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a b s t r a c t
Synaesthesia is a condition in which the input of one sensory modality triggers extraordinary additional
experiences. On an explicit level, subjects affected by this condition normally report unidirectional experiences. In grapheme-colour synaesthesia for example, the letter A printed in black may trigger a red
colour experience but not vice versa. However on an implicit level, at least for some types of synaesthesia, bidirectional activation is possible. In this study we tested whether bidirectional implicit activation
is mediated by the same brain areas as explicit synaesthetic experiences. Speciﬁcally, we demonstrated
suppression of implicit bidirectional activation with the application of transcranial magnetic stimulation over parieto-occipital brain areas. Our ﬁndings indicate that parieto-occipital regions are not only
involved in explicit but also implicit synaesthetic binding.
© 2010 Elsevier Ltd. All rights reserved.

1. Introduction
Synaesthesia is a condition in which ordinary stimuli trigger extraordinary experiences (Dixon, Smilek, Cudahy, & Merikle,
2000). In grapheme-colour synaesthesia for example, the letter A
printed in black may trigger a red colour experience. For a long
time it was believed that synaesthesia is strictly unidirectional.
However, recent ﬁndings show that at least in some types of synaesthesia bidirectional activations can occur. For example, a single case
has been documented of a person experiencing colours when seeing numbers and also numbers when seeing colours, that is, explicit
bidirectional activation (Cohen Kadosh, Cohen Kadosh, & Henik,
2007; Cohen Kadosh & Henik, 2006). More common, however,
is the occurrence of implicit bidirectionality where no conscious
experience of the link between colours and graphemes exists, but
behaviour has been shown to be inﬂuenced by these associations
nevertheless (Brang, Edwards, Ramachandran, & Coulson, 2008;
Brugger, Knoch, Mohr, & Gianotti, 2004; Cohen Kadosh et al., 2005;
Gebuis, Nijboer, & van der Smagt, 2009b; Knoch, Gianotti, Mohr, &
Brugger, 2005; Meier & Rothen, 2007; Ward & Sagiv, 2007; Weiss,
Kalckert, & Fink, 2009). The question remains as to whether these
effects are mediated by the same brain areas as the more typical
unidirectional effects of synaesthesia. In this study we demon-
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strate that the application of a transcranial magnetic stimulation
(TMS) protocol which has been used to suppress the unidirectional
expression of synaesthesia (Esterman, Verstynen, Ivry, & Robertson,
2006; Muggleton, Tsakanikos, Walsh, & Ward, 2007) is also effective
at suppressing implicit bidirectional effects.
There is converging evidence from functional (Nunn et al.,
2002; Weiss, Zilles, & Fink, 2005) and structural (Rouw & Scholte,
2007; Weiss & Fink, 2009) MRI studies that temporal and parietal regions play an important role in synaesthesia (Hubbard &
Ramachandran, 2005; Hubbard, 2007; Ramachandran & Hubbard,
2001). In addition, two TMS studies have provided further evidence for the involvement of parieto-occipital areas (Esterman
et al., 2006; Muggleton et al., 2007). In one study (Esterman et
al., 2006) two synaesthetes were engaged in a Stroop-like colour
naming task during the application of repetitive TMS over the
posterior parietal lobes. The results showed that the synaesthetic
Stroop effect was suppressed when TMS was applied over the
right hemisphere. In addition, in one subject, there was also a
marginally signiﬁcant effect for left-sided stimulation of the same
area. However, suppression of the visual area V1 did not affect performance demonstrating the speciﬁcity of TMS effects. In another
study with ﬁve synaesthetes TMS application over the right parietooccipital cortex (RPO) disrupted synaesthetic Stroop interference
(Muggleton et al., 2007). In addition, there was also a marginally
signiﬁcant effect for the left parieto-occipital site, while suppression of other parietal areas showed only minimal performance
disruption. Even though the samples were small which potentially limits the generalization of these ﬁndings (Rothen & Meier,
2009), the results suggest that synaesthetic colour experiences
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rely speciﬁcally on parieto-occipital pathways similar to normal
colour perception (Esterman et al., 2006; Sagiv, Heer, & Robertson,
2006).
First evidence for bidirectional inﬂuences came from digitcolour synaesthesia. It was shown that synaesthetic colours can
inﬂuence magnitude judgments and other characteristics of number processing implicitly (Brugger et al., 2004; Cohen Kadosh et
al., 2005; Knoch et al., 2005). In a previous study, we have presented the ﬁrst evidence that implicit bidirectionality may be a
more general phenomenon that is not restricted to digit-colour
synaesthesia (Meier & Rothen, 2007). Using a new method, a startle reaction was conditioned to a particular colour. The colour was
chosen such that it corresponded to the colour that was elicited by
a speciﬁc grapheme for each individual synaesthete. Although the
grapheme was never coupled with the startling sound, it elicited
a startle response after conditioning. According to a unidirectional account, this result may be due to a generalized conditioned
colour response. That is, the grapheme evoked the colour which
was coupled with the conditioned startle response (Fig. 1(a)).
According to a bidirectional account an implicit activation of
the grapheme representation occurred in the conditioning trials.
The conditioned synaesthetic response was then supported by a
direct association between the grapheme and the startle response
(Fig. 1(b)).
If, in fact, there is an implicit activation of the grapheme
representation in response to colour that contributes to the conditioned synaesthetic response, and if the source of this activation is
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located in the same parieto-occipital regions that have been shown
to be involved in unidirectional synaesthetic colour experiences,
then the application of TMS over this area should substantially
reduce the synaesthetic conditioning effect. Speciﬁcally, suppressing parieto-occipital areas in the conditioning trials should affect
the expression of the conditioned response via the bidirectional
route (Fig. 1(c)). A further goal was to test whether the effect of
TMS would be limited to the right parieto-occipital cortex.
A sample of thirty-six grapheme-colour synaesthetes who
reported explicit unidirectional synaesthetic experiences, but no
explicit bidirectional synaesthetic experiences, were tested in one
of three TMS conditions. In one condition, TMS was applied over
the right parieto-occipital junction (RPO), in another condition TMS
was applied over the left parieto-occipital junction (LPO), and in
the control condition, sham stimulation was applied over the right
parieto-occipital junction. The synaesthetic conditioning task consisted of three phases, habituation, conditioning and extinction
during which skin conductance response (SCR) was measured continuously (Meier & Rothen, 2007; 2009). The critical TMS trials were
administered online during the conditioning phase when colour
was coupled with the unconditioned stimulus (US). TMS was never
administered when the conditioned colour (CS-colour) was presented or when the CS-grapheme was presented. A conditioned
response to the CS-colour, but not to the CS-grapheme would be
convincing evidence for a bidirectional account of synaesthesia and
would be a clear indication for the involvement of parieto-occipital
regions for implicit bidirectionality.

Fig. 1. Schematic depiction of the two accounts of the synaesthetic conditioning effect. (a) According to a unidirectional account, the conditioned synaesthetic response
is mediated by the conditioned colour response. (b) According to an implicit bidirectional account an implicit activation of the grapheme representation occurs during
conditioning trials. (c) According to an implicit bidirectional account, TMS over parieto-occipital areas should suppress the implicit activation of the grapheme during the
conditioning trials. As a consequence the conditioned synaesthetic response should be largely reduced.
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Fig. 2. Depiction of an example of the conditioning phase. A startle response is conditioned to the blue colour (CS-colour). Graphemes (CS-grapheme) were selected such
that they elicited the colour which was coupled with the startling sound during conditioning. For the synaesthete in this particular example the letter “D” would have elicited
a blue colour experience.

2. Method
2.1. Subjects
Thirty-six synaesthetes (33 female and 3 male; age M = 31.1
years, SD = 8.6; years of education M = 17.2, SD = 3.3; 32 righthanded and 4 left-handed; ISEQ (Skelton, Ludwig, & Mohr, 2009)
M = −1.57, SD = 2.26) were pseudo-randomly assigned to one of
three TMS conditions (sham, LPO, RPO). The same number of participants was assigned to each experimental condition such that age,
gender, handedness, years of education and ISEQ-score were comparable. All synaesthetes reported strictly unidirectional explicit
synaesthetic experiences. A test of consistency of grapheme-colour
associations was conducted in the original test session and in a
retest-session about half a year later (M = 7.2 months). Consistency
was r = .77 for hue, r = .85 for saturation, and r = .77 for value (brightness). All consistency values were signiﬁcantly different from zero
(all ps < .001) and similar in size to a previous study with a different
sample of synaesthetes (Meier & Rothen, 2007). The experimental procedure conformed to the Declaration of Helsinki and was
approved by the local ethics committee. All subjects gave written
consent prior to participation.
2.2. Stimuli
Five coloured squares (red, green, blue, yellow, and white)
which covered a visual angle of approximately 10.6◦ were used
as stimuli, on a black background. The white square included a
speciﬁc grapheme which was selected separately for each individual synaesthete. Whenever possible, the grapheme was selected to
elicit either a red or blue synaesthetic experience. The graphemes
were presented in a standard Arial 320 point font and each covered
a visual angle of about 6.6◦ in width and about 8.1◦ in height.
2.3. Apparatus
Presentation of stimuli and triggering of TMS pulses was
controlled by E-Prime 2.0 software (Psychology Software Tools,
Pittsburgh, PA, USA) running on an IBM-compatible computer.
Visual materials were presented against a black background at
the centre of a 17 VGA-monitor. Auditory materials were presented with 100dB on two speakers by a stereo integrated ampliﬁer.
rTMS was applied using a MagPro R30 stimulator (Medtronic Functional Diagnostics, Skovlunde, Denmark), connected to a round coil
with an outer radius of 60 mm (Magnetic Coil Transducer MC-125;
Medtronic Functional Diagnostics) in the experimental condition
and a sham coil (Magnetic Coil Transducer MC-P-B70; Medtronic
Functional Diagnostics) in the sham condition. SCRs were measured
with two shielded Ag/AgCl-electrodes (FMS Falk Minow Services,

Herrsching, Germany) with 8 mm in diameter ﬁlled with TD-246
(PAR Medizintechnik GmbH, Berlin, Germany), a neutral medium
with 0.5% NaCl. SCR data were acquired with a skin conductance
level meter (UFI, model 2701, Morro Bay, CA, USA). To digitalize
SCR data an analogue to digital converter (MacLab/4 s ML740, AD
Instruments Ltd., Castle Hill, NSW, Australia) was used. SCR data
were recorded with a Macintosh G4 computer (Apple Computer
Inc., Cupertino, CA, USA) with Chart v4.2 software (AD Instruments
Ltd., Castle Hill, NSW, Australia).
2.4. Procedure
SCR was sampled at 20 Hz with two electrodes, attached to
the thenar and hypothenar eminences of the non-dominant hand.
Subjects were seated in a comfortable chair, 60 cm in front of a
computer screen. They were asked to relax, to remain silent, and to
attend to the squares that would appear on the screen. Each square
was shown for 500 ms and a new square was not presented until
the SCR was stable. In the habituation phase stimuli were presented
in a ﬁxed pseudo-random order twelve times for a total of 60 trials.
In parallel, TMS was applied in a different pseudo-random order
online during the presentation of 12 squares with the restriction
that each colour was coupled with TMS at least once. Importantly,
the inter-stimulus interval was rather long (about 10 s) because,
as mentioned above, a new trial was not initiated before the SCR
was stable. Therefore, TMS was applied very infrequently and was
nowhere near the 1-Hz range that typically leads to long-lasting
TMS effects.
In the conditioning phase, a total of 28 trials were presented in a
ﬁxed pseudo-random order. TMS was applied during the conditioning trials in order to interfere with implicit bidirectionality. Three
white squares including the grapheme were used as conditioned
grapheme stimuli (CS-grapheme) and three coloured squares with
the corresponding colour were used as the conditioned colour stimuli (CS-colour). None of the CS stimuli was followed by the US. An
additional 15 squares of the remaining three colours which were
never followed by the startling sound were used as ﬁller stimuli.
An example of the speciﬁc procedure for the condition with blue as
the CS-colour and D as CS-grapheme is depicted in Fig. 2.
In the extinction phase, two CS-colour trials and two CSgrapheme trials were presented alternating twelve times for a total
of 24 trials. These trials were included to extinguish the conditioned
response and were not considered for the analysis. At the end of the
experiment subjects were asked whether the grapheme elicited a
colour experience at all.
Before the synaesthetic conditioning task, the motor threshold
of the relaxed small hand muscles was determined by stimulating
the right motor cortex with single pulses. Over the experimental
procedure, rTMS was delivered at 115% of each individual’s motor
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Fig. 3. Mean differences (conditioning − habituation) for CS-grapheme and CS-colour trials and the three experimental conditions (sham, LPO, RPO). Larger differences
indicate stronger conditioning. Error bars show standard errors.

rest threshold at a rate of 10 Hz during the presentation of the speciﬁc slides. The localization of the stimulation site was based on a
previous study (Muggleton et al., 2007). The Talairach coordinates
of the RPO site (x = 22, y = −71, z = 27) were converted to the 10–20
electrode system. The left hemisphere site (LPO) was chosen to be
homologous to the RPO location. The TMS-coil was handled tangentially, with the direction of the induced current from posterior
to anterior. For the analysis of the SCRs, a data window of 10 s after
each stimulus presentation was deﬁned. The event-related SCR was
calculated as the difference between the highest amplitude and its
precedent minimum in the data window.

3. Results
In Fig. 3, SCR differences between habituation and conditioning
are presented separately for CS-colour and CS-grapheme and for
each of the three stimulation conditions. SCRs are expressed as the
proportion of maximum SCR for the unconditioned responses. For
all statistical analyses alpha level was set at .05.
In the ﬁrst set of analyses, we tested whether a conditioned
response occurred for the CS-colour. Directed comparisons showed
that SCRs differed signiﬁcantly from 0 for all conditions, with
t(11) = 1.98, 2 = .26 for sham, t(11) = 1.96, 2 = .26 for RPO, and
t(11) = 2.40 for LPO, 2 = .34 (all ps < .05, one-tailed).
In the second and critical set of analyses, we tested whether
a synaesthetic conditioning effect occurred. Directed comparisons
showed that SCRs of CS-grapheme trials differed signiﬁcantly from
0 for the sham condition t(11) = 2.27, p < .05, 2 = .32 but not for
the two experimental conditions with t(11) = .90, p = .19, 2 = .07
for RPO and t(11) = .43, p = .34, 2 = .02 for LPO (all one-tailed). This
indicates that a conditioning effect in response to the colour was
evident in all conditions, while the synaesthetic conditioning effect
was suppressed in both TMS conditions, but not in the sham condition.
We have asked the participants at the end of the experiment
whether they had a colour experience in response to the graphemes
during the experiment. In both TMS conditions, 50% of the participants were aware of a colour experience in response to graphemes.
In contrast, however, in the sham condition only 17% reported that
they were aware of a colour experience. Therefore, we can be sure
that at least some of the participants had a colour experience (and
were still aware of it at the end of the experiment). The number
of “aware” participants was even higher in the TMS conditions.
However, the rather low number in the sham condition indicates
that these phenomenological reports should, eventually, be treated
with caution. Nevertheless, as can be seen in Fig. 3, the SCRs for

graphemes (CS-Graphemes) are still above zero, which may be
indicative for a potential, but weak, unidirectional activation.
4. Discussion
The present study demonstrates that parieto-occipital TMS suppresses implicit bidirectionality. It also demonstrates that implicit
bidirectional cross-activation is involved in synaesthetic conditioning and that a simple unidirectional account is not sufﬁcient to
explain the synaesthetic conditioning effect. TMS during conditioning (i.e., the presentation of the CS-colour coupled with the US)
prevented a synaesthetic conditioning effect during retrieval of the
conditioned response (i.e., the presentation of the CS-grapheme)
in the TMS conditions but not in the sham condition. As the
synaesthetic inducer (CS-grapheme) never co-occurred with the
US (startling sound), the results suggest that implicit activation
of the grapheme representation during conditioning is necessary
to establish an association with the startle response, which ﬁres
back when the grapheme is presented physically (Meier & Rothen,
2007). Whilst at the level of subjective report activation of the
synaesthetic colour experience was unidirectional, at the level
of performance a bidirectional relationship between synaesthetic
inducers (CS-grapheme) and concurrents (CS-colour) existed in the
sham condition, but not in the TMS conditions.
In other words, real colours consistently elicited a conditioned
response, independent of the presence of parieto-occipital TMS.
In contrast, synaesthetic colours were not sufﬁcient to elicit a
conditioned response. This would have been expected with a
simple unidirectional account. With a bidirectional account, however, the occurrence of the conditioned synaesthetic response is
not simply a generalized conditioned colour response. Rather, it
emphasizes the importance of the coupling between the implicit
activation of the grapheme with the startle response during conditioning trials. As a result the conditioned synaesthetic response
is strongly boosted by a direct link between grapheme and startle
response (cf. Fig. 1(b)). This explanation is supported by the fact
that a small, but non-signiﬁcant synaesthetic conditioning effect
also occurred in the TMS conditions via a unidirectional route
(grapheme ⇒ colour ⇒ startle).
However, it might be argued that the suppression of the conditioned synaesthetic response is the result of a lingering TMS effect.
According to this explanation TMS effects would last for several
seconds (or even minutes) and as a consequence the event-related
application of TMS would become obsolete. However, and critically,
the speciﬁc TMS protocol used in the present study (i.e., stimulation rate, stimulation strength, stimulation site etc.) and the long
inter-trial-intervals argue against a summation- or carryover-effect
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of TMS (cf. Göbel, Rushworth, & Walsh, 2006; Leff, Scott, Rothwell,
& Wise, 2001; Rosenthal et al., 2006).
Our ﬁndings have important implications for understanding the
neuronal correlates of binding colour and form in synaesthesia.
They suggest that parieto-occipital regions are not only involved
in explicit (Hubbard & Ramachandran, 2005; Ramachandran &
Hubbard, 2001; Sagiv et al., 2006) but also in implicit synaesthetic
binding. As parieto-occipital areas are also involved in normal binding, these ﬁndings reinforce the notion that synaesthesia can be
viewed as a phenomenon of abnormal feature binding (Sagiv et
al., 2006). Our results extend those of a recent EEG study in which
implicit bidirectionality elicited activations at parietal electrodes
(Gebuis, Nijboer, & van der Smagt, 2009a) and fMRI ﬁndings in
a case of explicit bidirectionality in which the activation from
grapheme to colour also activated parietal areas (Cohen Kadosh,
Cohen Kadosh, & Henik, 2007). They go beyond previous reports
of mainly right-sided effects of TMS suppression for unidirectional
synaesthetic binding (Esterman et al., 2006; Muggleton et al., 2007).
In the present study, suppression of both left and right paritooccipital cortex affected synaesthetic conditioning, suggesting that
both hemispheres are involved in implicit synaesthetic binding. In
contrast, the conditioned colour response was not affect by TMS,
which indicates that parieto-occipital areas are selectively involved
in the synaesthetic conditioning effect.
Our results also extend previous reports of implicit bidirectionality in synaesthesia by showing that it is not restricted to
numerical cognition (Meier & Rothen, 2007; Weiss et al., 2009).
In addition, they suggest that bidirectionality is an intrinsic property of synaesthesia which may be the consequence of the lifetime
of extensive associations between synaesthetic inducers and concurrents (cf. Berteletti, Hubbard, & Zorzi, 2010). At ﬁrst glance,
this notion seems to conﬂict with a model of synaesthesia put
forward by Cohen Kadosh and Henik (2007) according to which different types of synaesthesia can be distinguished as a function of
awareness of synaesthetic experiences, ranging from the complete
absence of awareness (i.e., non-synaesthetes) to complete awareness of synaesthesia (including explicit bidirectionality). However,
it is likely that the synaesthetes tested in the present study were all
in the medium range of this hypothetic scale, and although there
may be variations in the extent to which they are aware of their
unidirectional synaesthesia, implicit bidirectionality also emerged
on a physiological level.
While the consideration of implicit bidirectionality in synaesthesia research increases, so far there has not been much theorizing
about why synaesthesia should be a unidirectional phenomenon at
all. If numbers induce sensations of colours then why do colours
not also induce synaesthetic sensations of numbers? It is possible that the dissociation between experience and behaviour due
to explicit and implicit activations can be explained by the properties of the human knowledge representation system. Typically
inducers are cultural artefacts, that is, stimuli such as numerals,
letters and words which are comprehended only after extensive
experience. In contrast, concurrents represent more natural categories which are “just there” in the outside world and which can be
comprehended without cultural education. If cultural artefacts (i.e.,
inducers) are more symbolic and less concrete than natural categories (i.e., concurrents), then according to a spreading-activation
theory of knowledge representation (Collins & Loftus, 1975) an
inducer would activate fewer nodes compared to a concurrent. As a
concept divides its activation among all the concepts connected to
it, it would take longer to retrieve associations of concurrents compared to retrieving associations of inducers, resulting in a fan effect
(Anderson, 1974). By this explanation, the association between
inducer and concurrent is stronger and therefore the threshold
for a conscious experience may be crossed more quickly. Reciprocally, the association between concurrent and inducer is weaker

and therefore the threshold for a conscious experience may not be
crossed. Using appropriate measures, its existence can be demonstrated nevertheless as shown in the present study.
On a neuronal level, there is converging evidence that parietal
regions contribute to the fan effect (Khader, Burke, Bien, Ranganath,
& Rösler, 2005; Sohn et al., 2005). Thus, synaesthesia may be conceptualized as a binding phenomenon and synaesthetic feature
binding may rely on similar processes as normal feature binding (Corbetta, Shulman, Miezin, & Petersen, 1995; Esterman et al.,
2006; Muggleton et al., 2007; Robertson, 2003; Sagiv et al., 2006).
Here we have demonstrated that this kind of binding can even occur
implicitly.
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