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1Centre de Recherche Cerveau & Cognition, Université de Toulouse & Centre National de la Recherche Scientifique, 31300

Toulouse, France and 2Grenoble Institut des Neurosciences (GIN)—Institut National de la Santé et de la Recherche Médicale U836
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The subjective experience of color by synesthetes when viewing
achromatic letters and numbers supposedly relates to real color
experience, as exemplified by the recruitment of the V4 color
center observed in some brain imaging studies. Phenomenological
reports and psychophysics tests indicate, however, that both
experiences are different. Using functional magnetic resonance
imaging, we tried to precise the degree of coactivation by real and
synesthetic colors, by evaluating each color center individually, and
applying adaptation protocols across real and synesthetic colors.
We also looked for structural differences between synesthetes and
nonsynesthetes. In 10 synesthetes, we found that color areas and
retinotopic areas were not activated by synesthetic colors,
whatever the strength of synesthetic associations measured
objectively for each subject. Voxel-based morphometry revealed
no white matter (WM) or gray matter difference in those regions
when compared with 25 control subjects. But synesthetes had
more WM in the retrosplenial cortex bilaterally. The joint coding of
real and synesthetic colors, if it exists, must therefore be
distributed rather than localized in the visual cortex. Alternatively,
the key to synesthetic color experience might not lie in the color
system.
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Introduction

Some people experience supplemental sensations for specific

stimulations. These various experiences are referred to as

« synesthesia », or union of the senses, since the end of the

XIXth century (Supplementary Text S1). Here, we focus on

much studied grapheme-color synesthesia, which concerns

1-5 people in 100 (Suarez de Mendoza 1890; Simner et al.

2006). The question at stake is not the reality of the synesthetic

experience, but its nature. Since the early 2000s, cognitive

studies have applied psychophysical tests to measure objec-

tively the synesthetic associations described in subjective

reports. Modified versions of the Stroop task revealed longer

response times (RTs) when naming the color of graphemes

that elicited incongruent synesthetic color experiences com-

pared with those that did not (Dixon et al. 2000; Mattingley

et al. 2001). Stroop effects revealed therefore a systematic

association between graphemes and colors but with no

indication about the nature of this association (Elias et al.

2003; Blake et al. 2005; Hubbard and Ramachandran 2005). In

order to demonstrate the perceptual nature of the synesthetic

experience, psychologists looked for standard perceptual

effects in synesthesia with psychophysics methods like visual

search tasks (Ramachandran and Hubbard 2001a, 2001b;

Palmeri et al. 2002; Rich and Mattingley 2002; Blake et al.

2005; Robertson and Sagiv 2005). Better performances by

synesthetes (Ramachandran and Hubbard 2001a; Palmeri et al.

2002; Hubbard et al. 2005) led to the suggestion that binding of

synesthetic colors to graphemes was not only ‘‘perceptual’’ but

also preattentive. However, most studies, in particular those

involving more than 1 or 2 subjects, showed that synesthetic

binding of color did require attention (Laeng et al. 2004; Sagiv

et al. 2006; Nijboer and Van der Stigchel 2009; Ward et al.

2010). Moreover, several studies showed that early perceptual

mechanisms were not involved in grapheme-color synesthesia

(Edquist et al. 2006; Gheri et al. 2008; Hong and Blake 2008;

Rothen and Meier 2009).

Synesthetic experience of colors is therefore not equivalent

to color perception. But what do synesthetes mean when they

claim that they see achromatic graphemes with colors? The

answer depends on synesthetes, as discovered by Flournoy

(1893) on the basis of subjective reports. Photisms, as he

called the subjective experience of synesthetic colors, are

described either as felt, thought, or experienced as mental

images—which can be said to be ‘‘projected’’ (in the outside

world) or not. But Flournoy (1893) proposed to classify

photisms simply as a function of their intensity—leaving open

the difficult question of possible qualitative differences in the

way synesthetes experience their photisms. On the basis of

questionnaires, modern cognitive neuroscience has used the

distinction between ‘‘projectors’’ and ‘‘associators’’ (Dixon

et al. 2004), thus implying a qualitative difference. It has been

suggested that only projectors would exhibit advantages in

visual search tasks (Dixon and Smilek 2005), but none of the

projectors that we or others have tested (Edquist et al. 2006;

Ward et al. 2010), showed any advantage of the sort originally

described for 1 or 2 synesthetes (Ramachandran and Hubbard

2001a; Palmeri et al. 2002; Hubbard et al. 2005); Ward et al.

(2010) even showed that a group of 9 projectors was not any

better than a group of 27 associators. It should be emphasized

that questionnaires do not allow us to characterize un-

ambiguously the qualitative nature of the subjective synes-

thetic experience. Edquist et al. (2006) had reported

contradictory responses when submitting the questionnaire

several times or when slightly modifying the precise formu-

lation of the questions. We have a very similar experience of

lack of consistency with questionnaires or even after hours of

semidirected interview (Supplementary Text S2). Thus, we

refrain from using the ‘‘associator/projector’’ classification on

the basis of questionnaires (Dixon et al. 2004; Rouw and

Scholte 2007, 2010; Ward et al. 2007, 2010), noting that in any
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case it is an oversimplification of the diverse phenomenology,

as described by Flournoy (1893).

Here, we quantified the intensity (Flournoy 1893) of the

synesthetic experience by measuring the association strength

between graphemes and colors using variants of the Stroop

test, since by construction Stroop tests measure interferences

and therefore the strength or automaticity of associations. We

computed a unique objective measure of synesthetic strength

for each synesthete (see Materials and Methods).

Another way to obtain objective information on the nature

of synesthesia is to study the brain of synesthetes. A few

functional magnetic resonance imaging (fMRI) studies showed

an overlap of activation (measured as variations of the blood

oxygen level-dependent [BOLD] signal) for colored stimuli and

achromatic graphemes (Hubbard et al. 2005; Rich et al. 2006;

Sperling et al. 2006) as well as read (Weiss et al. 2001) or heard

(Nunn et al. 2002) words in synesthetes. Such activation of the

‘‘color center’’ (V4 for the most commonly accepted de-

nomination, see Supplementary Text S3) was taken as an

objective validation of subjective reports of color experience.

In the study by Hubbard et al. (2005), individual variability of

the phenomenological experience was even correlated to the

amplitude of BOLD activation by graphemes in retinotopic

areas. Such an involvement of the real color-sensitive system in

the experience of synesthetic colors and its modulation by the

intensity of the synesthetic experience suggest a strong

analogy between the experience of real and synesthetic colors.

However, other studies did not reveal any significant activation

of the ‘‘real color-sensitive areas’’ by synesthetic colors (Paulesu

et al. 1995; Weiss et al. 2005; Rouw and Scholte 2010). Using

electroencephalography (EEG), one study observed more

activation by auditory stimuli in the fusiform gyrus for

auditory-visual synesthetes compared with controls (Beeli

et al. 2008) but another did not (Goller et al. 2008). EEG

(and magnetoencephalography alike) would anyway lack the

spatial resolution to test whether the same population of

neurons is involved for both real and synesthetic color

experience.

Other studies have looked for structural differences in the

brain of synesthetes using either diffusion tensor imaging (DTI)

(Rouw and Scholte 2007; Hanggi et al. 2008; Jancke et al. 2009)

or voxel-based morphometry (VBM) on T1-weighted MRI

(Hanggi et al. 2008; Jancke et al. 2009; Weiss and Fink 2009;

Rouw and Scholte 2010). On the one hand, finding local

increases of white matter (WM) with VBM or greater

anisotropic diffusion (indicating more coherent WM) with

DTI in the brain of synesthetes compared with nonsynesthetes

would support the hypothesis of synesthesia being due to

additional connections between (possibly neighboring) regions

that are normally not connected to each other (Suarez de

Mendoza 1890; Flournoy 1893; Hubbard and Ramachandran

2005). Rouw and Scholte (2007) found indeed greater

connectivity for synesthetes in the right inferior temporal

cortex (near the fusiform gyrus, i.e., close to a real color-

sensitive region), especially for projectors compared with

associators, suggesting a causal link between the amount of

specific increased connectivity and the strength or nature of

synesthetic associations. However, Jancke et al. (2009) did not

observe any connectivity difference between synesthetes and

controls. On the other hand, increased gray matter (GM) in the

brain of synesthetes in regions sensitive to real color would

support the hypothesis that the same specialized regions code

synesthetic colors in addition (thus requiring more neurons) to

real colors. Such a result was obtained by Jancke et al. (2009)

and marginally by Weiss and Fink (2009) but not by Rouw and

Scholte (2010) or Hanggi et al. (2008). Other structural

differences between synesthetes and controls were also

observed in these studies, but they were not in ‘‘color regions’’

and not systematic across studies.

At the end, careful reading of the relevant literature casts

some doubt on the textbook story that synesthetes activate

‘‘color area V4’’ when viewing achromatic graphemes (but

experiencing color) and on structural brain differences

reported between synesthetes versus nonsynesthetes.

The goal of the present study was 2-fold: testing with fMRI

whether the real color-sensitive areas of synesthetes were

involved in their experience of synesthetic colors and looking

for structural differences between synesthetes and nonsynes-

thetes. Since these questions have been tested several times

with mixed results, we performed several improvements while

keeping close to the published literature.

1. We took into account the individual variability of both the

localization and the number of color centers (Supplemen-

tary Text S3). Also, like Hubbard et al. (2005), we performed

a full retinotopic mapping in each synesthete in order to

define regions of interest (ROIs) functionally and not

depend on anatomical variability.

2. Like Hubbard et al. (2005), we took into account individual

differences in the experience of synesthetic colors, paying

much attention to phenomenological reports and trying to

get an objective measure with psychophysics tests. Since

Hubbard et al. (2005) used tests whose validity has been

questioned (Ward et al. 2007), we used a robust and

objective measure of the strength of the synesthetic color

associations.

3. We combined individual ROI and full-brain group analyses

(then strictly controlling for statistical risks due to multiple

comparisons), in order to avoid possible ‘‘pinhole’’ inter-

pretations (most published studies using the ROI approach

did not indicate the behavior of voxels outside of the ROIs).

4. fMRI activation of the same voxels by real and synesthetic

colors is not enough to prove that the same neurons are

involved, given the relatively weak anatomical resolution of

the BOLD signal (�3 mm). We added an adaptation protocol

in order to measure possible cross-adaptation effects when

mixing real and synesthetic colors. Unfortunately, these

critical recordings revealed as unnecessary because, to start

with, we did not find any region that was activated by both

real and synesthetic colors. The whole experiment and

results are available as a technical report (www.cerco.ups-

tlse.fr/~hupe/synesthesia_adaptation.html).

5. In order to find structural markers of synesthesia, we used

state-of-the-art algorithms in still delicate VBM methodology

and applied strict statistical criteria.

Materials and Methods

Subject Selection
We used the data of 25 control subjects (mean age 30 years, range 21-

59 years, all right handed, 10 women) for the VBM analysis and 10

synesthetes (mean age 36 years, range 26-56 years, all right handed, 7

women) for all analyses. All subjects were without past or current
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brain disease, had no detected cognitive deficit, and had higher

education level. All 10 synesthetes spontaneously contacted the

authors. After filling up a questionnaire, they were selected for the

present experiment on the basis of their synesthetic associations. We

selected grapheme-color synesthetes who had enough different color

associations for our purpose. All of them reported strong grapheme-

color associations as well as other synesthetic associations, as

described in Supplementary Text S2. Experiments were performed

following project approval by the Institutional Review Board of

Grenoble and written consent from the subjects.

Additional Inclusion Criteria for Synesthetes

Visual Perception

All but one synesthete had normal or lens-corrected acuity. One subject

had to wear nonmagnetic glasses in the scanner (the quality of the

ocular signal through the glasses was poor, but we were still able to

detect blinks reliably in most runs). All subjects had normal color

perception on the Lanthony D-15 desaturated color test (Richmond

Products), except one subject who was partially color blind. This

subject had progressively lost the perception of blue and green (as

confirmed with the color test) after a fall in his bathroom, a few years

earlier. His visual world had progressively turned to shades of orange,

red, yellow, and gray. Before being included in the present study, he

underwent a clinical anatomical 1.5-T scan in Grenoble and was

examined by a neurologist. No lesion was detectable. His retinotopy

was normal, and we detected ‘‘hot spots’’ of activation to colored

Mondrians (see below) in V4topo bilaterally (t values between 3 and

3.73, on the basis of 2 Mondrian runs). Other activations were present

within other retinotopic areas but not anterior to V4topo. This pattern

of activation was similar to what we observed in other subjects, with

the notable exception of the absence of detectable activation anterior

to V4. Interestingly, this subject still reported ‘‘seeing’’ synesthetic blue

and green colors. We were very curious to observe whether parts of the

ventral cortex (in particular anterior to V4) would respond to

achromatic graphemes, thus still coding specifically synesthetic green

and blue colors. But just like for other subjects, we did not find any

reliable correlate of synesthetic colors in the ventral cortex.

Validation of Synesthetic Associations

We first asked synesthetes by mail to report the colors of their

graphemes, using either software or scanning the printed colors. Then,

before running the fMRI experiments, we asked them to pick up the

colors of each grapheme, using our calibrated screen and a modified

version of the Synesthesia Battery test (Eagleman et al. 2007). They

were not previously informed that they will be asked to choose again

their synesthetic colors, so we could check the consistency of their

associations (Baron-Cohen et al. 1993; Asher et al. 2006), which was

always excellent (no more than 1 or 2 differences; in each case and

when asked about the synesthetes indicated that 2 colors were possible

indeed for that particular grapheme). We also asked them to tell us

which associations were the strongest and we selected those

graphemes for psychophysics and fMRI tests whenever possible.

Psychophysics Experiments: Individual Measure of the Strength of
the Synesthetic Associations
We used synesthetic variants of the Stroop test, which measures

interferences and therefore the strength or automaticity of associations.

Stroop performance depends on volitional control, since even the

original Stroop effect (difficulty to name correctly and fast the printed

color of, e.g., the word ‘‘red’’ when printed in blue or green—incongruent

condition compared with a congruent condition where it is printed in

red) can disappear under training and volitional control. Moreover, there

is a speed/accuracy trade-off: subjects can slow down in order to avoid

errors and therefore being as slow for congruent and incongruent

stimuli. In order to control for these effects, we used 2 variants of the

synesthetic Stroop task: naming as quickly as possible either the color of

the ink or the idiosyncratic synesthetic color (the ‘‘photism’’) of

individual graphemes (Dixon et al. 2004; Ward et al. 2007). See also

Psychophysics Experiments: Details of the Synesthetic Stroop Procedure

and Data Analysis in Supplementary Text S4. We measured vocal RTs.

Importantly, in order to be able to compare the performances of different

subjects, who had different levels of variability and whose results were

based on different number of trials, we computed the effect size (pe
2,

‘‘partial eta-square’’) of the differences of 1/RT rather than the differences

of mean RTs. Our index of synesthetic strength (‘‘photism strength’’, ps)

was

ps = pe
2
�
Incongruent� Congruent

�
color

– pe
2
�
Incongruent� Congruent

�
Photism

– pe
pðPhotisms� ColorÞCongruent:

(Note that if we had just measured RTs and not effect sizes, the

formula would have been equivalent to the difference of RTs for

incongruent stimuli in the color and photism task.) The first term of the

equation measures the strength of the interference by synesthetic

colors. The second term equalizes for volitional control and speed/

accuracy trade-off. The last term is negative only when photisms are

faster to name than real colors. A positive index indicated therefore

a strong association between graphemes and synesthetic colors and an

easier task when naming photisms (e.g., see Fig. 4). We could not test

our partially color-blind synesthete on this task because he could not

match his synesthetic green and blue colors unambiguously with real

colors.

fMRI Experiments on Synesthetes
Each subject ran 3 scanner sessions within 1 or 2 consecutive days. The

synesthete with the strongest synesthetic associations (syn04) came

back a year later to run again the whole experiment and additional runs,

so we could control that our results were not due to a lack of power

(she ran 8 more synesthetic runs, 4 with the same instruction as before,

4 with another instruction—see below. The results were similar and

combining all her data did not reveal any new activation.). In the first

session, subjects lay in the scanner without any scanning, in order to

get used to the machine environment (that was their first time in

a scanner for all but one of them) and chose the exact color matches of

the graphemes that we selected for the adaptation protocol. We

verified that they could clearly see all the stimuli and were accustomed

to the different tasks we would ask them. The second session was

devoted to structural scanning, retinotopic mapping, and 1 or 2

Mondrian runs. The third session was devoted to the mapping of real

and synesthetic colors and to the adaptation protocol.

MR Data Acquisition and Preprocessing

We acquired high-resolution structural images and EPI (Echo Planar

Imaging) functional data on a Bruker 3-T Medspec S300 whole body

scanner. Standard preprocessing steps are described in MR Data

Acquisition and Preprocessing of Supplementary Text S4.

Retinotopic Mapping and Mapping of Color Center (Mondrian

Protocol)

We mapped the retinotopic areas of each subject using standard

methods (Supplementary Text S4, Retinotopic Mapping). We used

a classical Mondrian protocol as a localizer of color centers

(Supplementary Text S4, Mapping of Color Centers (Mondrian Pro-

tocol)), but we identified hot spots of color activity within each

individual rather than selecting a unique color area based on either

retinotopic criteria or group analysis. We also tested several ways to

select individual ROIs. But the outcome of our flexible localizationist

approach was not different from naively selecting a unique ‘‘V4’’ color

area as was done in previous studies on synesthesia. We justify our

flexible localizationist approach in Supplementary Text S3.

Response to Synesthetic Colors (Synesthesia Protocol)

The stimulus sequence and the protocol were exactly the same as for

the Mondrian stimuli except that colored Mondrians were replaced by

graphemes and achromatic Mondrians by pseudographemes. For each

subject, we chose letters and numbers with synesthetic colors, avoiding

synesthetic black, gray, and white. We constructed pseudographemes

by cutting real graphemes into a few segments and rearranged them so

they could not be recognized anymore like graphemes, while keeping

similar low-level properties (segments, curves, angles, and

No Localized Correlate of Synesthetic Colors d Hupé et al.1624
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intersections: see Fig. 1). We presented each pseudographeme several

times and asked synesthetes whether it had a synesthetic color or not.

If the answer was ‘‘yes’’ or ‘‘maybe,’’ we did not use it. In order to get 10

different pseudographemes, we sometimes had to add Greek or Persian

characters. Stimuli were black on a gray background, they were

presented centrally and extended about 1� diameter, with a maximum

height of 1.4�.
We did not want the synesthetes to pay more attention to graphemes

than pseudographemes, which may occur in the absence of specific

instruction because most synesthetes enjoy experiencing the synes-

thetic colors of the graphemes (the activation observed by Weiss et al.

(2005) in the intraparietal cortex might correspond to such increase of

attention for graphemes). Before each run, we showed a grapheme and

a pseudographeme and asked subjects to remember them so they could

press a button each time they saw them. Each target was presented 3

times randomly within the 3.30 min sequence. Targets were different

for each of the 2 runs. In order to control that our lack of activation by

synesthetic colors was not due to such procedure, we asked syn04 to

run 4 more runs with a different task when she came back for an

additional scanning session: she now had to press a button each time

she experienced a synesthetic color and another button each time she

did not. Not surprisingly, button presses corresponded systematically to

graphemes and pseudographemes. We obtained the same (absence of)

results.

The analysis was the same as for the Mondrian stimuli. We sometimes

observed individual subject activations corresponding to the graphe-

mes (and synesthetic colors) at the 0.05 false discovery rate (FDR) level

(conjunction contrast as for the Mondrian protocol), but we did not

find any consistency across subjects (Supplementary Text S4, Graph-

eme Response in Individual Subjects (Synesthesia Protocol)). We

performed the group analysis the same way as for the Mondrian

protocol.

Reliability of Our fMRI Measurements

fMRI studies examining the reliability of fMRI measurements (Specht

et al. 2003; Bennett and Miller 2010) have questioned the reproduc-

ibility of results obtained in different fMRI studies. Such variability may

explain why some but not all studies observed a synesthetic response in

color areas. In fMRI, between subject variability is typically larger than

within subject variability (Bennett and Miller 2010), and it was invoked

to explain the variable activation of V4 in different studies on

synesthesia. Hence, Hubbard et al. (2005) advocated taking into

account the diverse phenomenology of synesthetes for the interpre-

tation of fMRI data. Following them, we computed an index of

synesthetic strength. Within subject variability of the BOLD response

may, however, also hamper the generalization of fMRI results. We

therefore estimated the reliability of our signals. This can be performed

only when we do have some signal, that is for stimuli leading to BOLD

activation. We used the results of our Mondrian protocol since these

patterns drive the neurons in retinotopic areas. We measured the

reliability in area V4 since its involvement was at stake in our study. V4

was defined on the basis of retinotopic mapping to avoid any circularity

bias. Since we had several scans (runs) of Mondrian stimuli, we could

compare the variability of t values obtained in each run independently

with the global T value obtained across all runs for each subject:

R =
�
T –+

i
ðjti – tav jÞ=n

�
=T � 100;

for i = 1 to n runs, with tav the average of t values within each run i

Such measure estimates the percentage of reliability R (100% is

obtained when all runs produce the exact same P value, 0% indicates

the total lack of reproducibility between runs).

When contrasting colored and gray Mondrian stimuli against the

fixation point, we obtained strong BOLD activation in left V4 (Tav = 7.6,

range 3.75-12.33) and right V4 (Tav = 7.8, range 5.43-10.69, including the

outlier value 1.04 for subject syn05). The average reliability of our 10

synesthetes was 84% in left V4 (range 59-97%) and 78% in right V4

(range 68-96%, including outlier values 18% for syn05 and 54% for

syn03). Such measures should be considered as conservative, since

repetitions of these scans were not performed to assess reliability (like

done, e.g., by Specht et al. 2003); rather, we had a minimum number of

repetitions of the stimuli in order to detect effects, but we split these

repetitions across several short scans in order to prevent fatigue to

subjects.

Voxel-Based Morphometry

Data Processing

We analyzed the structural images through a data processing pipeline

implemented in SPM8.

First, using the Unified Segmentation procedure (Ashburner and

Friston 2005), we segmented each structural image in the subject’s native

space by attributing to each voxel a probability of being in WM, GM, and

cerebrospinal fluid (CSF). This procedure estimates globally on the whole

brain a mixture of Gaussians with spatial priors. Brain skull extraction and

bias field estimation, important steps of the VBM preprocessing pipeline

(Acosta-Cabronero et al. 2008), are embedded into the procedure

ensuring that neither skull nor large veins contaminated the calculation

of probability tissues maps. Then, we used DARTEL (Ashburner 2007),

a diffeomorphic image registration procedure that warps the individual

tissue probability maps into a common study-specific reference space.

The procedure iteratively computes deformation fields for each in-

dividual structural image. Then, these fields were applied to each

individual structural image, that was resampled using trilinear interpo-

lation and averaged to create a study-specific anatomical template. We

then applied an affine registration for transformation into the Montreal

Neurological Institute (MNI) space. To counterbalance local deforma-

tions, expansion, or contraction, induced by diffeomorphic registration

and affine transformation, the tissues’ probability values were scaled by

the Jacobian determinants of the deformations (‘‘modulation step’’ ; Good

et al. 2001). Finally, we smoothed these ‘‘modulated’’ tissues probability

maps using a 6-mm full-width at half-maximum Gaussian kernel (same

pattern of results with an 8-mm kernel).

Statistical Analysis

We compared the regional tissue probability maps (modulated and

smoothed as described above) of controls and synesthetes by

performing a voxelwise univariate analysis using the general linear

model as implemented in SPM8. Global brain size can vary a lot across

subjects (mostly in correlation to subject size), so our statistical tests

included brain volume as a factor of noninterest. Age slightly differed

between the 2 groups (29.8 vs. 36.4, P = 0.082), and our synesthete

group had more women (7/10 vs. 10/25 in our control group). Both

factors may generate local differences not related to synesthesia, so

we also included sex and age as factors of noninterest. In order to

calculate the global brain volume, we used the modulated images by

summing together the GM and WM probabilities of all voxels

(remember that each subject had the same number of voxels, since

all brains fit within the same study specific template, but their

probabilities of being in WM, GM, or CSF did differ, and the sum of the

probabilities in each voxel was no longer equal to 1 because of the

modulation procedure). To avoid possible edge effects between

different tissue types, we applied an absolute intensity threshold mask

of 0.1 on each tissue probability. We first contrasted both groups using

a Student’s t-test considering as statistically valid only individual

voxels that had a P value < 0.0001 and forming clusters that consisted

of more than 70 continuous voxels (70 mm3, corresponding to

a sphere of diameter just over 5 mm, matching roughly the 6 mm

smoothing size). The familywise error (FWE correction for multiple

comparison) measured at the cluster level indicated that such criteria

allowed us to identify clusters that reached a corrected risk level close

to 0.05 (see Table 1). In a second step, to investigate the possible

bilateral increases of some regions (spatial correlation justifying

relaxing the FWE correction), we increased the P value threshold at

the individual voxel to 0.0002 and decreased the minimum cluster

size to 40 mm3. We projected the detected spatial tissue differences

Figure 1. Our library of pseudographemes used in the synesthesia protocol.
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between the 2 groups onto the study-specific structural image

transformed into the MNI space as described above.

Results

Grapheme Response within the Color Centers

We defined individual ROIs to select voxels that responded the

most to color stimuli, independently of their exact anatomical

location: we adjusted statistic thresholds individually in order to

define for each subject ROIs within and anterior to retinotopi-

cally defined V4 (‘‘V4topo’’). Figure 2 (left) shows a representa-

tive example of 3 of the 4 color centers obtained for one

synesthete at the FDR level of 0.05. For this subject, hot spots

were present bilaterally in V4topo and in 2 clusters anterior to

V4topo only on the right side. These 2 clusters may lie in what

Brewer et al. (2005) defined as VO1 and VO2. We defined

35 ROI across our 10 synesthetes. We verified that the average

BOLD signal was much stronger for color than for achromatic

stimuli (top right part of Fig. 2). However, on average, these very

regions failed to respond to achromatic graphemes that yet

elicited the vivid subjective experience of synesthetic color

(bottom right part of Fig. 2): beta weights (that correspond to

the correlation strength between BOLD signal and model

predictors) were not significantly larger for graphemes than

pseudo-graphemes (F1,25 = 2.37, P = 0.14, pe
2 = 0.09 (partial

effect size); test on the difference of beta weights within each of

the 35 ROIs with the variable ‘‘subject’’ being a random factor).

BOLD modulation was equally absent for achromatic pseudo-

graphemes (that triggered no synesthetic color) and fixation

point.

We considered the possibility that only a subset of these color

hot spots be involved in synesthetic color perception and that

their anatomo-functional location differed between subjects, but

beta weights were not significantly larger for graphemes than

pseudographemes in any of the 35 color ROIs at the non-

corrected 0.01 significance level. Likewise, we did not observe

any tendency for a larger grapheme response either on the right

or the left side or in V4 or anterior to it.

Color and Grapheme Responses in Retinotopic Areas

For each subject, we used retinotopic mapping techniques in

order to define areas V1-V4, on each side and both ventrally and

dorsally. Ventrally, area V4 represents a full hemifield and has

no dorsal counterpart (Brewer et al. 2005; Wandell et al. 2007).

Dorsally, area V3a represents also a full hemifield (Larsson and

Heeger 2006; Wandell et al. 2007). Areas V3b, LO1, LO2

(Larsson and Heeger 2006), VO1, and VO2 could not be

identified on every subject. We computed the beta weights

within each ROI for the Mondrian and synesthetic protocols

(Fig. 3).

The whole retinotopic visual cortex responded significantly

more to Mondrians than to the fixation point (Wilcoxon paired

comparisons, N = 10) and more to colored than gray Mondrians,

except V3a, in agreement with the results of Brouwer and

Heeger (2009) showing color decoding power in all retino-

topic areas except V3a/b. The difference between both

Figure 2. Color and synesthetic responses in individual color centers. Left. Color centers for syn10, defined as the voxels responding more to colored than achromatic Mondrian
patterns (bottom left inset) as well as to the fixation point. The white cross points a hot spot lying within the right (retinotopically defined) V4 (‘‘V4topo’’). The hot spot lying in the
left V4topo and 1 of the 2 right anterior hot spots are visible on these slices. No other activation in this brain reached the FDR threshold. Images are displayed in radiological
convention. Right. Normalized response in the color centers of 10 synesthetes to colored Mondrian, achromatic ones, and fixation point (top) and to graphemes,
pseudographemes, and fixation point (bottom). Error bars represent 95% confidence intervals (analysis of variance model with the variables ‘‘subject’’ and ‘‘stimulus,’’ including the
responses to all events in the 35 ROIs: see Mapping of Color Centers (Mondrian Protocol) in Supplementary Text S4).
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conditions was significant in dorsal left V1 and right V4 as well

as in the average of V4. Beta weights were weak for both

graphemes (that triggered synesthetic colors) and pseudogra-

phemes (that did not), since they were never significantly

larger than for the fixation point. On average, however, beta

weights were significantly weaker for pseudographemes than

for graphemes in V1, V2, V3, and V4 (not V3a).

Individual Differences among Grapheme-Color
Synesthetes: Brain-Behavior Correlations?

The strength of the synesthetic grapheme-color associations

differed between our subjects. Hubbard et al. (2005) observed

that the stronger the phenomenological synesthetic color

experience, the larger the signal in retinotopic V4 for graphemes

compared with pseudographemes. We expected therefore to

observe such a positive correlation in our data. Our outstanding

question was which color centers, within V4 or anterior to it,

would show the stronger correlation. We measured objectively

the strength of synesthetic associations with 2 variants of the

Stroop test, where subjects had to name as quickly as possible

either the real or the synesthetic color (the photism) of

a grapheme displayed either with the color of her/his

synesthetic association (congruent trials) or a different color

(incongruent trials). Figure 4 displays the results obtained for 2

subjects with either relatively weak or very strong associations.

For each subject, we derived a single index of synesthetic

strength from these data (see Materials and Methods).

We first computed nonparametric Spearman correlation

coefficients between photism strength and the BOLD response

to synesthetic colors within each retinotopic area. The

synesthetic BOLD response was estimated by the difference

of beta weights for graphemes and pseudographemes, as

proposed by Hubbard et al. (2005) (of course, such a ‘‘response’’

does not dissociate between photism and grapheme signal, but

only photism signal could, supposedly, correlate to photism

strength). No positive significant correlation was observed in

any of the retinotopic areas. In left and right V4, correlation

coefficients were negative (P = 0.42 and P = 0.12, respectively),

contrary to our hypothesis. Negative correlations were even

significant (P ~= 0.02) when using nonparametric tests (but not

parametric tests) in left ventral V1, V2, and V3 as well as in right

ventral V1 and V2. These correlations were mainly driven by

a weaker grapheme response for synesthetes with the

strongest associations.

Similarly, we found no correlation in the individual color

centers (Fig. 5).

Figure 3. Beta weights averaged across subjects in retinotopic areas for the Mondrian (left) and the Synesthesia (right) protocols. Each line connects the weights for the 3
conditions (indicated on the top-right part of each graph) in each ROI and protocol. Stars indicate when the difference between the 2 first conditions was significant (Wilcoxon
paired comparisons, P \ 0.05, n 5 10). Error bars represent 95% confidence intervals across our 10 synesthetes. For the response time course within each area, see also
Supplementary Figure S1.

Figure 4. Psychophysical measure of the individual variability of synesthetic associations. When the association was weak (left, syn09), color naming was mildly or even not
affected by whether the synesthetic color was congruent or incongruent. Photism naming, even though it was fast (automatic association), was slower than color naming and
affected by the real color. When the association was strong (right, syn04), photism naming was faster than color naming and incongruency affected color naming more than
photism naming.
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Group Analyses

We explored whether regions outside the visual cortex

responded more to graphemes than pseudographemes. Such

regions would have been possible candidates for coding

synesthetic colors as long as they did not code graphemes in

nonsynesthetes. But we did not need to run experiments on

a control group of nonsynesthetes because we did not find any

significant activationwhenperforming a randomeffect analysis on

10 synesthetes for the contrast (graphemes – pseudographemes),

even at a very liberal statistical threshold (P < 0.001, uncorrected,
minimum extent threshold = 50 voxels, corresponding to

a minimum T value of 4.3). Note, however, that our functional

volumes, oriented parallel to the calcarine sulcus, did not cover

the full brain, how much was missing depending on subjects.

Missing parts were located in the anterior regions of the temporal

cortex, the very top of the parietal cortex and lower parts of the

frontal cortex. We also computed a group correlation between

photism strength and the response difference for each voxel

between graphemes and pseudographemes. Voxels showing

a positive correlation would have been likely to code specifically

synesthetic colors. But we found no significant voxel when

controlling for multiple comparisons (FDR or FWE correction,

SPM8 or SnPM—nonparametric—analysis).

Voxel-Based Morphometry

We compared the local distributions of WM and GM in the

brains of our 10 synesthetes with the brains of 25 non-

synesthetes. For WM analysis, 2 clusters reached our statistical

threshold (Table 1), one in the right retrosplenial cortex (RSC)

that survived the strict FWE correction for multiple compar-

isons, the other one in the depth of the left superior temporal

sulcus (STS) reaching a corrected significance level close to

0.05 (also note that the STS increase was a bit smaller for

women—significant interaction in the STS ROI between group

and sex, P = 0.047; average increase for women only was

3.8 mm3, pe
2 = 0.52). The size of the WM increase was around

5%. Exploratory analysis of our data at a higher threshold (Fig.

6) revealed that the retrosplenial activation was likely bilateral.

As an additional statistical control, each subject was randomly

assigned to the control or synesthete group. We performed the

analysis with random labels 10 times and did not detect any

difference in WM.

We did not find any significant increase of WM for control

subjects compared with synesthetes as well as no significant

difference either way in GM at our statistical threshold.

We also computed a group correlation between photism

strength and WM probabilities of our population of synesthetes.

We found no significant correlation in any of the clusters

identified above (without any correction). Whole-brain group

correlation between photism strength and voxel WM or GM

probability revealed no significant voxel (FWE correction). We

also did not find any relationship between WM probability in the

RSC of synesthetes and their additional synesthetic associations

(like the presence or not of personification of graphemes,

number lines, multimodal associations, or the number of types of

synesthesia (Ward et al. 2008): see Supplementary Text S2).

Discussion

We found that none of the individual retinotopic or color areas

responded to synesthetic colors, whatever the strength of the

synesthetic association, and whatever the way we defined color

ROIs (V4topo defined on the basis of retinotopic mapping or

color areas defined in each individual as the clusters of the

fusiform gyrus responding maximally to colored Mondrians).

Likewise, the whole-brain fMRI group analysis did not show any

activation within the color regions (even at a liberal statistical

threshold) and did not reveal any other candidate region as the

main substrate of synesthetic colors. In addition, the compar-

ison of the GM and WM volumes of our 10 synesthetes to 25

control subjects revealed significant increases of WM, notably,

a bilateral increase in the RSC of synesthetes but none in the

‘‘color’’ regions of the visual cortex.

What do synesthetes meanwhen they claim that they perceive

colors on achromatic graphemes? The present study does not

solve this enigma but tries hard to clarify what we can learn today

from experimental data. As reviewed in the Introduction, both

data from phenomenology and psychophysics now clearly

indicate that the experience of synesthetic colors is far from

being equivalent to the experience of real colors (for most, if not

all, synesthetes), contrary to early enthusiastic claims based on

surprising observations obtained but of single individuals,

sometimes with poor methodological controls. Nonetheless, the

experience of synesthetic colors must bear some connection to

theexperienceof real colors.Here,we testedwith both functional

Figure 5. No correlation between psychophysically measured photism strength and
fMRI BOLD signal within individual color centers. We measured the photism strength
of 9 of 10 synesthetes (we could not use this objective measure for one synesthete
who was partly color blind: see Materials and Methods). We computed the difference
of beta weights for graphemes (that triggered the synesthetic experience of color)
and pseudographemes (that did not) in each of our 33 individual color centers (that
responded the most to colored Mondrian stimuli compared with gray Mondrians). For
each subject, we selected the ROI with the larger difference (all values are therefore
positive), taking into account the possibility that synesthetic colors were coded in
different color centers for different synesthetes. The Spearman correlation coefficient
was negative and not significantly different from zero (P 5 0.13). We could not
observe any positive or significant correlation whatever the way we selected these
color ROIs (taking the average signal across areas or considering only the ROIs within
V4 or anterior to it or the left or the right ROIs).

Table 1
Local increase of WM in synesthetes compared with nonsynesthetes

Cluster size
(mm3)

x
(mm)

y
(mm)

z
(mm)

Max T
value

FWE-corr Increase
(mm3)

pe
2

Right RSC 113 15 �46 6 5.65 0.019 6.2 0.42
Left STS 71 �52 �16 �15 6.17 0.075 5.3 0.53

Note: (x, y, z) 5 MNI coordinates of the center of each cluster. Max T value is the voxel

maximum in the corresponding cluster. FWE-corr is the P-value corrected for the FWE at the

cluster level. We obtained only these 2 clusters when thresholding P \ 0.0001 for individual

voxels, with a minimum cluster size of 70 mm3.
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and structural MRI techniques whether we could reveal in the

brains of synesthetes the implication of the ‘‘real color system’’ in

the experienceof synesthetic colors. The answer is clearly no, and

we propose below some explanations why other studies (but not

all) have concluded otherwise. However, we should not conclude

that synesthetic and real colors do not share any common

substrate.Rather, thepresentwork shows themethodological and

conceptual current limits of localization tools based on standard

fMRI to answer such a question, so we shall propose that further

studies use distributed methods. In addition, our structural data

revealed differences between synesthetes and nonsynesthetes in

brain regions that we did not expect because located outside of

the visual cortex. Such structural differencesmay not relate to the

synesthetic experience of colors, if synesthetes as a group possess

additional typical characteristics, related for example to yet to be

discovered specific personality traits. Moreover, we observed no

correlation between the magnitude of the WM increase and the

strength of the color association. Alternatively (or in addition),

color may not be the decisive characteristic of synesthetic color

associations. Dann (1998) in his remarkable and thorough review

of the literature on synesthesia of both past centuries had

emphasized that the ‘‘meaning’’ of synesthesia was probably

meaning. For a synesthete, a synesthetic association ‘‘makes sense’’

without any ‘‘legitimate’’ (objective or consensual) reason, hence,

the structural differences we observed may be related to the

complex construction of meaning by the brain, involving not only

perception but certainly at least language, memory, and emotion.

TheRSC,wherewediscovered a seemingly robust increaseofWM

in synesthetes, appears like a (the?) place of choice to build such

meaningful connections (see Synesthesia and the RSC).

fMRI Result: Comparison with Previous Studies

Using fMRI, we did not observe any significant activation in real

color-sensitive areas by synesthetic colors (triggered by graphe-

mes). Such a result is consistent with several published studies.

Using positron emission tomography (PET), Paulesu et al. (1995)

compared 6 synesthetes with 6 controls. Auditory words

triggering synesthetic colors, when compared with tones,

activatedmore regions in the synesthete group but none of lower

visual areas like V1 or, importantly, V4. Using fMRI and a finer

control stimulus within a group of 9 grapheme-color synesthetes,

Weiss et al. (2005) found BOLD activity related to the experience

of synesthetic colors only in the left intraparietal cortex. Rouwand

Scholte (2010) compared the BOLD response of 42 synesthetes

and 19 controls with graphemes that elicited colors (for the

synesthetes) to graphemes that did not. They did not find any

significant differential activation within the whole visual cortex.

Other studies described in the Introduction found the opposite

result, supporting the role of real color-sensitive areas in

synesthesia. In fact, their evidence is not clear-cut. For example,

though Nunn et al. (2002) concluded that ‘‘V4/V8’’ was activated

by synesthetic colors, they did not observe any activation overlap

between real and synesthetic colors within the group of

synesthetes: heard words activated a more widespread region in

the visual cortex of the group of 10 synesthetes compared with

controls, including a left inferior temporal region which the

authors supposed tobe in theneighborhoodof visual areasV4/V8.

But no retinotopy was performed, and real colors did not activate

this region in their group of synesthetes. Sperling et al. (2006)

observed a stronger BOLD signal in retinotopically defined V4/V8

in only 2 of 4 synesthetes, and they did not control significance for

multiple comparisons. Rich et al. (2006) observed activity for

synesthesia-inducing characters (contrasted to gray squares

inducing no synesthesia) in their group of 6 synesthetes in the

left medial lingual gyrus (but not in V4/V8), but the peak P value

was only 0.008 (noncorrected), and they report the results only in

their color ROIs. Rouw and Scholte in their 2007 study had

reported a significantly stronger BOLD response in the fusiform

gyrus of 18 synesthetes compared with 18 controls (for the

contrast between graphemes that elicited colors for synesthetes

tographemes thatdidnot). Theanatomical locationwas, however,

about 1.5 cm lateral to typical V4 coordinates (no retinotopy and

no color localizer was performed), and this effect was lost in their

2010 study when they included more synesthetes. Finally,

Hubbard et al. (2005)observed a stronger response for graphemes

comparedwith false fonts in all visual areas and for both 6 controls

Figure 6. Local increases of WM in synesthetes compared with nonsynesthetes. Detected changes are projected onto the study-specific average structural image transformed
into the MNI space. (A) Bilateral increase in the RSC. The larger cluster on the right side was identified when strictly correcting for multiple comparisons (see Table 1). When
increasing the threshold, a symmetric cluster appeared on the left side (black cross: MNI x 5 �15, y 5 �51, z 5 6; tmax 5 5.25; P \ 0.0002 voxel level; cluster size 44 mm3).
(B) Borderline significant cluster in the left anterior middle temporal gyrus in the depth of the STS (see Table 1). Images are displayed in neurological convention.
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and 6 synesthetes. They stressed that only retinotopically defined

V4 showed a stronger differential between both conditions in

synesthetes than in controls, but the significance was borderline

(the authors report a P < 0.05 obtained with a bootstrap test; by

using the individual values shown in their Fig. 6, we found out that

such a result—precisely, P = 0.042 with a studentized bootstrap

(Efron and Tibshirani 1993), P = 0.056 with bias correction and

acceleration (Efron and Tibshirani 1993)—was obtained with a

1-tailed test, that is assuming a priori larger values for synesthetes;

we obtain P = 0.093 with a nonparametric 2-tailed Mann-Whitney

test). All in all, studies supporting the role of V4 in synesthetic

colors had to relax their statistical criteria to values close or even

above P = 0.001—a threshold that allows to generate ‘‘active’’ voxel

clusters from random variations of BOLD measure (Bennett et al.

2010). Procedures that control strictly for multiple comparisons

are usually too conservative because they rely on the false

assumption of independence of the BOLD response in different

voxels (O’Toole et al. 2007). The problem is that the degree of

correlation between voxels is unknown and must depend on the

task. There is therefore no way to know how to balance correctly

alpha (false positive) and beta (false negative) statistical risks, so

only conservative criteria can be relied upon. A common

justification to poor control of the statistical risk is that a priori

hypotheses were made. We point here to a possible confusion

between ‘‘a priori’’ information and ‘‘hypotheses.’’ An example of

a priori information is the presence of stronger BOLD response in

ventral areas for colored Mondrians compared with gray ones

because there is now a very large body of evidence, obtained with

various methods and on many subjects, confirming such a result.

Thequestionat stake, then, iswhichexact region ineach individual

shows a larger response to colored Mondrians (we adopted this

strategy to identify ‘‘color areas’’ in each subject and increased the

statistical threshold accordingly). An example of a ‘‘hypothesis’’ is

whether color areas respond to synesthetic colors. Since the

published evidence is not clear-cut, this cannot yet be considered

as ‘‘a priori information.’’ By increasing the statistical threshold,

authors performed a circular reasoning error. And researchers

citing such studies as justifying a priori information propagated the

original error. Therefore, we emphasize that no study so far had

proven the implication of the real color system in synesthesia. Our

results are therefore not contradictory with all the published

evidence. In addition, only a couple of studies really tested the

implication of the color system. Studies comparing the grapheme

responses of synestheteswith thoseof controls butwithout testing

directly the involvement of the real color system and findingmore

activation for synesthetes, cannot be conclusive, since we expect

that synesthetes would process graphemes more because most of

them simply enjoy experiencing the synesthetic colors of

graphemes. More attention devoted to graphemes would generate

stronger BOLD response. Finally, a common argument put forward

to relax statistical thresholds is the potential lack of power.Hadwe

tested more synesthetes, could we have found synesthetic

response in color areas? The answer is no. Our conclusion of the

absenceof involvementof so-calledcolor areas in theexperienceof

synesthetic color is notbasedonnot reachinganarbitrary statistical

threshold. Rather, we measured the size of the synesthetic

response within color areas (Fig. 2) and found it to be too small

to be of any interest, whatever its possible statistical significance.

The reliability of our fMRI measurements (Specht et al. 2003;

Bennett andMiller 2010)was on average around 80%, as estimated

in retinotopic area V4 for the response to Mondrian stimuli (see

Materials and Methods, Reliability of Our fMRI Measurements).

Moreover, thenegative trend(while apositive trendwasexpected)

between synesthetic strength and synesthetic response (Fig. 5)

would require too large a number of additional subjects in order to

be possibly reversed.

VBM Result: Comparison with Previous Studies

The lack of agreement between published VBM studies on

synesthesia, as well as between those and ours, may be due to the

methods used for data processing, especially for realignment of all

structural scans in a common space and brain tissues segmenta-

tion and also to differences between thresholds or methods used

to correct (or not) for multiple comparisons when assessing the

significance of the findings. In VBM, it is even more questionable

than in fMRI to relax the statistical threshold because there is no

obvious reason for correlations between spatially distant voxels

(except at the local level, where correlations can be handled by

computing the FWE at the cluster level). We note that no analysis

that corrected for multiple comparisons (therefore including

ours) ever reported WM or GM increase in the color regions of

synesthetes or in any region whatsoever in the studies by Jancke

et al. (2009) (24 synesthetes vs. 24 controls) and Weiss and Fink

(2009) (18 synesthetes vs. 18 controls). Rouw and Scholte (2007,

2010) (2007: 18 synesthetes vs. 18 controls; 2010: 42 synesthetes

vs. 42 controls) did not seem to have tried correcting for multiple

comparisons over the whole brain, so we do not know whether

their differences are robust or not (in 2007, they observed

increasedanisotropy in4clustersby thresholding t >3at thevoxel
level; in 2010, they observed increased GM for synesthetes in the

left superior parietal lobe by thresholding P < 0.05 at the voxel

level; they apparently did not use brain size as a cofactor; WM

differences were, surprisingly, not analyzed). Hanggi et al. (2008)

studied only one synesthete and found interesting WM and GM

differences when comparedwith 37 controls (none around color

areas). Our group study may, however, be the first one to report

robust differences (i.e., that survive corrections for multiple

comparisons) in the brains of a group of synesthetes. It may look

surprising that if our difference, observed within a small

population (10 vs. 25), is related to synesthesia, it was not

detected in previous studies that applied less stringent statistical

criteria and tested larger populations. But in fact only one study

measured local WM differences the same way as we did, and for

only one synesthete (Hanggi et al. 2008); shehad interval-taste and

tone-color synesthesia, not grapheme-color synesthesia, suggest-

ing that increased WM in the RSC might be specifically related to

language processing (see below). Other studies used DTI to

measure fractional anisotropy, which is not a direct measure of

local WM density (both measures should be correlated but

sensitivity differences are likely, as shown in the study by Hanggi

et al. (2008) who used both measures). We should also consider

the possibility that divergences are attributable in part to

differences between the studied synesthetes’ populations. We

selected synesthetes who reported the subjective experience of

strong associations between graphemes and colors and we

happened to select in this way synesthetes who also experienced

other types of association (Supplementary Text S2). We do not

know whether that was also the case for the synesthete

populations in other studies.

Distributed Coding of Synesthetic Colors

In the present study, we used the same localizationist

approach as in previous studies on synesthesia because it

had generated promising results. We, however, refined this
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approach by defining color ROIs individually (Supplementary

Text S3), while all previous studies on synesthesia had used

the same ROI for all synesthetes (defined either after a group

contrast and spatial smoothing or on the basis of retinotopy).

We therefore tested whether or not the neural substrates of

synesthetic colors were localized in the visual cortex. The

interpretation of our negative result is that either synesthetic

colors are localized outside of the visual cortex (we did not

find such evidence, but our experimental design was not optimal

to detect activations outside of the visual cortex; in particular,

increasing the size of the synesthete population may be

necessary to reveal such activations) or that they are distributed,

possibly within the visual color system. This latter is not

necessarily localized: we could wonder indeed, whether it is

more legitimate to restrict color perception to an (possible) end

point of processing or to consider the whole distributed process.

Distributed processing of synesthetic associations would in fact

make more sense, since it may seem odd that a unique specific

region of the visual cortex had specialized to code random

associations between graphemes and colors—these associations

being made by children possibly at a late developmental stage

(Simner et al. 2009). In fact, we did observe in our data some

encouraging signs that distributed coding of synesthetic colors

may be found in the visual cortex: even though graphemes did

not elicit any stronger response than the fixation point in any of

our ROI, we did observe significantly larger beta weights for

graphemes than pseudographemes (Fig. 3). Since this difference

is hidden in noise it is difficult to interpret, but it corresponds to

what we could expect if synesthetic colors were coded in

a sparse fashion within the visual cortex. Such a difference could

also be due to a distributed coding of graphemes rather than

synesthetic colors (Hubbard and colleagues did observe in 2005

a stronger response to graphemes than pseudographemes in

most visual areas of their nonsynesthete controls as well), but we

did also measure significant (though borderline) ‘‘adaptation in

noise’’ for both real and synesthetic colors (see technical report

available at www.cerco.ups-tlse.fr/~hupe/synesthesia_adapta-
tion.html, in particular Fig. 3). A critical test could be to identify

the voxels that exhibit a biased response in favor of graphemes

(compared with pseudo-graphemes), and test in synesthetes

whether these voxels display a biased response toward the

specific color reported by synesthetes for each grapheme. The

question of shared neuronal representations for real and

synesthetic colors could therefore be assessed with voxel-based

pattern classification approaches. Such techniques would have 2

advantages: they do not make any localizationist assumption and

they do not suffer from the ill-posed problem of correcting for

multiple comparisons of signals correlated with an unknown

degree (O’Toole et al. 2007).

Synesthesia and the RSC

Our structural analysis revealed WM increases in the RSC and

the left STS of synesthetes. Since our population groups were

small (10 vs. 25), such observations require to be confirmed on

larger groups before being sure it is related to synesthesia (and

other more subtle structural differences may also be discovered

when testing larger groups). Our discovered locations could,

however, open a different way of thinking about synesthesia.

The increase of WM in the left STS was just significant but it lies

within a typically multimodal region. The increase of WM in the

RSC was bilateral and clearly above chance level on the right

side, so we are more confident that it should be found in other

synesthetes. Interestingly, an increase of BOLD response in the

RSC had been observed (but no correction for multiple

comparisons was applied) by Weiss et al. (2001) in a single

subject who experienced synesthetic colors for personally

familiar names. In the same vein, Nunn et al. (2002) observed

activation for hearing words (compared with tones) in

synesthetes but not in controls in the left posterior cingulate

(Brodmann areas 23 and 31, adjacent and strongly connected to

the RSC; Vann et al. 2009). The possible role of the RSC in

synesthesia was therefore already proposed, for example, by

Ward (2004).

The numerous particularities of the RSC (Brodmann areas 29

and 30; Vann et al. 2009) make it an ideal candidate region to

explain various synesthetic associations. It has functional and

anatomical links with the memory system (hippocampal forma-

tion and parahippocampal region) and is involved in emotion

processing (Maddock 1999). A synesthetic association can be

considered as a memorized (arbitrary and idiosyncratic) associ-

ation loaded with emotional content (the feeling of obviousness).

Also of particular interest, in the monkey, the RSC sends some

connections to area V4 (Kobayashi and Amaral 2007). The RSC

may therefore link visual attributes (color, texture, and shape) to

emotionandmemories.Of relevance for the frequent involvement

of language in synesthesia, Awad et al. (2007) showed with PET

that the RSC was involved in basic speech production and

comprehension, in connection to memory. Additionally, the

implication of the RSC in representing familiar associations and

relating objects to their context (Bar 2004) echoes the hypothesis

that ‘‘personification and individualization of icons,’’ a frequent

type of synesthesia, ‘‘is yielded by an overactivity of neurobiolog-

ical processes generating contexts,’’ in relation, again, to emotion

and memory (Emrich, Neufeld, Sinke, Zedler, and Dillo. UK

SynaesthesiaAssociationAnnualConference, Brighton,UK, 2010).

The RSC is also with the posterior cingulate cortex a main hub of

the default network (Buckner et al. 2008). The default network is

active ‘‘when individuals are engaged in internally focused tasks’’

(Buckner et al. 2008), in particular when they engage semantic

memory (Wirth et al. 2011). The RSC is specifically involvedwhen

shifting ‘‘attention from the external world to internal mentation’’

(Buckner et al. 2008)—a formulation that could well describe the

synesthetic experience, an internal representation triggered by an

external stimulus. We did not observe any default network BOLD

activation by synesthetic colors; however, we did observe

a surprising and significant negative correlation between synes-

thesia-related BOLD activity in the early visual cortex and the

strength of synesthetic associations. Such a negative correlation

could correspond to a stronger disengagement of stimulus

(graphemes) processing for synesthetes with stronger self-

generated associations. Finally, the default network matures

during development (after age 7-9; Fair et al. 2008), which leaves

room for acquisitions of synesthetic associations during de-

velopment (Simneret al. 2009). Functional connectivity networks,

derived from task-free fMRI data, while indicating a similar ‘‘small-

world’’ topology at a global level between 7- and 9-year-old

childrenandyoung adults, revealed several keydifferences in local

organization (Supekar et al. 2009). For instance, children had

a lesserdegreeof functionalhierarchyandadifferent interregional

functional connectivity ‘‘allowing for more flexibility in network

reconfiguration’’ and forming less ‘‘localized and specialized

processing nodes’’ (Supekar et al. 2009), that is, displaying, in

short, less modularity—a concept speaking to synesthesia
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(Baron-Cohen et al. 1993). It would be worth testing whether

adult synesthetes show a level of functional (hierarchical)

organization comparable to children, and (or rather) children

synesthetes have an even lesser degree of hierarchy and

modularity compared with nonsynesthete children.

Network analysis of brain connectivity appears then as

a promising approach to elucidate principles underlying synes-

thesia. A global alterationof structural brainnetwork topologywas

recently reported in young adult grapheme-color synesthetes

compared with nonsynesthetes, based on connectivity matrices

derived from regionwise cortical thickness correlations (Hanggi

et al. 2011). Interestingly, this study shows a lesser extent of global

‘‘small-world’’ network organization and a lower hierarchical

organization in grapheme-color synesthetes, that is, less modular-

ity. If such observationswere confirmed on the basis of functional

connectivity analysis (Bullmore and Sporns 2009), this would

support the hypothesis of looser modularity in the functional

network organization of synesthetes.

In conclusion, on the basis of our results, a modification of

connectivity in synesthetes (that may be of genetic origin;

Barnett et al. 2008; Asher et al. 2009) within the RSC may

explain why synesthetic associations can be so diverse, why

different members of the same family have often different types

of synesthesia (Barnett et al. 2008), and why synesthetes often

possess several types of synesthesia. In addition, if synesthetic

experience relies on connecting regions together, it does not

necessarily involve a stronger BOLD response in any region but

maybe subtle coactivations in distributed regions, not visible, at

least with standard 3-T scanner acquisition, in fMRI BOLD

response. Our observed increase of WM could correspond

either to an increase of connectivity between distant regions or

to a local increase of connectivity between local neuronal

populations that connect to various regions of the brain, since

the RSC is also heavily interconnected locally with the other

parts of the posterior cingulate region (Vann et al. 2009).

Supplementary Material

Supplementary material can be found at: http://www.cercor.

oxfordjournals.org/
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Supplementary  Figure  S1:  Response  time  course  averaged  across  subjects  in 

retinotopic areas for the Mondrian (left) and the Synesthesia (right) protocols. 

 

 

 

Data averaged on both sides (we did not observe any difference) and 10 synesthetes. Error bars 
represent  95%  confidence  intervals.  Timeline:  4s  before  to  12s  after  the  beginning  of  the 
presentation of the stimulus. 
 

 

 

Supplementary Text S1: Definition of Synesthesia 

Many kinds of synesthetic associations exist.  In  the paradigmatic case of colored audition, 

auditory  stimuli  induce  experiences  of  color.  Almost  any  combination  of  senses  can  be 

associated  in this way, although there  is a dominance of visual synesthetic sensations of color 

(Day  2005;  Flournoy  1893).  Our  formal  definition  of  synesthesia  (based  on  phenomenology 

alone)  is  a  condition  in which  a mental  experience, which may  be  perceptual,  emotional  or 

imaginative, is a sufficient automatic cause of an arbitrary, idiosyncratic experience in a sensory 

modality,  which  is  the  same  as  or  different  to  that  the  original  mental  state  may  be  in 

(Macpherson 2007). Examples of types of synesthesia that fulfill this definition include not only 

canonical ones like colored hearing, but, and much more frequent, colored graphemes, number‐

lines  (Galton 1883)  and personifications of numbers  and  letters  (Flournoy 1893).  (It however 

excludes both ‘ticker‐tape synesthesia’, where speech  is experienced as subtitled  in the mind’s 

eye, and mirror–touch ‘synesthesia’ (Blakemore et al. 2005) because in both cases associations 

are  not  arbitrary.  Note  that  some  grapheme‐color  associations  are  found more  often  than 
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predicted  by  chance  ‐  e.g.  (Rich  et  al.  2005;  Simner  et  al.  2005)  ‐  and  are  therefore  not 

completely random; but to rather add color or texture to a grapheme  is arbitrary, and no two 

synesthetes share the exact same code.) These frequent synesthetic associations are not cross‐

modal. However, we  note  that  synesthetes who  do  have  cross‐modal  synesthesia  also  often 

possess such symbolic synesthesia – an empirical argument  in  favor of such a wide definition. 

Synesthetes  often  possess  several  types  of  synesthesia,  and  that  was  the  case  of  our 

synesthetes.  Compared  to metaphorical  or  learned  associations,  synesthetic  associations  are 

considered to possess an additional phenomenological quality. Such qualitative experience also 

differentiates  the direction of  the association: when a  synesthete  reports  that a precise color 

perceived in the environment reminds her or him of a number or a letter that has precisely that 

synesthetic color, such reciprocal association is however usually implicit, even though it may be 

demonstrated with objective methods (Cohen Kadosh and Henik 2006; Rothen et al. 2010).   

Identification of  synesthetic  associations  is based on  first‐person  reports.  Skeptical minds 

not familiar with synesthesia may consider the possibility that such reports may be delusional or 

metaphorical. Formal validation of  synesthetic associations  is usually provided by  the  ‘test of 

genuineness’  (Baron‐Cohen  et  al.  1993),  consisting  in  a  surprise  retest  of  associations. 

Consistency  of  associations  is  systematically  higher  for  synesthetes  compared  to  non‐

synesthetes (Asher et al. 2006; Eagleman et al. 2007). Such validation is in fact a bit superfluous, 

since in our experience it never revealed any ‘fake’ synesthete. The evidence of synesthesia as a 

real  phenomenon  comes  readily  from  the  thousands  of  independent  and  converging  reports 

that  have  been  gathered  over  more  than  two  centuries  (Baron‐Cohen  and  Harrison  1997; 

Cytowic 2002; Dann 1998; Flournoy 1893; Galton 1883; Suarez de Mendoza 1890), since the first 

documented and unambiguous description of synesthesia  in 1812 by G.T.L. Sachs  (Dann 1998; 

Jewanski et al. 2009; Suarez de Mendoza 1890). Galton indeed did not doubt of the ‘authenticity 

of  independent statements  [(first person reports)] which closely confirm one another’, and he 

suggested  that  synesthetes  could be  detected  at  a  glance:  ‘every now  and  then  I meet with 

persons who possess the faculty, and I have become familiar with the quick look of intelligence 

with which they receive my question’ (Galton 1883). Our experience after meeting hundreds of 

synesthetes is very similar to Galton’s. 
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Supplementary Text S2: Detailed phenomenology 

We used questionnaires  to  identify  the  types of  synesthesia experienced by our  subjects. 

For  all  our  synesthetes,  grapheme‐color  was  their main  synesthetic  association,  and  it  was 

strong  enough,  according  to  their  reports,  so  they  could  possibly  belong  to  the  ‘projector’ 

category: most claimed to ‘see’ the color, not just thinking about it or imagining it, when reading 

(achromatic) graphemes. However, most of them were ambiguous about what ‘seeing’ meant in 

this  context. We  tried associator/projector questionnaires and obtained what we  consider as 

contradictory answers for most of them (like the synesthetic color being reported both on the 

page and in the mind’s eye). Extensive semi‐directed interviews did not help clarifying this issue. 

Only one subject would have been unambiguously classified as a projector on the basis of every 

questionnaire and  interview (syn04: she was also the one with the strongest associations). For 

two other subjects, it seemed that they would ‘project’ the colors of only a few graphemes, but 

not  systematically. These  subjects had also among  the  strongest associations, confirming  that 

our  objective  measure  of  synesthetic  strength  captured  somehow  the  associator/projector 

distinction, as proposed by Dixon and colleagues  (Dixon et al. 2004) and Ward and colleagues 

(Ward et al. 2007). 

All  subjects  had  other  synesthetic  associations:  colors  for  the  days  of  the weeks  and/or 

months (8 subjects), personifications of graphemes (8 subjects), colors associated with people or 

their feelings (5 subjects) but not as strong as taking the form of ‘auras’ (or only faintly). Several 

subjects  reported multimodal  associations  like  some  visual  sensation  for  sounds  (4  subjects), 

tasted  words  (1  subject),  or  even  touch  sensations  triggered  by  colors  for  our  color‐blind 

grapheme‐color  synesthete.  He  reported  that  colors  (when  imagined  for  most  of  them, 

supposedly) could trigger a touch sensation. Red would feel like fur, green like soft plastic, blue 

like rubbing, and violet like pressure. This sensation was localized: red on the arms, green on the 

thumbs and palms, blue on the skull and scalp, violet on the face (especially the cheeks), yellow 

within the mouth, under the teeth and against the cheeks. Such synesthesia evokes Nabokov’s 

‘color‐induced pain, a rare form of visual‐tactile synesthesia’ (Dann 1998): ‘the mere sight of [a 

golden satin sofa] caused a  laciniate shiver  to branch  from my spine’  (p.226) (Nabokov 1966). 

Only 3 subjects experienced number lines. For at least one synesthete, graphemes were not only 

colored  but  had  also  clear  textures. Most  subjects  seemed  to  have  relatively  strong mental 

imagery. We unfortunately did not have any objective test, but 8 of them claimed to ‘see’ what 

they  imagine.
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Supplementary Text S3: Color centers 

An area called V4 (or V8, or V4 complex including V4alpha) is often considered as the ‘color 

center’ (reenacting somehow the XIXth century  localizationist  idea that there  is a specific area 

devoted to color perception). Neuropsychological evidence showed  indeed that patients could 

suffer  from a  specific  loss of  color perception. Even  though  the diversity of  lesions  could not 

point to a precise area, lesions consistently encompassed the ventral part of the occipital cortex 

(Bartels and Zeki 2000), where one can also observe stronger BOLD responses to colored stimuli 

compared  to gray ones. Specifically,  the majority of  retinotopic areas produce  stronger BOLD 

responses  to  colored Mondrian  stimuli,  in  comparison  to  gray  stimuli  of  the  same  average 

luminance, but with  the stronger differential activation consistently appearing ventrally, along 

the  fusiform  and  sometimes  collateral  sulci,  usually  overlapping  retinotopically  defined  V4. 

However, there is no guarantee that such regions are specifically  involved in the building up of 

color perception, since a  ‘stronger’ activation  (that  is, practically,  lower p‐values  for a specific 

experimental design)  is difficult to be translated readily  in functional terms. Some studies have 

tried more stringent tests to  localize the neural bases of color perception with fMRI,  including 

paradigms on color constancy (Bartels and Zeki 2000), color after‐images (Hadjikhani et al. 1998; 

Sakai et al. 1995) or orientation‐contingent color aftereffects (Morita et al. 2004). Also Brouwer 

and Heeger  (Brouwer and Heeger 2009) used multivariate pattern classification  techniques  to 

test  the decoding power of voxels  for specific colors  in  the visual cortex. Then  they applied a 

principal  component  analysis  to  derive  color  spaces  from  voxel  covariations  in  the  different 

parts of  the visual cortex. Bartels and Zeki  (Bartels and Zeki 2000)  found  that V4 and V4alpha 

(that they described as a non‐retinotopic area anterior to V4, but which may correspond to later 

retinotopically  defined  VO1) were  specifically  involved  in  color  constancy mechanisms.  Sakai 

and  colleagues  (Sakai  et  al.  1995)  and  Hadjikhani  and  colleagues  (Hadjikhani  et  al.  1998) 

observed  significant  BOLD  signal  related  to  color  after‐images  respectively  in  the  posterior 

fusiform gyrus  (anatomically corresponding  to  ‘V4’) and  in V8  (defined as  the area anterior  to 

retinotopic V4 horizontal meridian); Morita and colleagues  (Morita et al. 2004) observed  that 

the posterior and anterior parts of the left ‘V4’ (called that way but not defined retinotopically) 

color  centers  were  involved  respectively  in  the  induction  of  the  color  after‐effect  and  in 

conscious color perception, while  the  right V4 was modulated by attention  to color. Brouwer 

and Heeger  (Brouwer and Heeger 2009) observed  that color  spaces derived  from  signal  in V4 

and VO1 were  in agreement with  the perceptual color space  in some subjects, while that was 
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never the case for lower order areas (their technique did not allow them to test non retinotopic 

regions,  for example anterior  to VO1). Single neurons  recorded  in monkeys also show precise 

hue tuning in V4 (Zeki 1973), while V1 neurons exhibit only color biases without hue invariance. 

Interestingly, Conway and colleagues (Conway et al. 2007) showed that color‐biased hot spots 

identified by fMRI and distributed within the posterior inferior temporal cortex of monkeys (that 

is small parts – they called them globs ‐ of V4, PITd, and posterior TEO) contained cells showing 

strong  luminance‐invariant  color  tuning.  Moreover,  this  neuronal  population  contained  an 

explicit  representation  of  non‐reducible  'unique'  hues  (red,  green,  yellow,  and  blue) 

corresponding  to color perception  (Stoughton and Conway 2008). Altogether,  these and other 

studies  indicate  therefore  a  broad  anatomical  agreement  between  the  ‘color’  areas  in  and 

anterior to V4 revealed by yet poorly specific protocols contrasting color and gray stimuli (like 

our Mondrian protocol that simply picks up the ‘tip of the iceberg’ of color processing) and areas 

functionally involved in color perception. 

However, we and others (e.g. Brewer and colleagues (Brewer et al. 2005); see also Conway 

and colleagues (Conway et al. 2007) for monkey data) observed some variability  in the precise 

anatomical  (and  even  functional  in  terms  of  retinotopic  properties)  location  and  number  of 

‘color hot  spots’  identified by Mondrian protocols  in  individual  subjects. We observed  in our 

data set that a subject may not have any hot spot in retinotopically defined V4, another subject 

only  in V4, yet another one may have hot spots only on the right side, etc … (of course, a  ‘hot 

spot’  depends  on  the  statistical  power  and  threshold).  Functional  localization  of  the  color 

centers in and anterior to V4 may be correct on average, but it may be more precise and diverse 

at the  individual  level. And are three color centers  found bilaterally (total = 6)  in an  individual 

functionally  equivalent  to  a  single,  unilateral  color  center  observed  in  another?  Some  of  the 

variations  across  individuals may  be  artefactual,  as  the  consequence  of  different  noise  level, 

statistical  power  or  magnetic  field  local  heterogeneities  (Winawer  et  al.  2010).  But  our 

impression is that individual variability is real, and that the neural bases of color perception may 

be both more distributed and variable across subjects than suggested by the concept of one or 

two color centers  in and anterior to V4. It may explain, for example, why Brouwer and Heeger 

(Brouwer and Heeger 2009) could not derive a perceptual color space from signal in V4 and VO1 

in every subject. Maybe  in those subjects hue perception was achieved only  in color hot spots 

anterior to VO1. 
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Hence,  if  one  considers  that  such  ‘tips  of  the  iceberg’  as measured with  fMRI Mondrian 

protocols  are  functionally  important  for  color  perception,  specific  ‘color  Regions Of  Interest’ 

(ROI) should be defined for each subject. We note that all previous studies on synesthesia used 

the same ROI for all synesthetes (defined either after a group contrast and spatial smoothing or 

on the basis of retinotopy). 

 

 

Supplementary Text S4: Detailed Experimental Procedures 

 

Psychophysics experiments: details of the Synesthetic Stroop procedure and data analysis 

We asked  synesthetes  to name as quickly as possible either  the  ‘real’  color  (‘color of  the 

ink’) or the idiosyncratic synesthetic color (the ‘photism’) of individual graphemes. 

 

Stimuli and procedure 

We presented graphemes on a computer screen controlled with a PC running Windows XP 

and a homemade software written in C++ and using the SDL library for precise control of timing. 

Graphemes had a maximum diameter of 1.5 deg; they were presented for 160 ms either 5 deg 

right or left of the central fixation point (7 subjects), or centrally (3 subjects: one of them ran the 

central and  the  lateral  condition  in different blocks). We  tailored  the  tests  to each  individual 

subject.  We  first  selected  8  graphemes  with  easy‐to‐name  colors,  if  possible 

red/green/blue/yellow (2 graphemes for each color), also avoiding first‐letter  interference (for 

example excluding  the  letters  ‘R’ and  ‘B’). Graphemes were presented either with  their exact 

synesthetic color (congruent condition) or with the exact synesthetic color of one of the other 

selected  graphemes  (incongruent  conditions).  Since  color  choice  was  dependent  on  each 

subject,  luminance, contrast and saturation were not the same for different subjects. Absolute 

response  times were  therefore  not  comparable  between  subjects.  The  design was  however 

balanced  so  for  each  subject  the  average  luminance  and  contrast  were  identical  in  the 

congruent and incongruent conditions. 

In a  first block,  subjects were asked  to name  the  (‘real’) printed color as  fast as possible. 

They could correct their response if realizing they were making an error. In a second block and 

after some delay (usually several hours), subjects were asked to name the synesthetic color of 
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the graphemes (which we call the ‘photism’) as fast as possible. Subjects had not been warned 

before  the  first experiment  that  there would be  such a  task  change. Stimuli were exactly  the 

same in the first and second block, but they were presented in a different random order. There 

were either 144 (central presentation) or 288 trials for each block. Half of them had congruent 

colors. The experimenter triggered a stimulus as soon as the verbal response was given for the 

previous  stimulus,  but  sometimes  varying  the  delay  to  avoid  a  rhythmic  presentation  of  the 

stimuli. Every 20 trials, there was a  longer pause, and the experimenter pushed the subject to 

try to respond faster. The goal was to avoid that the subject delayed his/her response to prevent 

errors, since in that case Stroop effects are not visible. 

 

Data analysis 

Responses were continuously  recorded with a microphone connected  to  the computer. A 

photodiode was placed on the bottom of the computer screen, where a black square was turned 

to white  as  long  as  the  grapheme was  presented  on  the  screen.  The  photodiode  signal was 

recorded  simultaneously  on  the  audio  channel.  Both  channels  were  acquired with  Audacity 

software, amplified independently and analyzed offline in Matlab (Mathworks, Inc., Natick, MA). 

An interactive homemade software developed in Matlab allowed us to check the accuracy of the 

responses and measure the exact vocal response time, taken as when the low‐pass filtered voice 

power reached 20% of the max power of each verbal response. Each response time was verified 

and corrected ‘manually’ when necessary (for example if there was a loud enough noise before 

the verbal response – sometimes  just opening the mouth  in anticipation was enough to reach 

the  20%  criterion)  or  when  the  subject  corrected  a  wrong  response  (typically,  subjects 

sometimes started  to name  the wrong color and  then said  the correct color); such  trials were 

considered as ‘correct’ but had typically a  longer  latency. This procedure allowed us to  include 

almost all trials in the latency analysis. The inverse of the response times were analyzed within 

an ANOVA model (we verified that the residuals were approximately normally distributed; that 

was not case without any transformation or with a LOG transformation of RTs). We did not find 

any effect of the stimulus position (left, central or right: for such a study on a larger population, 

see Ruiz, M.  J., & Hupé,  J.‐M.: “Synesthetic colors  in grapheme‐color synesthesia are probably 

not lateralized”. Society for Neuroscience Abstracts, 380.384, 2009).  

We measured the difference of average response time for congruent and incongruent trials, 

for each task, as well as the difference of average response time for both tasks in the congruent 
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condition. We reasoned that for a weak synesthetic association, naming the printed color should 

be fast and only slightly delayed by incongruent synesthetic colors, while naming the synesthetic 

color should be slower and strongly delayed by incongruent printed colors. The opposite pattern 

of results  is expected for strong synesthetic associations. We did  indeed observe such patterns 

of  response  that  were  stable  in  individual  subjects  (a  couple  of  subjects  ran  the  same 

experiment again after a year delay),  confirming  the group analyses performed by Dixon and 

colleagues  (Dixon et al. 2004) and Ward and  colleagues  (Ward et al. 2007). We derived  from 

these measures a unique  index, based on effect  sizes measured on 1/RT, as described  in  the 

main text. 

  

MR data acquisition and preprocessing 

We acquired high‐resolution  structural  images on a Bruker 3T Medspec S300 whole body 

scanner using a T1‐weighted 3D MP‐RAGE sequence, which was optimized based on Deichmann 

and colleagues (Deichmann et al. 2000). For each subject we acquired 176 sagittal partitions in 

two  segments  with  an  image matrix  of  256x112  (read  x  phase).  Further  imaging  sequence 

parameters  were:  TR/TE/TI:  16/4.96/903  ms,  excitation  pulse  angle:  8°,  acquisition  matrix: 

256x224x176  (CC,  AP,  LR),  fast  phase  encoding  direction:  AP  (112  steps  per  RAGE  train,  2 

segments),  slow  phase  encoding  direction:  LR,  isotropic  nominal  resolution:  1mm,  BW= 

130Hz/Px,  readout direction: CC, number of averages: 1 and  total measurement  time: 14min 

40s. The data for the control group were originally acquired for a functional study investigating 

primary motor cortex representation (Pizzagali, F., Dojat, M., Troprès‐Broux, I. & Delon‐Martin, 

C.  Human  representation  in  human  M1  revealed  using  3T  high  resolution  fMRI  and 

diffeomorphic registration. In: Human Brain Mapping conference, 2010, Barcelona, Spain). 

We acquired functional data during retinotopic, color and grapheme stimulus presentations 

using  a  2D,  gradient‐recalled  echo  (GRE), multi‐slice,  EPI MR  sequence  (TR/TE:  2000/30 ms, 

excitation pulse angle: 77°, acquisition matrix: 72x64  (AP,  LR),  isotropic nominal  resolution: 3 

mm, 30 adjacent contiguous slices, thickness 3 mm). Because assigning functional responses to a 

surface model of the cortex is particularly sensitive to geometric distortions of the 3D functional 

data  due  to  static  field  inhomogeneity  (Vasseur  et  al.  2010), we  corrected  all  the  functional 

images  for  the geometric distortions and  realigned  them with  respect  to  the  first one of  the 

series.  We  performed  the  conjoint  field  correction  and  realignment  procedure  with  SPM8 

Unwarp  toolbox    (http://www.fil.ion.ucl.ac.uk/spm). Then, we aligned all EPI data  sets  to  the 
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structural data set using the SPM8 rigid body coregistration procedure. We used the algorithms 

BET  (http://www.fmrib.ox.ac.uk/fsl/bet2/index.html)  (Smith  2002)  to  extract  the  brain  and 

LOCUS  (Scherrer  et  al.  2009)  to  segment  the  gray  matter  from  the  white  matter.  Further 

processing steps were performed  in parallel  in BALC (Warnking et al. 2002) and Brain Voyager 

QX 2.1 (BV). We used the retinotopic maps and statistics obtained in BV for all Region of Interest 

analyses and time course exportation. Group analyses were performed using DARTEL, SPM8 and 

SnPM (see below). 

We created  flat maps of the whole cortex  in Brain Voyager using the default pipeline, but 

skipping BV tissue segmentation since that was already done. Manual editing of the gray/white 

matter border was often  required  (most often  to  remove holes  in  the  frontal  regions, around 

the  anterior  commissure,  that  violated  the  algorithm  assumption  of  a  single  gray  matter 

surface). We also paid much attention to the segmentation in the ventral cortex around area V4. 

We noted  that  small ventral circumvolutions were often  lost by BV  smoothing process of  the 

gray/white matter border. We used functional activations by colors for each subject in order to 

help  identifying  these  critical  regions,  and  we  tried  to  expand  the  gray  matter  of  these 

circumvolutions so they will be kept on the gray matter surface. We were only partly successful, 

so we  could  not  guarantee  that  color  functional  activations  observed  in  the  volume  would 

systematically project on the flat map. Therefore, we used flat maps only to define retinotopic 

areas. These areas were back projected  in the volume  in order to  identify the  location of color 

activations relative to retinotopic areas (in particular V4). 

 

Retinotopic mapping 

Stimuli and procedure 

We created the visual stimuli  in Matlab and controlled their display during the experiment 

with  a PC  running Windows XP  and  a homemade  software written  in C++  and using  the  SDL 

library for precise control of timing. Image presentation was synchronized to pulses sent by the 

scanner at the beginning of each TR.  Stimuli were back‐projected using a video‐projector (Epson 

7250M,  Epson  Inc.,  Long  Beach,  CA)  on  a  translucent  screen  positioned  at  the  rear  of  the 

magnet. Subjects viewed  this screen via a mirror  fixed on  the head coil. Viewing distance was 

222  cm. We performed  the  spectral  and  luminance  calibrations of  the display with  a PR‐650 

SpectraScan Colorimeter (Photoresearch). 
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We acquired  four retinotopic functional scans, one for each of the directions of motion of 

rings  (for mapping  of  eccentricity  in  the  visual  field)  and wedges  (for mapping  of  the  polar 

angle). Stimulus parameters were the same as described by Warnking and colleagues (Warnking 

et al. 2002): black and white checkerboards flickering at 4 Hz, 32s cycle period, 3 deg maximum 

eccentricity. Stimulus presentation started concomitantly with dummy MR excitations about 10 

s prior to effective MR data acquisition so as to enable immediate response detection.  

In order to help fixation (which was monitored continuously), subjects had to press a button 

each  time  the very  small  (just visible)  fixation cross at  the center of  the display would briefly 

either change of color (from black to green and back to black) or shape (form + to x and back to 

+). However we asked subjects to try to span their spatial attention on the whole stimulus, as 

much as they could. 

 

Data analysis 

Once the preprocessing steps were achieved  in SPM8, the EPI  images were exported to BV 

software  (thanks  to Denis Fize at CerCo, who helped us with  the  tricky exportation procedure 

into BV non conventional 3D space). We first applied in BV a low trend removal and a high pass 

temporal  filter  (2/cycle)  to each  scan. Then we averaged  (using Matlab)  the  two wedges and 

rings  recordings,  one  of  them  being  read  backwards  before  averaging.  This  procedure  is 

convenient to obtain sinusoidally modulated signals within retinotopic areas. Moreover,  it gets 

rid of any variation of the hemodynamic lag across voxels (Warnking et al. 2002). Back in BV, we 

computed  correlation  analyses with  a  sinusoidal  function with  16  lags  to  obtain  power  and 

phase maps for both the eccentricity and the polar mapping. Phase maps were thresholded at a 

correlation of 0.2 and projected on the cortical  flat maps. Then we drew by hand the borders 

between visual areas (identified as phase reversals) on the polar phase maps, with simultaneous 

visualization  of  the  eccentricity  map  to  insure  that  the  borders  ran  perpendicularly  to  the 

eccentricity gradient. For every subject and hemisphere, we observed a half‐field representation 

both  ventrally  and  dorsally  after  the  third  phase  reversal.  This  easy  landmark  helped  us  to 

identify areas V4 in the ventral cortex and V3a in the dorsal cortex in every subject. Dorsally and 

next to V3, other retinotopic areas (V3b, LO1, LO2) could have been identified in several but not 

all  subjects  unambiguously.  Similarly,  we  observed  areas  VO1  and  VO2  ventrally  in  a  few 

subjects. 
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Mapping of color centers (Mondrian protocol) 

Stimuli and procedure 

We created the stimuli in Matlab and controlled their display during the experiment with a 

PC running Windows XP and a homemade software written in C++ and using the SDL library for 

precise control of timing. Mondrian stimuli were presented centrally and extended 8 * 6 degrees 

(see  Figure 2  in  the main  text). The  rectangular  field was divided  in 23  rectangles of  various 

sizes. The rectangles were either assigned random chromaticities at equiluminance  (chromatic 

event, each rectangle had the same  luminance) or random  luminance  (achromatic event). The 

only constraint on  the choice of chromaticities and  luminances  for each set  is  for  the average 

luminance of each stimulus (400 cd/m2) to be equal to the background. Such stimuli are similar 

to those used in most color and synesthetic color fMRI studies (Conway et al. 2007; Hadjikhani 

et  al.  1998; Hubbard  et  al.  2005; Nunn  et  al.  2002).  The  protocol was  event  related, with  a 

random sequence of an equal number (24) of colored, achromatic patterns and fixation points 

(‘Null’  condition). We  designed  the  event  sequence  so  as  to  optimize  the  efficiencies  of  the 

estimation both of  the main and of  the differential effects  (Friston et al. 1999).  Images were 

presented  for  1s  every  2.5s.  Two  (3  subjects),  four  (6  subjects)  or  even  six  (1  subject,  in  2 

sessions over a year) runs each lasted 3.30min (starting with 10s dummy recording and then 10s 

fixation point, and ending with 10s fixation point). We asked subjects to fixate the cross at the 

center  of  the  image  all  the  time  while  paying  attention  to  the  whole  stimulus.  To  help 

controlling  attention  level,  they had  to press  a button  each  time  another  cross  (the  ‘target’) 

appeared briefly at a random position on the stimulus. They were 9 targets within each run, 3 

appearing randomly for each condition (fixation point, gray, color), that is 1 out of 8 images. 

 

Data analysis 

We performed the statistical analysis  in BV once the preprocessing steps were achieved  in 

SPM8. For each subject, we used a conjunction contrast: we considered voxels as active if they 

responded more to both colored and achromatic Mondrian compared to the fixation point, and 

more to colored than achromatic Mondrians. We added a predictor based on eye blinks (blink 

events convolved with a canonical hemodynamic function) as a non‐interest factor (see below: 

eye tracking). For each subject, we first set the threshold at the 0.05 FDR level (False Discovery 

Rate), which value ranged between t = 3.37 and t = 5.21 (average t = 4.31). At least one cluster 

of  voxels  in  the  ventral  cortex  reached  that  threshold  in  6  out  of  our  10  subjects, within  or 
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anterior  to  retinotopically defined V4  (‘V4topo’). Then we  increased  the  threshold  in order  to 

capture  a  larger  number  of  color  ‘hot  spots’ within  the  ventral  cortex,  in  or  anterior  to  V4 

(threshold values  ranged between  t = 2 and  t = 3.9, average  t = 3.18). Other  ‘hot spots’ were 

sometimes present at these lower thresholds in V1, V2 or V3, in the dorsal visual cortex as well 

as (rarely) outside of the visual cortex. Their locations were never even approximately consistent 

across  subjects.  We  ignored  these  regions,  since  we  were  interested  specifically  in  the 

specialized  color  regions  of  the  ventral  cortex.  We  verified  that  the  average  response  to 

chromatic Mondrians was well above the average response to achromatic Mondrian in each ROI 

(average  t  =  4.59,  range  [2.76  6.34]).  Each  subject  had  between  1  and  7  ROIs.  Each  ROI 

comprised between 3 and 330 voxels (72 voxels on average). For most subjects, ROIs  lay  in V4 

and/or putative VO1/VO2. In 2 subjects, a cluster appeared more laterally to V4/VO1 (Brewer et 

al. 2005), and  in 2 other subjects there was a cluster much more anterior, on the right side,  in 

one case in the anterior collateral sulcus and in the other in the sub‐hippocampal region. 

The peri‐stimulus  time histogram  (PSTH)  in Figure 2  (top  right) of  the main  text  illustrates 

the strength of the average response to colors  in all the ROIs. Such a PSTH was constructed by 

first extracting  the  time course  for each run averaged within each ROI,  for each subject. Time 

course was converted to z‐score, cut around each event, and the average signal during  the 4s 

before  stimulus  (‘baseline’)  was  subtracted  (such  a  normalization  was  in  fact  of  little  use 

because  all  events  were  well  balanced;  the  curves  were  similar  when  not  removing  the 

baseline). Event frequency was much faster than the time course of the hemodynamic response, 

but the optimized and balanced pseudo‐random sequence of the 3 events  (colored Mondrian, 

gray one or  fixation point)  guaranteed  little  contamination between  events  (a deconvolution 

analysis would have been more  rigorous but was not necessary  for our  illustration purpose). 

Signal decrease for the fixation point is due to z‐score normalization. For the Mondrian protocol, 

we obtained 9465 traces this way, which we analyzed  in Statistica 8, allowing us to  factor out 

subject  variability. We also  regrouped  the ROIs as belonging  to V4topo or anterior  to  it, and 

either on the left or right side (only 8 subjects could be included in these analyses). Time courses 

to all conditions were very similar in these grouped ROIs. 

We also performed a group analysis after registering each brain to the average brain of our 

population  (DARTEL  software,  see  ‘Voxel‐based morphometry’  in  the main  text). The analysis 

with either SPM8 or SnPM  (Non‐parametric Statistic Mapping)  revealed no active voxel when 

controlling strictly for multiple comparisons (Family Wise Error = 0.05), confirming the individual 
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variability  of  the  individual  locations  of  the  color  hot  spots.  Relaxing  the  statistic  threshold 

revealed a first cluster around V4topo on the right side (MNI X = 23 Y = ‐78 Z = ‐9) and then a 

second cluster around V4topo on the left side (MNI X = ‐26 Y = ‐81 Z = ‐9), confirming the many 

studies  that  showed  such an average activation when  sufficient data are pooled with enough 

spatial smoothing. But we note that such an average activation does not mean that there  is a 

single ‘color’ center, or that it lies specifically within V4topo or anterior to it. 

 

Grapheme response in individual subjects (Synesthesia protocol) 

We  performed  the  same  analyses  as  for  the  Mondrian  stimuli,  looking  for  voxels  that 

responded more to graphemes than pseudo‐graphemes. We found in half of our subjects (5 out 

of 10) one (or two  in one of them, for a total of 6 clusters across 10 subjects) cluster of voxels 

that each  reached both  the 0.05 FDR  level and a non‐corrected 0.001  threshold  (conjunction 

contrast as for the Mondrian protocol). Four of these clusters were  in the frontal cortex  (3 on 

the  left, one medial),  the other  two  in  the  left parietal cortex. The anatomical  locations were 

even not consistent across subjects, and none of these areas responded more to colored than 

gray Mondrian  stimuli  (at  a  non‐corrected  p  =  0.05,  performed  within  each  ROI). We  also 

identified  a  total  of  20 ROIs  that  responded more  to  graphemes  at  the  non‐corrected  0.001 

threshold  (t=3.34)  and 13 more  at 0.01  (t=2.60; we used  such  a high  threshold  in 4  subjects 

because  no  voxel was  active  at  0.001). Only  two  of  these  ROIs  responded more  to  colored 

Mondrian, but another one responded more to gray ones. Importantly, there was no anatomical 

consistency across subjects, and most of the ROIs were not located in the visual cortex (14 ROIs 

in frontal cortex, 4  in parietal cortex; most on the  left side). Only 3 subjects had a unilateral (2 

on the left side) ROI in the ventral part of the temporal cortex, more or less anterior to VO2 (so 

in a  location  loosely compatible with a  region  involved  in grapheme processing  (Joseph et al. 

2006)). Again,  there was no  response  to colored Mondrians. Altogether, we did not have any 

strong evidence that any region responded more to graphemes than pseudo‐graphemes. Those 

that did  (at  a high  statistical  threshold, but more data may have  shown  that  the differences 

were real) seemed in any case not involved in color perception. 

Our  lack of  identification of any  ‘grapheme area’ may come as a surprise for the reader of 

Hubbard and colleagues (Hubbard et al. 2005).  In fact, the relevant  literature  is far from being 

clear‐cut on  that  issue. First of all,  since we are not even convinced  that  ‘color perception’  is 

both strongly and precisely localized in the visual cortex (Text S3), we should be surprised if the 
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coding of individual graphemes, an exquisite expertise developed by our brains but without any 

genetic modification  (Dehaene  et  al. 2005), were  localized.  Indeed,  it does not  appear  to be 

strictly  localized in the visual cortex when contrasting letters with pseudo letters (Longcamp et 

al.  2003).  For  example  Vinckier  and  colleagues  (Vinckier  et  al.  2007)  observed  that  only  the 

processing of strings of  letters might be  localized  in  the ventral cortex  (in a  ‘visual word  form 

area’, VWFA). Hubbard and colleagues (Hubbard et al. 2005) had identified their grapheme area 

anterior and adjacent  to V4. They did  that by excluding  retinotopic areas  from  their  localizer 

analysis, but their figures showed that  in fact most visual areas responded more to graphemes 

than false fonts – an argument against precise localization. Moreover, anterior and adjacent to 

V4  lies VO1, an area still much  involved  in color processing  (Brewer et al. 2005; Brouwer and 

Heeger  2009),  and  a  close  inspection  of  the  supplemental  data  of  Hubbard  and  colleagues 

(Hubbard  et  al.  2005)  reveals  that  the  average  time  course  of  the  BOLD  response  in  their 

‘grapheme area’ was very similar for pseudo‐graphemes and letters, and only slightly larger for 

numbers. In fact,  if there  is any  localization for graphemes,  it should  lie much more anteriorly, 

since anterior to the VWFA (Joseph et al. 2006). 

 

Eye tracking 

We monitored the position of the left eye over the course of all the experiments with an ASL 

EyeTracker 6000. At  the beginning of  the  scanning  sessions,  subjects had  to  fixate  red points 

displayed on a 9 points grid  for off‐line calibration. We analyzed and  inspected visually all the 

traces  at  a  resolution  of  10s  /  screen width,  using  interactive  software  developed  in Matlab 

(Hupé et al. 2009). We devoted much attention  to  identify blinks  faithfully, using pupil size as 

well  as  vertical  position  and  speed  information.  In  every  subject, we  observed  blink  related 

activation  in  the  visual  cortex  whatever  the  protocol.  Peak  activations  were  located  in  the 

anterior part of the calcarine sulcus and along the parieto‐occipital sulcus (Bordier, C., Dojat, M., 

& Hupé, J.‐M.: “BOLD activation in the visual cortex for spontaneous blinks during visual tasks”. 

Journal of Vision 2010 10(7): 902  [abstract]). We observed very  few  saccades and  systematic 

deviations from the fixation point, but the relatively poor signal quality prevented us to use eye 

position and saccades as regressors for functional analyses. 
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