Dale et al., 1999; Fischl et al., 1999). An anatomically defined
retinotopic atlas (Benson & Winawer, 2018) was used to delineate 12 ROIs (V1, V2, V3, V3a, V3b, TO1,
TO2,V4,V01,V02,L01, LO2, see Figure 6). | extracted the entire cortical field representation of each
hemisphere, rather than restricting by eccentricity, because chromatic deficits are not specific to
central vision; also, eccentricity is less accurately quantified in higher visual areas (but see Molz et al
(2022) for eccentricity analysis). | then computed cortical volume, thickness and surface area using

Freesurfer (Dale et al., 1999; Fischl et al., 1999).
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Figure 6: Adapted from Lowndes et al (2021). A figure showing an example of the ROIs used for analysis
in one participant. All ROIs were taken from the anatomical retinotopic Benson atlas (Benson et al.,

2014; Benson & Winawer, 2018).

Structural Changes across Visual Cortex

This led to a large amount of data to manage and interpret. To reduce the degrees of freedom, it
would be beneficial to average values across hemispheres. For this reason, | first conducted a 2x2x12
mixed-measures ANOVA (subject group x hemisphere x ROI) which showed no significant interactions
with hemisphere for any metric tested (grey matter volume, cortical thickness and cortical surface
area). This allowed me to simplify the data to be analysed by combining across hemispheres. | have
summarised the combined cortical thickness, cortical surface area and grey matter volume data into
violin plots (see figure 7). As shown, grey matter volume and surface area generally decrease with

more anterior regions up to V3b, while cortical thickness increases. ACHM generally show smaller
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values than controls in grey matter volume and surface area, but the picture is less clear for cortical

thickness. Some ROIs could be argued to show higher thickness values in ACHM, particularly V3b and
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Figure 7: Adapted from Lowndes et al (Lowndes et al., 2021). A figure showing a violin plot for each
metric of grey matter volume (left), cortical thickness (middle) and surface area (right) for ACHM and
controls. Red stars indicate significant differences between groups for that ROl in post-hoc

comparisons.

Subsequently, | performed three Analyses of Covariance (ANCOVAs), separately for each metric, which
considered many potential explanatory variables. The categorical variables were participant group
(ACHM and control), ROI, gender and scanner site while the potential covariates were age and the
global sum (or average when considering thickness) of that metric. The important interaction was the
ROI x participant group interaction, as a significant interaction here would mean that there is a
difference in the way ACHM affects some ROIs and not others in the metric being tested. Participant
group by ROI interaction was significant for both surface area and grey matter volume but not for
cortical thickness. The decrease in volume we found is thus likely to be driven by the decrease in

surface area.

| then conducted post-hoc tests for each ROI individually for both cortical volume and surface area
(Figure 7). There were significant reductions in cortical surface area in ACHM participants in numerous
visual areas: V1, V2, V3, TO1, V4 and LO1. Grey matter volume was reduced in ACHM in a smaller
subset of ROIs: V1, V2, V3 and V4. This is consistent with hypothesis one, which suggests early visual
areas V1, V2 and V3 with large central field representations would show differences in ACHM. | have
also shown differences in ventral visual area V4, consistent with our second hypothesis, but no
differences in higher ventral visual areas VO1 and VO2. These areas have both been associated with
chromatic vision (Arcaro et al., 2009; Brewer et al., 2005; Jiang et al., 2007), so we were surprised by
this result. These areas are very small, and may be more susceptible to type two errors, which may

explain our lack of significant effect in these areas. That | found our most profound differences in V1,
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V2, V3 and V4, is consistent with the work outlined in chapter one, which showed that functional

responses in V1, V2 and V4 align well with behavioural measures of colour perception.

| found no significant changes in dorsal visual areas V3a and V3b, despite their sharing hierarchical
position with V4, aligning well with hypothesis three. Dorsal visual areas have been shown to be
invariant to chromatic stimuli in certain circumstances (Wade et al., 2008) but see Lowndes et al
(2023). Dorsal regions also show a more peripheral field bias (Tootell et al., 1997; Wandell et al., 2007)
so we would not necessarily expect these areas to be affected by ACHM. | also found a lack of

consistency of response to colour stimuli and behavioural colour responses in V3a in chapter one.

The decreases we saw in ACHM participants were in the metrics of surface area and grey matter
volume, but we did not show any increases in cortical thickness, unlike previous work which has shown
increases in cortical thickness (Aguirre et al., 2016; Molz et al., 2022; Park et al., 2009). We have used
the entire cortical representation of each visual area, and our measurements may not be sensitive to
any localised increase in thickness. This led to our further study, examining different eccentricity

representations of V1.
Eccentricity analysis increases sensitivity to cortical thickening

Since my analysis took the entire eccentricity representation of each ROl tested, it is impossible to say
whether any null results we found were from a lack of sensitivity to differences in specific
eccentricities. For example, we might have expected increases in thickness in ACHM in cortical areas
representing the visual loss. For that reason, a follow-up study investigating V1 at different
eccentricities, fovea (0°-2°), parafovea (2°-4°), and paracentral (4°-8°), was conducted and reported
here for context (Molz et al., 2022). This time we found a significant increase in cortical thickness in
ACHM compared to controls which was restricted to the fovea. This thickening may seem counter-
intuitive, as there should be little to no input to this region due to the central rod scotoma. However,
previous research on the congenitally blind has shown increased cortical thickness in primary visual
cortex (Aguirre et al., 2016; Park et al., 2009). Increased cortical thickness may be explained by an
aberrant synaptic pruning process (Aguirre et al., 2017; Bourgeois et al., 1989; Guerreiro et al., 2015).
Synaptic pruning is an essential facet of early neural development, whereby strong connections are
reinforced, and weak connections are abolished. Normal pruning may be abolished in areas of
congenital visual loss, due to lack of sensory input. That we did not find thickening in V1 in the first
paper, is not surprising as we took the entire eccentricity representation of V1 for analysis, which in
theory extends to 90° (Benson et al., 2014), so my previous measurements may not have been

sensitive enough to pick up this difference. It should be noted that cortical thickness measurements
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can be influenced by the amount of myelination (Glasser & Van Essen, 2011). Therefore, the apparent
measurement of increased cortical thickness could be an effect of a reduction in myelination (Aguirre

et al., 2016; Park et al., 2009).

We also examined surface area and grey matter volume in these new ROIs and we found that surface
area was significantly reduced in every ROl tested, showing that surface area is affected even by areas
not representing the central rod scotoma. Visual deficits in ACHM are not confined to the central
fovea, as cone photoreceptors are spread across the retina, so visual deficits are present across the
visual field, which appear to lead to a lack of maturation or degeneration in terms of surface area in
V1 in our study. While | found significant reductions in grey matter volume in the previous study, in
this work reductions in overall grey matter volume were more subtle, did not survive multiple
comparisons, and was only found in the areas not representing the fovea. Grey matter volume is
essentially a combination of cortical thickness and surface area, which showed opposing differences.
Assessing cortical volume alone would thus not be sufficient to uncover the potential effects of
sensory deprivation on visual cortex maturation and degeneration. That we found significant
decreases in grey matter volume in V1 in the previous study but not this one, may show that surface
area is decreasing across the eccentricity representation, or that the areas tested in this study were

too small to show significant changes.
No corresponding functional changes

Following the structural research, further work has investigated the effects of ACHM on the function
of the visual cortex (Molz et al., 2023). Changes related to function imply functional reorganisation
and may provide further evidence supporting the functional work | have outlined in the first chapter
of this thesis. Additionally, functional reorganisation may have further implications for gene
therapeutic interventions for ACHM; if the cortex is sufficiently reorganised, the mature cortex may
not be sufficiently plastic to process the new cone signals after treatment. Previous work had shown
that ACHM participants exhibited rod-initiated responses in areas dedicated to cone responses in
normal controls, indicating some plasticity and reallocation of the otherwise unused cortical space
(Baseler et al., 2002). The consortium aimed to build on the earlier case study work with a larger more
representative cohort of ACHM participants. Each participant completed up to standard pRF mapping
and eccentricity mapping scans both in photopic (daylight) and in scotopic (dark adapted) conditions.
This study found no evidence of functional reorganisation in ACHM participants, in contrast to the
previous case study work (Baseler et al., 2002) suggesting that functional reorganisation may occur in

individuals, but is not a general feature of ACHM.
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Interim discussion: chapter 2

Molz (2023) suggested that the structural differences we found in both structural papers were due to
a lack of maturation. Since synaptic pruning is required for mature cortex to develop, the absence of
synaptic pruning may be an indicator of a poorly developed cortex. Two out of the three ACHM
participants who have shown reorganisation in primary visual cortex previously in Baseler et al (2002)
had some residual cone function which may have given some early input to central areas of V1, leading
to maturation of the cortical region. This may have given the more normally functioning area the
ability to reorganise to be able to represent more peripheral areas. Our work may in the future offer
a non-invasive method of testing if ACHM participants would benefit from gene therapeutic
intervention ahead of time to inform patient choices, and perhaps eventually give individualised

estimates of outcomes.

Taken together, these studies show significant structural differences, but little evidence of functional
differences between ACHM and controls. We cannot conclude that functional differences do not exist
between these populations however, as the functional experiments can by their nature only be
performed on stimuli that the participants can see. Restoring the function of cones in ACHM is still in
its infancy, but early research suggests some restoration of ability to perceive the colourred (McKyton
et al., 2023). Further work should investigate any structural and functional reorganisation that may

occur in these cone-restored participants over time.
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Discussion

The aim of this thesis was to understand the cortical function and structure underpinning colour
perception in humans. The studies that address this aim have been presented in this thesis in two
parts: the normal behaviour and cortical signals associated with chromatic vision, and a lesion model
of how no chromatic visual information from birth is associated with brain structure. Since each
chapter has been individually discussed, this section will focus on avenues for future research related

to the studies described.

Although in each study | examined both dorsal and ventral visual areas, | have not conducted any
explicit testing of ventral and dorsal differences in chromatic processing or structural changes. The
structural work outlined in chapter two did not show any structural differences between ACHM and
control participants in dorsal areas V3a and V3b, which could suggest a lack of chromatic processing
in these areas. However, dorsal cortical areas are also associated with a more peripheral bias than
ventral areas (Tootell et al., 1997; Wandell et al., 2007), which could also explain the lack of difference
in structure compared to controls in this population, in which peripheral vision remains relatively
intact. However, both studies outlined in the first chapter indicate that there is some processing of
chromatic stimuliin dorsal visual area V3a (Lowndes et al., 2024; Lowndes et al., 2023), unlike previous
work using the RLM background which showed no dorsal involvement in colour processing (Wade et
al., 2008). In future work | would like to explicitly test dorsal chromatic processing to understand these
inconsistencies. For example, Wade and colleagues (2008) used a similar RLM background but their
chromatic stimuli were spatially identical to the RLM background, with checks of colour and
achromatic background updating in the same way, unlike my work which has used gratings. Perhaps
the lack of chromatic effect in dorsal areas in Wade’s work, and the presence of an effect in mine,
could be due to the preference of dorsal areas for structure in motion (Koyama et al., 2005). The
chromatic grating maybe a potent stimulus for dorsal visual areas, while coloured ‘noise’ with no
structure, and unidirectional blocks of colour would not. | would therefore hypothesise that a dorsal
response to chromatic stimuli would be present for chromatic gratings, but not for structureless
chromatic ‘noise’ or blocks of colour. The responses in primary visual cortex will be a useful gauge of
whether double opponent neurons with spatial frequency tuning (Johnson etal., 2008) or the silencing
or edge detectors in unstructured noise stimuli (Hubel & Wiesel, 1962, 1968) are affecting responses,

or lack thereof, in dorsal visual areas.

Another surprising result in colour vision research is that of Welbourne et al (2018) who showed that
there was no significant difference in pRF sizes for chromatic and achromatic stimuli. Larger pRF sizes

would be expected for chromatic stimuli due to the lower spatial resolution of chromatic vision which
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| have discussed in chapter one (Lowndes et al.,, 2023). There may be some achromatic artefacts
affecting the pRF size results. Due to my success in utilising the RLM method, | would be interested to
replicate this study with a noise background to determine whether the previous results were due to

an artefact of the stimulus, or a genuine, yet surprising, absence of an effect.

The RLM technique used in chapter one allows for a wide range of stimulus parameters to be
investigated. For example, it would be worthwhile to examine responses in V1 many more spatial
frequencies in order to model BOLD derived contrast-sensitivity functions, which could be informative
of the relative contributions of band-pass and low-pass mechanisms. It is worth noting however, that
these studies would require many more scans hours, and a dedicated participant pool who were

willing to be scanned many times.

At the time of publishing the paper bound in chapter two (Lowndes et al., 2021), research on gene
therapeutic interventions in ACHM was in its infancy but had shown some improvements in reductions
in photo aversion and an increased ability to see red (Fischer et al., 2020; McKyton et al., 2021). Since
this work, researchers have focused on the application of the treatment to younger populations
(Farahbakhsh et al., 2020; Michaelides et al., 2023), which may align with our finding of widespread
cortical differences in an adult population. The next step in this research should look at the brains of
children with ACHM, to map the cortical changes across childhood, and inform appropriate age of
intervention. However, this intervention is generally safe and adult ACHM participants have shown
some benefits (Fischer et al., 2020), so whenever in the lifespan intervention is available it should be
offered. Additional future work should look at the visual cortex structure of ACHM participants who
receive gene therapeutic intervention longitudinally, to understand the plasticity of the cortex and

whether this is correlated with any behavioural improvements.

The paper bound in chapter two cannotsufficiently separate the effects of the loss of high acuity vision
and the loss of chromatic vision. One way to overcome this may be to recruit S cone monochromat
participants, who have similarly poor acuity, but some colour discrimination (Green, 1972) as well as
some dichromats, with high visual acuity, but poor colour discrimination (Jagle et al., 2006). Assessing
the relative differences between these participants and the normally sighted, should allow for

separation of the effects of the loss of chromatic vision, and of high acuity vision.

In conclusion, this thesis has provided novel contributions to the field of colour vision in our
understanding of how the early visual cortex and beyond processes colour stimuli functionally, and
how chromatic deprivation affects brain structure. The differing approaches in chapter one and two
have allowed for a more complete dissemination of the current understanding of colour vision in this
thesis than either method alone. The future directions suggested will together build a more full picture

of colour-sensitive cortical structures and how they function.
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ARTICLE INFO ABSTRACT

Keywords: Chromatic and achromatic signals in primary visual cortex have historically been considered independent of each

fMRI other but have since shown evidence of interdependence. Here, we investigated the combination of two com-

Primary Visual cortex ponents of a stimulus; an achromatic dynamically changing check background and a chromatic (L-M or S cone)

Chromatic vision . S X L. . . .

Ach, ic visi target grating. We found that combinations of chromatic and achromatic signals in primary visual cortex were

chnromatic vision . . . . . .

Modelling interdependent, with the dynamic range of responses to chromatic contrast decreasing as achromatic contrast

Interdependence increased. A contrast detection threshold study also revealed interdependence of background and target, with
increasing chromatic contrast detection thresholds as achromatic background contrast increased. A model that
incorporated a normalising effect of achromatic contrast on chromatic responses, but not vice versa, best pre-
dicted our V1 data as well as behavioural thresholds. Further along the visual hierarchy, the dynamic range of
chromatic responses was maintained when compared to achromatic responses, which became increasingly

compressive.

1. Introduction

Normal human colour vision is trichromatic with three different cone
classes tuned to different wavelengths in the visual spectrum (Bowmaker
& Dartnall, 1980; Brown & Wald, 1964). The three cone photoreceptors
are referred to as L, tuned to long wavelengths, M, tuned to medium
wavelengths, and S, tuned to short wavelengths. In the retina, these
photoreceptors are combined by specialised bipolar and ganglion cells
which receive opponent input from the L and M cones to form the L-M
pathway and opponent input of S and the sum of L and M outputs forms
the S-(L + M) pathway (Dacey & Lee, 1994). The signals generated in
them are relayed along the axons of the ganglion cells to separate layers
in the lateral geniculate nucleus (LGN) which has a specific cytoarchi-
tectonic structure. The L-M signal projects to parvocellular layers, while
the S opponent signal projects to the koniocellular layers (for review see
Martinovic, 2014). A third pathway projects to the magnocellular layers
of the LGN and is commonly referred to as L + M + S, though debate
remains about the inclusion of S cones (Chatterjee & Callaway, 2002;
Sun et al., 2006). While parvocellular and koniocellular layers of the
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https://doi.org/10.1016/j.visres.2024.108398

LGN include projections from ganglion cells that are colour opponent
(Conway, 2009), it should be noted that not all cells in these layers are
colour opponent (Sincich & Horton, 2005). This means that chromatic
signals are not totally segregated from achromatic signals as early in the
visual system as the thalamus.

From the LGN, the parvo, magno and konio pathways project to
primary visual cortex. In the macaque monkey, magnocellular pro-
jections terminate in layer 4Ca, parvocellular projections terminate in
layer 4CB, and koniocellular projections terminate in layer 2/3 blobs
(sometimes called patches) (Sincich & Horton, 2005; Van Essen &
Gallant, 1994). That each pathway terminates in separate layers of V1
lead early researchers to believe that signals from magno, parvo and
konio cellular layers in LGN, remain segregated, and thus, independent,
at this cortical level (Livingstone & Hubel, 1988). However, this picture
is overly simplistic, as the signals intermingle extensively beyond their
input layers. For example, many studies emphasise that magnocellular
inputs in layer 4Cu project to layer 4B, but layer 4Ca actually projects
more densely to both blobs and interblobs of layers 2/3 which are
associated with parvo- and konio- cellular projections respectively,
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implying early mixing of the chromatic (parvo and konio) and achro-
matic (magno) streams (Callaway & Wiser, 1996).

Most neurons in primate V1 which respond to chromatic stimuli also
respond to achromatic stimuli (Johnson et al., 2008; Shapley & Hawken,
2011) meaning that their responses are driven by both chromatic and
luminance signals. Solomon and Lennie (2005) found that colour-
luminance cells in V1 show normalisation primarily driven by achro-
matic contrast inputs. This suggests therefore that chromatic responses
are influenced by achromatic responses in visual cortex, but perhaps not
vice versa. Contrast normalisation is consistently shown to be a property
of single cells responding to combinations of signals in the cat primary
visual cortex (Bonds, 1991; Heeger, 1992; Ohzawa et al., 1982; Ohzawa
et al., 1985). Contrast normalisation, usually modelled as divisive, shifts
response sensitivity of a neuron to account for ambient features in the
image encoded by other neurons and while this normalisation has been
most often shown in the visual domain, it is considered canonical to
neural computation across domains as well as species (Carandini &
Heeger, 2012). Contrast normalisation therefore offers candidate
models to account for interdependence of chromatic and achromatic
responses in visual cortex.

Psychophysical studies have long sought to capture the behaviour of
chromatic mechanisms independent of achromatic mechanisms. This is
normally achieved by presenting isoluminant stimuli to silence achro-
matic mechanisms. Isoluminance is a challenge to specify, particularly
over large areas of the visual field because wavelength dependent pre-
receptoral absorption due to macular pigmentation varies over the
retina (Chen et al., 2001; Davies & Morland, 2004; Hammond et al.,
1997; Ruddock, 1963; Snodderly et al., 1984), as does the morphology
of cone outer segments (Goodchild et al., 1996; Smith & Pokorny, 1975;
Srinivasan et al., 2008). This led Barbur and colleagues (1994) to present
chromatic modulations superimposed on dynamically changing lumi-
nance checks to access mechanisms sensitive to chromatic modulations
alone. The thresholds for detecting chromatic modulations were largely
independent of the contrast of the background checks up to 35 % ach-
romatic contrast, lending support to independence, particularly at
threshold. However, there was a linear increase in the contrast detection
threshold of achromatic gratings with increasing contrast of the random
checked background. That is, the increase in contrast of the random
luminance checked background made it progressively more difficult to
detect achromatic target stimuli. This shows that the responses to the
achromatic target grating and achromatic background are, predictably,
interdependent, as a change in one component of the stimulus affects the
detection of another, suggestive of a single mechanism processing both
the background and target. This is consistent with earlier increment
threshold work, which show that increment thresholds increase with
overall luminance of the stimulus (Cornsweet & Teller, 1965).

Other psychophysical work has sought to understand how in-
teractions, driven primarily by a presumed contrast normalisation
mechanism, can be characterised. Due to the orientation tuning of
neurons in V1, cross orientation gratings should be stimulating inde-
pendent populations of neurons. Thus, dependence of the threshold for
detecting target gratings on the contrast of a background grating at a
different orientation could indicate contrast normalisation. Psycho-
physical work on cross-orientation gratings has shown that achromatic
gratings of increasing contrast increase the detection threshold of ach-
romatic target gratings and that this effect can be accounted for on the
basis of divisive contrast normalisation (Baker et al., 2007; Meese &
Holmes, 2010; Petrov et al., 2005). Similarly, the detection threshold of
chromatic grating targets cross-oriented with chromatic grating back-
grounds also increases with background contrast (Medina & Mullen,
2009). Important for the current study is the further work using spatially
identical gratings as background and target that showed increasing
contrast modulation along many chromatic directions, including ach-
romatic, can increase the contrast detection threshold along many other
chromatic directions (Chen et al., 2000a). This increase in contrast
detection threshold points to interdependence of achromatic and
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chromatic mechanisms. The authors also demonstrated that such in-
terdependencies could be captured by a divisive contrast normalisation
mechanism (Chen et al., 2000b). For a review of chromatic and lumi-
nance noise masking research, see Eskew (2009).

Much like psychophysical approaches, neuroimaging research on
human colour vision has largely sought to examine chromatic and
achromatic response properties of the brain separately (for review see
Wandell et al., 2006). Previous work has demonstrated that BOLD re-
sponses to S cone stimuli are significantly higher relative to their
detection threshold compared to responses to L-M stimuli relative to
their detection threshold (Lowndes et al., 2023; Mullen et al., 2007).
Wade and colleagues (2008) used a random luminance background
similar to Barbur (1994) and found that L-M responses were approxi-
mately double the responses to L + M + S contrast. A random luminance
background method was also used in a recent study in our lab to show
that detection thresholds for colour stimuli reflect neural signals found
in visual areas V1, V2 and V4, in the case of the longstanding psycho-
physical effect of increasing spatial frequency decreasing sensitivity to
chromatic stimuli (Lowndes et al., 2023).

Relatively fewer fMRI studies have combined achromatic and chro-
matic responses. Engel, Zhang and Wandell (1997) presented gratings
with different degrees of chromatic and achromatic signal varying from
chromatic modulations alone to achromatic alone. The results showed
that in cone contrast space cortical responses were larger for chromatic
than for achromatic modulations in both L against M and S against (L +
M) chromatic planes. Similar to our previous work, they showed a tight
coupling between behavioural contrast detection thresholds and V1 and
V2 responses for most of the stimulus conditions. Another study inves-
tigated the V1 response to chromatic directions around the L and M
contrast plane (Barnett et al., 2021) and found that V1 was most
responsive to modulations in the L-M direction at O cycles per degree
(CPD) and that the tuning largely followed a quadratic law indicating
interactions of chromatic and achromatic signals.

The current study aimed to investigate the nature and extent of
interdependence of cortical responses to chromatic and achromatic
stimulus components. Our second aim was to investigate whether the
way cortical responses combine can predict contrast detection threshold
measurements. To achieve these aims we presented chromatic targets
(L-M and S cone) at different contrasts superimposed on a background of
checks that also varied in contrast, in fMRI. We found an interdepen-
dence of achromatic and chromatic cortical responses in V1 demon-
strated by a reduction in chromatic responses at high achromatic
background contrast. We also conducted a behavioural detection
threshold study that showed a significant increase in contrast detection
threshold of the chromatic targets with increasing achromatic back-
ground contrast, again indicating an interdependence of chromatic and
achromatic mechanisms. Both the fMRI and behavioural data were best
fitted by a model that included contrast normalisation of chromatic
signals. Our examination of extrastriate regions revealed an increasingly
compressive response to the achromatic background which was also
smaller in magnitude at more anterior regions of the visual hierarchy.
However, responses to the colour target did not become any more
compressive and in many cases were of the same magnitude up the vi-
sual hierarchy. Maintaining a large dynamic range for encoding colour,
while reducing it for achromatic variations may offer a useful repre-
sentation of visual information for perception.

2. Methods
2.1. Participants

2.1.1. fMRI experiment

Seven (seven female) colour-normal trichromats (confirmed with
Ishihara’s tests for colour blindness, 38 plates edition) with a mean age
of 27.17 years (+- 4.58 years) were recruited for four 60-minute
experimental fMRI sessions, and one retinotopy session. The ethics
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committee at York Neuroimaging centre at the University of York
approved the experiment.

2.1.2. Behavioural experiment

12 (9 female) colour-normal trichromats (confirmed with Ishihara’s
tests for colour blindness, 38 plates edition) with a mean age of 29 years
(+- 5.10 years) were recruited for three 50-minute behavioural sessions.
The ethics committee at York Neuroimaging centre at the University of
York approved the experiment.

2.2. Experiment and stimulus design

All 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. Behavioural
stimuli were displayed using a ViewPixx monitor. Spectral measure-
ments of the RGB channels of the scanner and behavioural 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 CMFs described in Stockman and Sharpe (2000). All
stimuli were specified in terms of cone contrast. No further accounting
for luminance for the individual participants in this study was con-
ducted, so if presented on a uniform background the gratings we
generated could contain luminance artefacts. However, the random
luminance modulation described is an effective way of rendering many
of these artefacts invisible and thus supress any neural responses to
achromatic artefacts. There are also some benefits to showing physically
identical stimuli to all participants, as this provides consistency across
participants and sessions.

2.2.1. Retinotopy stimuli

Of the seven participants that completed the fMRI experiment, six
took part in retinotopy scans as described. One participant had good
retinotopy previously available from another visual neuroscience
experiment (Vernon et al., 2016).

The retinotopy stimulus used was identical to that used in our pre-
vious paper (Lowndes et al., 2023) and similar to that described in other
work (Alvarez et al., 2015; Binda et al., 2013; Dumoulin & Wandell,
2008; Welbourne et al., 2018). 1.25 degree wide sweeping bars moved
in 8 bar directions across a 20 degree diameter circular aperture with
four blank periods. The bar moved in steps once for every TR length
(2500 ms) in 16 steps per direction, and contained 100 % contrast noise,
updating at 2 Hz. Participants preformed a button press when the fixa-
tion cross changed as an attentional task to aid fixation. Four repeats
were carried out for each participant.

2.2.2. Stimuli - fMRI experiment

The stimuli used for this experiment were adapted from Birch et al
(1992) and similar to that used by another study from our lab (Lowndes
et al., 2023). The ‘background’ stimulus consisted of an array of
100x100, 0.2 degree checks, which were each assigned a grayscale value
that deviated a random amount from uniform grey between five
different values for different trials: £3.125, 6.25, 12.5, 25 or 50 % L +
M + S contrast. The random contrast of each check was updated every
0.05 s (20 Hz). Superimposed target gratings were additional modula-
tions that added either L-M (0 %, 0.3 %, 0.6 %, 1.3 %, 2.7 %) or S cone
(0 %, 1.313 %, 2.625 %, 5.25 %, 10.5 %) contrast. This led to 25 com-
pound stimuli for each colour condition which subtended the entire
background (20 degrees). Orientation of the target grating was vertical
and contrast polarity was reversed at a rate of 1 Hz in a square-wave
function. A circular mask (diameter of 20 degrees) was applied to the
stimuli. The spatial frequency of the grating was chosen to be 1.25 cpd
and was presented in a square-wave pattern. This was the same as the
lowest spatial frequency used in a previous study in our lab which used a
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similar background to investigate spatial frequency differences between
S cone and L-M stimuli (Lowndes et al., 2023). In that previous study, we
showed BOLD responses were very similar for both chromatic conditions
at 1.25 cycles per degree and 2.7 % and 10.5 % contrast for L-M and S
cone, respectively. Using the same spatial frequency here, as well as
selecting previously used contrasts as our highest contrasts, gives us
precedent to predict that responses to each colour direction will be
similar. Additionally, the relatively low spatial frequency we have
chosen allows us to discount the effects of chromatic aberration, as this
has an influence at higher spatial frequencies (Bradley et al., 1992;
Murasugi & Cavanagh, 1988).

To further ensure that chromatic aberration would not affect our
findings, 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
dioptres. Eye recordings were taken of participants while they were
taking part in the fMRI experiment. We found that pupil diameter was
3.19 mm on average. D has been calculated as & 0.5 in previous work
over the eccentricities used in this study and over similar wavelengths
(458-632 nm) to the projector limits in our study (455-625 nm). We can
therefore calculate the diameter of blur to be 0.091 degrees, which
would extend 0.045 degrees on either side of grating boundary. With a
grating bar width of 0.4 degrees, blur from extending from each
boundary is not sufficient to cover the majority of the bar width (2 x
0.045 degrees), leaving 0.309 degrees of each bar unaffected by blur and
thus at the specified contrast.

A rapid event-related design was used to present the 25 unique
compound stimulus types in each condition (L-M or S), with each
stimulus being displayed for 2 s, 10 times in a session. The trial order and
the inter-trial intervals were optimised by using Optseq2 (Dale, 1999),
which we applied to generate eight unique trial orders that each lasted
1940 s. Participants were randomly assigned one of the eight unique
trial orders for each session. As this long run would be arduous for
participants, it was split into five, 388 s runs, all to be completed in order
in one scan session for each participant. Each trial run was padded with
an extra 20 s of fMRI acquisitions at the end to ensure a return to
baseline, so each run comprised 408 s. We conducted four sessions (in
which 5 runs were presented) per participant; in two sessions we ac-
quired responses to L-M target gratings and in the other two we acquired
responses to S target gratings.

2.2.3. Stimuli — Behavioural experiment

Behavioural experiments were performed using a VIEWPIXX display
using a two-interval forced choice paradigm. The background, present
for the entirety of each run, comprised an array of 100x100 squares
(0.2x0.2 degrees squared) with a 20 degree circular mask at five levels of
achromatic contrast (3.125, 6.25, 12.5, 25 or 50 %) which changed
between runs (see Fig. 1). Target stimuli were chromatic square-wave
gratings which subtended the entire background at 1.25 cpd and were
either L + M + S, S cone or L-M cone contrast. First, participants used a
sliding scale to estimate their threshold (pressing up and down to in-
crease and decrease contrast until they could just see the target grating),
and this was used as the starting contrast for a staircase. Target stimuli
occurred during one of two potential 0.5 s presentations, with each
potential presentation indicated by the fixation changing from a stan-
dard fixation (+) to a cross (x). Potential presentations were separated
by a 0.5 s interval. One presentation time contained a grating and one
did not. If the target grating was present in the first presentation, par-
ticipants were instructed to press ‘1, if it was in the second presentation,
they were instructed to press ‘2'. A standard three-up one-down staircase
adjusted the contrast and 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. If there were fewer than 7 reversals in a run,
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Fig. 1. Leftmost panel: an example of high contrast background stimuli with a high contrast L-M overlay. The L-M contrast has been artificially increased above the
maximum used in the experiment for visibility. Right panels: The medial dorsal and ventral views of the ROIs used for one participant.

the participant was asked to return and complete this run again,
beginning at a lower contrast.

2.3. MRI protocol

All scans were carried out using a Siemens 3 T MRI scanner, with a
64-channel head coil. The subject’s head was positioned in the coil with
foam padding to ensure the head was stable.

2.3.1. Retinotopy

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°, voxel
matrix = 128x128). Scan slices were aligned horizontally and always
covered occipital and temporal lobes. Four retinotopy scans were taken
for each participant.

2.3.2. fMRI experiments

36 EPI slices were taken within an FOV of 200x200mm with 2.5 mm
isotropic voxels (TR = 1000 ms, TE = 30 ms, flip angle = 75°, voxel
matrix = 128x128). Scan slices were aligned horizontally and always
covered occipital and temporal lobes. A camera was positioned pointing
at the participants left eye for blink monitoring and pupil diameter
calculations.

2.3.3. Structural

In addition to functional scans, a T1l-weighted and T2-weighted
structural scan were taken for each subject, at a 0.8x0.8x0.8 mm reso-
lution. The protocol for these scans was taken from the Human Con-
nectome Project (Glasser et al., 2013).

2.4. Data processing

2.4.1. Structural

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 (https://surfer.nmr.mgh.harvard.edu/) (Dale et al., 1999; Reuter
et al., 2012).

2.4.2. Retinotopy

All data processing of retinotopy scans was performed using the 2015
version of the VISTA software (https://web.stanford.edu/group/vi
sta/cgi-bin/wiki/index.php/Software) (Vista Lab, Stanford Univer-
sity), running under MATLAB 2015 (The MathWorks Inc., Natick, MA,
USA). We applied pRF modelling to an average of all retinotopy scans
(which had been motion corrected between and within scans using a
maximum likelihood alignment routine (Nestares & Heeger, 2000)).
Functional scans were aligned to individual anatomy scans using FLIRT
linear registration (Jenkinson et al., 2002; Jenkinson & Smith, 2001).
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 V4 on a flattened representation of visual cortex; for details of
the pRF model used and an example of drawn visual area boundaries, see
Lowndes et al (2023). These regions of interest (ROIs) were then
transformed into NIFTI files using the VISTA function roiSaveAsNifti and

compared against an anatomically defined retinotopy atlas to ensure
accuracy (Benson et al., 2014).

2.4.3. fMRI experiments

All five runs in a single session were concatenated to form a single
run for analysis. All data were pre-processed using FSL version 5.0.
Images were skull-stripped using a brain extraction tool (BET Smith,
2002). Motion correction (MCFLIRT; Jenkinson et al., 2002) was fol-
lowed by spatial smoothing (Gaussian full width half medium 5 mm).
Data were high pass temporal filtered (Gaussian-weighted least-squares
straight line fitting with sigma = 50.0 s). Individual participant data was
registered to their own high resolution structural (generated from T1
and T2 structural images using the HCP processing pipeline) using FLIRT
(Jenkinson, 2001, 2002).

Previous work has shown that signals elicited by blinks may be a
source of noise in fMRI signals (Gouws et al., 2014; Hupé et al., 2012), so
we assessed the eye blinks in each scan to remove them as regressors of
no interest. Each eye video was trimmed to the scan length and then split
into individual frames. The structural similarity index measure (SSIM)
(Wang et al., 2004) was calculated for consecutive image frames, low
frequency movement (eg head movement) was excluded by subtracting
a five-second windowed moving average from the measures, then in-
stances of SSIM values in the lowest 5 percentiles were labelled as blinks.
These were then manually confirmed. Eye blinks were then added as
regressors of no interest into further analysis. One participant performed
blinks infrequently (~3 blinks during a 7-minute scan), so the lowest 1
percentile was used for this participant, with blinks then manually
confirmed again. The eye camera failed to record in 2 of the 42 sessions.
Analysis was the same for these sessions but without this regressor of no
interest.

Time-series statistical analysis was carried out using FMRIB’s
Improved Linear Model (FILM) with local autocorrelation correction
(Woolrich et al., 2001). fMRI Expert Analysis Tool (FEAT)query was
then run for visual areas V1, V2, V3, V3a and V4 with contrast of
parameter estimate values converted into mean percentage signal
change. For each participant, mean percentage signal change values
were then averaged over the two sessions for each colour condition.

2.5. Model development

Our aim was to determine the extent to which responses to the
chromatic target were dependent on the achromatic background, and
potentially vice versa. We therefore fitted responses to the two compo-
nents of the stimulus with one model that captured independence and
two others that captured interdependence. We deployed the Naka-
Rushton relationship in all models, which has been shown in
numerous studies to model the achromatic contrast response function
accurately in V1 of animals (Albrecht & Hamilton, 1982; DeAngelis
et al., 1993) and humans (Rahimi-Nasrabadi et al., 2021). We note also
that our form of the equation does not include exponent terms for the
variables I and C, which are often introduced and can account for ‘dipper
functions’ that emerge at low background contrasts. We have not
removed the terms because we believe they are not useful in general,
rather, our background and target contrasts are ones that are unlikely to
reveal dipper-like behaviour and therefore we anticipated having little
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or no data to inform on the exponent parameters. We adopt the ‘expo-
nent-free’ form of the Naka-Rushton for all models. Reducing the
number of free parameters in the model should also help distinguish
between models. Interdependence was captured using divisive contrast
normalisation, which has been shown widely in the literature to account
for neural and behavioural responses (Chen et al., 2000a, 2000b;
Heeger, 1992; Solomon & Lennie, 2005). Additionally, these models
assume linear pre-cortical receptive fields, as has been shown to be
consistent with previous data (Foley, 1994; Foley & Chen, 1997; Geor-
geson et al., 2016), although we note there can be early non-linearities.

Our first model assumes that the neurons responding to chromatic
and achromatic components of the stimulus are independent, and thus
the BOLD response should be as well. If the responses are independent,
the responses to each component, chromatic and achromatic should sum
linearly. Thus, our first model is a four-parameter model containing two
Naka-Rushton equations summed together, henceforth referred to as the
independent model:

1
R = RImax 1—+RCmax

C
—— 1
+ 150 C+C50 )

Where R is the BOLD response in percent signal change, I is the contrast
of the achromatic component of the stimulus, RImax is the maximum
response to I, and I50 is the contrast level of the achromatic background
at which the achromatic response has reached half of RImax. C is the
chromatic contrast, RCmax is the maximum response to C and C50 is the
contrast level of C at which the response to colour has reached half of
RCmax. This model cannot account for any changes in response to
chromatic contrast that depend on achromatic contrast, or vice-versa,
and thus, would predict no change in chromatic detection threshold
with increasing background contrast in our detection threshold experi-
ment.

A contrast normalisation model has been used before to account for
detection thresholds for stimuli combining chromatic and achromatic
components (Chen et al., 2000b). In line with this work, we first tested a
simplified version of the model originally proposed by Chen and col-
leagues (2000b) by incorporating divisive normalisation for the
response to chromatic contrast dependent on the achromatic contrast as
follows:

C

I
R = RI ———+ RC; - 2
max s RO 650 2

Where k is a constant. This model will from now on be referred to as the
selective chromatic contrast normalisation model. We also decided to
mirror Chen et al.’s approach more closely by allowing achromatic
contrast to affect the response to chromatic contrast (as above), and
chromatic contrast to affect the response to achromatic contrast, as
follows:

+ RCmax ¢ 3

R=RI
max C+kl+C50

1
T3jC+150
Where j and k are constants. This model will be referred to as the mutual
chromatic-achromatic contrast normalisation model. We have therefore
defined three models with the first accounting for only independent
responses to the two stimulus components and the remaining two ac-
counting for interdependence of responses.

Our detection threshold data will be critical in determining whether
the first model, with complete independence of chromatic and achro-
matic responses, is correct, as the model predicts no change in chromatic
detection threshold with increasing background contrast. Models two
and three would both allow for some change in chromatic detection
threshold with increasing background contrast as has been previously
reported by Chen et al., (2000a).
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2.6. Assessing model validity

Model fits were calculated using the Matlab function fminsearch
which allows the minimum values of a multiparameter function to be
found. We reran fminsearch with adjusted starting parameters whenever
a parameter would be above 1000. Akaike’s information criterion (AIC;
Akaike, 1974) was then used to evaluate the goodness of fit for each
model, taking into account the benefit of any additional parameters. The
AIC value for a model is defined as:

AIC = 2p —2log(L)

Where L is the likelihood of the residuals of the model fit and the data,
and p is the number of model parameters. AIC values are arbitrary and
thus can only be compared for models of the same dataset. The model
that enumerates the lowest AIC score for one set of data has the best fit of
the models tested. For the fMRI datasets, AIC values were calculated
using the residuals of the data averaged across sessions and participants.

We then asked whether the model fits of the BOLD responses in V1
could predict the behavioural thresholds. Using the parameters for
model fits found in the fMRI results, we first found the achromatic
response alone, with chromatic contrast set to zero. This reduces all
three models to the same equation but with different parameter values
for RImax and I50 for each model and chromatic direction:

1
R; = RI —_—
1= M50
Where R; is the response to achromatic increments only, calculated at
each contrast level of L.
The fMRI model of the response (R;) was then transformed using the
following equation:

where T; is the model predicted detection threshold for achromatic
target gratings at each background contrast level of I, j is a constant, and
% is the gradient of the modelled fMRI response to achromatic contrast
(R;) with respect to the achromatic contrast (I). Then a further fmin-
search was performed in MATLAB with one free parameter (j) to fit on
the log of the model predicted threshold and the log of the behaviourally
measured thresholds. Note that this new parameter j only shifts the
predictions of threshold up or down the vertical axis in figures and does
not affect the shape of the predicted curves/lines.

Subsequently, we wanted to investigate whether the models could be
used to predict the chromatic responses. Chromatic contrast can be
modelled as the following in the independent model:

C
Rc = RCi —_—
¢ TR e 60
In the models including chromatic response dependence on achromatic
contrast, Rc can be modelled as:

R. =R —_—
o = ROmax T es50
Which is calculated at each level of 1.

Again, using the parameters found using the fMRI data, R¢c was then
calculated for each model then transformed using the following equa-
tion:

1

Te =jx;
dc

where T¢ is the model predicted threshold and % is the gradient of the
modelled fMRI response to chromatic contrast (R¢) increments with
respect to chromatic contrast (C) when C is very small, calculated at
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each level of I. For the independent model, there is no dependence of
chromatic response on achromatic contrast, so this model will predict no
change in chromatic contrast detection threshold with increasing ach-
romatic contrast.

AIC values were then calculated on the residuals of the log behav-
ioural threshold data, and the log of the model predicted thresholds. Log
values were used to ensure that the higher contrast background (50 %)
results were not unduly skewing the results, as this was sometimes an
order of magnitude higher than the threshold values with the lowest
background contrast, particularly in the achromatic condition.

3. Results

Firstly, we assessed the reliability of fMRI results (3.1) we acquired
across sessions and conditions, in order to determine whether our re-
sponses are consistent. Having ensured internal validity of our fMRI
results, we will then be able to average and compare across different
sessions and conditions. Secondly, the three models we have proposed
will be fitted to our V1 results (3.2) to assess the extent of interdepen-
dence of responses to achromatic and chromatic stimulus components.
We have chosen V1 as the primary area to investigate as it has direct
connections to the pathways from the LGN, and may therefore maintain
independence, or alternatively exhibit interdependence. Thirdly, sta-
tistics will be reported for the detection thresholds (3.3) to determine
whether there is evidence of interdependence of chromatic and achro-
matic thresholds. Fourthly, we predicted detection thresholds from V1
responses (3.4) using the parameters we derived from V1 (3.2). This will
allow us to assess which of the three models best account for behavioural
thresholds as well as neural signals. Finally, we will then look at the
responses to our stimuli in extrastriate visual areas (3.5) to see how sig-
nals are processed in more anterior regions.

3.1. Reliability of fMRI results

The first step in analysing the fMRI data is to assess the reliability of
our data across sessions, as our intention is to average each participants’
results across sessions for each condition. To ensure this is statistically
appropriate, we have first correlated the percent signal change values
calculated for identical conditions across sessions, the results of which
are shown in the first two graphs in Fig. 2. There is a high correlation
between results across different scan sessions which were performed on
different days. This gives us confidence in averaging the results across
sessions for the same condition. Secondly, the L-M and S condition
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sessions each contain five stimuli that are identical to each other, where
achromatic contrast is present at five levels (3.125 %, 6.25 %, 12.5 %,
25 % and 50 %) but chromatic contrast is at zero. The rightmost graph of
Fig. 2 shows the correlation between responses to these stimuli during L-
M and S sessions. There is also a high correlation found here, showing
good internal validity of our results. We also computed an adjusted R?
value (N = 25) for each of the seven participants and for the L-M con-
dition it varied between 0.48 and 0.85 with a mean of 0.67. For the S
cone condition adjusted R? (N = 25) varied between 0.51 and 0.77 with
amean of 0.61. For the achromatic conditions adjusted R2 (N = 5) varied
between 0.70 and 0.98 with a mean of 0.86. This gives us confidence
that we can further analyse our results, comparing across days and
sessions knowing that responses to our stimuli are reproducible.

3.2. V1 Results

The aim of this section is to assess the fit of the three models to V1
responses to our stimuli. V1 has been selected as the first area to be
examined since it is the first cortical area that processes visual signals, as
well as the largest retinotopic representation of visual space (Dougherty
et al., 2003). Also, we know that the LGN passes signals directly to
separate layers of V1 for each visual pathway (Derrington et al., 1984) so
if any cortical area would show independence of achromatic and chro-
matic signals, it should be primary visual cortex. Additionally, previous
work has shown a coupling between fMRI responses in primary visual
cortex and behavioural contrast detection thresholds (Engel et al., 1997;
Lowndes et al., 2023).

Fig. 3 shows the result of our analysis of the 25 chromatic and ach-
romatic combinations for both L-M (Fig. 3A) and S (Fig. 3B) responses,
averaged across sessions, and across participants. In the upper and lower
rows of panels a and b the same data are plotted as a function of the
achromatic contrast (grouped by chromatic contrast) and chromatic
contrast (grouped by achromatic contrast), respectively. Each column
shows the same data repeated, with the lines in the first three columns
representing the fits of the different models; independent, selective
chromatic contrast normalisation (Selective Normalisation), and mutual
chromatic-achromatic contrast normalisation (Mutual Normalisation).
Looking solely at the fMRI data (represented by dots), there are robust
increases in response in both achromatic (top rows Fig. 3a and b) and
chromatic (bottom rows Fig. 3A and B) stimulus directions, with a larger
increase in the achromatic direction. In both L-M and S cone conditions,
there appears to be a greater dynamic range of chromatic response at
low achromatic background levels. This is evidenced by what we refer to
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Fig. 2. A scatter graph (left) in which each data point is a percent signal change value in V1 for each stimulus level and participant in L-M session one, plotted against
the percent signal change value for that same stimulus level and participant in L-M session two. The dotted diagonal line shows perfect correlation and the value in
the top left is adjusted R% The middle graph shows a scatter graph plotted as before showing the correlation of each data point for S cone session 1 and S cone session
2. In the rightmost scatter graph each dot is a percent signal change value for each of the achromatic background contrast levels when the chromatic contrast level
was zero, averaged across session one and session two for the L-M and S sessions. Since chromatic contrast is zero for these conditions, the stimulus is identical
between the L-M and S cone scans, and therefore this plot shows achromatic responses with the same stimulus profile during different scans. Again, adjusted R? is
shown in the top left. While the data are given here for all participants we also computed correlations for each participant separately (see text for details).
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Fig. 3. A figure showing the percentage signal change averaged across all
participants and both runs for all 25 stimulus conditions in the fMRI sessions.
3A, top panels are responses to L-M plotted along the achromatic contrast axis,
with the chromatic contrast increasing from green to red. NB, the colour of
these points is arbitrary, for example, the green coloured dot represents the
response when the L-M contrast was zero. Fig. 3A, bottom graphs show the
same data, this time plotted against the L-M contrast axis with the achromatic
contrast increasing as the dots move from black to grey. The graphs in the first
column show the independent model fits, the second show the selective chro-
matic contrast normalisation model fits, the third show the mutual chromatic-
achromatic contrast normalisation model fits, and the fourth show the inde-
pendent neural response with nonlinear BOLD model fits. (For interpretation of
the references to colour in this figure legend, the reader is referred to the web
\iersion of this article.)

as a ‘pinching’ of the range of chromatic responses at higher achromatic
background contrasts in the top rows of Fig. 3A and B. The corollary of
the pinching in the upper data plots is the reduced gradient of chromatic
responses as background achromatic contrast is increased in the bottom
rows of Fig. 3A and B. These features of the data indicate some inter-
dependence of chromatic and achromatic responses.

Fig. 3B shows the data from the S cone condition sessions in the same
way, with the top row showing the achromatic contrast increasing along
the x-axis and chromatic contrast going up from yellow to blue. The
fourth shows S contrast increasing along the x axis with achromatic
contrast going up from black to grey.

The lines in Fig. 3 represent the fit for each model tested. The first
model, which assumes the responses to achromatic and chromatic
stimulation should be completely independent, accounts for much of the
variance quite well in the L-M and S cone condition (Fig. 3A and B, first
column), but cannot account for the larger dynamic range of responses
to chromatic contrast targets on a low achromatic contrast background
compared to the dynamic range on higher achromatic contrast back-
grounds. This is most obvious in the L-M condition where achromatic
contrast is very low (3.125 %) and L-M contrast is high (2.7 %) which
yields a higher response than the model would predict. By definition this
model generates lines that are parallel in the plots and therefore cannot
account for the observed pinching in the data plots of Fig. 3.

The two models incorporating interdependence using divisive
contrast normalisation can account for pinching in the upper plots and
correlated reduction in the gradient of the plots in the lower panels.
There is a suggestion in the L-M condition that the dynamic range of the
chromatic responses may have been compressed too much by the models
at high achromatic contrast, which is especially evident in the mutual
chromatic-achromatic contrast normalisation model.

AIC values were calculated for each model for L-M and S cone con-
ditions separately, then summed together to show the model perfor-
mance across conditions. The selective chromatic contrast normalisation
model had a lower AIC value (-98.42) compared to the independent
(-88.52) model and marginally lower than the mutual chromatic-
achromatic contrast normalisation (-98.08) model. This indicates that
of these three models, the selective chromatic contrast normalisation
model is the most likely to explain our data.

In order to investigate the strength of the normalisation effect, we
computed the modelled chromatic responses at each achromatic level,
using the selective chromatic contrast normalisation model as an
example (Fig. 4). The effect of the modelled normalisation is relatively
strong, decreasing L-M responses by a factor of 4.16 and S responses by a
factor of 3.03 between 3.13 and 50 % achromatic contrast. When using
the mutual chromatic-achromatic contrast normalisation model, the L-M
responses were reduced by a factor of 3.67 and S response by a factor of
1.66. It should be noted, however, that these are modelled responses,
and the overestimate of pinching shown in Fig. 3 will have translated to
these calculations and show a greater change due to contrast normal-
isation than may be present in the brain data, particularly in the L-M
condition, where this effect is stronger.
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Fig. 4. A graph showing the modelled chromatic response to L-M (left) and S (right) contrast at each achromatic contrast level tested. Each individual line is a mean

of the model fit of the chromatic response at the marked achromatic contrast level.

An alternative explanation for our fMRI results in V1 could be that
achromatic and chromatic responses are combined independently as in
our first model, but that there is some response nonlinearity between the
neural response and our measured BOLD response. A nonlinearity is
possible, but we note also that there is evidence that it is largely linear in
V1 (Boynton et al., 1996). For completeness, however, we have added a
fourth model, which assumes linear summation of the achromatic and
chromatic responses is representative of the neural response (as shown
in our first independent model) and this is followed by a compressive
non-linearity of the sum of the neural response (again utilising the Naka-
Rushton equation), which is shown in the furthest right column of Fig. 3.
As shown, an assumption of non-linearity after combination of achro-
matic and chromatic neural signals fits the fMRI data in V1 well, in fact
the AIC value was significantly lower for this model than any other

tested (-113.44) suggesting this model is more likely to explain our data.
However, as with the independent model, any model that has no
dependence of achromatic contrast on chromatic responses will be un-
able to account for any changes in behavioural thresholds with
increasing achromatic background contrast. As will be shown in section
3.3 and 3.4, we have found significant increases in detection thresholds
with increased achromatic contrast, which are well predicted by our
contrast normalisation models. Therefore, while investigating non-
linearities of the BOLD response is an important avenue for further
research, we will focus on the first three models that assume a linear
relationship between the neural and BOLD response for the rest of this
paper.
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Fig. 5. A figure showing the behavioural thresholds obtained by individuals (thin light grey, blue and red lines) and the mean (dashed lines) for L + M + S, L-M and S
colour directions against the different achromatic background contrast levels (3.125-50 %). Each graph displays the same data. The thick transparent lines show the
model fit for each model as predicted in V1 results (3.2) for the independent, selective chromatic contrast normalisation, and mutual chromatic-achromatic contrast
normalisation models. The AIC value at the top of each graph is the sum of the individual AIC values for each colour direction. (For interpretation of the references to
colour in this figure legend, the reader is referred to the web version of this article.)
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3.3. Detection thresholds

Given the outcome of the modelling above, we anticipate that
contrast detection thresholds should vary with background contrast. The
contrast detection thresholds are shown in Fig. 5, with three panels
showing identical data but different model fits which we will explain in
section 3.4. They reveal that the highest thresholds are found for ach-
romatic stimuli, particularly at high achromatic background contrasts.
Of the two chromatic directions, S cone detection thresholds were higher
than L-M thresholds. The graphs show increases in all behavioural
thresholds with increasing background contrast, although, as antici-
pated, chromatic thresholds increase far less than achromatic
thresholds.

We examined whether thresholds changed significantly as a function
of background contrast with a 5 by 3 (background contrast level by
target colour condition) ANOVA. Greenhouse-Geisser correction to de-
grees of freedom was applied where sphericity violated. The analysis
revealed significant main effects of background contrast (F(2.62, 28.80)
=125.63, p = 4.43x10°%5, n2 = 0.92), and colour condition (F(2, 22) =
611.39, p = 5.25x10°2°, n2 = 0.98) as well as a significant interaction (F
(8, 88) = 21.34, p = 1.20x10Y7, 4? = 0.66). This led us to perform
subsequent one-way ANOVAs for each colour condition. In the achro-
matic condition, there was a significant effect of background contrast
level (F(4, 44) = 133.62, p = 5.18x10'24, n2 = 0.92). There was also a
significant effect of background contrast level in the L-M (F(2.12, 23.33)
= 21.30, p =.000004, n2 = 0.66) and S cone (F(4, 44) = 36.04, p =
2.33x10713, nz = 0.77). Post-hoc tests revealed that, in both chromatic
conditions, this was driven by the two highest levels of achromatic
background contrast (25 % and 50 %), as these thresholds were signif-
icantly higher than those at the lower background contrasts, and each
other. In the achromatic condition, all five levels are significantly
different from each other, indicating that the threshold increases
significantly with each increase of the background contrast, with the
exception of two middling levels of background contrast (6.125 and
12.5 %) not being significantly different from each other (p =.195). That
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there are significant increases in detection thresholds with increasing
background contrast in both of the colour directions tested, confirms
that there must be some interdependence of the signals from achromatic
and chromatic pathways elicited by these stimuli.

3.4. Predicting thresholds from V1 responses

The model parameters found in section 3.2 (VI results) were then
used to predict thresholds as described in section 2.6 (assessing model
validity) and are shown in the transparent coloured lines on Fig. 5. All
three models predict the achromatic threshold data well. The indepen-
dent model, shown in the left panel, cannot account for the changes in
chromatic contrast detection threshold. This can be seen in Fig. 5 as flat
responses to increasing achromatic background contrast. The selective
chromatic contrast normalisation model, shown in the middle panel,
predicts achromatic and S cone thresholds very well. The L-M model
predictions generate a steeper curve than the detection thresholds we
measured. Similarly, the mutual chromatic-achromatic contrast nor-
malisation model, shown in the right panel of Fig. 5, predicts a steeper
curve than we find for L-M thresholds, and to a greater extent than for
the selective chromatic contrast normalisation model. The mutual
chromatic achromatic contrast normalization model also predicts a
shallower curve for the S cone thresholds than our detection threshold
results show. On inspection of Fig. 5 therefore the detection threshold
data appear best fit by the selective chromatic contrast normalisation
model (middle column). This is also supported by the AIC values shown
the panels of Fig. 5.

3.5. Extrastriate visual areas

In Fig. 6, we plot the contrast response functions for extrastriate
visual areas V2, V3, V3A and V4 alongside those for V1. Fig. 6A shows
the responses during the L-M condition, and Fig. 6B shows the responses
during S cone conditions. The top row of A and B shows responses to
achromatic contrast grouped by the chromatic target contrast and the

25 A V1 V2 V3 V3a v4 B V1 V2 V3 V3a v4
z!! 1
o8
L2 !: !! ' °® 'g&q
o $s 'c 8 e ™ g!
H ,: 0‘ " € Q g&g ( .
]
Sos ' H"‘ L FHYLTIYL
et | |
% 'L'(’ 6Q qu’ ‘)Q ,\7’.6 ‘)Q ,\"L.(j ‘)0 'L‘% ‘)Q '\7"6 60 '\7"6 ‘)Q \"?,‘6 ‘)Q ,\"L‘% ‘)Q \,’2«‘6 ‘)Q
S L+M+S contrast (%) L+M+S contrast (%)
e °®
'L% ::'f:' g :':
1.50. o 0.. o ¢ LIPS ".:2i
se s e o0 ® 33’, °® | P ll!!
. goo :.lo ..‘I .al® ..0 “::o :‘z. -
5 (X} ‘|. ° jof li'.

L-M Contrast (%)

o

o o ©

10,0% 48,09 4
S Contrast (%)

\/0'6 \,Q.‘) '7,?’\,0.‘3

Fig. 6. A) Plots showing the average response to each stimulus in the L-M condition against achromatic contrast (upper) and against L-M contrast (lower) as
described in Fig. 3, for each visual area (V1, V2, V3, V3a and V4). In the top panels, L-M contrast increases from green to red. NB, the colour of these points is
arbitrary, for example, the green coloured dot represents the response when the L-M contrast was zero. In the bottom graphs, plotted along the L-M contrast axis,
achromatic contrast increases as the dots move from black to grey. B) Plots showing the average response to each stimulus in the S cone condition against achromatic
contrast (upper) and against S contrast (lower) as in A, with chromatic contrast increasing from yellow to blue. (For interpretation of the references to colour in this

figure legend, the reader is referred to the web version of this article.)
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bottom row shows responses to chromatic contrast grouped by achro-
matic background contrast. Inspection of the top rows show that higher
up the visual hierarchy the range of response to achromatic contrast
falls. This is largely due to the compression of responses to higher
background contrasts. The corollary of this in the bottom row plots is the
reduction in the vertical spread of the data up the visual hierarchy. The
range of response to the target chromatic contrast appears better pre-
served across visual areas as shown by small changes in the slope of the
responses in the lower panels and the relatively well-preserved vertical
range of the responses shown by the coloured symbols in the upper
panels.

We then plot the mean responses to achromatic contrast across
chromatic contrast levels (top row) and the mean responses to chromatic
contrast across achromatic contrast levels (bottom row) in each visual
area for L-M and S cone conditions in the left column of Figure 7A and B
respectively. There is a reduction in the achromatic responses in more
anterior regions, coupled with an increasingly compressive response.
Conversely, while there is a reduction in responses to chromatic contrast
with anterior regions in the bottom plots of Figure 7A and B, the re-
sponses measured from each area remain reasonably parallel, main-
taining their dynamic range. It must be noted however that all
achromatic interactions with the chromatic responses are averaged in
these plots.

To minimise the influence of achromatic contrast on the chromatic
responses and vice versa we therefore plot achromatic responses in the
absence of chromatic targets (top row) and response to the chromatic
target in the presence of the lowest contrast achromatic background
(bottom row) in the right hand columns of Figure 7A and B. The right
column plots are largely similar for the achromatic responses in terms of
their shape with compressive characteristics. For the chromatic re-
sponses however the gradient of the largely linear responses increases
across all areas and appears more parallel, a feature that indicates that
the background contrast interacts with the response to the chromatic
target contrast in extrastriate cortex as well as V1.

We calculated and plotted (Fig. 7C) the difference between the re-
sponses to the highest and lowest achromatic contrasts (in the absence of
a chromatic target), alongside the difference to the highest and lowest
chromatic contrasts, for L-M (left) and S (right) conditions (for the
lowest achromatic background contrast) to provide an empirically
derived amplitude of the response range for each visual area to the
contrast along different colour directions. The plots show the reduction
in responses to achromatic contrast in more anterior visual regions,
while the dynamic range of the chromatic responses is better preserved
up the visual hierarchy. To assess this statistically, we performed a
separate two-way ANOVA for each chromatic condition (visual area by
colour direction). In the L-M condition, there was a significant interac-
tion between visual area and colour direction (F(4,24) = 23.96, p =
4.41x10°8, 12 = 0.80). The interaction was also significant in the S
condition (F(1.93,11.60) = 21.03, p =.00065, n2 = 0.78). This led us to
preform subsequent one-way ANOVAs for each condition, on achro-
matic and chromatic results separately. For the achromatic responses,
there was a significant effect of visual area during both the LM (F(4,24)
=21.08,p =1.45x107, 12 = 0.78) and S (F(4,24) = 47.17, p = 4.97x10°
1112 = 0.89) conditions with high effect sizes. The effect of visual area
was also significant for chromatic responses in both L-M (F(1.99,11.94)
=8.93, p =.004, 12 = 0.60) and S (F(4,24) = 6.97, p =.001, 112 = 0.54)
conditions, but with lower effects sizes than were shown for achromatic
responses. This shows that while chromatic responses do reduce up the
visual hierarchy, this reduction is more dramatic for achromatic
responses.

While it may be tempting to model the responses of extrastriate areas
and then use those models to fit the behavioural thresholds, there is an
issue with this approach. The steeper gradients observed for the ach-
romatic responses in V1 compared to all other areas lead to greater
sensitivity and therefore lower thresholds. While the chromatic re-
sponses appear more robust over visual areas, it is also true that the
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Fig. 7. A) Left column plots show the responses to achromatic contrast aver-
aged across all L-M contrast levels (upper) and the responses to L-M contrast
averaged across all achromatic contrast levels (lower) in each visual area. Right
column plots show the response to 0% L-M stimulus contrast for each achro-
matic contrast level for each visual area (upper) and the response to the lowest
achromatic contrast at each L-M contrast level (lower). B) As in A, left plots
show the mean responses and right plots show the responses to the lowest level
contrasts, now for the S cone condition. C) The left graph shows a bar chart
displaying the difference (A) between the mean response to the maximum
(50%) and minimum (3.125%) achromatic contrast for each visual area when L-
M contrast is 0% in grey bars. The red bars show the difference in the response
to the maximum L-M contrast (2.7%) and the minimum (0%) where achromatic
contrast is at its lowest (3.125%). The right graph shows the difference (A)
between the mean response to the maximum achromatic contrast (50%) and the
minimum (3.125%) for each visual area when S contrast is 0% in grey bars.
Blue bars show the difference between the maximum S contrast (10.5%) and the
minimum (0%) where achromatic response is at its lowest (3.125%). Error bars
are 1 standard deviation.
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gradient of those responses reduces up the visual hierarchy, so again our
model for thresholds would predict lower thresholds from V1 responses
compared to those derived from any other visual area. Moreover, given
the compressive nature of the achromatic contrast response function, the
variance of the data is reduced considerably compared to the measure-
ment error and therefore insights concerning the interdependence of
signals and their relationships with thresholds are much more limited
for responses from extrastriate areas.

4. Discussion

The aim of this study was to investigate the nature and extent of
interdependence of brain responses to chromatic targets on achromatic
backgrounds, and how they can explain target detection thresholds.
From our fMRI experiment, we found that a model incorporating divi-
sive contrast normalisation of chromatic contrast responses by achro-
matic contrast best explained our data in V1 out of the three models
tested, closely followed by mutual normalisation of achromatic and
chromatic responses by chromatic and achromatic contrast. The selec-
tive chromatic contrast normalisation model predicted detection
thresholds best out of the models tested. We also found that achromatic
responses reduced further up the visual hierarchy, while chromatic re-
sponses remained more consistent.

In our detection thresholds experiment, we found a clear increase in
achromatic contrast detection thresholds with increasing achromatic
background contrast. This is in line with the study by Barbur (1994) and
suggests that despite differing spatial and temporal frequencies, these
two stimulus components are generating responses in similar sets of
neurons. Our study found more subtle increases in contrast detection
threshold in both chromatic directions that only became significant at
high (>= 25 %) background contrast. Barbur et al (1994) reported little
change in chromatic contrast detection thresholds as achromatic back-
ground contrast increased, but examination of their plots does indicate
that thresholds for gratings presented on 35 % compared to 8 % back-
grounds were higher, which is consistent with our findings. Chen and
colleagues (2000a) investigated the potential for interdependence of
chromatic and achromatic thresholds using background masks and
pedestal targets of different chromatic directions, but identical spatial
and temporal properties. They found an increase in contrast detection
thresholds of isoluminant targets corresponding to L-M (red-green) and
S cone (blue-yellow) when achromatic backgrounds rose above 10 %
contrast. This suggests, along with our work, that achromatic and
chromatic responses are interdependent. Chen and colleagues (2000b)
used divisive contrast normalisation to explain their findings.

Other psychophysics research has shown chromatic responses
consistent with divisive contrast normalisation. Medina and Mullen
(2009) showed that cross orientation masking effects are significantly
greater for chromatic test stimuli on chromatic masks than for their
achromatic counterparts. However, another study found that the cross-
orientation masking effect did not occur with achromatic masks and
chromatic test stimuli (Mullen et al., 2014). Given that we and Chen et al
have found evidence for interdependence for stimuli that are not cross
orientated, the normalisation of chromatic by achromatic signals may be
specific to the relative orientation of the components.

Single-cell recordings of neurons in the primary visual cortex of
macaques showed that V1 combines magnocellular and parvocellular
inputs (Li et al., 2015), suggesting interdependence of the responses of
these pathways. All chromatic cortical neurons show evidence of divi-
sive contrast normalisation in macaque V1 (Solomon & Lennie, 2005)
with the divisive pool being derived from a population representing
more diverse response patterns. In humans, there is evidence in elec-
trophysiology for non-linear summing of responses to the combination
of chromatic and achromatic stimuli whereby the response to combi-
nations were smaller than predicted by the sum of responses to the parts
(Martinovic & Andersen, 2018). Taken together, this research shows
that achromatic and chromatic signals are interdependently processed
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and that this can be shown in physiology. Our measurements of V1 re-
sponses are consistent with the physiological studies above and based on
previous modelling approaches we explored further the nature of the
interdependence of responses to chromatic and achromatic stimuli.

To uncover the source of the interdependence of chromatic and
achromatic responses in early visual cortex, we deployed a simplified
version of the contrast normalisation model outlined by Chen et al.,
(2000b) which accounted for mutually inhibitory combinations of
chromatic and achromatic responses. Our modelling indicated that in-
hibition may be unidirectional, as the model that included only the
chromatic response dependence on achromatic contrast, but not the
achromatic response dependence on chromatic contrast, was found to be
the most likely to explain our fMRI results in V1. It is possible that the
achromatic stimuli we presented were highly potent, given their
spatiotemporal characteristics and high contrast levels, and thus it may
have a dominant effect on the normalisation pool, leading to any nor-
malisation from the chromatic targets on achromatic responses to be
undetectable. However, single unit recordings of neurons in V1 and V2
of macaques, have shown that among neurons that are responsive to
both chromatic and achromatic stimuli, the normalisation pool is pri-
marily driven by colour directions close to achromatic (Solomon &
Lennie, 2005). Taken together with our work, there is evidence therefore
that the pools used in divisive contrast normalisation can be selective.

We showed that a model of fMRI signals in V1 can predict contrast
detection thresholds. The modelled changes in responses to chromatic
target gratings with increasing achromatic background contrast pre-
dicted the increase in detection threshold of the same gratings with
increasing background contrast, although the predictions were better for
the S cone than the L-M direction. The modelled response to the back-
ground component of the stimulus alone was also able to predict the
increases in detection thresholds for achromatic target gratings as
background contrast increased, showing that there is a common mech-
anism for processing the target and background, when they are both
achromatic even when they have different spatiotemporal properties.
This offers reassurance that luminance artefacts of the chromatic grat-
ings are unlikely to be registered in the brain responses we measured.
Other work has also shown correlations between brain response and
detection thresholds; contrast detection thresholds at many points of the
L-M and S-(L + M) chromatic plane show a coupling with responses in
V1 and V2, at temporal frequencies of 4 Hz and below (Engel et al.,
1997). Previous work in our lab has shown that V1 responses relate well
to the elevation of contrast detection thresholds when the spatial fre-
quency of chromatic stimuli is increased (Lowndes et al., 2023).

We assumed that the relationship between the neural responses and
the BOLD response is linear in our modelling framework. However, it is
of interest that V1 responses can be modelled well with no interaction
between neural responses followed by a compressive non-linearity,
which could reflect a compressive non-linear relationship between the
neural responses and BOLD. In the domain of vision there is evidence to
support that the neural-BOLD response is linear (Boynton et al., 1996)
and it is also true that when we introduced the non-linearity, the model
would be incapable of predicting chromatic threshold elevations as a
function of the achromatic background. So while it is of future interest to
understand the relationship between BOLD and the neural responses
that drive it (Logothetis et al., 2001), increasing the degrees of freedom
to model it here is beyond the scope of our study.

In extrastriate visual areas (V2-V4) we found a smaller and more
compressive response to achromatic contrast up the visual hierarchy,
consistent with previous literature (Buracas & Boynton, 2007; Gouws
et al, 2014; Liu & Wandell, 2005; Tregillus et al., 2021). The
compression of responses further up the visual stream is more subtle in
our chromatic response data. The results that chromatic information is
better preserved relative to achromatic background information likely
reflects the value of colour in identification or recognition of visual
features that are processed higher up the visual hierarchy. We also found
BOLD responses to S cone stimuli were remarkably similar to those
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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. S cone contrast has
been shown to correlate better with BOLD response than a threshold
based metric (Mullen et al., 2007). Similarly, our recent study found
similar BOLD responses to S cone stimuli at 6.17 times threshold as L-M
stimuli at 20.95 times threshold (Lowndes et al., 2023).

5. Conclusions

This study has provided new insight into the combinations of chro-
matic and achromatic responses in primary visual cortex of humans, and
how they relate to behavioural responses. V1 responses were best pre-
dicted by a selective chromatic contrast normalisation model of the
three models tested, showing that achromatic and chromatic responses
are interdependent. Behavioural responses also showed dependence of
the detection threshold for chromatic targets on achromatic background
contrast, which was well predicted by the same selective chromatic
contrast normalisation model. This study has shown that V1 responses
align well with behaviour, suggesting that perception of these stimuli is
set at this early cortical stage. A large dynamic range was maintained for
encoding colour up the visual hierarchy, while it was reduced for ach-
romatic variations, which may offer a useful representation of visual
information for perception of natural images.
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ABSTRACT

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
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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
etal., 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
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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
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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.

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 x 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/m?) 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
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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 x 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
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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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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.

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 =

®L-M
o

=
o

log(1/contrast)
o
o

-
o

1.25 2.5
SF (cpd)

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 (A) 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 A values.

L-M S cone

.038, 12 = 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
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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, n% = 0.69;) and V2 (F(1, 5) = 9.75, p = .026, n>
= 0.66) but not in V3 (F(1, 5) = 3.30, p = .129, 1> = 0.40), V3a (F(1, 5)
= 1.50, p = .275, n? = 0.23) or TO1/2 (F(1, 5) = 0.76, p = .422, % =
0.13) with V4 (F(1, 5) = 6.34, p = .053, n2 = 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, n% = 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, n2 =
0.66) and V2 (F(1, 5) = 7.08, p = .045, n2 = 0.59) as all other areas
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showed a non-significant effect of the spatial frequency of achromatic
stimuli (V3: F(1,5) =2.04,p =.212, nz =0.29; V3a: F(1,5) = 0.50,p =
512, 12 = 0.09; hv4: F(1, 5) = 1.01, p = .360, 2 = 0.17; TO1/2: F(1, 5)
= 2.10, p = .207, 12 = 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

v4 TO1l/2
. 0 L-M cone, 1.25CPD
os| | 1 as LM cone, 2.5CPD
0.6 ! 0.6 Bl s-cone, 1.25CPD
0.4 0.4 [l s-cone, 2.5CPD
0.2 0.2

1 & I -

0.0 0.0

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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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.
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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 df1, df2 F P Effect
P Size

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

Chromatic . 1,5 8.05 0.036 0.62
Condition (B)

Spatial Frequency . 1,5 41.71 0.001  0.89
©

AXB 0.012 1.52, 1.37 0.299  0.22

7.60

AxC 0.073 5,25 10.88 <0.001 0.69

BxC . 1,5 6.67 0.049 0.57

AXxBxC 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 df1, F p Effect
P df2 Size
Area (A) 0.009 1.37, 859 <0.001 0.63
6.86
Chromatic Condition . 1,5 2.17 0.201 0.30
(B)
Background Spatial . 1,5 8.85 0.031 0.64
Frequency (C)
AXB 0.169 5,25 7.44  <0.001  0.60
AXxC <0.001 1.51, 6.93 0.024  0.58
7.56
BxC . 1,5 0.26 0.631  0.05
AXBxC 0.053 5,25 0.38 0.920  0.05

and TO1/2 (V1: F(1,5) = 6.82,p = .048, n2 =0.58; V2: F(1,5)=7.90,p
=.038,12=0.61; V3: F(1, 5) = 7.13, p = .044, n2 = 0.59; V3a: F(1, 5) =
2.10, p = .207, 1> = 0.30; hv4: F(1, 5) = 19.24, p = .007, 1> = 0.79;
TO1/2: F(1,5) =5.81,p = .061, nz = 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
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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 df1, df2 F P Effect
P Size

Area (A) 0.052 5,25 6.10 0.001  0.55

Chromatic 1,5 7.73 0.039  0.61
Condition (B)

Spatial Frequency 1,5 4.19 0.096 0.46
©

AXB 0.017 1.86, 2.57 0.131 0.34

9.31

AXxC 0.356 5,25 5.22 0.002 0.51

B xC . 1,5 6.76 0.048  0.58

AXBxC 0.152 5,25 7.06  <0.001 0.59

(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
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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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Most individuals with congenital achromatopsia (ACHM) carry mutations that affect the
retinal phototransduction pathway of cone photoreceptors, fundamental to both high
acuity vision and colour perception. As the central fovea is occupied solely by cones,
achromats have an absence of retinal input to the visual cortex and a small central area
of blindness. Additionally, those with complete ACHM have no colour perception, and
colour processing regions of the ventral cortex also lack typical chromatic signals from
the cones. This study examined the cortical morphology (grey matter volume, cortical
thickness, and cortical surface area) of multiple visual cortical regions in ACHM (n = 15)
compared to normally sighted controls (n = 42) to determine the cortical changes that
are associated with the retinal characteristics of ACHM. Surface-based morphometry
was applied to T1-weighted MRI in atlas-defined early, ventral and dorsal visual regions
of interest. Reduced grey matter volume in V1, V2, V3, and V4 was found in ACHM
compared to controls, driven by a reduction in cortical surface area as there was no
significant reduction in cortical thickness. Cortical surface area (but not thickness) was
reduced in a wide range of areas (V1, V2, V3, TO1, V4, and LO1). Reduction in early
visual areas with large foveal representations (V1, V2, and V3) suggests that the lack
of foveal input to the visual cortex was a major driving factor in morphological changes
in ACHM. However, the significant reduction in ventral area V4 coupled with the lack
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of difference in dorsal areas V3a and V3b suggest that deprivation of chromatic signals
to visual cortex in ACHM may also contribute to changes in cortical morphology. This
research shows that the congenital lack of cone input to the visual cortex can lead to
widespread structural changes across multiple visual areas.

Keywords: achromatopsia, congenital visual impairment, anatomical brain regions, visual areas, structural
plasticity, parallel visual pathways, ventral and dorsal pathways

INTRODUCTION

Congenital achromatopsia (ACHM; also known as rod
monochromacy) is a largely stationary, genetically heterogeneous
and predominantly autosomal recessive retinal disorder with
a prevalence of approximately ~1 in 30,000 people (Francois,
1961; Kohl et al., 2004; Aboshiha et al., 2016). Most cases are
caused by mutations in one of the several genes expressed in the
retinal phototransduction pathway of the cone photoreceptor. As
a result, ACHM is characterised by a lack of function in all three
cone photoreceptors from birth. The functional integrity of cone
photoreceptors is fundamental for the mediation of photopic
(bright light) vision, high visual acuity and colour perception. In
the normally-sighted, the central fovea of the retina is composed
exclusively of cone photoreceptors providing high visual acuity.
With only functioning rods, individuals with complete ACHM
have a central scotoma where rods are absent and a complete
loss of colour vision from birth, along with reduced visual acuity
(Haegerstrom-Portnoy et al, 1996a,b; Remmer et al, 2015;
Hirji et al., 2018). In normally-sighted individuals, the foveal
region of the visual field dominated by cones is overrepresented
in the visual cortex (cortical magnification). Crucially, this
means that in ACHM a disproportionately large area of the
visual cortex receives atypical input due to the defective cone
photoreceptors. Thus, it is possible that the lack of visual input
to foveal representations within visual regions throughout the
cortex may influence the structural characteristics of the visual
cortex within this patient population.

The brain contains multiple representations of the visual field,
becoming functionally specialised along the visual processing
hierarchy. Beyond early occipital areas V1, V2, and V3, higher
areas in the ventral stream are important for colour, pattern and
shape/form processing (Zeki et al., 1991; McKeefry and Zeki,
1997; Wade et al, 2002; Goddard et al, 2011; Winawer and
Witthoft, 2015), while dorsal areas are involved in the analysis
of spatial characteristics such as object motion, position, depth
and visually guided grasping (Ungerleider and Mishkin, 1982;
Goodale and Milner, 1992). In particular, human ventral area V4
responds most strongly to chromatic stimuli (Zeki et al., 1991;
Wade et al., 2002; Goddard et al., 2011), and responses in ventral
occipital cortex (VO) have been correlated with the perceptual
experience of colour (Jiang et al., 2007). Furthermore, damage
to ventral areas such as V4 leads to a loss of colour perception
(cerebral achromatopsia) (Zeki, 1990). Given the importance of
cones for colour perception and high acuity vision needed for
processing shape/form, it is possible that lack of cone input in
ACHM might affect ventral visual areas more significantly than
dorsal areas. Indeed, a behavioural study by Burton et al. (2016)

supports this hypothesis, reporting that individuals with ACHM
are more impaired in global form perception relative to global
motion and biological motion perception.

To date, at least five genes, GNAT2, PDE6C, PDE6H, CNGA3,
and CNGB3, have been identified as responsible for over 90% of
congenital ACHM cases (Wissinger et al., 2001; Johnson et al.,
2004; Varsanyi et al., 2005; Thiadens et al., 2009; Liang et al,,
2015; Zelinger et al., 2015; Sun et al,, 2020). Of these, the vast
majority are caused by mutations in either CNGA3 or CNGB3
genes (Kohl et al, 2004; Liang et al, 2015; Zelinger et al,
2015; Sun et al., 2020). Current clinical trials are testing gene-
therapeutic interventions to treat congenital ACHM by restoring
cone function in the eye (Fischer et al., 2020; Reichel et al., 2021;
NCT03758404, NCT03001310, NCT03278873, NCT02935517,
NCT02599922, and NCT02610582).

The consequences of potential cortical changes in ACHM on
efforts to restore vision are currently unknown. However, we
can draw on changes to the posterior visual pathway that have
been documented in other visual deficits to provide some context
(Prins et al., 2016). Previous research has reported significant
structural changes in visual processing pathways in the brain
both in individuals with congenital blindness (Ptito et al., 2008;
Jiang et al., 2009; Park et al., 2009; Aguirre et al., 2016; Bridge
and Watkins, 2019) and acquired defects (Boucard et al., 2009;
Hernowo etal., 2014; Brown et al., 2016; Prins et al., 2016; Hanson
et al,, 2019). Functional changes have been identified in another
ophthalmological disorder, i.e., amblyopia, in higher visual areas
including V4 and MT+ (Wong, 2012). Structural changes have
also been reported in totally blind individuals specifically in
connectivity to the ventral visual areas (Reislev et al., 2016a,b).
In models of glaucoma, it is evident that the posterior visual
pathway undergoes degeneration, which would likely prevent full
restoration of vision (Yucel and Gupta, 2015). If cortical atrophy
is detected in ACHM, it is possible that degeneration has occurred
and could limit restoration of vision.

Efforts to restore vision in different disorders have been
cautiously optimistic, but have produced mixed results. In
late-onset disorders such as age-related cataract, visual acuity
immediately improves following corrective surgery, and this is
associated with an increase in grey matter volume of visual
brain areas (Lou et al, 2013; Lin et al, 2018). Similarly,
in late-blind participants with retinitis pigmentosa, motion
detection and BOLD responses to visual stimuli were enhanced
following implantation of a retinal prosthesis even after years
of deprivation (Castaldi et al., 2016). However, visual recovery
evident in these studies may have been strictly dependent on
the presence of early visual experience during childhood (Hadad
et al,, 2015). In early-onset disorders, such visual experience is
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absent. Even when the optical image has been fully restored
following surgery, vision is not always restored to normal. In
cases of early blindness due to corneal opacity, after corneal
replacement participants still perform poorly on higher level
visual tasks requiring shape, object and face processing (Fine
et al,, 2003) or colour discrimination (Ackroyd et al., 1974).
Following surgery to correct congenital cataract, the degree of
vision restoration is inversely related to the extent of changes in
visual cortex (Guerreiro et al., 2015, 2016). Overall, these studies
suggest that restoring vision to normal must involve normal
cortical function and that anatomical biomarkers could provide
a valuable indicator of the extent to which function may return to
normal, particularly in the case of a congenital deficit.

Using gene therapeutic interventions, such as those well
established in Lebers Congenital Amaurosis, visual and
behavioural outcomes have also been variable (for review see:
Chiu et al., 2021). However, evidence that cortical plasticity
is still possible later in life was provided by an fMRI study
reporting increased responses in visual cortex following gene
therapy when participants with Leber’s Congenital Amaurosis
were treated in adulthood (Mowad et al., 2020). In ACHM,
early studies also report promising but variable results following
gene therapy (Farahbakhsh et al, 2020; Fischer et al., 2020;
Reichel et al., 2021). In a study of two adult ACHM participants,
minor improvements in visual acuity and a reduction in levels
of photoaversion were found following treatment (McKyton
et al., 2021). Furthermore, population receptive field sizes were
reduced in early visual areas following treatment, suggesting
that some restoration of cortical function is possible. However,
although participants were now able to detect differences in
the red end of the spectrum, there was no improvement in
colour discrimination nor were fMRI responses detectable in
colour-specific brain areas. The absence of improved colour
discrimination could be due to insufficient restoration of retinal
function or due to limitations in visual cortex. Nevertheless, a
lack of colour responses in extrastriate brain areas along with
an inability to discriminate colours suggest that long-term
deficits may persist.

The aim of the current study was to evaluate how the
deprivation of foveal and chromatic vision in participants
with ACHM affect the development and structural integrity of
multiple visual regions in striate and extrastriate cortex. Given
the absence of functioning cones in ACHM, we hypothesised
that ventral visual areas would be more affected than dorsal
areas. We found that early visual areas V1 to V3 exhibit atrophic
changes in ACHM. Similar changes were also present in ventral
region V4, but not in dorsal areas V3a and V3b at an equivalent
level in the visual hierarchy. We provide evidence therefore
that the structural development of visual brain areas driven
predominantly by cone input is particularly affected in ACHM.

MATERIALS AND METHODS

Participants
High resolution structural scans were collected at three sites
from 42 control participants with normal or corrected to

normal vision (mean age £ SD: 30.29 £ 9.72 years; 19 males)
and 15 participants with both genetically confirmed ACHM
(biallelic CNGA3 (n = 10) or CNGB3 (n = 5) mutations; see
Table 1) and electroretinographically confirmed absence of cone
function (mean age £ SD: 36.73 £ 10.95 years; 9 males). An
independent samples ¢-test between groups found no significant
age difference between groups [#(55) = —2.02. p = 0.056].
However, given the difference in mean age was close to the
p < 0.05 cut-off, a subsequent analysis assessed age as a possible
confound, along with scanner site, gender, and global metrics (see
section “Results”).

Experimental protocols received approval from the site-
specific ethics committees and were in accordance with the
Declaration of Helsinki.

MRI Protocol

University of York (10 Controls, 4 Achromatopsia)

A single, high resolution, anatomical, T1-weighted scan (TR,
2500 ms; TE, 2.26ms; TI, 900 ms; voxel size, 1 x 1 x 1 mm3; flip
angle, 7°; matrix size, 256 x 256 x 176, total acquisition time,
306 s) was acquired on each participant using a 64-channel head
coil on a SIEMENS MAGNETOM Prisma 3T scanner at the York
Neuroimaging Centre (YNiC).

Hadassah Medical Centre (24 Controls, 6
Achromatopsia)

A single, high resolution, anatomical, T1-weighted scan (TR,
2300 ms; TE, 1.5 ms; TI, 900 ms; voxel size, 1 x 1 x 1 mm?;
flip angle, 9°; matrix size, 256 x 256 x 160, total acquisition
time, 278 s) was acquired on each participant using a 32-channel
head coil on a SIEMENS MAGNETOM Skyra 3T scanner at
the Edmond & Lily Safra Centre for Brain Sciences, Hebrew
University of Jerusalem.

University of Magdeburg (8 Controls, 5
Achromatopsia)

A single, high resolution, anatomical, T1-weighted scan (TR,
2500 ms; TE, 2.82 ms; T1I, 1100 ms; voxel size, I x 1 x 1 mm?;
flip angle, 7°; matrix size, 256 x 256 x 192, total acquisition
time, 560 s) was acquired on each participant using a 64-channel
head coil on a SIEMENS MAGNETOM Prisma 3T scanner at the
University Hospital, Magdeburg, Germany.

Data Pre-processing

Cortical reconstruction and volumetric segmentation of the T1-
weighted scans and surface-based morphology analysis were
performed using the Freesurfer analysis suite Version 6.0
(Dale et al., 1999; Fischl et al., 1999). This included the
removal of non-brain tissue (Ségonne et al., 2004), automated
Talairach transformation, intensity normalisation (Sled et al.,
1998), tessellation of the grey/white matter and pial boundaries
(grey/cerebrospinal fluid) with automated topology correction
and surface deformation (Dale et al., 1999; Fischl et al., 1999;
Ségonne et al., 2007). Subsequently, the cortical surface was
inflated and registered to a sphere (Fischl et al, 1999) and
the surface parcellated according to gyral and sulcal structures
(Ségonne et al., 2004; Desikan et al., 2006).
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TABLE 1 | Summary of patient demographics showing participant group (ACHM,
participants with congenital achromatopsia; C, control participants), gender (m,
male; f, female), age, scanner site (HMC, Hadassah Medical Centre; UM,
University of Magdeburg; UY, University of York), and genotype.

Participant Gender Age Site Genotype
ACHM m 34 HMC CNGA3
ACHM m 41 HMC CNGA3
ACHM m 35 HMC CNGA3
ACHM f 41 HMC CNGA3
ACHM f 42 HMC CNGA3
ACHM m 28 HMC CNGA3
ACHM m 18 UM CNGB3
ACHM f 55 UM CNGA3
ACHM f 29 UM CNGB3
ACHM m 45 UM CNGB3
ACHM m 22 UM CNGA3
ACHM f 40 6)4 CNGB3
ACHM m 28 Uy CNGB3
ACHM m 34 Uy CNGA3
ACHM f 51 6)4 CNGA3
C m 25 HMC -

C f 33 HMC -

C m 19 HMC -

C f 22 HMC -

C f 24 HMC -

C m 34 HMC -

C f 27 HMC -

C m 26 HMC -

C m 29 HMC -

C f 29 HMC -

C f 24 HMC -

C f 32 HMC -

C f 46 HMC -

C f 30 HMC -

C f 22 HMC -

C f 57 HMC -

¢} f 23 HMC -

¢} m 23 HMC -

C m 50 HMC -

C m 43 HMC -

C f 25 HMC -

¢} f 27 HMC -

C m 26 HMC -

C m 25 HMC -

¢} m 33 UM -

¢} f 58 UM -

C m 29 UM -

C m 27 UM -

C f 32 UM -

C f 53 UM -

C f 35 UM -

C m 27 UM -

C f 26 6)4 -

C f 26 0)4 -

C m 35 0)4 -

C m 29 6)4 -

(Continued)

TABLE 1 | (Continued)

Participant Gender Age Site Genotype
C f 23 )% -
C m 24 6)% -
C f 30 6)% -
C m 23 6)% -
C f 19 6)% -
(¢} m 22 Uy -

The final surface reconstruction was inspected for potential
cortical segmentation errors (for example areas where dura
mater was incorrectly included in the grey matter surface
during the initial automated segmentation) and, when necessary,
manually corrected using the FreeView Visualisation GUL
Manual editing was split between two expert observers who
were blind to participant identity and group to avoid bias.
Minor edits to the pial surface were made in 50% of ACHM
and 50% of control participants. Edits were primarily of the
skull and dura mater located at parietal, motor and frontal
cortical regions with only a small minority of participants
requiring edits in the occipital cortex. All manually corrected
reconstructions were rerun (‘autoreconall2’) utilising the edited
brainmask.mgz files.

Data Analysis

A subsequent region-of-interest (ROI)-based analysis was
applied where we compared differences in three surface-based
measures between ACHM and their demographically matched
controls: mean cortical volume (mm?), cortical thickness (mm)
and surface area (mm?).

Cortical volume was computed as described in Winkler
et al. (2018). Briefly, three vertices defining a face in the
white surface and three matching vertices in the pial surface
form an oblique truncated triangular pyramid; the volumes
of these are subsequently computed and summed together
for the whole ROIL Cortical thickness was defined as the
shortest distance between each grey/white matter boundary
vertex and the pial surface (grey matter/cerebrospinal fluid
boundary) and vice versa. The final value depicted the
average of the two thickness values measured, and thickness
values were then averaged across each ROI (Fischl and
Dale, 2000). Surface area was measured by calculating the
summed surface area across each ROI of each triangle of the
surface mesh, the unit used to connect the cortical surface
between each vertex.

Regions-of-interest used for this analysis stream were derived
using the anatomically defined retinotopy 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
PREF size), which were used to delineate twelve ROI labels for
each participant. The ROIs encompass the entire cortical field
representations of areas V1, V2, V3, V3a, V3b, TO1, TO2, V4,
VO1, V02, LO1, and LO2 (Figure 1A).
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FIGURE 1 | Regions of interest and mean grey matter volume, cortical
thickness and surface area for ACHM and controls. (A) An inflated surface of
one control participant showing the cortical surface of the atlas-defined brain
areas used in analysis (Benson et al., 2014; Benson and Winawer, 2018;
https://osf.io/knb5g/). (B) A violin plot showing the distribution of mean grey
matter volume averaged across the two hemispheres of controls and ACHM
for each ROI. Horizontal lines within the violins indicate means for each group.

Red stars indicate significant differences between groups in post hoc

comparisons (p < 0.05). (C) A violin plot showing the distribution of mean
cortical thickness averaged across the two hemispheres of controls and
ACHM for each ROI. Details as in (B). (D) A violin plot showing the distribution
of mean cortical surface area averaged across the two hemispheres of

controls and ACHM for each ROI. Details as in (B). Red stars indicate

significant differences between groups in post hoc comparisons (p < 0.05).

RESULTS

First, the data were evaluated from each hemisphere separately.
A 2 x 2 x 12 mixed measures ANOVA was performed with
between-subjects factor participant group (2 levels - ACHM and
controls), and within-subjects factors of hemisphere (2 levels -
left and right) and ROI (12 levels). Huynh-Feldt correction
was applied to correct for sphericity of the data. There was no
significant interaction between participant group, hemisphere,
and ROI in any of the three metrics (Supplementary Table 1).
Since hemisphere will have no effect on any interaction found
between participant group and ROI, the data were combined
across hemispheres. Extracted values of surface area and volume
were averaged for each ROI and for each participant. For cortical
thickness, the values were weighted by the respective surface area
value and the mean cortical thickness. Values were derived by
summing the product of the thickness and surface areas on the
right and left hemispheres, respectively, and dividing this by the
sum of the right and left surface area.

(Ih.Thickness x Ih.SurfaceArea) + (rh.Thickness
xrh.SurfaceArea)

1
Ih.SurfaceArea + rh.SurfaceArea 0

Results of the data averaged across hemispheres are shown in
Figures 1B-D. To determine whether the effects of age, scanner
site, gender, and global brain metrics influenced any of the three
outcome measures, these variables were entered as potential
confounds using analysis of covariance (ANCOVA). Repeated
measures ANCOVAs were performed for each measurement type
(grey matter volume, cortical thickness, and cortical surface area)
including the two main variables of interest: participant group (2
levels) and ROI (12 levels). Huynh-Feldt correction was applied
to correct for sphericity of the data.

There was no significant main effect of age, gender, scanner
site or global brain metrics, and no interactions between any
of these variables and participant group. The only significant
interaction between the potential confounds and variables
of interest was in grey matter volume for ROI x scanner
site x gender [F(8.44, 181.56) = 2.64, p = 0.008]. This may
reflect the differing number of each gender at each scanner site.
All potential confounds are nevertheless accounted for in the
remaining results (see Table 2).

The main effect of participant group was significant for
grey matter volume [F(1,43) = 4.87, p = 0.033] and surface
area [F(1,43) = 7.52, p = 0.009] but was not significant for
cortical thickness [F(1,43) < 0.01, p = 0.962]. This indicates that
mean volume and surface area are reduced overall in all visual
areas tested here in ACHM compared to controls, as seen in
Figure 1. The main effect of ROI was significant for grey matter
volume [F(4.22, 181.56) = 3.63, p = 0.006] but not for cortical
thickness [F(11, 473) = 1.11, p = 0.352] or surface area [F(2.26,
97.28) = 0.064]. This is expected, as differences in visual area
size are well documented in the literature (Wandell et al., 2007).
Critically, however, the interaction between ROI and participant
group was also significant for volume [F(4.22, 181.56) = 4.85,
p = 0.001] and surface area [F(2.26, 97.28) = 6.62, p = 0.001],
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TABLE 2 | Results of analysis of covariance to assess effects of possible
confounds age, scanner site, gender and global metrics.

Source df1, df2 F P Effect size
Grey matter volume
Participant group (A) 1,43 4.87 0.033 0.10
ROI (B) 4.22,181.56 3.63 0.006 0.08
Scanner site (C) 2,43 0.61 0.549 0.03
Age (D) 1,43 1.10 0.299 0.03
Gender (E) 1,43 0.30 0.587 0.01
Global volume (F) 1,43 0.95 0.335 0.02
A x B 4.22,181.56 4.85 0.001 0.10
AxC 2,43 0.02 0.976 0.00
AxE 1,43 0.00 0.963 0.00
AxBxC 8.44,181.56 0.39 0.934 0.02
AxBxE 4.22,181.56 0.86 0.492 0.02
AxCxE 2,43 0.08 0.920 0.00
AxBxCxE 8.44,181.56 0.30 0.968 0.01
BxC 8.44,181.56 1.19 0.308 0.05
BxD 4.22,181.56 214 0.074 0.05
BxE 4.22,181.56 0.53 0.723 0.01
BxF 4.22,181.56 0.48 0.764 0.01
BxCxE 8.44,181.56 2.64 0.008 0.11
CxE 2,43 0.77 0.471 0.08
Cortical thickness
Participant group (A) 1,43 0.00 0.962 0.00
ROI (B) 11.00, 473.00 1.1 0.352 0.038
Scanner site (C) 2,43 0.86 0.432 0.04
Age (D) 1,43 0.03 0.861 0.00
Gender (B) 1,43 0.20 0.658 0.01
Global thickness (F) 1,43 0.51 0.478 0.01
AxB 11.00, 473.00 1.55 0.112 0.04
AxC 2,43 0.66 0.522 0.03
AxE 1,43 0.00 0.948 0.00
AxBxC 22.00, 473.00 0.85 0.666 0.04
AxBxE 11.00, 473.00 0.61 0.823 0.01
AxCxE 2,43 2.94 0.064 0.12
AxBxCxE 22.00, 473.00 0.68 0.862 0.038
BxC 22.00, 473.00 0.79 0.746 0.04
B x D 11.00, 473.00 0.65 0.783 0.02
BxE 11.00, 473.00 0.54 0.875 0.01
B xF 11.00, 473.00 0.86 0.582 0.02
BxCxE 22.00, 473.00 0.50 0.975 0.02
CxE 2,43 3.68 0.033 0.15
Cortical surface area
Participant group (A) 1,43 7.52 0.009 0.15
ROI B) 2.26, 97.28 2.72 0.064 0.06
Scanner site (C) 2,43 0.34 0.712 0.02
Age (D) 1,43 1.79 0.188 0.04
Gender (B) 1,43 0.20 0.656 0.01
Global surface area (F) 1,43 0.71 0.408 0.02
AxB 2.26,97.28 6.62 0.001 0.13
AxC 2,43 0.03 0.968 0.00
AxE 1,43 0.10 0.749 0.00
AxBxC 4.53,97.28 0.10 0.989 0.01
AxBxE 2.26,97.28 0.81 0.459 0.02
(Continued)

TABLE 2 | (Continued)

Source df1, df2 F P Effect size
AxCxE 2,43 0.62 0.542 0.03
AxBxCxE 4,58, 97.28 0.46 0.788 0.02
BxC 4.53,97.28 0.71 0.601 0.038
BxD 2.26, 97.28 2.89 0.054 0.06
BxE 2.26, 97.28 0.05 0.967 0.00
BxF 2.26,97.28 0.61 0.565 0.01
BxCxE 4.53,97.28 2.35 0.052 0.10
CxE 2,43 0.27 0.765 0.01

Effect size shown is partial eta-squared. Huynh-Feldt correction applied to correct
for violation of sphericity. Significance is illustrated by boldface.

but was not significant for cortical thickness [F(11,473) = 1.55,
p =0.112]. Considering these interactions, we performed post hoc
pairwise comparisons to determine if there was a significant
difference between ACHM participants and controls in grey
matter volume and surface area for each of the 12 ROIs, adjusting
for multiple comparisons using Bonferroni correction (Table 3).
This analysis revealed four areas which showed a significant
difference between ACHM and controls for grey matter volume
(V1: p =0.006, V2: p = 0.019, V3: p = 0.024, V4, p = 0.029) and six
areas for surface area (V1: p = 0.008, V2: p = 0.004, V3: p = 0.007,
V4: p = 0.0333, LOL: p = 0.015, TO1: p = 0.046).

DISCUSSION

The aim of this study was to investigate any potential
morphological changes in visual regions of the brain in
participants with ACHM compared to normally sighted controls.
Significant reductions were found in ACHM relative to
controls for both volume and surface area, but not for
thickness. Decreased volume appears to be driven largely by
reductions in surface area rather than thickness. Our results
reveal widespread morphological alterations throughout the
visual cortex, consistent with previous neuroimaging studies of
congenitally blind adults (Ptito et al., 2008; Aguirre et al., 20165
Bridge and Watkins, 2019). It appears that ventral visual area
V4 is disproportionately affected by reductions in surface area
and volume compared to the dorsal pathway areas V3a and V3b.
Higher visual areas LO1 and TO1 also are reduced in surface
area in ACHM, although not enough to drive differences in
volume measurements.

Early Visual Area Results

All early visual areas (V1, V2, and V3) showed significant
decreases in grey matter volume and surface area for ACHM.
These areas all have particularly large foveal representations
(Wandell et al., 2007), suggesting that the substantial reduction
in input to these regions in ACHM may explain the decrease
in size. All of these areas also process colour information
(Mullen et al.,, 2007; Railo et al., 2012; Hurme et al., 2020),
which could contribute further reductions in these areas. In a
separate study, we have extended our analysis to investigate more
specifically the eccentricity dependence of structural changes
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TABLE 3 | Post hoc between group comparisons following analysis of variance in
Table 2, Bonferroni-corrected.

Area Grey matter volume p-Value Surface area p-Value
V1 0.006 0.008
V2 0.019 0.004
V3 0.024 0.007
V3a 0.317 0.091
V3b 0.339 0.175
TOA 0.438 0.046
TO2 0.117 0.101
V4 0.029 0.033
VO1 0.297 0.224
VO2 0.939 0.580
LOA 0.170 0.015
LO2 0.156 0.076

Significance is illustrated by boldface.

within primary visual cortex and shows that cortical changes
are most pronounced in central visual field representations
(manuscript submitted and under review; preprint available
under Molz et al., 2021).

V4 and V3a/b Differences

Ventral area V4 was significantly lower in both surface area and
volume in ACHM compared to controls. No such difference is
found in dorsal areas V3a and V3b, however. This may be driven
by the reduction in foveal input in ACHM, which is largely
dominated by cone photoreceptors in normally-sighted adults.
Previous research has demonstrated a preferential response bias
to stimuli from the central visual field in ventral visual areas
including V4, VO-1, and VO-2 (Brewer et al., 2005; Arcaro et al.,
2009; Winawer and Witthoft, 2015). In contrast, dorsal areas
appear to have an increasingly peripheral bias as one moves up
the visual processing hierarchy away from primary visual cortex
(Tootell et al., 1997; Wandell et al., 2007; Fattori et al., 2009).
Areas with a more peripheral bias should therefore be less affected
by ACHM, since peripheral vision is relatively preserved in these
participants and rod function is intact. Our results showing no
significant differences in ACHM in dorsal areas V3a and V3b
support this hypothesis.

Ventral areas such as V4 have also been associated with
chromatic vision (Bartels and Zeki, 2000; Wade et al., 2002;
Brewer et al., 2005; Mullen et al., 2007, 2015; Bannert and Bartels,
2018), while dorsal regions V3a and V3b have been more aligned
with motion processing (Tootell et al., 1997; Wandell et al., 2007;
Fattori et al., 2009). Therefore, both the lack of chromatic signals
and the reduction of foveal inputs caused by the absence of
functional cones are likely to contribute to differences observed
in V4 (but not V3a or V3b) in ACHM.

Higher Visual Areas

LO1 was also significantly reduced in surface area in ACHM
participants. This area is commonly associated with processing
of shape and object recognition (Malach et al., 1995; Larsson and
Heeger, 2006; Silson et al., 2013) a skill assisted by chromatic

vision (Bramio et al., 2011, 2016). LO1 also exhibits a foveal bias
(Larsson and Heeger, 2006). Therefore, the cortical deprivation
thought to cause this morphological difference may be related to
both the lack of foveal and chromatic input to this area.

TO1 also shows a lower surface area in ACHM. This area is
part of human area MT+, is most commonly associated with
visual motion processing, and has a large foveal representation
(Amano et al, 2009). Individuals with ACHM often report
problems with motion perception, which is generally impaired
when mediated by rods compared to cones (Gegenfurtner et al.,
1999), possibly due to lower temporal resolution of the rods (Hess
and Nordby, 1986). Thus, both reduced foveal inputs as well as
impaired motion processing may explain differences in TO1 in
ACHM. This is in contrast to TO2, which has a greater emphasis
of the peripheral visual field (Amano et al.,, 2009) and did not
differ significantly between groups.

Surprisingly, ventral areas VO1 and VO2 do not show
significant differences in any metric, an unexpected result as
both have been associated with chromatic vision (Brewer et al.,
2005; Jiang et al, 2007; Arcaro et al, 2009) and have large
foveal representations (Brewer et al., 2005). It is unexpected that
we failed to detect group differences in VO1 and VO2, which
likely receive predominant cone input because of their role in
colour processing. Unlike larger areas V1, V2, V3, V3a/b, and V4,
smaller regions such as VO1 and VO2 are more likely to be prone
to type two errors, which might explain the lack of sensitivity in
revealing differences here, although we did detect differences in
similarly sized areas such as LO1 and TO1. However, research
has suggested that it is more difficult to map areas along the
ventral surface accurately due to potential vessel artifacts (the
‘venous eclipse’), which might have introduced some uncertainty
to area boundaries (Winawer et al., 2010; Benson and Winawer,
2018). Such factors could have contributed to the null result we
found in small ventral areas such as VO1 and VO2 using an
atlas-based approach.

Cortical Thickness

We found no significant differences in cortical thickness in
ACHM in any visual area. This is in contrast to increased cortical
thickness reported in primary visual cortex in participants with
total congenital blindness (Jiang et al., 2009; Park et al., 2009;
Aguirre et al, 2016; Bridge and Watkins, 2019). However, it
is important to note that participants with ACHM are still
sighted, with an area of absolute blindness restricted only to the
central fovea. Our prediction therefore would be that cortical
thickening would be observed only in representations of the
central visual field. Indeed, our preliminary analysis has found
increased cortical thickness in the most central representations of
primary visual cortex in ACHM (Molz et al., 2021). It remains to
be seen if a total absence of input from the central fovea results in
thickening of the foveal representation within higher visual areas.

CONCLUSION

In summary, this study provides an overview of the structural
changes present in visual cortex in ACHM compared to
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normally-sighted controls. This study has revealed widespread
reduction in the surface area and volume of many visual
areas. Differences are found particularly in areas that typically
have large representations of the fovea and areas associated
with chromatic vision, suggesting that both characteristics
of cone vision that are absent in ACHM can affect brain
morphology. It is important to remember drawing conclusions
from this data that atlas-defined ROIs are based on neurotypical
individuals. Therefore, when applying an atlas to brains
that may differ structurally there may be limitations on
the precision of defining the ROIs. However, this technique
has been used successfully in the past and there does
appear to be some specificity in the ROIs where group
differences are found (Norman and Thaler, 2019). Also,
there is evidence that topographical organisation of visual
cortex follows retinotopic principles, even in congenitally blind
individuals (Striem-Amit et al., 2015). An atlas-based approach
can therefore be effective in identifying differences between
groups, particularly when comparing with a neurotypical
control group.

Structural differences in visual cortex in ACHM are important
to consider when planning treatment, such as gene therapy
to restore cone function to the eye. By adulthood, it is
clear that deprivation of chromatic and foveal information
has resulted in cortical remodelling, and it is difficult to
establish from the literature whether this will limit the success
of treatment or if sufficient plasticity remains into adulthood
to permit the restoration of function. Research has shown
that the volume and surface area of primary visual cortex
mature earlier than other brain areas (Leuba and Kraftsik,
1994), completed by the end of the first postnatal year. Less
is known about the rate of development of higher cortical
areas, or whether structural changes in these areas will affect
their ability to perform specialised visual functions. Given
the rapid maturation of primary visual cortex, however, it
seems advisable to apply any therapeutic interventions as
early as possible.
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