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a b s t r a c t

Grapheme-color synesthetes perceive color when reading letters or digits. We investigated oscillatory
brain signals of synesthetes vs. controls using magnetoencephalography. Brain oscillations specifically in
the alpha band (∼10 Hz) have two interesting features: alpha has been linked to inhibitory processes and
can act as a marker for attention. The possible role of reduced inhibition as an underlying cause of
synesthesia, as well as the precise role of attention in synesthesia is widely discussed.

To assess alpha power effects due to synesthesia, synesthetes as well as matched controls viewed
synesthesia-inducing graphemes, colored control graphemes, and non-colored control graphemes while
brain activity was recorded. Subjects had to report a color change at the end of each trial which allowed
us to assess the strength of synesthesia in each synesthete.

Since color (synesthetic or real) might allocate attention we also included an attentional cue in our
paradigm which could direct covert attention. In controls the attentional cue always caused a
lateralization of alpha power with a contralateral decrease and ipsilateral alpha increase over occipital
sensors. In synesthetes, however, the influence of the cue was overruled by color: independent of the
attentional cue, alpha power decreased contralateral to the color (synesthetic or real). This indicates that
in synesthetes color guides attention. This was confirmed by reaction time effects due to color, i.e. faster
RTs for the color side independent of the cue. Finally, the stronger the observed color dependent alpha
lateralization, the stronger was the manifestation of synesthesia as measured by congruency effects of
synesthetic colors on RTs.

Behavioral and imaging results indicate that color induces a location-specific, automatic shift of
attention towards color in synesthetes but not in controls. We hypothesize that this mechanism can
facilitate coupling of grapheme and color during the development of synesthesia.

& 2013 Elsevier Ltd. All rights reserved.
1. Introduction

In people with grapheme–color synesthesia, the percept of a
specific letter or digit causes the additional experience of color, e.g.
the letter J might elicit the color orange. The color percept is
automatic, involuntary, and idiosyncratic (stable over time) (e.g.
Baron-Cohen, Wyke, & Binnie, 1987; Wollen & Ruggiero, 1983).
ll rights reserved.
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In grapheme–color synesthetes, brain activity to achromatic gra-
phemes is enhanced in visual color area V4 (Hubbard, Arman,
Ramachandran, & Boynton, 2005; Sperling, Prvulovic, Linden,
Singer, & Stirn, 2006; van Leeuwen, Petersson, & Hagoort, 2010)
and in superior parietal cortex (Esterman, Verstynen, Ivry, &
Robertson, 2006; Weiss, Zilles, & Fink, 2005). In superior parietal
cortex, information from different modalities is integrated
(Corbetta, Shulman, Miezin, & Petersen, 1995; Robertson, 2003).
Aberrant cross-activation of color area V4 to grapheme and/or
parietal areas is proposed to underlie synesthetic color experience.

At least two possible mechanisms of cross-activation have been
discussed. The cross-wiring hypothesis proposes that increased
anatomical connections between the grapheme area and color
area in ventral-occipital cortex might lead to an aberrant cross-
activation between these brain areas (Brang, Hubbard, Coulson,
Huang, & Ramachandran, 2010; Ramachandran & Hubbard, 2001a,
2001b; Rouw & Scholte, 2007). Alternatively, the disinhibition
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model (Grossenbacher & Lovelace, 2001) proposes functional
changes in inhibition as a mechanism of synesthesia: after the
combination of information in higher-order areas such as parietal
lobe, feedback signals to lower sensory areas are disinhibited,
leading to aberrant activation of color area V4. Evidence exists for
both mechanisms. E.g. diffusion tensor imaging and voxel-based
morphometry analyses have revealed anatomical differences in
the synesthetes’ brains, supporting the cross-wiring theory
(Jäncke, Beeli, Eulig, & Hanggi, 2009; Rouw & Scholte, 2007;
Rouw & Scholte, 2010; Weiss & Fink, 2009). However, synesthesia
can be induced in non-synesthetes by training, posthypnotic
suggestion or the application of drugs (Aghajanian & Marek,
1999; Cohen Kadosh, Henik, Catena, Walsh, & Fuentes, 2009;
Hartman & Hollister, 1963; Meier & Rothen, 2009), suggesting that
no abnormal anatomical connections are required to elicit
synesthesia. Also, synesthetic experiences often resemble normal
cross-modal associations (Bien, ten Oever, Goebel, & Sack, 2012;
Cohen Kadosh, Henik, & Walsh, 2007; Sagiv, Simner, Collins,
Butterworth, & Ward, 2006; Ward, Huckstep, & Tsakanikos,
2006), supporting the view that existing connections are func-
tionally altered. In this paper, we address the question whether
altered inhibitory processes may underlie synesthesia, using
oscillatory activity in the brain as a marker for inhibition.

A second unsolved question is the role of attention in synesthetic
percept. There is an ongoing discussionwhether overt attention to the
grapheme is necessary to elicit synesthesia or not. Behavioral studies
have shown that synesthetic color can increase the efficiency of visual
search tasks (Carriere, Eaton, Reynolds, Dixon, & Smilek, 2009;
Palmeri, Blake, Marois, Flanery, & Whetsell, 2002; Ramachandran &
Hubbard, 2001a; Smilek, Dixon, & Merikle, 2003; Ward, Jonas, Dienes,
& Seth, 2010), but this result has not been replicated in all cases
(Edquist, Rich, Brinkman, & Mattingley, 2006; Rothen & Meier, 2009).
Full attention does not seem to be necessary to elicit synesthesia (Rich
& Mattingley, 2003), however, true (pre-attentional) pop-out effects
have not been reported. In the current study, we investigate the
physiological underpinnings of attentional processes in synesthesia,
aiming to see whether synesthesia requires full attention or not.

Brain oscillations specifically in the alpha band (∼10 Hz) as
described by Berger (Berger, 1929) have two interesting features
which might help to answer our questions: alpha power can act as
a marker for attention and additionally has been linked to inhibitory
processes. Alpha power is strongly modulated by attention showing a
decrease in alpha power in areas that process the attended input and a
power increase in areas that process distracting input (task-irrelevant
areas). This has been observed in visual, auditory and somatosensory
domains (Foxe, Simpson, & Ahlfors, 1998; Fu et al., 2001; Haegens,
Osipova, Oostenveld, & Jensen, 2010; Jensen, Gelfand, Kounios, &
Lisman, 2002; Jokisch & Jensen, 2007; Kelly, Lalor, Reilly, & Foxe,
2006; Rihs, Michel, & Thut, 2007; Van Dijk, Nieuwenhuis, & Jensen,
2010; Worden, Foxe, Wang, & Simpson, 2000; Yamagishi et al., 2003).
Additionally, within one attentional state, alpha power is negatively
correlated with perception. Low prestimulus alpha activity in visual
areas is associated with good perceptual performance and fast
reaction times to visual detection tasks, and vice versa (Ergenoglu
et al., 2004; Hanslmayr et al., 2007; Thut, Nietzel, Brandt, & Pascual-
Leone, 2006; Van Dijk, Schoffelen, Oostenveld, & Jensen, 2008; Zhang,
Wang, Bressler, Chen, & Ding, 2008). Such increases and decreases in
alpha power seem actively controlled in order to follow the demands
of the task at hand (Haegens, Handel, & Jensen, 2011; Händel,
Haarmeier, & Jensen, 2011). The fact that a task is solved better if
alpha oscillations are high in task irrelevant areas but low in task
relevant areas leads to the belief that alpha reflects active inhibition of
task-irrelevant regions and active disinhibition of task-relevant areas
(Klimesch, Sauseng, & Hanslmayr, 2007).

The disinhibition theory of synesthesia predicts that in
synesthetes, alpha power would be decreased, reflecting reduced
inhibition. Importantly, this decrease in alpha power should occur
specifically for synesthesia-inducing stimuli. Besides testing this
clear prediction, we further investigated the role of attention in
synesthesia. Alpha lateralization can indicate the attentional
allocation providing a tool to investigate attention during synes-
thetic color percept.

We measured the oscillatory brain activity of synesthetes and
matched controls with magnetoencephalography (MEG). An atten-
tional cueing task to assess attentional processes was combined
with a color decision task (synesthetic Stroop task, Wollen &
Ruggiero, 1983) to assess behavioral effects of synesthesia and
attention. Using alpha power as an indicator of inhibitory activity,
we investigated whether synesthetes show any decreases in alpha
power specifically for synesthesia-inducing stimuli. We further
assessed whether there were any global or color-related differ-
ences in inhibitory processes for synesthetes compared to con-
trols. Additionally, we investigated the attentional allocation
during percept of non-colored, colored, and synesthesia-inducing
graphemes.
2. Methods

2.1. Participants

Eleven grapheme-color synesthetes (9 female, mean age 27 years (SD¼3.8
years), 2 left-handed) and 11 controls matched on age, handedness and educational
level (8 female, mean age 25 years (SD¼4.1 years), 2 left-handed) participated in
the study. The mean ages of the two groups did not differ (t(10)¼1.687, n.s.).
Developmental synesthesia was established by means of an extensive question-
naire on the synesthetes’ experiences similar to the procedure in van Leeuwen,
Petersson, & Hagoort (2010). In the questionnaire synesthetes reported the color
and intensity of their synesthesia for the 26 letters of the alphabet and digits 0–9.
A surprise re-test on the 36 graphemes took place at least 2 months after the initial
study (mean 5.572.5 months) and yielded an average consistency score of 89%
(SD¼8%), verifying genuine synesthesia (Baron-Cohen et al., 1987). Synesthetes
differ in the way synesthetic color is perceived: ‘projector’ synesthetes experience
color externally co-localized with a presented grapheme, whereas ‘associators’
report an internally evoked association of the color. Because individual differences
can affect experimental outcomes (Dixon, Smilek, & Merikle, 2004; Rouw & Scholte,
2007; Rouw & Scholte, 2010) nine specific questions on the location and shape of
the synesthetic colors were used to characterize the synesthetes as projectors
(N¼10) or associators (N¼1) (Rouw & Scholte, 2007; van Leeuwen, den Ouden, &
Hagoort, 2011). Projector–associator scores ranged from �4 to 8 on a scale from �8
(associator) to 8 (projector), see van Leeuwen et al. (2011) for more details about
this measure. Three out of ten projector synesthetes were classified as ‘mental
screen projectors’ for whom the colors appear on a mental screen rather than in the
exact location of the graphemes. Please note that these synesthetes have previously
been classified as associators in some studies (e.g. Ward, Li, Salih, & Sagiv, 2007)
and as projectors in others (van Leeuwen et al., 2011, 2010).

Controls completed a pre-screening questionnaire to assess their medical
history and handedness and were asked to associate a color with the 26 letters
of the alphabet and digits 0–9. Unannounced re-testing of the color associations
(after 2.572 months on average) yielded an average consistency score of 34%
(SD¼16%), which was significantly lower than the synesthetes’ score; t(20)¼
10.125, po .001.

All participants had normal or corrected to normal vision, reported no color
blindness and were easily able to discriminate the experimental colors. None
reported a neurological or psychiatric disease. The study was performed in
accordance with the Declaration of Helsinki and approved by the regional ethics
committee for research on humans. Written informed consent was obtained from
all participants prior to scanning.
2.2. Experimental design

The design of the study is summarized in Fig. 1. Trials consisted of two
graphemes (letters and/or digits) presented left and right of a fixation cross. One of
the graphemes was always displayed in dark gray and elicited no synesthesia for
the synesthetes; these stimuli functioned as control stimuli and will be referred to
as non-colored stimuli. The other grapheme could either be non-colored (N; i.e.,
presented in dark gray), physically colored but not eliciting synesthesia (C), or non-
colored eliciting synesthesia (S; in synesthetes only). The stimulus conditions are
referred to as ‘non-color, ‘color’, and ‘synesthesia’ conditions, respectively. Please



Fig. 1. Experimental design. Three main conditions were included in the experiment: the non-color (N) condition, the color (C) condition, and the synesthesia (S) condition.
In each condition, the trials started with a 800 ms fixation period. Next, a display with two graphemes and a leftward or rightward cue was presented; the cue indicated the
direction of covert attention during the 1.0 s attention period that followed the cue (on 10% of trials, the attention period lasted 0.8 s). In the non-color condition, both
graphemes (N) were displayed in gray; in the color condition, one of the graphemes was physically colored (C, in one of 3 possible colors). In the non-color condition and
color condition no grapheme elicited synesthesia. In the synesthesia condition, one of the graphemes elicited synesthesia (S, eliciting one of 3 possible colors) for the
synesthetes (but was displayed in gray). Please note that colored stimuli (C) and synesthesia inducing stimuli (S) could be presented either on the left or on the right of the
fixation cross; in the figure, only the left location is shown for clarity. Throughout the experiment, only three different colors were used; colored graphemes appeared in one
of these three colors, and synesthesia inducing stimuli elicited also one of these three colors (for synesthetes). After the attention period, one of the two graphemes changed
color and the participants had to report which color (of 3 possibilities) the grapheme had changed into by means of a button press (3 buttons; one for each color). The color
that the grapheme changed into at the end of the trial could either be the same (congruent) or different (incongruent) from the (real or synesthetic) color that was already
present in the display (only for color and synesthesia conditions). The reaction times of the congruent and incongruent trials were used to assess the level of interference due
to synesthetic color in the synesthesia condition. The cue would validly predict the side of the color change in 70% of the trials. We used the reaction times of the color
change task to assess the attentional allocation during the attention period.
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note that for control participants, the ‘synesthesia’ condition was equivalent to the
‘non-color’ condition, as all graphemes were displayed in dark gray.

In Fig. 1, the time course of the trials is depicted. Each trial beganwith a fixation
period of 800 ms where only the fixation cross was present. After 800 ms, both
graphemes and a directional cue (characters ‘o ’ or ‘4 ’ indicating left or right,
respectively) appeared. The cue was up for 200 ms and then was replaced by the
fixation cross. The graphemes remained unchanged on the screen for either 1 s
(90% of trials) or 800 ms (in 10% of trials). During this ‘attention period’, only the
two graphemes and the fixation cross were present. Participants had to keep their
gaze on the fixation cross and direct their covert attention to either the left or the
right grapheme as previously cued. After the ‘attention period’ had finished the
color of one of the graphemes changed into one of three possible colors (see
Section 2.3 Stimuli and presentation settings) and participants had to report the
physical color of the changed grapheme. Participants indicated the color by means
of a button press (one button assigned to each of the three colors). The attentional
cue was validly predicting the side at which the color change would happen in 70%
of the trials and was invalid in 30% of trials; however, participants always had to
respond. This allowed us to study the allocation of attention.

For synesthetes, the color decision task at the end of the trial could be used to
assess behavioral effects of color interference due to synesthesia (Stroop, 1935)
Specifically, in the synesthesia condition, the color that one of the graphemes
changed into at the end of each trial could either be congruent (33% of trials) or
incongruent (67% of trials) with the synesthetic color that was present due to the
synesthesia-inducing grapheme. This congruency manipulation has been widely
used as a marker for synesthesia: reaction times to incongruent trials are usually
longer than to congruent trials (e.g. Dixon et al., 2004; Wollen & Ruggiero, 1983).
In the real color condition, the color that one of the graphemes changed into could
also be congruent (33%) or incongruent (67%) with the physical color of the
grapheme that was displayed during the attention period. A congruent change in
the color condition would mean that the color of the grapheme did not change at
the end of the trial. Due to their different nature those trials were excluded from
behavioral analysis. Because the congruency manipulation was included to speci-
fically assess behavioral effects of synesthesia, we only analyze the congruency
effects in the synesthesia condition.

Every color occurred equally often in every congruency condition and con-
gruent trials were not overrepresented, avoiding possible behavioral strategy
effects. Stimuli were randomized and presented in pseudorandom order with
maximally 5 consecutive presentations of the same stimulus condition, left
stimulus, right stimulus, cued side (attended/unattended), and color change side;
maximally 3 consecutive presentations of invalid cues and early occurrences of the
color change; and maximally 4 consecutive presentations of target color (and thus
target button) and color congruency.
1296 trials were presented in 5 blocks of equal length which had short breaks
in between. The actual MEG experiment took ∼70 min. Prior to the MEG experi-
ment participants performed a practice session that was monitored by the
experimenter for speed and accuracy. Total experimental duration, including
preparation time and an MR scan, was 2:30 h.

2.3. Stimuli and presentation settings

Because synesthesia is an idiosyncratic phenomenon, each synesthete required
a unique stimulus set. Graphemes were chosen from the synesthesia questionnaire
such that for each synesthete we could present 3 graphemes that elicited vivid
synesthesia in 3 clearly distinct colors (for the synesthesia condition). Additionally,
3 graphemes/symbols were chosen that elicited no synesthesia at all, also no
achromatic synesthesia (used for the non-color and color conditions). Sometimes
non-alphanumeric symbols were included (e.g. #, &) in case all letters of the
alphabet and all digits elicited synesthesia. The control subjects received exactly
the same stimulus list as the synesthete to whom they were matched.

Stimuli were presented against a light gray background (box of 21.5�12 cm,
456 cd/m2), using Presentation software (version 13.0, Neurobehavioral Systems
Inc., www.neurobs.com). Stimuli from the non-color and synesthesia conditions
were presented in dark gray. The gray value of these stimuli was matched to the
average luminance of the 3 colored stimuli (color condition) for each participant to
avoid overall differences in luminance between stimulus conditions. Across all
participants, the average luminance of the grapheme stimuli was 65 cd/m2

(SD¼28 cd/m2).
All stimuli were 1.641 of visual angle tall and were presented at positions 4.31 to

the left and right from the center of the screen (35.51�27.91 of visual angle, placed
at a viewing distance of 70 cm). Stimulus presentation was controlled by a Dell
Pentium IV Windows XP computer (display mode 800�600 pixels, 60 Hz) and
projected by a LCD projector (EIKI).

2.4. MEG acquisition

Neuromagnetic activity was recorded continuously at 600 Hz using a whole-
head MEG system (CTF, Inc., Vancouver, Canada) containing 275 first-order axial
magnetic gradiometers, situated at the Donders Institute for Brain, Cognition and
Behaviour in Nijmegen, the Netherlands. Continuous data was low pass filtered at
150 Hz, segmented into trials and further detrended. Line noise was attenuated
using a 50 Hz notch filter. Horizontal and vertical EOG recordings were used for the
rejection of artifacts that were introduced by eye movements or blinks, by means of
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a threshold detection (4 n z-value). Muscle artifacts were removed by applying
automatic artifact rejection in Fieldtrip.

2.5. MEG data analysis

All analyses were performed in MATLAB 7.5.0 (The MathWorks, Inc.) and the
Fieldtrip software package (http://www.ru.nl/fcdonders/fieldtrip), a Matlab-based
toolbox for the analysis of electrophysiological data. Only trials which fell between
a threshold of 77 times the mean variance were included in further analysis which
resulted in on average 1158 trials (SD¼152 trials) for each participant. In order to
optimize analysis over subjects on the sensor level, axial gradiometer information
was converted into planar gradients (Bastiaansen & Knosche, 2000; Van Dijk et al.,
2008). The horizontal and vertical components of the planar gradients were
estimated at each sensor location using the fields from the specific sensor and its
neighboring sensors, and the power values for the horizontal and vertical
components were summed after spectral analysis.

Time-frequency representations were calculated for the attention period using
Fast Fourier Transforms (FFT). The analysis window had a length of 0.5 s which was
shifted in steps of 0.1 s, with a first centre point at 0.25 s after attention period
onset (1.25 s after trial onset) and the last one at 0.25 s before the to be detected
color change (1.75 s after trial onset). For low frequencies (1–40 Hz) a Hanning
window was applied and frequency analyses started at 2 Hz, increasing in steps of
2 Hz. The high frequency power analysis (40–120 Hz) started at 40 Hz and
increased in steps of 4 Hz. It was estimated after applying 9 slepian tapers resulting
in a frequency smoothing of 710 Hz. Data was not baseline corrected and only
correctly answered trials were included.

2.5.1. Assessing effects of attention and general power differences
Before testing our hypotheses by assessing differences in alpha power due to

the synesthetic and real color conditions, we wanted to verify that alpha
lateralization in the non-color condition followed the expected pattern. We further
wanted to rule out any general alpha power differences between the groups.
Therefore several independent tests were performed before continuing with the
main analysis of the effects of real and synesthetic color.

First, to establish that the attentional cue had the expected lateralization effect
on alpha power for both subject groups (decreased contralateral to attended side
and increased ipsilaterally), we investigated the non-color condition calculating the
normalized lateralization (i.e. cue to left side trials minus cue to right side trials
divided by the sum of those trials) for left vs. right sensors. For each group,
5 occipito-parietal sensors with the highest absolute power over left and right
hemisphere were selected and alpha power for left vs. right sensors was compared
by means of a 2-sided paired t-test. Using normalized lateralization measures and a
group based sensor selection is a common approach to show alpha lateralization
(Händel et al., 2011; Thut et al., 2006). Please note that a group based sensor
selection was only used for this specific analysis. For all further analyses, alpha
power over all occipital sensors was analyzed rather than over a group based
sensor selection in order to include the same sensors in all conditions and both
groups (please note that including all sensors is a more conservative method).

Next, to exclude possible global differences in alpha power between
synesthetes and controls, the two groups were directly compared in baseline alpha
activity. For this analysis, mean power values measured during the baseline period
(0.25 and 0.75 s after trial onset, fixation cross) in all occipital sensors were
compared between groups by means of a 2-sided two-sample t-test.

Since there is also a possibility that synesthetes and control subjects would
show differences in alpha power only during synesthetic percept we compared
alpha activity during the attention period (1.25 s to 1.65 s after trial onset) in
occipital sensors contralateral to the cued synesthetic stimulus between groups
using a 2-sided two-sample t-test.

2.5.2. Alpha power lateralization due to real and synesthetic color
After assessing alpha lateralization introduced by the attentional cue only, and

after assessing possible general group differences in alpha power, we set out to
analyze the synesthetic color and real color condition in more detail. We
investigated whether the lateralization of alpha power differed between the
experimental conditions and between groups. We contrasted trials from the color
and synesthesia conditions with trials from the non-colored condition in the same
attentional state (i.e. either attended or unattended). Thus, attended and unat-
tended stimuli were analyzed separately, as well as trials in which the colored/
synesthetic stimulus was presented on the left vs. on the right. Power values during
the attention period (1.25 s to 1.65 s after trial onset, i.e. 400 ms) from occipital
sensors that were located over the right hemisphere were averaged and contrasted
with averages from sensors over left occipital cortex. The approach offered a
measure of lateralization strength but was not normalized in order to preserve
the individual differences in absolute power. This lateralization value served as
the dependent variable in a 4-way factorial repeated measured ANOVA with the
within-subject factors color type (synesthetic/real), attention (attended/unat-
tended), and color side (left presentation/right presentation of color) and the
between-subject factor group (synesthetes/controls).
2.5.3. Correlation analysis
We further investigated whether the strength of behavioral color interference that

was induced by synesthesia correlated with the lateralization strength of alpha power
over occipital sensors. This analysis was performed only for the synesthesia condition.
For the lateralization strength of alpha power we used the difference in alpha power
between left and right occipital sensors for the trials in which the synesthesia-
inducing stimuli were present opposite to the attended hemifield. The side of
attention therefore does not coincide with the side of synesthetic color. The exclusion
of one outlier was based on a threshold of 2.5 STD away from the mean.
3. Results

3.1. Behavioral results

Reaction times (RTs) from all 22 participants (11 synesthetes, 11
controls) were entered into analyses of variance (ANOVA). Misses
amounted to 2.4% (SD¼4.8%) of trials for synesthetes, and 3.2%
(SD¼3.1%) for controls (no group difference, t(20)¼�0.476, n.s.).
Outliers were removed prior to analysis by removing all RTs that
were faster than 250 ms or slower than 2000 ms (synesthetes,
1.9%; controls, 0.4%, no group difference, t(20)¼0.906, n.s.). Only
correct responses were included in the analyses.

Overall accuracy was 89.6% (SD¼10.2%) for the synesthetes and
90.9% (SD¼9.5%) for the control participants and did not differ
between groups (t(20)¼�0.304, n.s.). Overall RTs did not differ
between the groups: F(1,20)¼0.012, n.s. Within the separate
groups, there were no overall RT differences between the three
stimulus conditions (synesthesia, non-color, color).

3.1.1. Attention manipulation—Effect of cue validity
The first behavioral analysis concerns the attentionmanipulation in

our paradigm. To assess whether participants were correctly following
the attentional cue, we analyzed reaction times to validly and invalidly
cued trials for the three main experimental conditions (non-color,
synesthetic color, real color). If attending correctly to the cued side,
participants’ reaction times should be slower on invalidly cued
compared to validly cued trials. We performed a repeated measures
ANOVA with the within-subject factors color type (non-color, synes-
thetic color, real color) and cue validity (valid and invalid), and the
between-subject factor group (synesthetes and controls). For the
synesthetic color and real color conditions, we collapsed the reaction
times across the factors color congruency and side of attention. We
found a main effect of cue validity (F(1,20)¼14.652, po0.001). There
was no main effect of color type (F(2,40)¼0.684, n.s.) and there were
no interactions (color type� group, F(2,40)¼0.563, n.s.; cue validi-
ty� group, F(1,20)¼1.474, n.s.; color type� cue validity, F(2,40)¼
0.716, n.s.; color type� cue validity� group, F(2,40)¼0.125, n.s.).
Fig. 2A shows the reaction times for validly and invalidly cued trials
in the non-color condition for both groups (synesthetes: valid cue
698793ms, invalid cue 718797ms; controls: valid cue
6947126ms, invalid cue 7357138ms). A post hoc paired sample
t-tests confirmed a significant effect for both groups (synesthetes:
t(10)¼�3.429, po0.01, controls t(10)¼�3.264, po0.01), establish-
ing the expected effect of attention in this control condition. In the
synesthetic color condition the reaction times were as follows:
synesthetes: valid cue 7047103ms, invalid cue 7257111ms (post
hoc t-test t(10)¼�2.433, po0.05); controls: valid cue 6997129ms,
invalid cue 7377147ms (post hoc t-test t(10)¼�2.605, po0.05). In
the color condition, the reaction times were: synesthetes: valid cue
716792ms, invalid cue 7317105ms (post hoc t-test t(10)¼�1.327,
n.s.); controls: valid cue 7017139ms, invalid cue 7307163ms (post
hoc t-test t(10)¼�2.034, p¼0.069).

Informed by the later on described results on alpha-activity, that
suggested altered attentional responses to color in synesthetes, we
further inspected the reaction times for unattended color stimuli
separately (Fig. 2B). A two-sided informed t-test showed that the
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Fig. 2. Reaction time effects of the attentional manipulation. (A) Effects of
attentional cue in the non-color condition for synesthetes (left) and controls
(right). There is a significant increase in reaction times to color changes on the
unattended (invalidly cued) versus the attended (validly cued) side. (B) Effects of
attentional cue in the color condition. The results are displayed only for those trials
in which the color was present on the unattended, non-cued side. The expected
result is therefore that the reaction times to color changes that happen on the side
of the colored stimuli (not cued) will be slower than the RTs to color changes
happening on the side of the cued non-colored stimuli. Reaction times for both
non-colored and colored stimuli are shown. For the controls, the expected pattern
emerges: reaction times are slower on the unattended, non-cued but colored side
(right panel). Synesthetes, however, are faster for the non-cued but colored stimuli
(left panel): synesthetes orient their attention based on the position of the colored
stimulus and not the cue. The RT difference between validly and invalidly cued
trials significantly differs between synesthetes and controls (one-sided t(10)¼
1.745, po0.05). Error bars denote the standard error of the mean (SEM). n indicates
a significant (po0.05) difference.
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influence of the cue in the color condition was not the same for
controls and synesthetes (t(20)¼2.194, po0.05). In synesthetes, RTs
for the invalidly cued color stimuli were faster than those for validly
cued non-colored stimuli (26753ms faster). This means that
synesthetes were faster to react to color changes when they occurred
on the side where color was present during the trial, even when this
side was not cued. Controls were slower for the invalidly cued trials
even if the stimulus was colored (21749ms slower). Fig. 2B clearly
demonstrates the opposite RT patterns of synesthetes and controls.
This result also explains the absence of a significant effect of cue
validity for the color condition in the synesthetes.
3.1.2. Synesthetic color congruency manipulation in the color
decision task

In a second analysis which was orthogonal to the attentional
manipulation, we assessed the behavioral effects of synesthesia by
means of the congruency manipulation in our behavioral task.
Because we aimed to identify the behavioral effects of synesthesia,
we only assessed the congruency effects in the synesthesia
condition and not in the color condition (also because congruent
changes in the color condition were difficult to detect since
effectively there was no change in color—see Section 2.2). For
the synesthesia condition, we expected only synesthetes (and not
controls) to be slower on incongruently colored trials, due to color
interference effects caused by their synesthetic color percept. We
performed a repeated measures ANOVA for the synesthesia con-
dition with the within-subject factors congruency (congruent/
incongruent) and attention (attended/unattended stimuli), and
the between-subject factor group (synesthetes/controls). An inter-
action of congruency� group was found (F(1,42)¼6.739, po0.05),
see Fig. 3. Exploring the interaction further, we found that
synesthetes were 37 ms slower on incongruent vs. congruent trials
(F(1,21)¼5.550, po0.05), while controls showed no effects
(F(1,21)¼1.199, n.s.). There were no significant interactions or
main effects involving attention (all Fo1.7). This absence of an
influence of attention implies that congruency effects were similar,
regardless of whether synesthesia inducing graphemes were fully
attended or not. Post hoc paired-sample t-tests confirmed a
significant congruency effect for synesthetes for the trials in which
the synesthesia-inducing stimulus was not attended (t(21)¼
�2.373, po0.05) as well as a trend in the same direction for
attended trials (t(21)¼�1.899, p¼0.071).

3.2. MEG results

We inspected the time frequency representations of all condi-
tions to assess oscillatory power differences. High gamma activity
was visible for both groups, but no significant lateralization effects
were found for the gamma band, possibly due to the lower signal-
to-noise ratio in the higher frequencies. As can be seen in Fig. 4A,
for both synesthetes and controls the strongest modulation in
oscillatory power due to color input was present in the alpha band.
Therefore, all analyses were conducted on power values between
8 and 12 Hz.
3.2.1. Establishing alpha lateralization due to attention
We first established that synesthetes and controls showed the

expected alpha power lateralization in the non-color condition



Fr
eq

ue
nc

y 
(H

z)

5

10

15

20

25

30

40

35

5

10

15

20

25

30

40

35

-1

-0.8

-0.6

-0.4

-0.2

0

1

0.8

0.6

0.4

0.2

)z
H(

ycneuqer F

SYNESTHETES CONTROLS

1.0 1.1 1.2 1.3 1.4 1.5 1.0 1.1 1.2 1.3 1.4 1.5 1.6 1.7
Time into trial (s) Time into trial (s)

)alseT(
ecner effi dr e

wop
et ul osb

A

x 10-27

-0.025

0

0.025

SYNESTHETES CONTROLS

N
or

m
al

iz
ed

 p
ow

er
 d

iff
er

en
ce

 

1.71.6

-0.05

0

0.05

N
or

m
al

iz
ed

 p
ow

er
 d

iff
er

en
ce

 

*

-0.05

0

0.05

*

Left sensors   Right sensorsLeft sensors   Right sensors

Fig. 4. Time frequency representation of oscillatory power during the attention period. (A) The effect of color was assessed independent from attention by creating the
following contrast: (attend color on the right in the color condition minus attend non-color on the right in the non-color condition) minus (attend color on the left in the
color condition minus attend non-color on the left in the non-color condition). The absolute power difference is plotted between right minus left occipital channels for
frequencies between 2 and 40 Hz. It can be seen that the largest color effect occurs in the alpha band (around 8–12 Hz) for both synesthetes (left) and controls (right). (B)
Effects of attentional cue on alpha power. Topographical plots show the normalized difference in alpha power (8–12 Hz) between the attentional cue left vs. attentional cue
right in the non-color condition for synesthetes (left) and controls (right). (C) The bar plots show the averaged normalized power difference in the alpha band over the left
(light gray) and right (dark gray) sensor selection. The sensors that were included are marked in black in the topographical plots in B. Significant t-tests (po0.05) are marked
with an asterisk.

T.M. van Leeuwen et al. / Neuropsychologia 51 (2013) 1802–1813 1807
due to the allocation of attention as directed by the attentional
cue. Using a normalized lateralization measure and selecting the
5 occipito-parietal sensors with the highest absolute power over
left and right hemisphere for each group (sensors are marked by
asterisks in Fig. 4B), we confirmed the expected effect of the
attentional cue on alpha power for the non-color condition in both
groups (synesthetes t(10)¼2.61, p¼0.026; controls t(10)¼4.28,
p¼0.0016). This result is displayed in Fig. 4B and C. The alpha
lateralization patterns are in line with the behaviorally established
attentional cueing effects (Fig. 2A).
3.2.2. General alpha power effects between groups
We performed several independent tests to assess possible general

alpha power differences between the two groups. We wanted to
investigate the possibility that alpha power would already differ
during baseline between synesthetes and control subjects. We there-
fore compared alpha power in all occipital sensors during the baseline
period (0.25 and 0.75 s after trial onset, fixation cross). No significant
group differences were found (t(20)¼�0.91, p¼0.385; mean con-
trol¼7.96�27, mean synesthetes¼5.6�27).

Next, we investigated whether synesthetes and control subjects
would differ in their alpha power due to synesthetic percept.
Synesthetic stimuli did not elicit different alpha power during
their presence (1.25 s to 1.65 s after trial onset; attention period) in
occipital sensors contralateral to the cued synesthetic stimulus
(two-sample t-test, sensors left/stimulus right: t(20)¼0.185,
p¼0.86; mean controls¼�0.015, mean synaesthetes¼�0.0111;
sensors right/ stimulus left: t(20)¼�0.631, p¼0.54, mean con-
trols¼�0.0165, mean synaesthetes¼�0.0264).
3.2.3. Alpha power lateralization due to real and synesthetic color
depending on the attentional cue

A 4-way repeated measures ANOVA with the within-subject
factors color type (synesthetic/real), attention (attended/unat-
tended), and color side (left presentation/right presentation of
color) and the between-subjects factor group (synesthetes/con-
trols) was performed. Averaged power values during the attention
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period from occipital sensors located over the right hemisphere
were contrasted with averages from sensors over left occipital
cortex and served as the dependent variable. For the alpha power
during the attention period, a significant three-way interaction of
group� attention� color side was observed (F(1,10)¼8.282,
p¼0.016) and a significant three-way interaction of color type-
� attention� color side (F(1,10)¼602.352, po0.001). Further-
more, we found a 2-way interaction of attention and color side
(F(1,10)¼23.467, po0.001). There was no 4-way interaction
(F(1,10)¼1.951, n.s.), there were no further 3-way interactions
(all Fo0.5), no further 2-way interactions (all Fo2.9), and no
main effects (all Fo1).

We followed up on the significant 3-way interaction of group-
� attention� color side by looking at the effects for each group
separately, performing two 2-way repeated measures ANOVAs
with the factors attention (attended/unattended) and color side
(left/right), collapsing across color type (synesthetic/real). We
found a significant interaction of attention� color side for the
synesthetes (F(1,10)¼10.34, po0.01) but not for the controls
(F(1,10)¼4.04, p¼0.072), and no main effects (all Fo2). This
finding indicates that only for the synesthetes the side where
the colored stimulus is would influence the effects exerted by the
attentional state (attended/unattended). Testing the simple effects
from the 2-way ANOVA (factors: attention� color side) for the
synesthetes, we can show that when stimuli are attended, sig-
nificant alpha lateralization occurs for colored stimuli both on the
left (t(1,21)¼3.11, po0.01) and right side of the screen (t(1,21)¼�
2.58, po0.05). For unattended stimuli, there is a significant
lateralization of alpha only when the colored stimulus is on the
left (t(1,21)¼2.57, po0.05).

Our findings are summarized in Fig. 5 and discussed in detail
below. To be able to inspect the nature of the lateralization effects,
Fig. 5 shows the influence of color separately for all factors within
each group. We plot alpha power induced by a (synesthetic or real)
colored grapheme of which the alpha power induced by a non-
colored grapheme is subtracted. We did this separately for the
attended and the unattended state, as well as for the presentation
in the left and right visual hemifield. We would like to emphasize
that no direct interaction between group and color type (synes-
thetic vs real color) was found in the 4-way ANOVA. Due to the
absence of this interaction we cannot say anything conclusive
about differential effects in the real color and synesthetic color
condition in the two groups—the effects are similar for both
experimental conditions. However, since the phenomenon of
synaesthesia is not there for the control participants, and the
factor color type was a part of the other significant 3-way
interaction in the 4-way ANOVA, we decided to separate the
results for the synesthesia and the color condition in Fig. 5 none-
theless, for illustration purposes. Fig. 5 is described in Section
3.2.3.1 (color condition) and Section 3.2.3.2 (synesthesia condi-
tion) and the results are discussed in the light of the atten-
tion� color side interaction that we found for the synesthetes.
3.2.3.1. Alpha power effects in the color condition. Inspecting the
nature of the alpha lateralization effects, we first looked into the
color condition. In the top row (A) in Fig. 5 the results are displayed
for the contrast between the attended color grapheme and the
attended non-color grapheme displayed on the left side or the right
side of the fixation cross. Synesthetes (left-hand side of Fig. 5A)
show a clearly lateralized pattern over occipital sensors with a
negative value contralateral to the attended color stimulus and a
positive value ipsilateral. This leads to a strong alpha lateralization
in occipital sensors due to colored stimuli (as highlighted by the bar
plot) on the left and on the right. This finding indicates that for
synesthetes a stronger alpha lateralization occurs when color is
attended compared to if a non-color stimulus is attended. Controls
(right-hand side of Fig. 5A) show a global decrease in alpha power
when color is present, irrespective of the position of the colored
stimulus.

When we subtracted the unattended non-colored stimulus
from the unattended color grapheme (middle row (B) in Fig. 5),
synesthetes again show a lateralization of alpha power. However,
now there is a decrease in alpha power ipsilateral to the attended
side but contralateral to the colored stimulus and an increase
ipsilateral to the colored stimulus. Therefore, alpha power in
synesthetes is affected by the colored stimulus in such a way that
when color is presented opposite to the cue the effect of the cue is
either greatly reduced or even reversed. This finding is in line with
our behavioral results which showed that in synesthetes, reaction
times to invalidly cued but colored stimuli were faster than those
for validly cued, non-colored stimuli (in the color condition). For
controls, the behavioral pattern followed the cue and the presence
of color again led to a general reduction in alpha power (topo-
graphical plots on right-hand side in Fig. 5B). The bar plots confirm
this general decrease in alpha power for both contralateral and
ipsilateral sensors. When attention is directed to the right, alpha
power is decreased more on the right side than on the left side,
but both hemispheres still show a decrease in alpha power. This
pattern is clearly distinct from the lateralization pattern shown by
the synesthetes since an alpha increase due to color was clearly
absent in the control group. This increase of alpha power ipsilat-
eral to the colored stimulus in the synesthetes even when the
colored stimulus was not cued, is a qualitative difference between
synesthetes and controls showing the greater influence of the
color side on attention for synesthetes.

3.2.3.2. Alpha power effects in the synesthesia condition. We
inspected the alpha lateralization effects in the synesthesia
condition separately. We investigated effects of synesthetic color
percept on alpha power by contrasting the synesthesia condition
with the non-color condition, again separately for each attended
side. Fig. 5C (left side of bottom row in Fig. 5) illustrates that for
synesthetes, the alpha lateralization patterns for attended synes-
thesia-inducing graphemes resemble those for physically colored
graphemes. We found a decrease in alpha power contralateral to
the attended synesthesia-inducing stimulus (compared to an
attended non-color stimulus), and an ipsilateral increase. The
effects appear less pronounced than in the real color condition.
Controls also show some lateralization for synesthesia inducing
stimuli, but as indicated by the bar plots, there is no clear
ipsilateral increase for the synesthesia inducing stimuli as is the
case for the synesthetes.

We also analyzed alpha power for synesthesia-inducing stimuli
on the unattended side, and compared it to alpha power for non-
colored stimuli on the unattended side. Again, synesthetes
reduced alpha power contralateral to the synesthesia-inducing
stimulus (plots not shown), indicating that the synesthesia indu-
cing stimulus attracted attention. However, the behavioral data
show no reversal of the reaction time patterns for validly vs
invalidly cued trials, suggesting this effect was not strong enough
to overrule the directional attention cue as was the case in the
color condition.

3.2.4. Correlation between alpha lateralization and strength of
synesthesia

To see whether the prevalent alpha lateralization due to color
was related to the condition of synesthesia we investigated
whether the strength of synesthesia correlated with the strength
of the increased alpha lateralization due to unattended
synesthesia-inducing stimuli. Fig. 6 shows a significant negative



Fig. 5. MEG: alpha power for color and synesthesia in synesthetes and controls. The topographical plots show contrasts in alpha power (8–12 Hz) between different conditions.
For each contrast, the alpha power in the non-color condition is used for normalization. Thus, the alpha power in the non-color condition is subtracted from the alpha power in
the color ((A) and (B)) and synesthesia conditions (C) to show the effects of color and synesthesia on alpha power but minimizing the effect of the grapheme or the cue. Alpha
power contrasts are always shown separately for each attentional state (attended and unattended) and for each position of the colored or synesthesia inducing stimulus (left or
right). The direction of attention is indicated by an arrow. For each topographical plot, the accompanying bar plot summarizes and highlights the average alpha power strength
over all occipital sensors for each hemisphere (in Tesla; the scaling is different for each plot, highlighting the differences). Please note that the sensor selection was identical for
both groups and that all topographical plots have equal scaling. (A) Color (C) attendedminus non-color (N) attended. In (A) the effects of real color on alpha power are shown in
case color is presented on the attended side (left or right). For the synesthetes (left side of the figure), an alpha lateralization can be seen. Controls (right side of the figure) show
a bilateral decrease. (B) Color (C) unattended minus non-color (N) unattended. In (B), color is presented on the unattended side (left or right) and again, synesthetes show a
lateralization of alpha power. The direction of lateralization follows the colored stimulus (and not the cue), even though the colored stimulus was not attended. (C) Synesthesia
inducing stimulus (S) attended minus non-color (N) attended. In (C), the effects of synesthetic color on alpha power are shown in case the synesthesia inducing grapheme is
presented on the attended side (left or right). Synesthetes show a lateralization effect (significant when attending to the left) similar to the real color conditionwhereas controls
do not. The bar plots show mean alpha activity in left (light gray) and right (dark gray) occipital sensors (significant t-tests (po0.05) are marked with an asterisk; please note
that only synesthetes showed a significant interaction in the ANOVA and t-test are considered post-hoc). The occipital sensors that were included in the bar plots are marked in
black in the topographical plots. C¼colored grapheme, S¼synesthesia inducing grapheme, N¼non-colored grapheme.
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correlation between synesthesia strength and the lateralization in
alpha power (p¼0.04; R2: 0.43, slope¼�0.092e�28; one outlier
was excluded based on a threshold of 2.5 STD away from the
mean). The negative correlation crossing zero shows that in
synesthetes with strong effects of synesthesia alpha lateralization
follows the synesthesia-inducing stimulus whereas synesthetes
with weaker synesthesia show a normal alpha lateralization which
follows the cue (see the schematics below Fig. 6 for details). The
control group showed no correlation (R2¼0.0015; p¼0.9).
4. Discussion

This study addressed the effect of real and synesthetic colored
graphemes in comparison to non-colored graphemes in synesthetes
vs. controls focusing on behavioral responses as well as alpha
oscillations using MEG. This paper demonstrates that both these
measures (RT and alpha power) are affected differently by color
percept in synesthetes vs. controls. Below wewill discuss a common
interpretation of our neural and behavioral findings.

The alpha inhibition theory interprets alpha power modulation
as follows: alpha decreases when increased processing is required
and increases for task irrelevant stimuli (e.g. Klimesch et al., 2007).
Attention on the other hand can influence processing demands:
processing of attended input is improved while unattended input
is processed less well. The idea therefore is that (spatial) atten-
tional effects are (partly) due to disinhibited (increased) proces-
sing at the attended site and an increased inhibition at the
unattended site. Attentional perceptual effects (better or worse
performance) are shown to coincide with an alpha power decrease
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or increase, respectively, (Kelly et al., 2006; Rihs et al., 2007;
Worden et al., 2000; Yamagishi et al., 2003), suggesting a strong
link between alpha oscillations and attention (e.g. Händel et al.,
2011). Consistently, here we show alpha power is modulated by
attention, directed by an endogenous cue, as observed in the non-
color condition. In synesthetes, the lateralization of alpha power is
strengthened if color is present (contralateral alpha decrease and
ipsilateral increase (Fig. 5A)). This increased lateralization implies
that color strongly captures attention in synesthetes, facilitating
processing at the colored location (alpha decrease) while inhibit-
ing processing elsewhere (alpha increase). The observed alpha
modulation in the uncued color condition supports this interpre-
tation (Fig. 5B): alpha lateralization followed the color and not the
attentional cue. Additionally, the presence of color decreased
reaction times for the colored stimuli even though the cue was
invalid.

Color is capable of automatic allocation of attention (Treisman
& Gelade, 1980) even if the predictive value is none (Busse,
Katzner, & Treue, 2006; Theeuwes & Godijn, 2002). There is an
active discussion whether color causes reaction time effects in a
pure bottom-up fashion or whether these effects can be overruled
by top-down influences (see e.g. Leber & Egeth, 2006; Theeuwes,
2004). Both involuntary attentional effects of color (Busse et al.,
2006; Hickey, McDonald, & Theeuwes, 2006; Theeuwes, 2004) and
top-down suppression of task irrelevant color input have been
demonstrated (Bacon & Egeth, 1994; Folk, Remington, & Johnston,
1992; Jonides & Yantis, 1988). Our results suggest that in
synesthetes, color serves as such a strong attentional cue that it
cannot be suppressed even when irrelevant for the task. Bottom-
up attention driven by an exogenous cue is known to act faster
than top-down attention directed by endogenous cues which have
to be processed and interpreted first (see e.g. Egeth & Yantis, 1997;
Müller & Rabbitt, 1989). The arrow that was presented in our study
is considered such an endogenous cue, while the presence of color
induces fast feature and location specific attentional bottom-up
effects (Busse et al., 2006; Theeuwes, 2004; Theeuwes & Godijn,
2002). In synesthetes, alpha power and behavioral results indicate
that these attentional effects of color are not overruled by the
endogenous, task relevant attentional cue whereas in controls this
is the case. However, whether color serves as bottom-up cue or,
instead, induces a second top-down effect cannot be answered
with our study.

In comparison, controls show a general decrease of alpha
power for the color condition compared to the non-color condi-
tion. Although for controls the decrease in alpha power contral-
ateral to the colored stimulus was stronger than the ipsilateral
decrease, (Fig. 5B), there was no ipsilateral increase of alpha
power. Additionally, there was no behavioral change due to color;
attention always followed the cue. This qualitative difference
between synesthetes and controls indicates that controls can
indeed suppress the attentional capture of color using the relevant
top-down cue. The spatially unspecific alpha power decrease in
control participants might be explained by a general increase in
alertness if color is present. Color can increase the saliency of the
input (Wichmann, Sharpe, & Gegenfurtner, 2002) and thereby
affect the processing. MEG studies have shown that attention to
colored input can decrease alpha activity (Müller & Keil, 2004;
Snyder & Foxe, 2010), however, to our knowledge spatial specifi-
city of these alpha effects has not been demonstrated.

Controls showed no effects for synesthesia-inducing stimuli
while synesthetes showed similar, but weaker alpha power
modulations for synesthetic color compared to real color. Albeit
weaker alpha effects, the correlation between alpha lateralization
and behavioral color interference due to synesthesia indicates a
strong link between alpha modulation and the percept of synes-
thetic color. Thus, even though not as pronounced as real color,
also synesthetic color attracts attention. As far as we know, the
neural correlates of attentional capture by synesthesia-inducing
stimuli have not been reported before.

There is an ongoing discussion whether (some) overt attention
is necessary to elicit synesthesia (e.g. Edquist et al., 2006; Laeng,
Svartdal, & Oelmann, 2004; Sagiv, Heer, & Robertson, 2006; Ward
et al., 2010) or not (e.g. Carriere et al., 2009; Palmeri et al., 2002;
Smilek et al., 2003). In addition to our physiological findings, our
behavioral results confirm that full attention is not necessary for
synesthetic percept (Mattingley, Payne, & Rich, 2006; Rich &
Mattingley, 2003). Longer RTs in the synesthesia condition for
the uncued stimulus side confirm that uncued synesthesia-
inducing stimuli were not fully attended. Still, for these uncued
stimuli, a congruency effect of synesthetic color was observed in
the reaction times. This strongly suggests that synesthesia was
elicited also for not fully attended stimuli, as is supported by the
correlation of alpha power and the amount of color interference.

Alpha is associated with inhibition. Can our alpha-findings be
used as evidence for the disinhibition theory which predicts
increased disinhibition in synesthesia (Grossenbacher & Lovelace,
2001)? If alpha is taken as an indication of inhibition one would
expect decreased alpha oscillation (i.e. increased disinhibition) in
synesthetes during the synesthetic percept. A decrease in inhibi-
tion for synesthetes was demonstrated in a recent paper by
Terhune, Tai, Cowey, Popescu, and Cohen Kadosh (2011), who
showed evidence for increased excitability (and therefore less
inhibition) in visual cortex of synesthetes in the form of lower
phosphene thresholds when stimulated with transcranial
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magnetic stimulation (TMS). For synesthetes, our results however,
show more pronounced alpha power effects for the real color
condition compared to the synesthesia condition. Additionally, the
qualitative difference between synesthetes and controls is the
increased alpha power (increased inhibition) ipsilateral to the
colored stimuli and not the contralateral decrease. The disinhibi-
tion hypothesis would, in contrast, predict a larger alpha decrease
for synesthesia-inducing stimuli. Our alpha effects can therefore
not be interpreted as directly supportive of the disinhibition
theory as a mechanism specific for synesthesia. Despite our
results, however, we cannot exclude the disinhibition hypothesis
as a mechanism of synesthesia. We assessed oscillatory alpha
power derived from occipital sensors most likely reflecting activity
frommultiple occipital as well as parietal regions. No specific brain
regions can as such be identified. This leaves the possibility that
rather subtle differences in alpha power in subregions of occipital
or parietal cortex show disinhibition effects. Such effects might be
difficult to identify since they can be weak, locally very confined,
and additionally overlain by activity from stronger sources that do
not differ between groups. Furthermore, our data does not capture
the different variants of synesthesia since our subject group
mainly consists of projectors (projectors (N¼10) and associators
(N¼1)). Alpha activity might show a different pattern in associa-
tors. Nevertheless, as our data are not directly supportive of the
disinhibition as exclusive mechanism for synesthesia in our
specific group of projector synesthetes, we propose a possible
alternative mechanism of synesthesia.

Our main findings are: (i) only in synesthetes color introduces a
location specific shift of attention. This is indicated by the fact that
color overrides the effect of an attentional cue on alpha lateralization
and RT; (ii) synesthesia-inducing stimuli lead to the same modula-
tion of alpha power and its strength correlates with estimated
synesthesia strength. These findings could simply indicate that the
stronger the percept of (synesthetic or real) color, the more attention
is drawn towards the (synesthetic or real) color. However, since the
specific effect of color on alpha oscillations and behavior is only
present in synesthetes we propose a specific relationship between
color percept and synesthesia: In synesthetes, real color leads to a
spatially localized, automatic change in alpha power, accompanied
by an allocation of attention. If, during the development of a
synesthete, a grapheme and a color are present at the same spatial
location, attention will be automatically directed towards the color
in a very spatially focused way, possibly facilitating binding pro-
cesses between the color and the grapheme. Spatially localized
attention is required for binding (e.g. form to color) (Robertson,
2003; Shafritz, Gore, & Marois, 2002; Treisman, 2005) and spatial
co-localization may enhance cross-modal coupling (Meyer, Wuerger,
Rohrbein, & Zetzsche, 2005). Once grapheme-color coupling is
strengthened, processing of the grapheme could lead to co-
activation of color areas. Such coupling might be easy to form at a
young age (Bedny, Konkle, Pelphrey, Saxe, & Pascual-Leone, 2010;
Hensch, 2005).

Consistent with our hypothesis, synesthesia in children devel-
ops over time from non-stable grapheme-color pairings into
highly consistent inducer-concurrent mappings (Hancock, 2006;
Simner, Harrold, Creed, Monro, & Foulkes, 2009); a recent paper by
Witthoft and Winawer (2013) stresses the importance of learning
processes for synesthesia. Once coupled, the allocation of attention
also to synesthetic color could induce a positive feedback loop,
strengthening functional pathways connecting the grapheme and
color experience (Büchel & Friston, 1997; Caporale & Dan, 2008;
Klink, Brascamp, Blake, & van Wezel, 2010), eventually inducing
anatomical changes in synesthetes (Bedny et al., 2010; Hensch,
2005; Noppeney, Friston, Ashburner, Frackowiak, & Price, 2005).
Anatomical differences in synesthetes have been reported
(e.g. Rouw & Scholte, 2007). However, we propose that such
excess anatomical connectivity is not necessary to elicit synesthe-
sia initially. This is consistent with the finding that synesthesia
adheres to principles of normal crossmodal perception (e.g. Ward
et al., 2006) and with induction of synesthesia in normal subjects
(e.g. Meier & Rothen, 2009).

Our findings are in line with recent literature that suggests
altered color processing in synesthetes. Enhanced memory for
color (Yaro & Ward, 2007) and better color discrimination on a
Farnsworth-Munsell color hue test were found for synesthetes
(Banissy, Walsh, & Ward, 2009). Neuroimaging studies have shown
altered event-related potentials in visual EEG studies (Barnett
et al., 2008; Goller, Otten, & Ward, 2009) of which the study by
Barnett and colleagues suggests that synesthetes have enhanced
responsiveness in the parvocellular visual system. Structural
changes in color areas in the brain have been identified as well
(Banissy et al., 2012). In addition, less color-specific sensory
differences have been identified (Banissy et al., 2009; Brang,
Williams, & Ramachandran, 2012). As mentioned before, Terhune
et al. (2011) demonstrated that the visual cortex of synesthetes
shows enhanced excitability (lower phosphene thresholds) when
stimulated with transcranial magnetic stimulation (TMS). Alto-
gether, these findings indicate that differences in early visual
processing exist in synesthetes, specifically suggesting enhanced
bottom-up responsiveness. This is consistent with our finding that
color is special to synesthetes as it catches their attention.

Our electrophysiological and behavioral results suggest that
color (real and synesthetic) automatically leads to the location-
specific allocation of attention in synesthetes, but not controls.
This location-specific attention to color could explain how color is
bound to the grapheme during the initial development of
synesthesia. Predictions of this theory can be tested in future
research. Such binding processes might also play a role outside the
specific case of synesthesia. Indeed many learning and association
processes might be based on automatic attention.
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