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Summary 

 

Janina Neufeld: Top-down Processes in Synaesthesia - Evidence from Functional 

Neuroimaging and Illusion Research 

 

 

 
Synaesthesia is a fascinating phenomenon in which certain stimuli or concepts (inducers) lead 

automatically to additional sensations (concurrents) which are perceived as inseparably 

related to the inducing perception. While several models for synaesthesia were discussed in 

scientific literature, it is not yet entirely clear which neuronal mechanisms underlie this 

phenomenon. Especially two models gained attention during the last years. One is a two-stage 

model of direct cross-activation of concurrent- via inducer representing areas in combination 

with an increased binding processes, so called “hyperbinding”, mediated by the parietal 

cortex. The other is a model of disinhibited feedback to concurrent representation areas, 

coming from a multisensory nexus, e.g. in the parietal cortex. 

Studies addressing the question which neural correlates underlie synaesthesia found mainly 

evidence for an involvement of parietal, sensory (especially visual) and prefrontal areas by 

detecting increased activation or structural peculiarities in these areas in synaesthetes, while 

especially the findings in sensory areas are largely inconsistent. Within a recent review Rouw 

et al. pointed out that findings of differences between synaesthetes and controls in sensory 

areas most likely represent the synaesthetic sensations and that these findings might be 

strongly influenced by individual differences between synaesthetes, the task during the 

experiment and a priori specified regions of interest. Further, they believe that parietal areas 

are involved in hyperbinding and cognitive control processes during synaesthesia. However, 

most investigations on synaesthetes using imaging techniques concentrated on grapheme-

colour synaesthesia, in which letters or numbers are perceived in specific colours, while many 

other synaesthesia form exist.  

Within this thesis with the title “Top-down Processes in Synaesthesia - Evidence from 

Functional Neuroimaging and Illusion Research”, functional neuroimaging data of a group of 

auditory-visual synaesthetes are presented for the first time, providing evidence for a key role 
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of the left parietal cortex also in this form of synaesthesia. This finding suggests a common 

neural mechanism related to the parietal cortex in synaesthesia, independent from the specific 

synaesthesia form. A further finding within this thesis is that during the synaesthetic 

experience this parietal cortex region is also functionally stronger connected to primary 

auditory and visual areas in auditory-visual synaesthetes. These results are interpreted in 

favour of a parietal top-down influence on sensory areas as basis of auditory-visual 

synaesthesia. This would be in line with the model of disinhibited feedback or the idea of a 

hyperbinding mechanism related to the parietal cortex. As there was no increased functional 

connectivity detected between sensory areas in synaesthetes, our results provide no evidence 

for a direct cross-activation between areas of inducer and concurrent representation. 

As a third result of this thesis, synaesthetes show a decreased multimodal interplay between 

vision and audition during an audio-visual illusion, the double-flash illusion. In this illusion, 

one short light flash is misperceived as two flashes when presented together with two beep 

sounds. While the reasons why synaesthetes do not perceive this illusion as much as controls 

remain to be clarified, a relationship of this effect to attention control mechanisms is 

discussed. Attention control mechanisms have been shown to be strongly related to top-down 

control mediated by the parietal cortex or a network of prefrontal and parietal areas, 

respectively. Therefore, both, synaesthesia and a reduced multisensory interplay may be 

related to an altered parietal top-down control in synaesthetes. 

All in all, the results support the view that there are partially common mechanisms for 

different forms of synaesthesia and that synaesthesia shares also some mechanisms with 

multimodal perception, making the phenomenon especially attractive to neuroscience 

research. 
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Zusammenfassung 
 
Janina Neufeld: Top-down-Prozesse in der Synästhesie – Ergebnisse aus Experimenten 
mit funktioneller Bildgebung und multimodalen Illus ionen 
 
 
 
Synästhesie ist ein faszinierendes Phänomen, bei dem bestimmte Sinnesreize oder Konzepte 

(„inducers“ = Auslöser) automatisch zu zusätzlichen Wahrnehmungen („concurrents“ = 

Mitempfindungen) führen, die als untrennbar verbunden mit den auslösenden Reizen erlebt 

werden. Während bereits mehrere Modelle zur Synästhesie in der wissenschaftlichen Literatur 

diskutiert wurden, ist noch nicht vollständig geklärt, welche Mechanismen diesem Phänomen 

zugrunde liegen. Innerhalb der letzten Jahre haben insbesondere zwei Modelle viel Beachtung 

gefunden. Das eine ist ein Zwei-Stufen-Modell aus direkter Kreuz-Aktivierung des Areals, 

das die synästhetische Mitempfindung repräsentiert, durch das Areal, welches den Auslöser 

repräsentiert, zusammen mit einem zusätzlichen verstärkten Bindungsmechanismus der vom 

Parietalkortex ausgeht, sogenanntem „Hyperbinding“. Das andere Modell propagiert eine 

enthemmte Rückkopplung zwischen einem multimodalen Nexus, beispielsweise im 

Parietalkortex, und Arealen die die Mitempfindung repräsentieren. 

Studien, die dieser Frage nachgegangen sind, fanden hauptsächlich Hinweise für eine 

Beteiligung parietaler, sensorischer (insbesondere visueller) und präfrontaler Hirnareale, da 

sie erhöhte Aktivität oder strukturelle Besonderheiten bei Synästhetikern in diesen Arealen 

fanden, während sich insbesondere die Befunde in visuellen Arealen zu einem großen Teil als 

inkonsistent herausstellten. In einem aktuellen Übersichtsartikel haben Rouw und Kollegen 

dargelegt, dass die Befunde von Besonderheiten in sensorischen Arealen bei Synästhetikern 

sehr wahrscheinlich die synästhetischen Wahrnemungen repräsentieren und dass diese stark 

von individuellen Unterschieden zwischen Synästhetikern, als auch verschiedenen 

Aufgabenstellungen während des Experiments und vorab bestimmten „regions of interest“ 

bestimmt werden. Darüber hinaus glauben sie, dass parietale Hirnareale an verstärkten 

„Hyperbinding“ sowie kognitiven Kontrollmechanismen im Bezug auf die Synästhesie 

beteiligt sind. Allerdings konzentrierten sich die meisten Untersuchungen zu Synästhesie mit 

bildgebenden Verfahren auf die „Graphem-Farb-Synästhesie“, bei der Zahlen und Buchstaben 
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in spezifischen Farben wahrgenommen werden, obwohl es noch viele andere Synästhesie-

Formen gibt. 

Im Rahmen der vorliegenden Doktorarbeit mit dem Titel “Top-down Processes in 

Synaesthesia - Evidence from Functional Neuroimaging and Illusion Research”, werden 

erstmalig Daten funktioneller Bildgebung von einer Gruppe akustisch-visueller Synästhetiker 

vorgestellt, die Hinweise darauf liefern, dass der Parietalkortex auch in dieser Form von 

Synästhesie eine Schlüsselrolle spielt. Dieser Befund lässt einen von der spezifischen 

Synästhesieform unabhängigen, allgemeinen neuronalen Mechanismus in der Synästhesie 

vermuten, der vom Parietalkortex ausgeht. Ein weiterer Befund im Rahmen dieser Arbeit ist, 

dass diese Region im Parietalkortex bei akustisch-visuellen Synästhetikern während der 

synästhetischen Wahrnehmung auch funktionell stärker mit Arealen im primären visuellen 

und auditorischen Kortex verknüpft ist. Diese Resultate werden dahingehend interprestiert, 

dass der akustisch-visuellen Synästhesie ein vom Parietalkortex ausgehender „Top-down“-

Mechanismus zugrunde liegt. Dies wäre mit den Synästhesie-Modellen von vom 

Parietalkortex ausgehender enthemmter Rückkopplung („disihibited feedback“) bzw. 

„Hyperbinding“ vereinbar. Da bei Synästhetikern keine verstärkte funktionelle Konnektivität 

zwischen sensorischen Arealen gefunden wurde, liefern unsere Daten keine Hinweise auf eine 

direkte Kreuz-Aktivierung zwischen den Arealen die den „Inducer“ bzw. den „Concurrent“ 

repräsentieren.  

Als dritter Befund innerhalb dieser Arbeit zeigen Synästhetiker eine verringertes 

multimodales Zusammenspiel zwischen Sehen und Hören während eine akustisch-visuellen 

Illusion, der „double-flash illusion“. Bei dieser Illusion wird ein kurzer einzelner Lichtblitz 

fälschlicherweise als doppelter Lichtblitz wahrgenommen, wenn gleichzeitig zwei Pieptöne 

präsentiert werden, Während die Gründe dafür, dass Synästhetiker diese Illusion weniger 

wahrnehmen als Kontrollprobanden, noch zu klären sind, wird ein Zusammenhang zwischen 

diesem Effekt und Mechanismen der Aufmerksamkeitskontrolle diskutiert. Es wurde bereits  

gezeigt, dass  Aufmerksamkeits-Kontrollmechanismen stark mit vom Parietalkortex bzw. 

einem fronto-parietalen Netzwerk ausgehenden “Top-down”-Kontrolle im Zusammenhang 

stehen. Daher könnte also beides, synästhetische Wahrnehmung und reduziertes 

multisensorisches Zusammenspiel bei Synästhetikern, mit veränderten parietalen „Top-

down“-Mechanismen in Zusammenhang stehen. 
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Insgesamt unterstützen die Ergebnisse dieser Arbeit die Idee, dass es einen gemeinsamen 

Mechanismus für verschiedene Synästhesieformen gibt und weiterhin, dass die Synästhesie 

Mechanismen mit multimodaler Wahrnehmung im Allgemeinen teilt – was das Phänomen für 

die neurowissenschaftliche Forschung besonders interessant macht. 
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Chapter 1: General introduction 

 

Synaesthesia 

 

„It looks as if something very small falls down quickly, becomes bigger, like a drop, lands 
with a smack and leaves a shiny, golden yellow area, which resembles a bit to rings in the 
water, in order to finally bounce up again.” 
 

This is a description of the synaesthetic sensation one of the synaesthetes participating in our 

studies perceives when she hears a single piano tone in A’. Synaesthesia (Greek: syn = 

together; aesthesis = perception) is the experience of unusual, internally generated sensations, 

induced by particular perceptual or conceptual stimuli which are related to another sensory 

modality or cognitive stream. Hereby, certain stimuli, so called inducers, lead consistently to 

the same synaesthetic sensations, referred to as concurrents, while the synaesthesia form is 

named according to inducer and concurrent types (Grossenbacher & Lovelace, 2001). For 

example, an auditory-visual synaesthete might perceive a moving, coloured, three-

dimensional shape while hearing a simple sine tone. Richard Cytowic, one of the pioneers of 

newer synaesthesia research, already pointed out (Cytowic, 2002) that photisms perceived in 

synaesthesia are often rather simple in nature (in contrast to for example complex scenes) and 

often belong to the form constants which were described by Heinrich Kluever to be 

recurrently induced by Mescaline intoxication (Kluever, 1966). We could replicate these 

observations when asking our auditory-visual synaesthetes to draw their sensations during the 

presentation of different sounds (Fig. 1), although also more complex forms as for example 

crystal-like shapes were reported (see supplementary material for detailed information).  

The most studied variant of synaesthesia is grapheme-colour synaesthesia (Rouw, Scholte, & 

Colizoli, 2011). Although the term 'grapheme-colour synaesthesia' suggests that it includes 

only synaesthesia forms in which the visual presentation of letters and numbers leads to 

colour sensations, it is often also used in cases where the acoustic presentation of these stimuli 

evokes colours. The reason for this might be the observation that (at least in part of the 

synaesthetes) colour is evoked by the concept of a grapheme - and therefore regardless if 
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presented visually or acoustically (Dixon, Smilek, Cudahy, & Merikle, 2000; Ramachandran 

& Hubbard, 2001b). Acoustically induced grapheme-colour synaesthesia, as well as word-

colour- or tone-colour synaesthesia, has also been referred to as 'coloured-hearing 

synaesthesia' (Beeli, Esslen, & Jaencke, 2008; Marks, 1975). Here the term 'grapheme-colour 

synaesthesia' is used for all cases of synaesthesia in which letters or numbers induce colour 

sensations, regardless if presented visually or acoustically, but it is clearly distinguished from 

auditory-visual synaesthesia (Goller, Otten, & Ward, 2008; Jacobs, Karpik, Bozian, & 

Gothgen, 1981), in which all kinds of sound (music, noise, voices) induce visual sensations, 

independently from linguistic content. 

 

 

 

 

 

 

 

Synaesthesia is not a symptom of a neurological disease, but a natural variation of healthy 

human cognition (Hubbard, 2007; Rouw, Scholte, & Colizoli, 2011). One of the main 

characteristics of synaesthesia is its consistency, meaning that one inducer leads always to the 

same concurrent sensation consistently over decades (Simner & Logie, 2007). Therefore it is 

used as objective criterion to verify synaesthetes (Baron-Cohen, Wyke, & Binnie, 1987). 

David Eagleman and co-workers developed a standardized online test-battery, which is used 

by many different research groups today, including tests for many different forms of 

synaesthesia (Eagleman, Kagan, Nelson, Sagaram, & Sarma, 2007). Another important 

characteristic of synaesthesia is that it occurs automatically during the perception of inducers 

Fig. 1: Examples of synaesthetic photisms resembling Kluever’s form constants. Auditory-visual synaesthetes 
drew their photism during the presentation of single tones: guitar (A, spiral) and marimba (B, lattice and C, cobweb). 
Note that sound induced synaesthetic photisms usually are three-dimensional and dynamic. 
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(Mills, Boteler, & Oliver, 1999). This has been demonstrated using the “synaesthetic stroop 

effect”: when inducing letters or numbers are presented to a grapheme-colour synaesthete in 

colours not matching his synaesthetic colours, his reaction time for naming the ink colour of 

the inducer is significantly longer than his reaction time in situations when “real” and 

synaesthetic colour match (Dixon et al., 2000; Lupianez & Callejas, 2006; Mattingley, Rich, 

Yelland, & Bradshaw, 2001; Odgaard, Flowers, & Bradman, 1999). For example if a 

synaesthetes colour for the letter N is green, he will need less time to name the ink colour of a 

printed N if it is also green compared to if it is for example red. Further, synaesthetes 

themselves describe their sensations as automatic and most of them claim that they perceive 

them “as long as they can remember” and can not suppress them – even in situations when 

this would be useful. For example one of the synaesthete participating in our studies claimed 

that she often “drags behind with perception” because she has to handle so many impressions. 

Although synaesthesia occurs automatically and involuntarily when inducers are perceived 

consciously, in most of the synaesthetes it seems not to occur without the conscious 

perception of the inducer and therefore requires attention (Mattingley et al., 2001; Johnson, 

Jepma, & de, 2007; Sagiv, Heer, & Robertson, 2006; Hubbard, Arman, Ramachandran, & 

Boynton, 2005). Usually, synaesthesia is perceived only in one direction, meaning that in 

grapheme-colour synaesthesia a certain letter induces a certain colour, but not vice versa 

(Ramachandran & Hubbard, 2001b; Rich & Mattingley, 2002). On the other hand, according 

to behavioural studies there is evidence for an implicit bidirectionality of grapheme-colour 

synaesthesia, meaning that concurrent colours can lead to a subconscious activation of the 

grapheme representation (Gebuis, Nijboer, & Van der Smagt, 2009a; Knoch, Gianotti, Mohr, 

& Brugger, 2005; Gebuis, Nijboer, & Van der Smagt, 2009b). 

There are about 150 different reported forms of synaesthesia (Eagleman, 2011), while 

synaesthesia forms in which the concurrent is visual (especially colour) seem to dominate 

(Simner et al., 2006; Simpson & McKellar, 1955). The prevalence of synaesthesia is currently 

thought to be about 4%, with the highest prevalence of day-colour synaesthesia (2,8%) and a 

prevalence of about 1% of grapheme-colour synaesthesia (Simner et al., 2006). Not as 

common as these latter forms, but also comparatively commonly reported are auditory-visual 

synaesthesia (Robertson & Sagiv, 2005) and sequence-space synaesthesia, in which for 

example numbers or time-units occupy specific spatial locations (Smilek, Callejas, Dixon, & 
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Merikle, 2007; Sagiv, Simner, Collins, Butterworth, & Ward, 2006). But there are many other 

synaesthesia forms, as for example “ordinal linguistic personification”, in which linguistic 

sequences (like letters or numbers) are associated with specific personality attributes (Simner 

& Holenstein, 2007) and “hearing-motion synaesthesia”, in which visual perception of 

movement leads to sound sensations (Saenz & Koch, 2008). While former studies based on 

estimates on the number of respondents to newspaper advertisements (Baron-Cohen, Burt, 

Smith-Laittan, Harrison, & Bolton, 1996) suggested a higher ratio of female synaesthetes 

(approximately 6:1), a more recent study in which large groups of museum visitors and 

college students were investigated systematically, speaks for a rather balanced sex-ratio in 

synaesthetes (Simner et al., 2006). 

 

 

Hypothetical models of synaesthesia in the light of neuroimaging results 
 

Different models have been developed to explain the formation of synaesthesia: direct cross-

activation, disinhibited feedback, re-entrant processing and hyperbinding. The cross-

activation model suggests co-activation of brain areas representing the synaesthetic 

concurrent via a direct linkage between inducer- and concurrent representation areas: in case 

of grapheme-colour synaesthesia, this could be connections between the grapheme 

representation area and the colour area V4, which lie adjacent to each other within the ventral 

visual stream (Ramachandran & Hubbard, 2001a). A possible reason for this linkage could be 

a failure of pruning in prenatal pathways (Hubbard & Ramachandran, 2005; Maurer & 

Mondloch, 2004). The disinhibited feedback model proposes the disinhibition of normally 

inhibited long distance back projections from associative brain regions (for example in the 

parietal cortex) to unimodal sensory areas (Grossenbacher & Lovelace, 2001). This model 

does not suggest that synaesthetes have additional neuronal connections, but that they use the 

same pathways present in everyone in an altered way. Compatible with the disinhibited 

feedback model, activation could also sweep back from associative regions within the 

temporal lobe backwards to lower sensory areas, which is referred to as re-entrant processing 

(Smilek, Dixon, Cudahy, & Merikle, 2001). Another idea is that synaesthesia is the result of a 

hyperactive binding mechanism, so-called hyperbinding, related to the parietal cortex 
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(Robertson, 2003) or limbic brain areas (Cytowic, 1993; Emrich, Schneider, & Zedler, 2002). 

As an extension to the original cross-activation model, a combined two-stage model of cross-

activation of concurrent areas by inducer areas together with a parietal hyperbinding 

mechanism has been suggested (Hubbard, 2007; Hubbard & Ramachandran, 2005). Recently 

a further extension of the cross-activation model, the cascaded cross-tuning model, has been 

proposed (Hubbard, Brang, & Ramachandran, 2011). According to this model, already 

features of stimuli (e.g. single visual features of graphemes) are sufficient to cross-activate 

concurrent areas (e.g. in the fusiform gyrus) while additional bottom-up and top-down 

processes play a role within the grapheme-identification process. 

Electrophysiological data indicate that differences in brain activation between synaesthetes 

and non-synaesthetes during the perception of inducing stimuli can emerge relatively early 

(approximately at 100 ms after stimulus onset) but are also present in later components and 

that these differences occur at frontal as well as posterior brain loci (Beeli et al., 2008; Schiltz 

et al., 1999; Brang, Edwards, Ramachandran, & Coulson, 2008). There is evidence from 

neuroimaging studies for an involvement of visual areas in synaesthesia: especially of the 

colour area V4 in the fusiform gyrus (Brang, Hubbard, Coulson, Huang, & Ramachandran, 

2010; Hubbard et al., 2005; Nunn et al., 2002) and in single cases also of earlier visual areas 

(Aleman, Rutten, Sitskoorn, Dautzenberg, & Ramsey, 2001; Steven, Hansen, & Blakemore, 

2006). However, the findings of increased V4 activation have been put into question by a 

recent functional Magnetic Resonance Imaging (fMRI) study in which colour areas were 

identified functionally and individually for each participant and in which no increased V4 

activation could be detected in synaesthetes during inducer representation (Hupe, Bordier, & 

Dojat, 2011). Further, most fMRI studies investigating larger subject groups (n > 10) found 

evidence for the involvement of the left parietal cortex (Rouw & Scholte, 2010; Rouw & 

Scholte, 2007; van Leeuwen, Petersson, & Hagoort, 2010; van Leeuwen, den Ouden, & 

Hagoort, 2011; Weiss & Fink, 2009). Transcranial magnetic stimulation (TMS) over parietal 

sites has been shown to prevent the synaesthetic stroop effect (Esterman, Verstynen, Ivry, & 

Robertson, 2006; Muggleton, Tsakanikos, Walsh, & Ward, 2007) and to impair implicit 

bidirectionality in grapheme-colour synaesthetes (Rothen, Nyffeler, von, Muri, & Meier, 

2010). There is also evidence for structural differences between synaesthetes and controls in 

or near the fusiform gyrus as well as in parietal cortex areas, but also in frontal and limbic 
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brain areas (Jaencke, Beeli, Eulig, & Haenggi, 2009; Rouw & Scholte, 2007; Weiss & Fink, 

2009; Rouw & Scholte, 2010). The large amount of evidence for an involvement of 

associative parietal, as well as frontal cortex areas in synaesthesia speaks against the original 

model of cross-activation as only mechanism, rather supporting the idea of parietal cortex 

acting as sensory nexus in synaesthesia. However, it leaves the opportunity that cross-

activation occurs before parietal hyperbinding as suggested by the two-stage model. It is also 

possible that different forms of synaesthesia are caused by different neuronal mechanisms 

(Cohen & Walsh, 2008). As most investigations of neural correlates of synaesthesia focussed 

on grapheme-colour synaesthesia, not much is known so far about mechanisms underlying 

other synaesthesia forms. 

Further, individual differences between synaesthetes within one form of synaesthesia appear 

play also an important role. For example it has been suggested that grapheme-colour 

synaesthetes can be distinguished into two different subtypes: associators, perceiving 

synaesthetic colours evoked by graphemes in their ‘mind’s eye’, and projectors, who see the 

colour projected to the outside world, e.g. on the written letter (Dixon, Smilek, & Merikle, 

2004). While there is evidence for behavioural (Ward, Li, Salih, & Sagiv, 2007; Dixon et al., 

2004), as well as structural and functional differences between these synaesthetes-subtypes 

(van Leeuwen et al., 2011; Rouw & Scholte, 2010; Rouw & Scholte, 2007), other researchers 

put this distinction into question, for example because there is no binary distribution between 

these types of synaesthetes but rather a smooth spectrum (Eagleman, 2011). Ward and 

colleagues proposed an extended model of individual differences based on the spatial location 

of the concurrent in grapheme-colour synaesthesia, emphasising the role of different spatial 

reference frames in synaesthetic perception (Ward et al., 2007). This model suggests that 

projector synaesthetes can be divided in those who perceive the synaesthetic colour directly 

projected on the surface of the written letter (surface-projectors) and those who perceive the 

colour as projected to an external reference frame near their own body (near space-

projectors), while associator synaesthetes can be divided in those perceiving synaesthetic 

colours on an internal reference frame normally used for mental imagery (see-associators) and 

those who claim to know, but not actually see the colours (know-associators). Ward et al. 

found that in behavioural experiments near space projectors behaved like associators, while 

surface-projectors behaved significantly different from all other subtypes. These results 
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underline the relevance of individual differences on the one hand, but indicate on the other 

hand that the distinction between subtypes of synaesthetes may be more complex than 

suggested previously. Theoretically, auditory-visual synaesthetes could also be distinguished 

on the basis of their reference frames. Concurrents could be projected on the location of the 

sound source (similar as in surface-projector grapheme-colour synaesthetes) or an area near 

the own body (similar as in near space-projector grapheme-colour synaesthetes) if perceived 

in the outside world. However, all auditory-visual synaesthetes investigated by our group 

claimed to perceive their photisms “inside”, e.g. on an inner monitor / in the mind’s eye. 

Therefore our synaesthetes would be rather classified as associators. 

In a recent review of studies investigating the neural basis of synaesthesia, Rouw and 

colleagues suggested that a network of sensory, frontal and parietal brain areas is involved in 

synaesthesia, and that there can three different cognitive processes be distinguished in 

synaesthesia: sensory processes, (attentional) ‘binding’ processes and cognitive control 

processes (Rouw et al., 2011). They proposed that the synaesthetic experience activates those 

brain areas normally involved in non-synaesthetic sensation. Further they suggested that the 

integration of inducer- and concurrent sensation might be related to parietal cortex areas and 

that a network of frontal and parietal areas might be especially active in situations when 

conflicts between sensory and synaesthetic information occurs. While especially the 

involvement of sensory areas seems to depend strongly on individual differences, 

involvement of the parietal cortex might be a common factor in different subtypes of 

synaesthesia – an idea which is supported by recent neuroimaging investigations (van 

Leeuwen et al., 2011; Rouw & Scholte, 2010).  

 

 

Are synaesthetes special? 
 

Recent studies even suggested a general structural and a wide-spread functional hyper-

connectivity in grapheme-colour synaesthetes, indicating that there might be many more brain 

areas involved in synaesthesia or that synaesthetes differ in a way that goes far beyond their 

synaesthetic experiences. A recent study found differences regarding functional connectivity 

based on resting-state EEG between grapheme-colour synaesthetes (n = 12) and controls, 
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revealing several brain areas that showed stronger interconnectedness in synaesthetes: in left 

parietal, right auditory, frontal, extrastriate and limbic brain areas (Jaencke & Langer, 2011). 

An overall increased structural connectivity has also been detected by the same group in 

grapheme-colour synaesthetes (n = 24) compared to controls, using region-wise cortical 

thickness correlations based on surface-based morphometry and graph-theoretical network 

analyses (Haenggi, Wotruba, & Jancke, 2011).  

Interestingly, differences in event-related potential (ERP) signals appear between synaesthetes 

and controls also independently from synaesthetic sensations: Barnett et al. detected enhanced 

amplitudes of visual evoked potentials associated to the parvocellular visual pathway in 

grapheme-colour synaesthetes during the perception of simple stimuli unrelated to the 

synaesthesia and they argued that these stimuli are processed much earlier (65-85 ms) and on 

a more basic level than synaesthetic inducers (Barnett et al., 2008). In line with this findings, 

another group reported enhanced unimodal perception (i.e. discrimination ability) in the 

modality of the concurrent, namely of touch in mirror-touch synaesthetes and of colour in 

grapheme-colour and day-colour synaesthetes (Banissy, Walsh, & Ward, 2009). These results 

suggest a hyper-sensitive concurrent perceptual system in synaesthetes. 

All in all, there appear to be more fundamental differences between synaesthetes and controls 

beyond synaesthetic sensations, indicating that synaesthesia might be only one implication of 

a general hyperconnectivity. However, it remains to be clarified to what extent general 

hyperconnectivity affects all synaesthetes: regarding the immense individual variability 

amongst synaesthetes beyond the associator-projector distinction, it has been suggested that 

neural mechanisms of synaesthesia are also variable (Eagleman, 2011) – and this might also 

count for neural abnormalities beyond synaesthesia. 

 

 

Multisensory interplay 

 
Multisensory interplay includes the integration of sensory information coming from different 

sensory modalities in order to perceive a unified object, as well as the influences of one 

sensory modality on another (e.g. saliency enhancement) not implying a unified percept 

(Driver & Noesselt, 2008). The latter means that for example an auditory stimulus can 
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modulate the processing of a visual stimulus, while the auditory and the visual stimulus are 

not perceived as a unified sensation. Multimodal interplay helps to process for example 

location or timing information faster and more precise, since information which is missing or 

imprecise in one modality can be compensated by the other (Koelewijn, Bronkhorst, & 

Theeuwes, 2010). Further the formation of unified percepts might help to reduce noise within 

the perceptual system. For solving the problem, which particular inputs from different 

modalities should be integrated, the perceptual system might use temporal, spatial or 

associative relations between multimodal cues (Driver & Noesselt, 2008).  

To investigate multisensory interplay, often multisensory illusions are used, as they occur as a 

result of multisensory interplay. Here, differences between different subject groups in the 

amount of perceived illusions indicate differences in multisensory interactions. Classical 

audio-visual illusions are the McGurk effect (speech sounds are misperceived under the 

influence of incongruent, synchronously presented lip movements (McGurk & MacDonald, 

1976)) and auditory driving effects (misperception of the temporal frequency of visual stimuli 

under the influence of synchronously presented auditory events (Shipley, 1964)). To the latter 

belongs the “double-flash illusion”, in which a single flash is perceived as two (or more) 

flashes if it is accompanied by two (or more) beep sounds (Shams, Kamitani, & Shimojo, 

2000).  

There are multiple sensory convergence zones in the brain, on the cortical as well as the sub-

cortical level (Driver & Noesselt, 2008). One of the most important cortical integration sites 

besides the superior temporal sulcus (STS) and prefrontal cortex areas is the inferior parietal 

cortex (IPC) (Calvert, 2001; Driver & Noesselt, 2008). The parietal cortex has been shown to 

be also essential in (multimodal) attention guidance (Macaluso, 2010). According to the 

feature integration theory, attention is critical in feature binding (Treisman & Gelade, 1980). 

In line with this theory, it has been shown that multisensory interaction effects during the 

double-flash illusion as well as the McGurk effect are modulated by attention (Mishra, 

Martinez, & Hillyard, 2010; Tiippana, Andersen, & Sams, 2004). Further, it has been shown 

that - besides sensory areas - multimodal cortex areas in frontal, parietal and superior 

temporal cortex play a role within these illusions (Shams, Iwaki, Chawla, & Bhattacharya, 

2005; Mishra, Martinez, Sejnowski, & Hillyard, 2007; Jones & Callan, 2003). 
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Similarities between synaesthesia and non-synaesthetic multisensory 
phenomena 
 

Like multisensory interaction effects during multisensory illusions, synaesthesia has been 

shown to be modulated by attention. There is evidence that for the majority of synaesthetes 

synaesthesia does not occur pre-attentively and that it depends largely on context, attentional 

load and the direction of attention (Mattingley, 2009). Further, synaesthesia seems to share at 

least some mechanisms with non-synaesthetic crossmodal interplay. For example it has been 

shown that uninformative but synaesthetically inducing auditory cues enhance visual target 

detection in auditory-visual synaesthetes if the synaesthetic colour of the cue is congruent to 

the colour of the visual target (Ward, Huckstep, & Tsakanikos, 2006). Similarly, in the 

original paradigm spatially congruent (but not incongruent) visual cues enhance visual target 

perception in non-synasthetes (Posner, 1980). Ward et al. further found similarities between 

audio-visual synaesthesia and pitch-lightness associations in non-synaesthetes (both groups 

associated higher pitches with lighter colours) which is consistent with former investigations 

and descriptions of pitch-lightness associations in synaesthetes and non-syneasthetes as 

reviewed by Marks (Marks, 1975). Further, similar colour-to-letter mapping patterns have 

been detected in controls and grapheme-colour synaesthetes (Simner et al., 2005). Moreover, 

based on research with neonatal and older children, it has been suggested that there is a 

condition similar to adult synaesthesia present (in varying intensity) in all neonatal children 

which vanishes relatively short after birth (Maurer, 1997). Originally, Maurer and Mondloch 

proposed that this neonatal synaesthesia might be related to a stronger structural connectivity 

of infant brains which is lost in most individuals during development, but partially remains in 

synaesthetic individuals as a failure of pruning. Later on, Maurer and Mondloch pointed out 

that instead of a pruning process, it might also be the evolvement of inhibitory mechanisms 

that leads to the loss of neonatal synaesthesia in non-synaesthetes (Maurer & Mondloch, 

2005).  

It has been suggested that synaesthesia might be present in everyone (also in adult age) on a 

subconscious level, but only consciously perceived in synaesthetes (Cytowic, 2002). In line 

with this idea, it has been proposed that synaesthesia is a gradual phenomenon, one side of a 
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continuum (Bien, ten, Goebel, & Sack, 2012; Eagleman, 2011) where the only line that can be 

clearly drawn between synaesthetes and non-synaesthetes is the criterion of conscious 

awareness of synaesthetic sensations (Simner, 2011). Last, there is an ongoing debate if there 

is a link between synaesthesia and creativity: there are many famous artists who are thought 

to have been synaesthetes and there is evidence that the prevalence of synaesthesia might be 

higher amongst artists (Mulvenna, 2007; Rothen & Meier, 2010). 

 

 

 

Aims 
 

There were two mayor aims guiding this work: one was to shed more light on the neural 

correlates of synaesthesia by investigating for the first time language-unrelated auditory-

visual synaesthesia within a neuroimaging group study. In context with group studies 

concerning other synaesthesia forms, this gives information about possible common 

mechanisms of synaesthesia. Functional connectivity analysis of these fMRI data was 

conducted to gain further information about the neural mechanisms of this synaesthesia form. 

The other aim was to test the hypothesis that synaesthetes show general differences in 

multimodal interplay in comparison to controls to investigate the question, if synaesthetes are 

special only in context of their synaesthetic sensations or if they show more fundamental 

peculiarities. 
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Chapter 2: The neural correlates of coloured music: A functional MRI 

investigation of auditory-visual synaesthesia1 

 

 

Abstract 

 

In auditory-visual synaesthesia, all kinds of sound can induce additional visual experiences. 

To identify the brain regions mainly involved in this form of synaesthesia, functional 

Magnetic Resonance Imaging (fMRI) has been used during non-linguistic sound perception 

(chords and pure tones) in synaesthetes and non-synaesthetes. Synaesthetes showed increased 

activation in the left inferior parietal cortex (IPC), an area involved in multimodal integration, 

feature binding and attention guidance. No significant group-differences could be detected in 

area V4, which is known to be related to colour vision and form processing. The results 

support the idea of the parietal cortex acting as a sensory nexus area in auditory-visual 

synaesthesia, and as a common neural correlate for different types of synaesthesia. 

 

 

 

 

 

 

 

 

 

 

 

                                                 
1 This chapter corresponds to the article „The neural correlates of coloured music: A functional MRI 
investigation of auditory-visual synaesthesia” by Neufeld, J., Sinke, C., Dillo, W., Emrich, H. M., Szycik, G. R., 
Dima, D., Bleich, S. Zedler, M.;  Neuropsychologia, (2012); DOI: 10.1016/j.neuropsychologia.2011.11.001 
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Chapter 3: Disinhibited feedback as cause for synaesthesia: evidence 

from a functional connectivity study on auditory-visual 

synaesthetes.2 

 

 

 

Abstract 

 

In synaesthesia certain stimuli of one sensory modality lead to sensory perception in another 

unstimulated modality. Two types of models explaining this phenomenon are recently 

discussed: direct cross-activation and disinhibited feedback. The direct cross-activation model 

postulates direct connections between sensory specific areas responsible for co-activation and 

synaesthetic perception. The disinhibited feedback model suggests unusual feedback from 

multimodal convergence areas as cause for synaesthesia. In this study the relevance of these 

models was tested on a group (n = 14) of auditory-visual synaesthetes by means of functional 

connectivity analysis on functional Magnetic Resonance Imaging (fMRI) data. Different 

simple and complex sounds were used as stimuli and functionally defined seed areas in the 

bilateral auditory cortex (AC) and the left inferior parietal cortex (IPC) were used for 

connectivity calculation.  

We found no differences in the connectivity of AC and visual areas between synaesthetes and 

controls. The main finding of the study was stronger connectivity of left IPC with left primary 

auditory and right primary visual cortex in the group of auditory-visual synaesthetes. The 

results support the model of disinhibited feedback as cause for synaesthetic perception.

                                                 
2 This chapter corresponds to the article “Disinhibited feedback as cause for synesthesia: evidence from a 

functional connectivity study on auditory-visual synaesthetes” by Neufeld, J.; Sinke, C. ; Zedler, M.; Dillo, W. 

Emrich, H.M.; Bleich, S.; Szycik, G.R.; Neuropsychologia (in press); 

 DOI: 10.1016/j.neuropsychologia.2012.02.032 
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Chapter 4: Reduced audio-visual interplay in synaesthetes indicated 

by the double-flash illusion3 

 

Abstract 

 

It has been suggested that synaesthesia is the result of a hyper-sensitive multimodal binding-

mechanism. To address the question if multimodal interplay is altered in synaesthetes in 

general, grapheme-colour and auditory-visual synaesthetes were investigated by using the 

double-flash illusion. During this illusion a single light flash together with multiple beep 

sounds is illusionary perceived as multiple flashes. By varying the separation of auditory and 

visual stimuli systematically, the hypothesis of a widened temporal window of audio-visual 

interplay in synaesthetes was tested. The results indicate that there are differences between 

synaesthetes and controls concerning multisensory interplay – but in the opposite direction as 

hypothesized. Synaesthetes perceive actually a reduced number of illusions and have a 

smaller time window of audio-visual interplay compared to controls, indicating that they do 

not have a generally hyper-sensitive binding mechanism. On the contrary, synaesthetes seem 

to integrate even less between vision and audition. 

 

 

 

 

 

 

 

 

                                                 
3 This chapter corresponds to the article „Reduced audio-visual interplay in synaesthetes indicated by the 
double-flash illusion“ by Neufeld, J., Sinke, C., Zedler, M., Emrich, H.M., Szycik, G.R.; submitted to Brain 
Research 
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Introduction 
 
Synaesthesia is a non-pathological condition in which certain stimuli (inducers) are 

accompanied by additional, internally generated sensations (concurrents). For example in 

grapheme-colour synaesthesia, which is the most investigated form affecting about 1% of the 

population (Simner et al., 2006), letters or numbers are perceived in specific colours. In 

auditory-visual synaesthesia sound induces the perception of colours or coloured forms (Ward 

et al., 2006; Cytowic, 2002). There are many other types of synaesthesia, of which most 

involve vision (colours) as the modality of the concurrent (Simner et al., 2006). The neural 

correlates underlying this phenomenon are not yet fully understood. Especially two models of 

synaesthesia gained attention in scientific literature: a model of direct cross-activation 

(Ramachandran & Hubbard, 2001b) and a disinhibited feedback model (Grossenbacher & 

Lovelace, 2001). The cross activation model suggests that the synaesthetic sensation is 

mediated via direct connections between the areas of inducer- and concurrent-representation, 

e.g. in grapheme-colour synaesthesia the area of grapheme representation and the adjacent 

colour processing region V4 in the fusiform gyrus. The disinhibited feedback model proposes 

an unusual activation of concurrent-areas via disinhibition of feedback coming from a 

“multisensory nexus” area, properly located in the parietal cortex. A two-stage model of 

synaesthesia, recently suggested by (Hubbard, 2007), proposes that concurrent processing 

areas are directly cross-activated by areas of inducer representation, but that inducer and 

concurrent sensations are bound together to form an holistic experience in a second step. 

There is growing evidence coming from neuro-imaging studies for an involvement the 

parietal cortex (Rouw & Scholte, 2007; Rouw & Scholte, 2010; Weiss et al., 2005; van 

Leeuwen et al., 2010; Weiss & Fink, 2009) in grapheme-colour synaesthesia. Although 

synaesthesia is not a unitary phenomenon and different forms of synaesthesia might involve 

different neural mechanisms, increased activation in parietal areas as also been detected in 

sequence-space (Tang et al., 2008) and auditory-visual synaesthesia (Neufeld et al., 2012). On 

the other hand, individual differences between synaesthetes within one form of synaesthesia 

seem to play an important role. It has been suggested that grapheme-colour synaesthetes can 

be classified as “projectors” (seeing synaesthetic colours “outside”, e.g. on the page where a 

letter is printed) and “associators” (seeing the synaesthetic colours in their ‘mind’s eye’) 

(Dixon et al., 2004). The importance of individual differences has been confirmed by 
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behavioural as well as neuro-imaging results (Dixon et al., 2004; Hubbard et al., 2005; Rouw 

& Scholte, 2010). Further, results of a recent dynamic causal modelling (DCM) study suggest 

that disinhibited feedback from the parietal cortex to V4 is more relevant for associator 

synaesthetes while a cross-activation mechanism between V4 and the `letter shape area´ is 

more relevant for projector synaesthetes (van Leeuwen et al., 2011). But there might also one 

common factor in synaesthesia and additional variable factors which depend on individual 

differences (Hubbard, 2007). For example Rouw and Scholte found evidence for an 

involvement of the parietal cortex in projectors and associators, while functional and 

anatomical differences in visual areas where only found in projectors and in limbic areas only 

in associators (Rouw & Scholte, 2010). 

It has been shown that auditory-visual synaesthesia shares at least some mechanisms with 

multimodal integration (Ward et al., 2006) and some groups suggested that synaesthesia 

might be an enhancement of non-synaesthetic multimodal binding, also named 

“hyperbinding” (Esterman et al., 2006; Robertson, 2003; Mulvenna & Walsh, 2006). This 

idea would fit to the finding that parietal areas also play an important role in non-synaesthetic 

multimodal intergration (Calvert, 2001; Robertson, 2003). Further, a recent neuro-imaging 

study found evidence for a general hyperconnectivity of synaesthetic brains compared to 

controls (Haenggi et al., 2011).  

If synaesthesia is caused by a hyper-sensitive binding mechanism, cross-modal interplay 

unrelated to the synaesthetic perception is likely to be enhanced in synaesthetes as well. To 

address this question, we used the “double-flash illusion” (also called “illusory flash-effect”), 

an audio-visual illusion not involving speech in which audition dominates vision. To 

investigate audio-visual interplay mechanisms in humans, audio-visual illusions are a helpful 

instrument, as the percentage of perceived illusions allows drawing conclusions about the 

strength of audio-visual interplay. During the „double-flash illusion“, first described by 

Shams and colleagues in 2000 (Shams et al., 2000), a single visual flash accompanied by two 

beep sounds is often perceived as two flashes. Hereby the timing between auditory and visual 

stimuli plays an important role: Shams et al reported that in healthy adults from an audio-

visual separation of 70 msec onwards, the illusionary effect declined until it vanished (Shams 

et al., 2000). Recently, Foss-Feig et al. used this illusion to investigate the time window of 

audio-visual interplay in autistic and normally developed children by systematically shifting 

the stimulus onset asynchronies (SOAs) between the flash and one of two beeps, while the 
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other beep appeared synchronous to the flash. They could show higher illusion rates and a 

widened window of audio-visual interplay in autistic children. Here we used the same design 

to investigate audio-visual interplay in synaesthesia. We included two types of synaesthetes: 

grapheme-colour and auditory-visual synaesthetes. Our aim was to test the hypothesis that 

synaesthetes show a larger percentage of illusionary perceived flashes and a widened audio-

visual temporal binding-window, indicating that hyperbinding is not restricted to the specific 

inducer-concurrent linking, but affecting synaesthetes perception in general by leading to 

enhanced multisensory interplay. 

 
 

Methods 
 

Participants 
 
18 synaesthetes with grapheme-colour and auditory-visual synaesthesia, respectively, and 22 

age-matched control subjects who did not report synaesthesia participated in the study (Table 

5). All participants were free of known neurological illness and reported normal or corrected 

to normal vision and hearing. The study was approved local ethics committee and written 

informed consent was obtained from all participants.  

 

 

Table 1: Mean values, standard deviations (SD) and t-statistics of age, gender and 
consistency scores 
 
 Synaesthetes Controls Statistics 
N (male) 18 (5) 22 (4)  
Age (SD) 34.89 (14.81) 37.77 (16.46) p = 0.57 
dimensionless colour-consistency 
score1 for graphemes (SD) 

0.62 (0.23) 2.29 (0.45) p < 0.0001 

dimensionless colour-consistency 
score1 for tones (SD) 

1.14 (0.42) 2.00 (0.52) p < 0.0001 

1The consistency scores are calculated from the colour-responses of each subject, according to the tests from the offline 
version of the “Synesthesia Battery” (www.synesthete.org). Smaller scores indicate higher consistency. 

 

 



 23 

     

4 of the synaesthetes had auditory-visual but not grapheme-colour synaesthesia, 7 had 

grapheme-colour but not auditory-visual synaesthesia and 7 had both forms. After an 

extensive interview, all synaesthetes were classified as “associators” according to Dixon et al. 

(2004) i.e. perceiving the synaesthetic sensations in their “mind’s eye”. 

All participants performed a consistency test, a modification of the offline version of the 

Synaesthesia Battery of Eagleman and colleagues (Eagleman et al., 2007), in which they 

chose a colour for 36 pure tones of twelve different timbres or 36 graphemes (letters and 

numbers), respectively. Each item was repeated twice, resulting in 108 trials, presented in 

randomized order. Synaesthetes were asked to choose the colours which matched their 

experienced synaesthetic colours best. Non-synaesthetes were asked to select the colours 

which they thought to fit best to each tone or grapheme, respectively. For each subject the 

mean distance in RGB (red, green, blue) colour space between colours chosen during the 

three runs for each item was calculated, smaller scores indicating higher consistency. 

Synaesthetes were significantly more consistent compared to controls (Table 1). 

 

Experimental procedure 
 
Participants set in front of a computer with the head in a chin rest 55 cm away from the 

computer monitor (refresh rate =150 Hz, Sony Multiscan G520) on which visual stimuli were 

presented. Sound stimuli were presented binaurally via extra-aural headphones (AKG 

K121STUDIO). Flashes were presented briefly (21 msec) as white circles against black 

background (4,2 cm = 4,37° visual angle) 4 cm (4,17°) below a white central cross which was 

presented during the whole experiment. The circle was presented ones or twice per trial with 

an inter stimulus interval of 50 msec. The beep sounds were 1850 Hz sine tones with a 

duration of 7 msec, ramped on and of for 3 msec. Stimulus presentation was controlled and 

responses were recorded via Presentation® software (Neurobehavioral Systems, 

www.neurobs.com). 

Visual stimuli could be accompanied by zero, one or two beep sounds. Illusory double-flashes 

(perception of two flashes when only one flash is presented) occur when a single flash is 

accompanied by two beep sounds (1F2B). It has been described for typical adults that this 

illusion is more likely to occur when both auditory stimuli are presented in close temporal 
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proximity to the flash, while extending the time window between the flash and one of the 

beep sounds leads to a decrease of perceived illusions (Shams et al., 2000; Foss-Feig et al., 

2010). As in these former studies, in the current examination one of the beep sounds always 

coincided with the onset of the first flash, while in conditions with two beeps the other sound 

was presented 25, 50, 100, 150, 200, 300, 400 or 500 msec before or after the first one (Fig. 

2), resulting in 16 different SOAs for the 1F2B condition (illusory trials), as well as the 2F2B 

condition. A one flash one beep (1F1B) condition was applied as baseline. Further conditions 

were 2F0B and 1F0B (two flashes or one flash, respectively, presented without any beep 

sounds) and a two flashes one beep (2F1B) condition, for which fusion illusions (two flashes 

are often perceived as one when presented together with a single tone) have been reported 

(Andersen, Tiippana, & Sams, 2004).  The 2F2B condition and the other control conditions 

were applied to the experiment to limit cognitive bias. All in all, there were 36 different 

conditions with 10 trials each, resulting in 360 trials of which 160 were illusory 1F2B trials. 

Participants were instructed to continuously fixate the central cross and to indicate via button 

press (buttons labeled “1” or “2” on a standard keypad) the number of perceived flashes while 

ignoring the beep sounds. First, subjects performed a pre-test consisting of 6 trials (3 double 

flashes and 3 single flashes presented in a randomized order) without auditory stimulation. 

The pre-test was repeated until the participant answered correctly in at least 5 of the 6 trials. 

The peak sound level of the auditory stimuli of 90 db as used in the study by Foss-Feig et al. 

(2010) turned out to be too loud for our participants. Therefore the sound level was adjusted 

individually for every subject to a comfortable listening level. The experiment was divided 

into two sessions with a break in the middle to avoid tiring or concentration diminishment. 

The break took as long as each participant needed for rest. Each session consisted of 5 trials 

per condition, resulting in 180 trials per session, presented in a randomized order. To avoid 

cognitive effects due to stimulus expectation, there variable inter-stimulus intervals (ISI) of 1, 

1.5, 2, 2.5 or 3 seconds duration were used, which were pseudorandomised and distributed 

equally within all 36 conditions. Each of the two sessions took 12 minutes. Instructions were 

given again directly before starting the second sessions. Especially, participants were 

reminded to continuously fixate the central cross. 
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Data analysis 
 
The percentage of reported double-flashes was calculated for each condition, separately for 

each individual. Differences in the proportion of trials in which two flashes were reported in 

the 1F2B illusory trials was examined using a repeated measures ANOVA with “group” as 

between-subject factor and “SOA” as within-subject factor for SOAs from -150 msec to +150 

msec. This time window is used as it has been identified as time window of auditory-visual 

interplay for normally developed children (Foss-Feig et al., 2010) and is also in line with the 

study on adults by Shams et al. (2002), who used a different SOA-graduation, and found the 

illusion to be still strong (about 33%) at +/- 115 msec but virtually absent at 160 msec audio-

visual separation (Shams, Kamitani, & Shimojo, 2002). To identify significant group 

differences in specific SOAs, independent sample t-tests were also conducted for each SOA in 

a second step. Further, independent sample t-tests were used to test for group differences in 

the number of reported double-flashes in the 1F1B, 1F0B and 2F0B control conditions to 

identify a potential response bias and in the 2F1B condition to test for differences in the 

number of perceived fusion illusions.  

To identify possible differences between subgroups of synaesthetes, they were divided in two 

subgroups: those with audio-visual synaesthesia (n = 11) and those without (n = 7). Including 

Fig. 2: Experimental design. In the illusory conditions (1F2B), 
one beep appeared always simultaneously to the flash, while the 
other was presented with a variable delay (25 – 500 msec) before 
or after the flash, resulting in 16 different SOAs.  
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only the data of synaesthetes, repeated measures ANOVA with “type of synaesthesia” as 

between-subject factor and “SOA” as within-subject factor for SOAs from -150 msec to +150 

msec was calculated, as well as independent sample t-tests between these synaesthesia-types 

for each SOA. 

The temporal window in which auditory and visual stimuli have to be presented in order to be 

integrated (leading to the double-flash illusion) was defined as contiguous span of 1F2B 

SOAs in which the mean percentage of reported double-flashes was significantly greater than 

the mean percentage of reported double-flashes in the 1F1B baseline condition. To examine 

this time window of auditory-visual interplay in synaesthetes and controls, Bonferroni 

corrected paired-sample t-tests were applied, comparing the proportion of reported double-

flashes for each 1F2B condition to the 1F1B control condition, separately for each group.  

 
 

Results 
 
The proportion of trials in which a participant reported to perceive two flashes in the illusory 

conditions (1F2B) was determined for each of the 16 SOAs. Higher proportions of perceived 

double-flashes indicate a greater strength of illusion. On average, controls rarely (about 5% of 

the trials) indicated to perceive two flashes in SOAs in which one beep was presented more 

than 200 msec before or after the flash. From a audio-visual separation of 200 msec on, the 

percentage of reported double-flashes raised until it reached a maximum of about 55% of 

trials (mean value = 53.86%; SD = 31.38%) in SOAs of +/- 25 and +/- 50 msec separation. A 

similar pattern could be detected in the synaesthetes – with the only difference that here the 

increase of the amount of reported double-flashes was less steep than in controls and reached 

a peak level of only about 40% (mean value = 37.50%; SD = 27.26%) in SOAs of +/- 25 and 

+/- 50 msec separation (Fig. 3). 
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Group comparison 
 

The number of reported double-flashes according to the illusory condition (1F2B) was 

compared between groups to find out if synaesthetes show an altered strength of illusions 

compared to controls. The ANOVA with the main factors “group” (two levels: synaesthetes 

and controls) and “SOA” (eight levels: +/- 150 msec, +/- 100 msec, +/- 50 msec and +/- 25 

msec) revealed significant effects (as sphericity was rejected, Greenhouse-Geisser correction 

had to be applied) for the factor “group” (F (1, 38) = 4.68; p < .05), as well as the factor 

“SOA” (F (3.347, 266) = 19.306; p< .0001) but no significant interaction effect (F (3.347, 

266) = .429; p = .646). The significant effect of the factor “SOA” confirms that there is a 

relationship between the occurrence of double-flash illusions and the relative timing of 

auditory and visual stimuli as it has already been reported previously (Shams et al., 2002; 

Shams et al., 2000; Foss-Feig et al., 2010). Further, as indicated by the significant effect of 

the factor “group”, synaesthetes show an altered strength of illusions within the time window 

of +/- 150 msec auditory-visual separation. The lack of a significant interaction effect 

suggests a similar global relation between temporal disparity and multisensory interplay 

probability in both groups. Independent sample t-tests for group comparison for the 1F2B 

condition at each of the 16 SOAs revealed significant decreased illusion-rates at the SOAs: -

100 msec (T (36.826) = -2.100; p < .05), +50 msec (T (38) = -2.124; p < .05) and +100 msec 

(T (37.217) = -2.031; p < .05).   

No significant group differences were detected for any of the control conditions (1F1B, 1F0B  

and 2F0B), nor for the 2F2B and the 2F1B (fusion illusion) condition (Fig. 4). In both groups, 

reports of two flashes in the 1F1B and 1F0B conditions were less than 3% (1F1B condition: 

controls = 1.36% +/- 4.68%, synaesthetes = 1.11% +/-3.23%; 1F0B condition: controls = 

.46% +/- 2.13%, synaesthetes = 2.78% +/- 5.75%), indicating that there was no response bias. 

In the 2F2B condition, the number of reported double-flashes was approximately 100% in 

both groups (controls = 97.73% +/- .43%; synaesthetes = 96.67% +/- .59%), while it was 

more than 70% in the 2F0B condition (controls = 73.64% +/- 29.53%; synaesthetes = 82.78% 

+/- 18.09%). 
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Comparing the two sub-types of synaesthetes (with and without auditory-visual synaesthesia) 

revealed no significant differences, neither for the between subject factor “synaesthesia-

subtype” or the interaction (“synaesthesia-subtype” X “SOA”) of the ANOVA, nor in the 

independent sample t-tests. 

Fig. 3: Temporal dependency of the double-flash illusion in synaesthetes and controls. In the 1F2B conditions, 
significant increases in the proportion of trials in which an illusory extra flash was reported compared to the 1F1B 
baseline condition extended in control participants (dashed line) from SOAs of -150 to + 150 msec. This time window 
of audio-visual integration extended only from -100 to + 100 msec in synaesthetes (solid line). Peak levels of 
perceived illusions were also significantly higher in controls, reaching about 55 % of trials. 
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Determination of the temporal window of auditory-visual interplay 
 
 

To identify potential differences in the time window of auditory-visual interplay in 

synaesthetes compared to controls, the temporal window in which illusions occur was 

analyzed separately for each group. Significant increases of reported double-flashes in the 

illusory (1F2B) conditions compared to the (1F1B) baseline condition (pcorrected < .05) were 

detected in controls at the SOAs of -150, -100, -50, -25, +25, +50, +100 and +150 msec, 

whereas this was the case in synaesthetes in the SOAs of -100, -50, -25, +25, +50 and +100 

msec. These results suggest that the temporal binding window smaller in synaesthetes 

compared to controls. 

Fig. 4: Mean percentages of reported double-flashes in the different conditions. There were no 
significant group differences in any of the control conditions. Both, synaesthetes and controls, 
respond mostly correct in the unimodal visual 1F0B and the bimodal 1F1B and 2F2B control 
conditions. In the unimodal 2F0B condition, both groups do not always but in the majority of trials 
detect the two flashes. In the 2F1B condition in which fusion illusions are reported to occur, both 
groups report to have seen two flashes in approximately 50 % of trials. In the illusionary 1F2B1 
condition controls report on average incorrectly two flashes in about 42 % of trials while 
synaesthetes perceive the illusion in only about 27 % of trials. Error bars indicate SEM.   

 1 Mean percentage of two flashes reported in the 1F2B conditions with SOAs between -150 and + 
150 msec.                                                                                                                                                 
* significant difference; p < .0001 
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Discussion 
 
 
In the current study the “double-flash illusion” was used to test the hypothesis that the time 

window of audio-visual interplay is widened in synaesthetes compared to controls, which 

would support the hypothesis of a generally enhanced multimodal interplay mechanism in 

synaesthetes. Instead of a widened time window of auditory-visual interplay, a narrowed time 

window and a generally reduced rate of illusions was detected in synaesthetes, indicating that 

they show even less multimodal interplay. 

The audio-visual interplay window as indicated by those SOAs in which the percentage of 

perceived illusions was significantly greater than in the 1F1B baseline condition was +/- 150 

msec large for the control group. This result is in line with previous data obtained from 

children with typical development (Foss-Feig et al., 2010) and healthy adults, where about 

33% illusions were still reported in SOAs of +/- 115 msec (Shams et al., 2002). 

In general, the function of perceived illusions depending on auditory-visual timing shows a 

similar shape in synaesthetes and controls, indicating that the mechanisms of audio-visual 

interplay are similar in both groups. On the other hand, synaesthetes show a smaller time 

window of only +/- 100 msec audio-visual separation and a significantly reduced number of 

illusions within the time window of +/- 150 msec audio-visual separation. There were no 

group differences between the number of reported double-flashes in the four control 

conditions (1F1B, 1F0B, 2F0B and 2F2B), indicating that detected group differences can not 

be explained by a general response bias in synaesthetes.  

The current results (coming from a large group of 18 synaesthetes) do not support the 

hypothesis that synaesthetes show enhanced multimodal interplay in principal. They rather 

point to the view that enhanced interplay mechanisms in synaesthetes are restricted to the 

specific inducer-concurrent interactions. This stands in contrast to the recently published data 

of Brang et al. (in press), who reported enhanced audio-visual interplay in a group of seven 

grapheme-colour synaesthetes compared to controls as measured by the double-flash illusion 

and an intersensory facilitation of reaction time task (Brang, Williams, & Ramachandran, 

2011). One might argue that these oppositional findings result from different forms of 

synaesthesia investigated in the two studies, as the synaesthetes investigated in the current 

study had auditory-visual synaesthesia, grapheme-colour synaesthesia or both, while none of 

the synaesthetes participating in the study of Brang et al. (in press) had any auditory-visual 
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synaesthesia form. But this is rather unlikely, as we didn’t find differences between the sub-

groups of synaesthetes with and without auditory-visual synaesthesia. An alternative 

explanation could be that we might have investigated a different type of synaesthetes: while 

all our synaesthetes were classified as associators, all or some of the synaesthetes who 

participated in the study by Brang et al. (in press) might be classified as projectors (although 

nothing about these types has been reported in their study). Further it could also have been 

differences in the study design or the instructions which lead to different results. As in (Foss-

Feig et al., 2010), in the present study participants were instructed to only count the presented 

flashes while ignoring the beep sounds. It is not reported if this is also the case in (Brang et 

al., 2011). As participants were explicitly instructed to ignore the beep sounds and as 

synaesthetes were even more accurate with their responses in the present examination, they 

might have an enhanced distractor-filtering ability. One explanation for these findings might 

be that synaesthetes are more trained to ignore irrelevant stimuli because they have to cope 

with additional synaesthetic sensations, which might sometimes be distracting, all the time in 

their daily life. Interestingly, a recent behavioural study on grapheme-colour and “mirror-

touch” synaesthetes (who feel the sensation of being touched by seeing other people being 

touched) suggested an enhanced unimodal sensibility in synaesthetes concerning the modality 

in which they perceive their synaesthetic concurrents (Banissy et al., 2009), which would be 

vision in the synaesthetes investigated in the current study. An enhanced sensibility for visual 

stimuli could also lead to a reduced number of illusions and would therefore be in line with 

the current findings. However, the lack of group differences in the 2F0B control condition 

speaks against an enhanced visual temporal acuity in the group of synaesthetes investigated 

here. Further, if there is enhanced unisensory sensibility in synaesthetes, it could be related to 

alterations on early stages of sensory processing, as well as alterations in attention-related top-

down mechanisms. Further, there is evidence that synaesthesia itself depends on context 

(Dixon, Smilek, Duffy, Zanna, & Merikle, 2006) and attention (Mattingley et al., 2001; Sagiv 

et al., 2006) and therefore seems to arise on a higher processing level. This is also in line with 

the finding of Bargary and colleagues who showed that during the McGurk illusion, 

synaesthetes report the colour of the illusionary perceived word instead of the colour of the 

word they really heard (Bargary, Barnett, Mitchell, & Newell, 2009). 

Although there is evidence for rather early audio-visual interaction effects related to the 

double-flash illusion, depending on unimodal auditory and visual cortex areas (Watkins, 



 32 

     

Shams, Tanaka, Haynes, & Rees, 2006; Mishra et al., 2007), there is also evidence for a 

modulation of the double-flash illusion by later top-down mechanisms, related to associative 

multi-sensory cortex areas (Mishra et al., 2010). Mishra and colleagues could show that event 

related potentials (ERPs) induced by the illusory perceived extra flash are modulated by 

attention.  

Selective attention to specific stimuli has been shown to be related to top-down control 

mechanisms coming from the parietal cortex (Behrmann, Geng, & Shomstein, 2004; 

Lauritzen, D'Esposito, Heeger, & Silver, 2009; Du, Chen, & Zhou, 2011). Interestingly, the 

left inferior / superior parietal cortex has previously been found to be stronger activated 

according to grapheme-colour (Rouw & Scholte, 2007; Rouw & Scholte, 2010; Weiss et al., 

2005; van Leeuwen et al., 2010; Weiss & Fink, 2009), number-form (Tang et al., 2008) and 

auditory-visual synaesthesia (Neufeld et al., 2012). Further investigations will be needed to 

clarify the question of altered multimodal interplay in synaesthetes, maybe testing 

systematically different synaesthete-types. Especially it would be interesting to find out, if 

synaesthetes have a reduced ability to integrate information from different modalities, or if 

they can choose to integrate or not, depending on the task. The latter would be in line with our 

hypothesis of an enhanced top-down mechanism in synaesthetes. 

 

 

Conclusion 

Present data do not support the hypothesis of generally enhanced multimodal interplay in 

synaesthetes beyond the specific inducer-concurrent couplings. On the contrary, a reduced 

number of perceived illusory flashes together with a smaller time window of audio-visual 

interplay in synaesthetes speak in favour of a reduced multimodal interplay in synaesthetes.  
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Chapter 5: General Discussion 

 

 

The results presented in chapter 2-3 indicate that the left parietal cortex plays a central role in 

the emergence of synaesthetic sensations and that this area is stronger connected to primary 

sensory areas of the inducer-, as well as the concurrent-modality in synaesthetes. Further, this 

is the first observation of left parietal involvement in a group of auditory-visual synaesthetes, 

while former studies found evidence for an involvement of this brain region in grapheme-

colour synaesthesia. Another result of this thesis, described in chapter 4, is a reduced audio-

visual interplay and a narrowed time window of auditory-visual interplay in synaesthetes 

indicated by a reduced number of perceived double-flash illusions. This is in contrast to the 

idea of a generally enhanced binding-mechanism in synaesthetes. The reasons for this still 

have to be elucidated and will be discussed in detail within this section, especially in regard to 

the observation of a strong parietal cortex involvement in synaesthesia. 

 

 

The role of the parietal cortex in synaesthesia in regard to the different hypothetical models 

 
 
Increased parietal cortex activation in synaesthetes compared to controls has been observed in 

several group studies dealing with grapheme-colour synaesthesia (Rouw & Scholte, 2010; 

Weiss et al., 2005; van Leeuwen et al., 2010; Nunn et al., 2002; Paulesu et al., 1995; Rouw & 

Scholte, 2007; Laeng, Hugdahl, & Specht, 2011) and one study investigating sequence-space 

synaesthesia (Tang et al., 2008). Further, increased functional (Jaencke & Langer, 2011) and 

structural connectivity (Rouw & Scholte, 2007), as well as increased grey matter volumes 

(Jaencke et al., 2009; Rouw & Scholte, 2010; Weiss & Fink, 2009) have been detected in the 

parietal cortex in grapheme-colour synaesthetes compared to controls. In chapter 2, the first 

fMRI group investigation of auditory-visual synaesthesia has been presented, providing 

further evidence for an important role of the left inferior parietal cortex (IPC) in synaesthesia. 

The finding of a parietal cortex involvement in now three different forms of synaesthesia 

(grapheme-colour, spatial-sequence and auditory-visual synaesthesia) leads to the conclusion 
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that although synaesthesia is a highly heterogeneous phenomenon, different synaesthesia 

forms might share a mechanism related to the parietal cortex as common neural correlate.   

It is possible that additional mechanisms are involved to a different degree in individual 

synaesthetes. These individual mechanisms are likely not to be detected within group-studies 

(especially with larger subject numbers) if they vary not only between forms of synaesthesia 

but also between individual synaesthetes within one form. This might be one important reason 

for the inconsistent results regarding neural mechanisms of synaesthesia, especially those 

coming from studies with small subject numbers (n < 10). Interestingly, one study in which 

synaesthetes were classified as projectors or associators, respectively, found increased parietal 

activation as general neural correlate for both of these synaesthetes types (Rouw & Scholte, 

2010). There were further type-specific correlates, namely unimodal sensory areas for 

projector-synaesthetes and limbic areas for associator synaesthetes, suggesting that projectors 

might perceive synaesthesia more sensory-driven, while associator involve more memory 

functions. There is evidence for an involvement of visual areas in grapheme-colour 

synaesthesia, as the colour area V4 (Brang et al., 2010; Hubbard et al., 2005; Nunn et al., 

2002), but also earlier visual cortex areas (Steven et al., 2006; Aleman et al., 2001). However, 

a recent functional neuroimaging study on grapheme-colour synaesthetes, in which color 

processing centers were identified individually in each participant, found no evidence for a 

V4 involvement in synaesthesia (Hupe et al., 2011). In auditory-visual synaesthetes, we did 

also not observe increased activation in V4 or any other visual brain area during the 

presentation of inducing stimuli. When investigating the functional connectivity of the left 

inferior parietal cortex, which showed increased activation in the synaesthete-group, we found 

that this area is functionally hyperconnected with primary sensory (visual and auditory) cortex 

areas, representing the modalities of inducer and concurrent, in the synaesthetes (as described 

in chapter 3). This result speaks in favour of the hypothesis that the parietal cortex acts as a 

sensory nexus area, binding the modalities of inducer and concurrent together (Grossenbacher 

& Lovelace, 2001). It has been suggested that the parietal cortex plays a major role in 

multisensory binding processes and that synaesthesia originates from a parietal hyperbinding 

mechanism (Esterman et al., 2006; Robertson, 2003). This theory leaves open how the 

involved brain sites interact to induce synaesthesia, but is compatible with the disinhibited 

feedback model of synaesthesia. This model suggests that when sensory information is 

processed “bottom-up” and finally reaches an associative multisensory area (e.g. in the 
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parietal cortex), this area activates sensory areas again via “top-down” feed-back connections, 

which are normally inhibited but disinhibited in synaesthetes (Grossenbacher & Lovelace, 

2001). Also in line with the findings of an increased parietal activation during synaesthesia, a 

combination of direct cross-activation of sensory areas representing inducer and concurrent, 

together with additional hyperbinding of these areas via the parietal cortex in a second step 

(two-stage model) has been suggested (Hubbard, 2007). However, the data presented in 

chapter 3 provide no evidence for a cross-activation mechanism - at least not if one assumes 

that the inducer, as well as the concurrent are represented by unimodal sensory areas - 

because no increased functional connectivity could be detected in synaesthetes between 

auditory and visual cortex.  

It is possible that in our synaesthetes the inducers are rather concepts of sounds than the 

sounds themselves. Further, these concepts may be stored in the left parietal cortex 

(Ramachandran & Hubbard, 2001b), which is thought to represent for example also abstract 

ordinal knowledge (Fias, Lammertyn, Caessens, & Orban, 2007) and cross-modal object 

features (Grefkes et al., 2002). Therefore, direct cross-activation between parietal and visual 

areas is theoretically possible. When following the idea that unisensory rather than associative 

areas represent the inducer in the synaesthetic brain (Rouw et al., 2011), our findings are most 

consistent with the long-range disinhibited feedback model or the hyperbinding theory (which 

is consistent with the disinhibited feedback model but does not predict a precise neural 

mechanism itself). More precisely, our findings suggest that the feedback connections are 

even longer than suggested previously (to V1 instead of V4). In grapheme-colour 

synaesthetes, increased activation in V1 has been detected in single cases (Steven et al., 2006; 

Aleman et al., 2001), and increased grey matter in V1 has been observed within group studies 

(Rouw & Scholte, 2010; Jaencke et al., 2009). Further, increased white matter has been 

detected in the visual cortex of a single case of interval-taste and tone-colour synaesthesia 

(Haenggi, Beeli, Oechslin, & Jaencke, 2008). Importantly, colour processing is not limited to 

V4: in non-synaesthetes, V1 activation has been observed to be most sensitive to the presence 

of colour (Kleinschmidt, Lee, Requardt, & Frahm, 1996; Engel, Zhang, & Wandell, 1997). 

Therefore V1 might indeed play a role in colour representation, although this might not be the 

case for all types of synaesthetes. As V1 is strongly connected to higher order visual areas 

(Kandel, Schwartz & Jessell, 2000), other visual brain areas might also be co-activated during 

synaesthesia via V1. The lack of detected increased visual cortex activation in auditory-visual 
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synaesthetes within our fMRI study can be explained by a high variability concerning the 

involvement of visual areas. Further, visual cortex activation might also be too weak or to 

small to be detected or to “survive” the correction for multiple comparisons. 

Interestingly, functional connectivity between primary auditory cortex (A1) and IPC seems to 

be increased in auditory-visual synaesthetes as well. One explanation for this could be that 

direct feed-forward connections from A1 to IPC, which are independent from the loop 

following the processing hierarchy, are stronger in synaesthetes. On the other hand, the 

observed increased functional connectivity between IPC and A1 could also be the result of 

disinhibited feedback activation from IPC to A1, maybe leading not to detectable additional 

acoustic sensations during sound perception but to an otherwise altered processing within the 

inducer modality in synaesthetes. Altered auditory cortex activation could not be detected in 

the current fMRI investigation, but in a former investigation of grapheme-colour synaesthetes 

in which also auditory stimuli (words and tones) were used (Gaschler-Markefski et al., 2011). 

In this latter study, increased auditory cortex activation in synaesthetes compared to controls 

was not only found according to the presentation of words as inducing stimuli, but also of 

tones which were used as not inducing control stimuli. Therefore there seem to be also 

differences in brain activation between synaesthetes and controls, which do not represent the 

synaesthetic sensations and which are not restricted to situations in which synaesthesia 

occurs. Similarly, early occurring differences between synaesthetes and controls in visual 

evoked potentials have been reported during the perception of visual stimuli which did not 

induce synaesthesia (Barnett et al., 2008). And a recent TMS study revealed a three times 

lower phosphene threshold in grapheme-colour synaesthetes compared to controls, indicating 

a general hyper-excitability of the visual cortex in synaesthetes (Terhune, Tai, Cowey, 

Popescu, & Cohen, 2011). 

All in all, according to the current results, a top-down control mechanism in which the 

parietal cortex activates lower sensory areas via long-range connections is most likely the 

neural mechanism underlying auditory-visual synaesthesia. If this mechanism represents a 

disinhibition of feedback or additional (functional) connections remains to be elucidated. 

Interestingly, a recent Dynamic Causal Modelling calculation on fMRI data of grapheme-

colour synaesthetes suggests that a parietal top-down mechanism is more important for 

associator synaesthetes, while for projector synaesthetes the two-stage model (cross-activation 

in combination with parietal hyperbinding) seems to fit better (van Leeuwen et al., 2011). 
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This would be in line with the current results, as the auditory-visual synaesthetes investigated 

in our study all claimed to perceive the synaesthetic photisms in their “mind’s eye” and have 

therefore most likely to be classified as associators. This distinction – if it really exists - might 

therefore hold not only for grapheme-colour synaesthesia, but also other synaesthesia forms. 

 

 

Multimodal binding, attention and parietal top-down control 

 
 
As mentioned in the previous section, it has been suggested that synaesthesia is the result of a 

hyper-sensitive parietal binding mechanism (Robertson, 2003). This hyperbinding seems not 

to be generalized – as normally in a certain synaesthete some stimuli induce synaesthesia 

while others do not (even if both are from the same modality). For example, one synaesthete 

might perceive colours when seeing numbers and letters, but not when seeing punctuation 

marks or other signs. Nevertheless it is possible that there are enhanced binding processes in 

synaesthetes, not leading to synaesthetic sensations, maybe acting on a subconscious level. 

For example, differences in brain activation between synaesthetes and controls in situations in 

which no synaesthetic perception occurred have also been detected by some studies (Barnett 

et al., 2008; Gaschler-Markefski et al., 2011). This would mean that synaesthesia is only the 

“tip of the iceberg” and that hyperbinding is a general mechanism in synaesthetes, maybe 

only leading to synaesthesia when it crosses a certain activation threshold. Alternatively, 

hyperbinding might be restricted to the specific inducer-concurrent interactions, while 

multimodal interplay is otherwise not different in synaesthetes. 

To test the hypothesis of general hyperbinding in synaesthetes, multimodal interplay was 

investigated in synaesthetes and controls using an audio-visual illusion, the double-flash 

illusion, as described in chapter 4. The results of this study point to the view that there is no 

general enhancement of multimodal interplay in synaesthetes. In fact, synaesthetes showed 

even a reduced multimodal interplay, indicated by a reduced amount of perceived illusions. 

Further, the time window of audio-visual stimulus separation, in which the illusion is still 

perceived, was smaller in synaesthetes compared to controls. However, there is evidence that 

synaesthetes are not all created the same (Dixon et al., 2004; Ramachandran & Hubbard, 

2001b; Rouw & Scholte, 2010) and also general multimodal binding in synaesthetes might 
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depend on individual differences. Simultaneously to the data acquisition for the study 

described in chapter 4, a study has been published with the completely opposite result. This 

study found that grapheme-colour synaesthetes perceive more double-flash illusions 

compared to controls within a certain time window of audio-visual separation, suggesting a 

generally enhanced binding mechanism (Brang et al., 2011). Brang et al. investigated a group 

of grapheme-colour synaesthetes without any form of auditory induced synaesthesia (n = 7), 

while we investigated a mixed group of grapheme-colour and auditory-visual synaesthetes (n 

= 18). Nevertheless, it is unlikely that the difference between the findings of the two studies is 

a result of different synaesthesia forms. In our study part of the grapheme-colour synaesthetes 

(n = 7) had also no form of auditory-visual synaesthesia, but showed the same effect as 

synaesthetes with auditory-visual synaesthesia (n = 11). Therefore it might be other individual 

differences amongst synaestheses which influence general multimodal interplay. For example 

if synaesthetes are projectors or associators might be an important factor. While all our 

synaesthetes were identified as associators, it is not clear how the synaesthetes participating in 

the study by Brang et al. would be classified. The question, how individual differences 

amongst synaesthetes influence multimodal interplay processes, remains therefore to be 

clarified. One might assume that the insights about synaesthesia gained in scientific 

investigations on small subject groups may hold for only part of the synaesthetes. For 

example, Hubbard and Ramachandran pointed out that most published studies have been met 

by another study (using a different design or a different subject group) which revealed 

contradictory results (Hubbard & Ramachandran, 2005). However, the results of another 

investigation of our group on of grapheme-colour and auditory-visual synaesthetes using the 

McGurk illusion (Sinke et al., unpublished data) point into the same direction as our findings 

with the double-flash illusion. Here synaesthetes also perceived less illusions. Together these 

results suggest that audio-visual interplay is reduced in (our) synaesthetes in general. As we 

investigated relatively large synaesthete-groups (n = 18 n =20) we propose that our findings 

are representative for a large part (if not the majority) of synaesthetes. 

The findings of the study described in chapter 4 can be interpreted in different ways: 

according to the idea that information reliability is one factor influencing modality dominance 

in multisensory interplay (Andersen et al., 2004), it can be assumed that if the visual 

information is more reliable, the additional auditory information is needed to a less degree 

within a visual task. Therefore the reduction of audio-visual interplay in synaesthetes might 
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be related to enhanced unimodal visual discrimination ability. If synaesthetes would have an 

enhanced unimodal visual perception, they might, as a result, rely more on the visual 

information and ignore auditory cues. This idea would be in line with findings of enhanced 

unimodal perception in the modality of the concurrent in synaesthetes (Banissy et al., 2009). 

On the other hand, in the study described in chapter 4, synaesthetes did not respond more 

accurately in the unimodal visual control conditions: both groups (synaesthetes and controls) 

showed an accuracy of about 98% in the unimodal 1F0B condition (a single flash presented 

without any beep tones) and an accuracy of more than 70% (controls = 73.64% +/- 29.53%; 

synaesthetes = 82.78% +/- 18.09%) in the unimodal 2F0B condition (two flashes presented 

without any beep tones). No significant difference between synaesthetes and controls in the 

accuracy within these unimodal conditions could be detected. Therefore generally enhanced 

unimodal visual perception is rather unlikely the reason for the detected reduction of 

multimodal interplay in synaesthetes. An alternative hypothesis is an altered top-down control 

of audio-visual interplay in synaesthetes. Such an altered top-down control could be present in 

synaesthetes since birth, or develop as result of the synaesthetic perception. As a synaesthete 

is often confronted with his internally generated sensations, it might be especially important 

for him to separate clearly between external and internal (i.e. synaesthetic) sensations. As a 

result, he might learn (unconsciously) to pay more attention to this distinction. This additional 

attention on the active distinction between sensory channels may also have its costs, leading 

to an earlier tiring of attention processes. This would fit to statements of some of our 

synaesthetes during extensive interviews, who reported to be exceptionally sensitive to over 

stimulation.  

Attention control mechanisms have been shown to be related especially to the parietal cortex 

(Behrmann et al., 2004). More precisely, it has been suggested that a network of parietal and 

prefrontal areas is critical for attention guidance via top-down control on sensory areas 

(Macaluso, 2010) and that this fronto-parietal attention guidance network is also critical for 

memory retrieval (Ciaramelli, Grady, Levine, Ween, & Moscovitch, 2010; Ciaramelli, Grady, 

& Moscovitch, 2008; Hutchinson, Uncapher, & Wagner, 2009). Further, it has been shown 

that the double-flash illusion can be modulated by attention (Mishra et al., 2010) and that 

besides visual and auditory cortex activity also multisensory parietal and temporal cortex 

activity is modulated by this illusion (Shams et al., 2005; Mishra et al., 2007). If the top-down 

control of attention is altered in synaesthetes as suggested above, this alteration might 
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therefore depend on altered processing in parietal brain areas. Interestingly, as pointed out 

above, there is also evidence for a central role of the parietal cortex in synaesthesia.  

Modulation of occipital, as well as multisensory cortex activation by the double-flash illusion 

has been detected in studies using EEG and MEG, respectively (Shams et al., 2005; Mishra et 

al., 2007). It has been suggested that the detected early occipital cortex activation is critical, 

but not sufficient for perceiving the illusion, and that further mechanisms related to 

multisensory areas (occurring later in time) are needed for this (Mishra et al., 2007). An 

interplay between earlier automatic components and later attention-related components may 

also play a role in synaesthesia: Goller et al. detected differences between auditory-visual 

synaesthetes and controls in auditory evoked potentials (AEPs) during the perception of 

synaesthetically inducing single tones (Goller et al., 2008). Hereby, synaesthetes showed 

reduced AEPs, especially over fronto-central electrode sites (100 ms after stimulus onset), 

regardless if they attended to the auditory or the visual (synaesthetic) component of the tones, 

while differences in a more posterior located late component (450 – 650 ms), maybe 

representing parietal cortex activation, could be modulated by attention. Further, a recent 

study on non-synaesthetes suggests interplay between early and late ERP components, related 

to a parieto-frontal network, during synaesthesia-like pitch-size associations (Bien et al., 

2012). They tested the influence of pitch-size congruence effects on the ventriloquist effect 

(the simultaneous presentation of visual stimuli influences location judgement of auditory 

stimuli) and found that early parieto-frontal components were modulated by congruency, 

while only later parieto-frontal components (parietal around 250 ms, frontal around 300 ms) 

were influenced by parietal TMS. The parietal TMS enhanced judgement accuracy and was 

therefore thought to interrupt the pitch-size associations. The authors proposed that pitch-size 

associations and synaesthesia are related phenomena and that both recruit the same parieto-

frontal top-down control mechanisms also involved in normal multimodal interplay. 

However, it should be noted that while a pitch-size congruency effect on the ventriloquism 

effect has already been reported previously (Parise & Spence, 2008; Parise & Spence, 2009), 

another group did not find it (Keetels & Vroomen, 2011).  

We suggested in chapter 3 that the synaesthetes robustness to multisensory illusions might be 

related to an enhanced distractor-filtering ability related to attention guidance. This view is 

challenged by recent data of our group, showing that synaesthetes profit less from visual 

information in audio-visual speech perception (Sinke et al., unpublished data), rather 



 44 

     

suggesting an automatic instead of a voluntary separation between modalities in synaesthetes. 

Independent from that, evidence against a voluntary control of multimodal interplay would 

not rule out the possibility that top-down control mechanisms play a key role in the altered 

multimodal interplay in synaesthetes. As pointed out above, attentional top-down control 

mechanisms are likely to be involved in the perception of the double-flash illusion (Mishra et 

al., 2010), while this illusion can not be perceived or suppressed by will: when investigating 

this illusion for the first time, Shams et al. found that their participants even perceived it after 

they had been told how it works (Shams et al., 2000). 

All in all, the same or similar mechanisms involved in multimodal interplay might also be 

involved in synaesthesia. Further, in synaesthetes, an altered parietal top-down control on 

sensory areas might lead to synaesthesia (enhanced multisensory interplay) on the one hand, 

while leading to stricter separation of sensory channels on the other hand. 

 

 

Conclusions 
 

In the light of neuroimaging, electrophysiological and psychophysical investigations of 

synaesthesia and multisensory interplay by other groups, the results of this thesis provide 

evidence for a crucial role of parietal top-down mechanisms in synaesthesia. Further, it gives 

a hint that these mechanisms might be similar across different forms of synaesthesia – 

although individual differences between types of synaesthetes can not be ruled out.  

Altered top-down control mechanisms might also be the reason for the detected generally 

altered multisensory interplay in synaesthetes. More work is needed to elucidate the role of 

bottom-up and top-down mechanisms in synaesthetes under different multi- and unisensory 

conditions – and in relation to individual differences between synaesthetes. 
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Supplementary material: 

Photisms induced by sounds – the phenomenology of auditory-visual 
synaesthesia 

 
 

 

Tables I to III  contain drawings of synaesthetic sensation induced by different sounds, which 

have mainly been produced by our synaesthetic subjects during extensive interviews within 

our lab. Some of the pictures have also been created by synaesthetes at home, using graphic 

software and digital photos – mainly because synaesthetes claimed that this would be much 

easier for them instead of drawing and that this comes much nearer to what they really 

perceive. But it should be noted that most synaesthetes report not to be able to draw or 

describe their photisms sufficiently and that these drawings lack several synaesthetic 

dimensions which make the synaesthetic sensation so rich and enjoyable. For example, most 

photisms are described as three dimensional and dynamic – whereas the drawings represent 

the photisms at one specific time-point and resemble them often only roughly. 

As can be seen in all three tables, sound induced photisms are highly individual – in the 

colour-, as well as the shape dimension. Thereby, the differences between photisms induced 

by a particular sound drawn by different synaesthetes (inter-personal variability) seem to be 

grater than the differences between photisms induced by different tones drawn by one 

synaesthete (intra-personal variability). This is in line with previous descriptions of 

synaesthesia and seen as characteristic differentiating it from inter-modal analogies (Behne, 

1991). Nevertheless, there are also some inter-personal similarities. For example the violin 

sound (containing clearly a vibrato) was associated with a wiggly line by several synaesthetes 

and sounds made by wind instruments often led to the perception of tube-like shapes (maybe 

indicating an influence of instrument-shape associations on synaesthetic photisms). For some 

synaesthetes chord induced photisms consist of several elements which resemble photisms 

induced by single tones, while for others chord- as well as tone induced photisms a single 

forms. 
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Table I: Photisms induced by single pure tones of different timbre in A’ 
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Table II : Photisms induced by single pure tones of different timbre in A’ 
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Table III : Photisms induced by different piano chords 
 

 
 


