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Grapheme–color synesthetes experience consistent, automatic and idiosyncratic colors associated with specific
letters and numbers. Frequently, these specific associations exhibit achromatic synesthetic qualities (e.g. white,
black or gray). In this study, we have investigated for the first time the neural basis of achromatic synesthesias,
their relationship to chromatic synesthesias and the achromatic congruency effect in order to understand not
only synesthetic color but also other components of the synesthetic experience. To achieve this aim, functional
magnetic resonance imaging experiments were performed in a group of associator grapheme–color synesthetes
and matched controls who were stimulated with real chromatic and achromatic stimuli (Mondrians), and with
letters and numbers that elicited different types of grapheme–color synesthesias (i.e. chromatic and achromatic
inducerswhich elicited chromatic but also achromatic synesthesias, as well as congruent and incongruent ones).
The information derived from the analysis of Mondrians and chromatic/achromatic synesthesias suggests that
real and synesthetic colors/achromaticity do not fully share neural mechanisms. The whole-brain analysis of
BOLD signals in response to the complete set of synesthetic inducers revealed that the functional peculiarities
of the synesthetic brain are distributed, and reflect different components of the synesthetic experience: a percep-
tual component, an (attentional) feature binding component, and an emotional component. Additionally, the
inclusion of achromatic experiences has provided new evidence in favor of the emotional binding theory, a
line of interpretation which constitutes a bridge between grapheme–color synesthesia and other developmental
modalities of the phenomenon.

© 2014 Elsevier Inc. All rights reserved.
Introduction

Synesthesia is a neural phenomenon in which sensory and/or con-
ceptual stimuli elicit unusual perceptions. Grapheme–color synesthesia
has been described as a phenomenon inwhich achromatic (white, black
or gray) letters and/or numbers elicit the perception of colors (Dixon
et al., 2004; Erskine et al., 2012; Hupé et al., 2011; Kim et al., 2006;
Marks, 2011; Rich et al., 2006), i.e. achromatic graphemes (achromatic
inducers) elicit synesthetic experiences of color (chromatic concurrents).
Nevertheless, chromatic graphemes (e.g. labels, electric signs) also act
Questionnaire; ANOVA, analy-
late gyrus; MFG, middle frontal
ind.
ogía, Universidad Complutense
adrid 28223, Spain.
like inducers and grapheme–color synesthetes self reports usually in-
clude one or more achromatic concurrents (e.g. X is black). Research
on the prevalence of specific associations between graphemes and
colors reports a generalized tendency to perceive some letters andnum-
bers as non-hued: 78% of 172 grapheme–color synesthetes saw the let-
ter I as achromatic and 75% the letter O as achromatic (Day, 2005); 56%
of synesthetes experienced white for the letter O and 60% sawwhite for
the number 1 while 20% saw it black (Rich et al., 2005; Simner et al.,
2006). This tendency seems to appear in non-synesthetes as well, who
chose black, gray and white for the letters X, Z and I, and white for the
number 1 (Rich et al., 2005).

Given the high prevalence of color synesthesias (relative frequency
of color concurrents = 87%: Hochel and Milán, 2008), functional mag-
netic resonance imaging (fMRI) studies on grapheme–color synesthesia
have usually stimulated participants with achromatic graphemes that
elicited color (Hubbard et al., 2005;Hupé et al., 2011) and, to our knowl-
edge, only one study included graphemes that elicited achromatic
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Fig. 1. Examples of stimuli. A: color Mondrians; B: grayscale luminance-matched
Mondrians; C: chromatic alphanumeric stimuli in their congruent and incongruent ver-
sions; D: achromatic alphanumeric stimuli in their congruent and incongruent versions.
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synesthesias (Sperling et al., 2006). Additionally, the congruency and
incongruency effects, which are the result of the match or mismatch
between the physical nature of a stimulus and the synesthetic photism
associated with it, have been investigated (Niccolai et al., 2012a; van
Leeuwen et al., 2010; Weiss et al., 2005), but achromatic incongruency
was not included. The results from research centered in color concur-
rents suggested that color areas (the V4 complex: Bartels and Zeki,
2000; V8: Hadjikhani et al., 1998; V4v: Sereno et al., 1995) could be at
the root of grapheme–color synesthesia, probably due to the implication
of higher order regions, such as the parietal cortex, which could bind
color and form (Hubbard et al., 2011). Nonetheless, functional and ana-
tomical evidence to this respect is not conclusive (see Hupé et al., 2011)
and the nature of synesthetic color is still uncertain.

In recent years, the link between real and synesthetic colors has been
studied fromdifferent perspectives. Experiments on brightness contrast
and chromatic adaptation suggest that early visual mechanisms do not
contribute to synesthetic color experiences (Hong and Blake, 2008). In
2010, a repetition suppression paradigm was applied in order to test
the ability of synesthetic color to suppress BOLD effects for real color
(van Leeuwen et al., 2010). The absence of the suppression effects led
to the conclusion that the two types of colors do not fully share neural
mechanisms. More recently, a behavioral experiment revealed that syn-
esthetic colors are not affected by the mechanisms of color constancy
(Erskine et al., 2012).

In this study, we investigated the neural basis of achromatic syn-
esthesias and their link to chromatic ones, including the congruency
effect. To achieve this aim, BOLD signals weremeasuredwhile partic-
ipants performed a real color task (i.e. Mondrians task) and a synes-
thetic color task consisting of a varied set of synesthetic inducers.
These included chromatic and achromatic inducers that induce con-
gruent synesthesias (real color/achromaticity matches the perceived
synesthetic photism for each synesthete) and incongruent synesthe-
sias (real color/achromaticity mismatches the perceived synesthetic
photism for each synesthete), but also chromatic inducers that induce
achromatic experiences (e.g. a real red letter O, which induces the
synesthetic color white) and vice versa (e.g. a real gray letter A, which
induces the synesthetic color red). This varied set of stimuli and a
whole-brain analysis allowed us to investigate the neural basis of
grapheme–color synesthesia considering, for the first time, all the
different types of inducer–concurrent associations. This approach aimed
to understand other essential aspects of the synesthetic experience
(e.g. the emotional component) whose neural basis could lie outside
color areas.

Additionally, given that one of the main debates about the neural
basis of grapheme–color synesthesia revolves around the implication
of the color centers, the differences between chromatic and achromatic
synesthesias were investigated. Color areas show greater activation
when participants are stimulatedwith chromatic stimuli (i.e. chromatic
Mondrians) in contrast to achromatic ones, when luminance remains
constant (Bartels and Zeki, 2000). Following this reasoning, if the color
areas should participate in grapheme–color synesthesia, their activation
would be less prominentwhen stimuli that elicit achromatic concurrents
appear. This hypothesis was tested in order to understand if chromatic
and achromatic synesthesias behave like real chromatic and achromatic
stimuli. Finally, the neural basis of the congruency effect was analyzed
including the neural responses to congruent and incongruent achro-
matic inducers.

Material and methods

Participants

Ten synesthetes and ten controls matched by age (synesthetes'
mean age = 25.1 ± 5.46; controls' mean age = 26.4 ± 6.16), sex
(synesthetes: 7 women and 3 man; controls: 7 women and 3 men),
handedness (self-reported hand preference: right hand) and education
(self-reported education level: higher education) participated in this
study. All participants completed the Synesthesia Battery grapheme–
color task (Eagleman et al., 2007). Every synesthete scored below 1
and every control participant scored well above 2. Only those subjects
who affirmed that they never experienced any of the synesthesias
described in the battery were selected for the control group. The Illus-
trated Synesthetic Experience Questionnaire (ISEQ) (Skelton et al.,
2007) classified all synesthetes as associators (Dixon et al., 2004). The
participants had no history of neurological, neurophysiological nor psy-
chiatric illness and none of them reported drug abuse. They all had nor-
mal or corrected-to-normal visual acuity. Subjects were informed of the
purpose of the investigation before the experimental session and signed
a consent form according to the Declaration of Helsinki.

fMRI stimuli

fMRI data were recorded in a single session, in which participants
performed two different tasks. Stimuli for each task were designed
using Adobe Photoshop 8.0 software and presented in different series,
as described below.

In the first series (second series for half of the subjects and their
matched controls), participants viewed chromatic and grayscale
luminance-matched Mondrians (Figs. 1A and B) similar to those used in
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previous synesthesia research (Nunn et al., 2002; Rich et al., 2006;
Sperling et al., 2006). In the present study, this task was administered
in order to investigate intergroup differences in color processing,
given the behavioral evidence about enhanced color sensitivity in
synesthetes (Banissy et al., 2009). To create the total set of Mondrians,
four models were drawn using colored squares and rectangles in red,
green, blue or yellow (RGB values: a) red: 255, 0, 0, b) green: 0, 255,
0, c) blue: 0, 0, 255 and d) yellow: 255, 255, 0). These four original
models were rotated to create 16 color models that were subsequently
transformed to grayscale to obtain their achromatic versions (32 stimuli
in total = 16 chromatic Mondrians and 16 achromatic Mondrians).
Mondrians were presented to participants in an AB boxcar design
(blocks of each type = 9; stimuli per block = 16; block duration =
24.4 s; stimuli duration = 1000 ms; interstimuli interval (ISI) = 450/
500/550/600ms; total run time=7min and 19.2 s). A gray interstimuli
screen (RGB values: 128, 128, 128) was used to avoid motion cues at
transitions to new spatial patterns.

In the second series, synesthetes and their matched controls viewed
alphanumeric stimuli (Figs. 1C and D) that elicited different grapheme–
color synesthetic experiences (chromatic/achromatic, congruent/
incongruent) in order to investigate the neural network that underlies
grapheme–color synesthesia. The alphanumeric stimuli were designed
specifically for each synesthete (and matched control) and divided
into six experimental conditions that differ in: a) real chromaticity
and b) nature of the synesthetic photism associated with each letter/
number (Table 1 shows the defining characteristics of each condition
and examples of each one). Congruent stimuli (experimental conditions
1 and 5) were designed using the color chosen for each grapheme by
each synesthete in the Synesthesia Battery (Eagleman et al., 2007). For
this purpose, only the 8 alphanumeric stimuli with the highest consis-
tency value in the results (the Synesthesia Battery) of each synesthete
were chosen, in order to maximize the congruency effect. The stimuli
were chosen taking into account the color they elicited, so that the syn-
esthetic colors that each synesthete would experience during the task
were as varied as possible (e.g. red, green, blue, yellow…). Given that
the number of alphanumeric stimuli which elicited achromatic synes-
thesias was small, only 4 achromatic stimuli were selected. Neverthe-
less, they appeared twice in the proper experimental condition in
order to guarantee that every block included the same number of
stimuli. Inverse colored versions of the congruent-color graphemes
and the congruent-achromatic graphemeswere created for experimen-
tal conditions 2 and 6. The inverse color transformation was aimed at
maximizing the incongruency effect, given that real color produces
the highest interference in behavioral tasks when it is opponent to
synesthetic color (Nikolic et al., 2007). Achromatic versions of the
congruent-color graphemes were created for experimental condition
3. Graphemes that elicited achromatic synesthesiaswere also presented
in the four colors that were used to create theMondrians (experimental
condition 4). Whereas inverse-color or inverse-achromatic stimuli
were considered incongruent, color stimuli that elicited achromatic
Table 1
Characteristics of the stimuli presented in each condition of the alphanumeric task, regardin
associated with each letter/number (achromatic and chromatic), and the congruency be
alphanumeric stimuli in each experimental condition.

Condition Real appearance Synesthetic photism 
Chromaticity Chromaticity

Achromatic Chromatic Achromatic Chrom
01
02
03
04
05
06
synesthesias and conversely achromatic stimuli that elicited colors
were considered undefined in regard to congruency.

Alphanumeric stimuli were presented in a block design (blocks of
each type = 5; stimuli per block = 16; block duration = 25 s; stimuli
duration = 1000 ms; interstimuli interval (ISI) = 450/525/600/
675 ms; total run time = 14 min and 34.8 s). In each stimulus, a 200-
point letter or number appeared over a middle gray background (RGB
values: 128, 128, 128). Middle gray was chosen for the background as
it provided enough contrast for all the stimuli presented, both chromatic
and achromatic (i.e. black,white, red…). In the alphanumeric part of the
study subjectswere instructed to press a button on a device held in their
right handwhenever a number appeared, and a button in their left hand
whenever a letter appeared (half of the synesthetes and their matched
controls did it conversely to control for handedness effects). This
task had a twofold aim: first of all, it was designed to help maintain
the level of attention necessary to elicit a synesthetic experience
(Mattingley et al., 2006); secondly, this specific taskwas chosenbecause
its nature exhibits a superordinate level (Gauthier et al., 2010) (i.e. stim-
uli reach categorization stages: letter vs. number) and thus, it resembles
everyday experience of perceiving letters and numbers, i.e. the context
in which synesthesia usually occurs.

fMRI study

The fMRI data were acquired on a 3.0 T Signa HDx MR scanner (GE
Healthcare, Waukesha, WI, USA) with an eight-channel head coil (GE
Coils, Cleveland, OH). Head motion was minimized with a vacuum-
pack systemmolded to fit each subject. The SuperLab 4.0 software pack-
age (Cedrus Corporation, www.cedrus.com) was used for stimuli pre-
sentation. Stimuli were presented to participants in two different
series through optic-fiber-based glasses (MRVision 2000 ultra, Reso-
nance Technology, Inc., Northridge, USA) connected to the stimulation
computer. Responses to the second series were registered with Lumina
LP400 response pads for fMRI.

Functional images were obtained using a T2* weighted echo-planar
imaging (EPI) sequence (echo time = 34 ms; flip angle = 90°; matrix
size = 128 × 128; field of view = 24 × 24 cm; repetition time = 3 s).
Thirty-nine contiguous axial slices (3 mm thickness) covering the
whole brain were acquired. A total of 165 scans in theMondrians series
and 325 scans in the alphanumeric serieswere recorded for each partic-
ipant in a single session, with the first five volumes of each series subse-
quently discarded to allow for T1 equilibration effects. The data were
analyzed using a general linear model in SPM8 (Statistical Parametric
Mapping, Wellcome Department of Imaging Neuroscience, London;
www.fil.ion.ucl.ac.uk/spm) implemented in MATLAB 7 (Mathworks,
Inc.). Individual scanswere i) spatially realigned and unwarped to com-
pensate for head-movement; ii) corrected for differences in slice acqui-
sition time (number of slices=39, TR=3 s); iii) spatially normalized to
the EPI template supplied with SPM8, based upon the Montreal Neuro-
logical Institute (MNI) reference brain (Evans et al., 1993) and iv)
g real chromaticity (achromatic and chromatic), the nature of the synesthetic photism
tween them (congruent, incongruent and neutral). Last column shows examples of

Stimuli-photism congruency
Examples

atic Congruent Incongruent Undefined
0
0
2
0
2
2

http://www.cedrus.com
http://www.fil.ion.ucl.ac.uk/spm


419H. Melero et al. / NeuroImage 98 (2014) 416–424
spatially smoothed to reduce noise and to compensate for anatomical
inter-subject variability (Gaussian filter of 8 mm FWHM), using stan-
dard SPM methods.

Population inference was done in a two-stage procedure. In the first
stage, a subject-specific analysis was carried out where the BOLD
response for each voxel and experimental condition was modeled by a
boxcar waveform convolved with a canonical hemodynamic response
function plus temporal and dispersion derivatives. Statistical parametric
maps of the t-statistic (SPMt) were generated for each subject and
experimental condition, and the contrast images were stored. In the
second stage, a 2 × 2 (Group × Mondrians) ANOVAwas used to analyze
data from task 1. Post hoc contrasts (t-statistic maps within the ANOVA
model; pFWE b 0.05) were carried out in order to specify which of the
two levels of each factor accounted for the effects detected by the F
contrasts. Data from task 2 were analyzed using t-tests (pFWE b 0.05),
aiming at identifying the regions of the brain that contribute to synes-
thesia. Two sample t-tests were used to compare groups (synesthetes
and controls) and one sample t-tests were used for intragroup analyses.
Additionally, the regions of activation common to both tasks (inclusive
mask analysis) were investigated. Anatomical identification was per-
formed via XjView 8 (http://www.alivelearn.net/xjview8/). In addition,
the neuroanatomy atlases by Haines (2011) and Nolte and Angevine
(2007) were consulted.
Results

Task 1: Mondrians

ANOVA was performed in order to test the differential sensitivity of
color areas to real chromatic and achromatic stimuli in our sample. This
Table 2
Fmri activations for the synesthetic task (whole-brain; synesthetes N controls; pFWE b 0.0
www.alivelearn.net/xjview8/), brain hemisphere (left or right), cluster size in voxels, MN I coo

Region Hemisphere Cluster si

Occipital
Calcarine sulcus L 26
Cuneus BA19 L 29

Temporal
Inferior temporal gyrus BA37 L 242
Lingual gyrus R 44
Superior temporal gyrus L 30

Parietal
Inferior/superior parietal lobe L 1896
Superior parietal lobe R 9
Supramarginal gyrus R 136
Precuneus BA7 L 301

R 15
Frontal

Supplementary motor area L 372
R 12

Anterior cingulate gyrus BA24 R 18
Middle frontal gyrus BA9 R 339

R 146
L 91

Precentral gyrus BA6 R 84
L 20

Dorsolateral prefrontal cortex BA46 R 21
Orbitofrontal cortex BA10 L 8

R 5
Insula

Insula/ inferior frontal gyrus BA 47 R 15
Insula BA13 L 14

Cerebellum
Anterior cerebellum R 117

L 2
Posterior cerebellum R 27

L 9
analysis (Factor 1 = Group; two levels = controls and synesthetes;
Factor 2 = Mondrians; two levels: chromatic and achromatic) resulted
in a significant main effect of Mondrians (F1,36 = 30,83, pFWE b 0.05). A
post-hoc t-test (pFWE b 0.05) revealed differential activity (chromatic
Mondrians N achromatic Mondrians) in the bilateral fusiform gyrus
(right local maxima at x = 46; y = −32; z = 36; t = 7.53; left local
maxima at x = −32; y = −54; z = −20; t = 9.27). ANOVA yielded
no significant main effect of the factor Group and no interaction. There-
fore, we assume that real chromaticity and real achromaticity per se do
not elicit significantly different activations in the synesthetic brain.
Task 2: Alphanumeric stimuli

In order to investigate the neural basis of grapheme–color synesthe-
sia, brain activation was analyzed including all the experimental condi-
tions of the alphanumeric task (Table 1). This analysis maximized the
amount of data available and guaranteed that the functional model
derived from the data could account for grapheme–color synesthesia
as it occurs in everyday life (i.e. including all types of inducer–concurrent
associations: chromatic and achromatic, congruent and incongruent
ones). The synesthetic brain exhibited a distributed pattern of differen-
tial activation (whole-brain; synesthetes N controls; pFWE b 0.05 at the
cluster level) in several regions of the brain (Table 2 and Fig. 2). The
greatest clusters (N200 vx) appeared in the parietal lobe, the supple-
mentary motor area, the middle frontal gyrus and the inferior temporal
cortex. These results were compared with the clusters found in the
bilateral fusiform gyrus in response to chromatic Mondrians in
our sample. The t-map obtained in the Mondrians analysis (chromatic
Mondrians N achromatic Mondrians contrast) was used to create a
mask image that was applied to the analysis of the second task (inclusive
5 at the cluster level). In columns: Region (derived from XjView 8 software: http://
rdinates, t value and p value (corrected for multiple comparisons).

ze (vx) MNI coordinates x y z t value p value
(corrected)

−4 − 94 − 10 5.32 0.012
−16 − 88 26 5.09 0.011

−58 − 54 − 14 6.59 b0.001
−18 − 82 − 12 6.06 0.007
−52 − 4 − 2 5.35 0.010

−42 − 36 34 7.67 b0.001
32 − 66 64 5.38 0.025
68 − 32 22 7.44 0.001
−22 − 72 42 6.68 b0.001
10 − 64 50 5.08 0.019

−12 − 4 64 7.78 b0.001
8 24 48 4.90 0.021
10 − 2 48 5.36 0.016
46 32 38 6.82 b0.001
38 56 2 6.19 0.001
−46 24 34 5.66 0.002
12 − 22 72 5.91 0.002
−56 − 8 40 4.99 0.015
42 46 16 5.01 0.014
−36 56 0 5.02 0.026
28 50 − 6 4.87 0.031

32 20 − 4 4.96 0.019
−56 − 38 20 4.85 0.019

36 − 60 − 32 5.95 0.001
−32 − 42 − 28 4.70 0.039
24 − 76 − 28 5.21 0.012
−38 − 72 − 30 4.82 0.026

http://www.alivelearn.net/xjview8/
http://www.alivelearn.net/xjview8/
http://www.alivelearn.net/xjview8/


Fig. 2. Areas of the synesthetic brain which participate in grapheme–color synesthesia (whole-brain; synesthetes N controls; pFWE b 0.05 at the cluster level). First row: anterior and
posterior views; second row: right and left views; third row: inferior and superior views.
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mask analysis) in SPM (pFWE b 0.05). This analysis revealed no overlap-
ping of results.

Real and synesthetic relations between chromatic and achromatic stimuli

Intra- and intergroup analyses were performed in order to test the
functional differences between chromatic and achromatic synesthesias.
Intragroup analysis (one sample t-test; synesthetes: achromatic stimuli
inducing colors N achromatic stimuli inducing congruent achromatic
synesthesias: whole brain analysis; pFWE b 0.05 at the cluster level)
and intergroup analysis (two sample t-test; synesthetes N controls:
achromatic stimuli inducing colors N achromatic stimuli inducing con-
gruent achromatic synesthesias; whole brain analysis; pFWE b 0.05 at
the cluster level) revealed no significant differences.

Synesthetic incongruency

Inter- and intragroup comparisons of incongruency (whole-brain
analysis; congruent stimuli (experimental condition 1 + experi-
mental condition 5) N incongruent stimuli (experimental condition
2+ experimental condition 6) and vice versa; pFWE b 0.05 at the cluster
level) did not reveal any significant clusters.

Discussion

Grapheme–color synesthesia is a complex phenomenon that
exhibits a neuroanatomical and functional basis. The anatomical in-
vestigation of the phenomenon has provided evidence of distributed
structural peculiarities, both at the cortical and subcortical levels
(Hänggi et al., 2011; Hupé et al., 2011; Jäncke et al., 2009; Melero
et al., 2013; Rouw and Scholte, 2007, 2010; Weiss and Fink, 2009).
Functional experiments opened a debate on the role of color areas and
binding systems, which helped define explanatory neurocognitive
models. At this point, the functional analysis of other grapheme–color
experiences (i.e. achromatic synesthesias) has provided new insight
into the role of color areas and the nature of synesthetic color. Real
color processing exhibits the same neural mechanisms in synesthetes
and controlswhereas synesthetic color recruits a differential distributed
networkwhich includes neural components related to different dimen-
sions of the synesthetic experience. This analysis has reinforced the idea
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that real color and synesthetic color do not fully share neural mecha-
nisms and that more extensive networks underlie the dynamics of the
synesthetic brain.

Real chromatic and achromatic perceptions

The analysis of BOLD signals in response to real color stimuli
(i.e. color Mondrians) revealed the expected pattern of activation in
the bilateral fusiform gyrus of our participants, consistently with the
literature about color vision (Bartels and Zeki, 2000; Hadjikhani et al.,
1998; Sereno et al., 1995) and the results obtained in the Mondrians
task in synesthesia research (Gray et al., 2006; Nunn et al., 2002; Rich
et al., 2006). It is noteworthy that, in the present data, the cluster in
the left is more significant. Left lateralization in this same task was
found in alien-color-effect (ACE) synesthetes (Gray et al., 2006) and in
non-synesthetic populations which exhibit bilateral activation of fusi-
form and lingual gyrus, but more prominently on the left side (Gray
et al., 2006; Lueck et al., 1989; Zeki et al., 1991). Nonetheless, caution
must be taken when interpreting lateralized results, given that the
inverse tendency has also been described. For example, there exists
empirical evidence of right lateralization in tasks of color perception
in non-synesthetic populations, especiallywhen the stimuli are primary
colors (i.e. red, green, blue and yellow) (Njemanze et al., 1992; Trkanjec
and Demarin, 2007). Likewise, grapheme–color synesthetes (Rich et al.,
2006), colored-hearing synesthetes (Nunn et al., 2002) and non-ACE
synesthetes (Gray et al., 2006) exhibited right lateralization in the
Mondrians task.

Given that grapheme–color synesthesia research has focused on
achromatic graphemes that elicited color (Hubbard et al., 2005; Hupé
et al., 2011), we considered it important to investigate if real
achromaticity elicited a differential response in the synesthetic brain,
i.e. if the achromatic nature of graphemes elicited differential activation
in the absence of symbolic (graphemic) content. ANOVA (task 1)
revealed that chromatic and achromatic stimuli do not elicit differ-
ential activation in the synesthetic brain per se, failing to provide
functional evidence for the enhanced color sensitivity of synesthetes
reported in behavioral studies (Banissy et al., 2009). Additionally,
these data do not support the existence of a bidirectional experience
(e.g. achromatic stimuli-grapheme), an idea that agrees with the dif-
ferent qualitative nature of real and synesthetic colors and with the
subjective reports of our participants about the unidirectionality of
their synesthesia.

The synesthetic network

The inclusion of different grapheme–color modalities in the func-
tional analysis of the synesthetic brain has provided significant data in
a wide variety of areas. Consequently, the patterns of activation related
to synesthesia seem distributed rather than confined to specific sensory
areas. These data are consistent with previous functional (Sinke et al.,
2012) and anatomical data (Hänggi et al., 2011) and also with the idea
that different cognitive functions configure the unified synesthetic
experience. These functions include: sensory processes, (attentional)
feature binding processes and cognitive control processes (Dovern
et al., 2012; Rouw et al., 2011).

Sensory processes
In the case of grapheme–color synesthesia, both the inducer and the

concurrent belong to the visual domain, so activation specific to sensory
processes is expected in visual areas. Both striate and extrastriate areas
showed differential activation in our sample. The calcarine sulcus has
shown anatomical variations (Hänggi et al., 2008; Jäncke et al., 2009)
and differential activation in projector synesthetes (Rouw and Scholte,
2010) previously. In the present study, only associatorswere investi-
gated, and thus this activation cannot be attributed to the projected
nature of the synesthetic concurrents (bound to an object –grapheme
– in external space: Rouw and Scholte, 2010). Recent empirical
evidence confirms the role of V1 in color processing and defies the
modular view, pointing out the inextricable link between color and
form in visual cortical processing (Shapley and Hawken, 2011). In line
with this approach, unusual activations in the calcarine sulcus may be
related to synesthetic binding itself, independently of its spatial location
(i.e. even if the binding of color and form occurs in the mind's eye).
Additionally, this activation may be interpreted as the result of the
influence that the whole network exerts on the visual process itself
(i.e. homomodal – visual to visual – synesthesia). This is coherent with
EEG data, which suggested that early cognitive processes distinguish
cross-modal synesthetic perceptions from acquired associations
(Niccolai et al., 2012a).

The implication of V4 in synesthesia has been discussed recently on
the basis of essential methodological suggestions (Hupé et al., 2011).
These suggestions include the recommendation of the use of correction
for multiple comparisons. In the present study, despite the small size of
the sample (N = 20), fusiform differential activations in synesthetes
overcome correction for multiple comparisons (pFWE b 0.05 at the clus-
ter level). It is important to stress that inclusive mask analysis revealed
no overlapping between the inferior temporal clusters reported in the
synesthetic task and those that showed specific color activations in
theMondrians task. This constitutes additional evidence that the neural
mechanisms that underlie real and synesthetic colors are not identical
(Hupé et al., 2011; van Leeuwen et al., 2010). In order to differentiate
the purely sensory components of the phenomenon (e.g. line orienta-
tion processing and/or real ink color processing) from the complex
experience of synesthetic concurrents, hereinafter we will use the term
perceptual process to describe this component.

(Attentional) feature binding processes
There is consistent functional and anatomical evidence on the impli-

cation of the parietal lobe in grapheme–color synesthesia and its role in
hyperbinding (Rouw et al., 2011). Likewise, in the present data, the left
superior parietal lobe is one of the differentially activated areas during
the synesthetic task. Interestingly, the inferior parietal lobe (BA7) has
shown differential activation and increased functional connectivity
(between the parietal and primary visual cortices) in grapheme–color
synesthetes (Sinke et al., 2012). Additionally, the supramarginal gyrus
has been described as part of the lateral parietal network which differ-
entiated synesthetes and controls (Dovern et al., 2012). These results
reinforce the idea that, in grapheme–color synesthesia, perceptual pro-
cesses are linked to higher order networks that contribute to the quali-
tative experience of color/achromaticity. The parietal clusters reported
here may be part of one of these networks, reflecting the attentional
component that, according to behavioral (Mattingley et al., 2006) and
neuroimaging studies (Sinke et al., 2012), is crucial in the eliciting of
synesthetic concurrents.

Cognitive control processes
Differential activity in the frontal and parietal cortices of synesthetes

has been interpreted as a component of cognitive control (Rouw et al.,
2011; Specht and Laeng, 2011), which reflects the conflict between
physically evoked and synesthetic color. Nonetheless, recent empirical
evidence does not allow establishing a relation between executive func-
tions and synesthesia (Rouw et al., 2013), which suggests that the find-
ings which were interpreted from this perspective may be reflecting
other components of the synesthetic experience, or alternatively,
other cognitive domains not directly related to synesthesia. This is the
case of the anterior cingulate gyrus (ACG), which was said to mediate
conflict monitoring (Specht and Laeng, 2011), but whose role in synes-
thesia has been reinterpreted recently from the perspective of the emo-
tional binding theory (Melero et al., 2013). Likewise, insula activations
were considered relevant to the conversion process of a given external
stimulus to a different internal stimulus (Paulesu et al., 1995) and to
audiovisual integration (Niccolai et al., 2012b). In the light of anatomical
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(Jäncke et al., 2009; Melero et al., 2013) and functional data (Niccolai
et al., 2012b; Specht and Laeng, 2011; Sperling et al., 2006), several
authors have emphasized its relation to the emotional quality of syn-
esthetic experiences (Melero et al., 2013; Rouw et al., 2011). Other
clusters reported here may contribute to this emotional component.
This is the case of the orbitofrontal cortexwhich is functionally connect-
ed to the insula (Cavada et al., 2000) and the amygdala (Barbas, 2007)
and which plays a role in the mediation of hedonic experience
(Kringelbach, 2005). Interestingly, not only the orbitofrontal cortex,
but also the cingulate and insular cortices have been described as
hedonic hotspots (Kringelbach and Berridge, 2010).

The authors of the hypothesis of the three processes (i.e. sensory,
binding and cognitive control) described the emotional component as
a feature of the sensory processes (e.g. insula activation reflecting
emotional quality, instead of gustatory experiences of a given inducer)
which reflects “the richness of the synesthetic experience” (Rouw
et al., 2011). In the light of previous research (Calkins, 1895; Callejas
et al., 2007; Cytowic, 1989; Cytowic and Eagleman, 2009; Hupé et al.,
2011; Melero et al., 2013; Perry and Henik, 2013; Ramachandran and
Hubbard, 2001; Ward, 2004) and the data presented here, we suggest
that the emotional component is relevant enough to reconsider it as
an inherent process of the synesthetic experience. This emotional
component is understood here from the perspective of radical embodi-
ment, that is, as the inherent affective tonality which contributes to the
development of cognition and conscious experiences (Rudrauf et al.,
2003).

Whereas the contribution of some of the reported clusters can be
attributed to oneof the three components of the synesthetic experience,
other results are more difficult to interpret. This is the case of the
supplementary motor area (SMA), which has shown a differential acti-
vation not only in our synesthetic task but also in previous research
(Gray et al., 2006; Rouw and Scholte, 2010). Other authors have
explained its activation in terms of the need of ACE synesthetes to inhib-
it automatic responses in Stroop tasks (Gray et al., 2006). Following the
emotional binding theory (Melero et al., 2013) we can hypothesize
about its role in the synesthetic experience. A recent study investigating
the differential neural basis of the affective and cognitive theory ofmind
(ToM) found that the SMA belongs to a functional network that helps
differentiate both processes (Bodden et al., 2013). Given the role of
the SMA in the process of recognizing the feelings of another person
(Bodden et al., 2013), its contribution to the emotional component of
grapheme–color synesthesia is not implausible. Moreover, the involve-
ment of the fusiform gyrus, the superior temporal sulcus and the
precuneus in the affective ToM opens a new road for interpretation of
the canonical regions of interest described in empirical studies and
explanatory models of synesthesia. This line of interpretation consti-
tutes a bridge between grapheme–color synesthesia and other modali-
ties of the phenomenonwhose neural basis has been explained in terms
of heightened emphatic ability (e.g. mirror touch synesthesia: Banissy
and Ward, 2007).
Achromatic and chromatic synesthesias

In order to understand the role of the color centers in grapheme–
color synesthesia, we looked for areas of the brain whose activation
could help differentiate chromatic and achromatic synesthesias. As
observed from the results of the Mondrians task, fusiform areas show
enhanced bilateral activity in response to chromatic Mondrians in com-
parison to achromaticMondrians. Therefore, if these areas participate in
synesthesias as they do in real color perception onemay expect them to
be more active when inducers that elicit color (in contrast to those
which elicit achromatic synesthesias) appear. Nonetheless, in the
present synesthetic sample, no differences are observed when partici-
pants visualize achromatic stimuli that elicit color photisms in contrast
to those that elicit achromatic experiences. This suggests that the neural
mechanisms that help differentiate chromatic and achromatic percep-
tions are not shared by real and synesthetic chromaticity.

Thus, regarding the contribution of V4 to grapheme–color synesthe-
sia in our sample of associator synesthetes, the inferior temporal cortex
seems to contribute to the experience but not in the way it does for real
color perception. This can explainwhy synesthetic and real colors can be
perceived simultaneously without beingmixed andwhy they belong, in
some cases, to different “spaces” (i.e. external space vs. mind's eye)
(Dixon et al., 2004). This evidence is also coherent with works that
reported that synesthetic color signals are not impacted by the process-
es responsible for perceptual constancy (Erskine et al., 2012) and those
which discarded the contribution of early visual mechanisms to synes-
thesia (Hong and Blake, 2008). Again, the different qualitative nature
of real chromatic and achromatic stimuli donot support bidirectionality,
as the complex experience of color/achromaticity linked to any given
graphemic inducer is not present in the external world to act as an (im-
plicit/explicit) inducer. As mentioned above, this could explain why
synesthetes do not usually report conscious bidirectional experiences.

The congruency effect

In previous fMRI research, the dorsolateral prefrontal cortex
showed an unusual activation in grapheme–color synesthetes who
experienced incongruent stimuli (Weiss et al., 2005). In our sample,
the incongruency effect (incongruent stimuli N congruent stimuli) did
not reveal significant results. This may be due to the fact that our
analysis compares incongruent vs. congruent stimuli, instead of
incongruent vs. undefined (i.e. light gray stimuli which elicited
color synesthesias: Weiss et al., 2005). To our knowledge, there is no
empirical evidence of the neutrality of the color stimuli that elicit achro-
matic synesthesias and/or the achromatic stimuli that elicit colors.With
this in mind, describing the neural correlates of incongruency on that
basis (i.e. incongruent N undefined) may be misleading.

It is important to note that recent behavioral studies have observed
the Stroop effect in non-synestheteswho learned grapheme–color asso-
ciations (Colizoli et al., 2012; Meier and Rothen, 2009), an effect which
prompted studies of the neural basis of the congruency effect (Weiss
et al., 2005). Therefore, caution must be taken when considering the
congruency effect as an intrinsic characteristic of the synesthetic experi-
ence. Additionally, this effect is idiosyncratic of the grapheme–color mo-
dality, i.e. only in homomodal synesthesias a concurrent-like attribute can
be attached to the inducer creating an artificial incongruency between
them. Thus, the investigation of the congruency effect allows restricted
inference about the neural basis of other modalities of synesthesia.

In the present study, only associator synesthetes were investigated.
Projector synesthetes may show a different pattern of activation in
response to inducerswhich elicit achromatic synesthesias. Nonetheless,
given the higher prevalence of associators among synesthetes (Niccolai
et al., 2012c) these results largely contribute to the understanding of the
neural mechanisms of the phenomenon. These data fit not only with
previous anatomical and functional evidence, but also with phenome-
nological reports. For example, the absence of functional alterations in
response to incongruency is coherent with the existence of an emo-
tional component that does not interfere with the everyday experi-
ence of reading for grapheme–color synesthetes. Nonetheless, this
empirical evidence is not sufficient to establish a relation between
emotion and synesthesia. Direct measures of the neural basis of the
emotional quality of synesthetic experiences are still needed to fully
understand the unified conscious experience of synesthesia.

Conclusions

The analysis of brain activation in response to real chromatic/
achromatic stimuli has revealed no differences between synesthetes
and controls and has failed to provide proof for bidirectionality. This to-
gether with the differences found in the neural mechanisms which
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underlie real and synesthetic perceptions of chromaticity and
achromaticity, constitutes additional evidence about the different
qualitative nature of real and synesthetic colors. The inclusion, for
the first time, of achromatic inducers and concurrents in the fMRI
investigation of the phenomenon has provided new data about the
neural basis of synesthesia. The functional peculiarities of the synes-
thetic brain are distributed, reflecting different components of the
synesthetic experience: a perceptual component, an (attentional)
feature binding component and an emotional component. These
three components are interrelated, and help explain the richness of
synesthetic chromatic/achromatic experiences in response to gra-
phemic inducers. Additionally, the inclusion of achromatic experi-
ences has provided new evidence in favor of the emotional binding
theory, a line of interpretation which constitutes a bridge between
grapheme–color synesthesia and other developmental modalities
of the phenomenon.
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