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Abstract 

Christopher Sinke: Integration and separation processes in synesthesia 
 
 
This thesis, ‘Integration and separation processes in synesthesia’, deals with a critical 

evaluation of the different models trying to explain the etiology of synesthesia.  Synesthesia is 

a phenomenon in which in other respects normal people experience an unusual sensory 

coupling. Stimulation of one sense leads to a sensation in an unrelated and unstimulated other 

sense. For example, music can be seen in colors or letters, numbers and words have an 

additional colored dimension. The etiology of this phenomenon is unclear but appears 

interesting with regards to mechanisms of multimodal integration. Currently, three ideas are 

discussed: direct cross-activation, disinhibited feedback and hyperbinding. This thesis tries to 

evaluate the different models with a theoretical section and an experimental section. Firstly, 

the theoretical section compares different types of synesthesia (genuine, dug-induced and 

acquired), their phenomenology and etiology in order to see how informative one type is to 

the others. Here we see that more differences than commonalities can be found between the 

different types and that it is likely that each has its own etiology. In the case of drug-induced 

synesthesia, short-term changes in the serotonergic transmitter system are likely to be the 

cause of the experienced synesthetic effects. In the case of acquired forms, long-term plastic 

changes or unmasking of pre-existing pathways seem to be responsible for the experienced 

effects. In genuine synesthesia, it is not clear whether unusual connections, as proposed in the 

direct cross-activation theory, or transmitter imbalances leading to disinhibition of feedback, 

as proposed in the disinhibited feedback model, are causal for the synesthetic effects.   

The practical part consists of four experiments. In the first experiment, a lateralized version of 

the synesthetic stroop task shows that grapheme-color synesthesia is independent of the 

retinal position and that no lateralization effects could be found. This shows that grapheme-

color synesthesia is due to a rather late process, occurring at a level where neurons react 

independently of the retinal position.  

In the second experiment, the neural basis of grapheme-color synesthesia is explored by 

conducting an fMRI experiment. Here, it is found that synesthetes have a higher activation in 
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the left angular gyrus and left inferior frontal cortex when seeing black letters. Colored letters 

activate these areas bilaterally. Computing the functional connectivity of these areas it is 

shown that the left angular gyrus has an unusual connectivity to V2. These results do not 

support the cross-activation theory as no unusual functional connectivity between V4 and the 

area in the fusiform cortex responsible for letter detection could be found. Communication 

with the parietal lobe is more reasonable but here the loops are much broader than previously 

thought already involving V2. This could be interpreted in favor of the disinhibited feedback 

idea, but the concept has to be modified. Here recurrent feedback loops from parietal areas to 

V2 activate V4 in successive loops.  

In the next experiment, the audio-visual integration mechanism in synesthetes is investigated, 

since the hyperbinding concept proposes a more sensitive integration mechanism in 

synesthetes. Here, we want to find out if the proposed hyperactive binding mechanism also 

affects normal audio-visual integration mechanisms or if it is restricted to the inducer-

concurrent coupling. Therefore, the McGurk illusion is applied. In this illusion, incongruent 

acoustical and visual information are fused to a new percept. When someone sees a viseme of 

‘AGA’ dubbed onto an acoustical ‘ABA’, one tends to perceive an ‘ADA’. Thus, successful 

audio-visual integration leads to a completely new percept. The fusion process is dependent 

on the quality of the visual and acoustical information. In this experiment, it was investigated 

as to whether synesthetes and non-synesthetes show differences in their fusion behavior when 

the visual information is decreased. It was found that synesthetes show less fusion processes 

and significantly more synesthetes do not respond to this illusion at all. Thus, the general 

audio-visual integration is impaired and not enhanced.  

In order to find out if these differences are due to active attentional control and deliberate 

suppression of the fusion process or a passive impairment, a fourth experiment is conducted. 

Here, it is investigated if synesthetes and non-synesthetes benefit similarly from audio-visual 

integration. Therefore, videos are overlaid with differing amounts of white noise, the subjects 

then had to report which word was presented. The videos show either the speaker 

pronouncing the word or a still image of the speaker. It could be shown that non-synesthetes 

do not profit form audio-visual integration as much as non-synesthetes. Non synesthetes profit 

most from the visual information with -12 dB signal-to-noise ratio, whereas non-synesthetes 

do not show this optimal integration behavior. Therefore, it is suggested that integration 
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differences are not due to active control over the fusion process but that synesthetes have a 

generally impaired audio-visual integration mechanism. This opens the possibility that 

synesthesia is a compensatory mechanism for the observed integration deficits.  
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Zusammenfassung 

Christopher Sinke: Integrations- und Separationsprozesse in der Synästhesie 
 
 
 
Die folgende Arbeit, „Integrations- und Separationsprozesse in der Synästhesie“, beschäftigt 

sich mit einer Überprüfung der Erklärungsmodelle zum Zustandekommen von Synästhesie. 

Synästhesie ist ein ungewöhnliches Wahrnehmungsphänomen, bei der die Stimulation eines 

Sinnes zur Wahrnehmung eines anderen unstimulierten Sinnes führt. Zum Beispiel wird 

Musik farbig gesehen oder Buchstaben werden mit einer zusätzlichen farbigen Dimension 

wahrgenommen. Die Ätiologie ist unklar aber interessant bezüglich multimodaler 

Integrationsmechanismen. Gegenwärtig werden drei unterschiedliche Modelle diskutiert: 

direkte Cross-Aktivierung, disinhibierter Feedback oder Hyperbindung. Die direkte Cross-

Aktvierungshypothese geht davon aus, dass zusätzliche neuronale Verknüpfungen zwischen 

den Arealen, die bei der Verarbeitung der Synästhesie beteiligt sind, ursächlich für das 

Zustandekommen der Synästhesie sind. Die disinhibierte Feedback Hypothese dagegen 

erklärt Synästhesie über die zusätzliche Hemmung von inhibierenden multisensorischer 

Neuronen, wodurch die Hemmung des Farbareals aufgehoben wird. Die Hyperbindungs 

Hypothese sieht Synästhesie als das Ergebnis eines aktiveren Bindungsmechanismus.    Das 

Ziel der vorliegenden Arbeit ist es, diese Modelle theoretisch und praktisch zu überprüfen. 

Der theoretische Teil beschäftigt sich einleitend mit den unterschiedlichen Formen von 

Synästhesie (drogen-induzierte, erworbene und angeborene Synästhesie), ihren 

Gemeinsamkeiten und Unterschieden sowie den dazugehörigen ätiologischen Modellen. 

Durch diesen Vergleich wird klar, dass den unterschiedlichen Formen eine unterschiedliche 

Ätiologie zugrunde liegen muss, da insgesamt mehr Differenzen als Gemeinsamkeiten 

beobachtet werden können. Drogen-induzierte Synästhesie wird wahrscheinlich durch den 

kurzzeitigen Einfluss halluzinogener Drogen auf das serotonerge System verursacht, 

wohingegen erworbene Synästhesie durch langfristige neuroplastische Veränderungen im 

Gehirn zustande kommt. Bei angeborener Synästhesie ist es strittig, ob zusätzliche 

Verbindungen - wie in der Cross-Aktivierungs Hypothese propagiert - oder Unterschiede im 

Neurotransmitterhaushalt - wie in der disinhibierten Feedback Hypothese vorgeschlagen - 
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ursächlich für Synästhesie sind. Um diese Hypothesen genauer zu untersuchen, werden im 

experimentellen Teil vier Experimente durchgeführt.  

Im ersten Experiment, einer lateralisierten Version des synästhetischen Stroop Testes, geht es 

darum, die Ursache für Synästhesie einzugrenzen. Dieses Experiment zeigt, dass die 

automatische Kopplung von Buchstaben und Farben unabhängig von der verarbeitenden 

Gehirnhälfte und der Position auf der Retina sind. Dies deutet darauf hin, dass Synästhesie 

eher später in der Verarbeitungshierarchie auftritt, auf einer Ebene, in der die Neuronen in der 

Lage sind, das ganze visuelle Feld zu überblicken. 

Im zweiten Experiment wird ein fMRT Experiment zur exakten Lokalisierung durchgeführt, 

in dem den Probanden Buchstaben und Pseudo-Buchstaben, Buchstaben ähnliche Zeichen 

ohne semantischen Inhalt, präsentiert werden. Dabei stellt sich heraus, dass Synästhetiker 

beim Betrachten von schwarzen Buchstaben mehr Aktivierung im linken Gyrus angularis und 

im linken inferioren frontalen Kortex zeigen. Interessanterweise aktivieren bunte Buchstaben 

diese Areale bilateral. Eine funktionelle Konnektivitätsanalyse zeigt unter anderem, dass der 

linke Gyrus angularis bei Synästhetikern stärker mit V2 funktional verbunden ist. Die 

funktionelle Korrelationsanalyse kann keinen Hinweis auf die direkte Cross-Aktivierungs 

Hypothese finden, da hier V4 mit dem Teil des Gyrus fusiformis, der für die 

Buchstabenerkennung zuständig ist, direkt funktional in Verbindung stehen sollte. Da aber 

auch keine funktionelle Verbindung zwischen dem Gyrus angularis und V4 gezeigt werden 

kann, passt der Befund auch nicht zu der gegenwärtigen Hypothese des disinhibierten 

Feedbacks. Es muss davon ausgegangen werde, dass die Feedbackschleifen viel größer sind 

als bisher angenommen und zurück zu V2,  anstatt zu V4, gehen.  

Im dritten Experiment geht es darum, die ’Hyperbindung’ Hypothese genauer zu untersuchen. 

Da hier die Synästhesie mit einem sensitivern multimodalen Integrationsmechanismus erklärt 

wird, wird zur Überprüfung der Hypothese das audio-visuelle Integrationsverhalten bei 

Synästhetikern untersucht. Hierbei stehet die Frage im Vordergrund, ob das  

Integrationsverhalten bei Synästhetikern generell sensitiver ist, oder ob es sich auf die 

synästhetische Kopplung beschränkt. Dazu wird die McGurk Illusion eingesetzt, eine audio-

visuelle Illusion, bei der unterschiedliche visuelle und akustische Information zu einer neuen 

Wahrnehmung verschmolzen werden. Zeigt man Probanden Lippenbewegungen die ein 

‚AGA’ aussprechen, zusammen mit einem akustischen ‚ABA’, so nehmen die Meisten ein 
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‚ADA’ wahr. Dieses Phänomen wird Fusion genannt, da hier unterschiedliche sensorische 

Informationen zu einer neuen Wahrnehmung fusioniert werden. Die McGurk Illusion ist 

abhängig von der Qualität der visuellen und akustischen Information. Wenn die Synästhetiker 

einen sensibleren Integrationsmechanismus haben, so sollte diese Fusion auch bei schlechter 

Qualität der visuellen Information stattfinden. In diesem Experiment zeigt sich aber, dass 

Synästhetiker insgesamt weniger fusionieren und die Anzahl derer, die diese Illusion 

überhaupt nicht zeigen, bei Synästhetikern signifikant erhöht ist. Dies deutet darauf hin, dass 

Synästhetiker einen schwächeren und keinen stärkeren Integrationsmechanismus haben. Ob 

dieser Effekt allerdings aktiv von den Synästhetikern über Aufmerksamkeitsprozesse 

gesteuert wird oder die Sinne generell stärker getrennt sind, kann diese Experiment nicht 

beantworten.  

Dazu wird im vierten Experiment getestet, ob Synästhetiker weniger von der erfolgreichen 

Fusion von akustischer und visueller Information profitieren. Hierzu sollen die Probanden 

präsentierte Wörter wiedergeben. Diese Wörter sind entweder mit einem Standbild, oder 

einem Video, in dem ein Sprecher das Wort ausspricht, zu sehen. Zusätzlich werden die 

Wörter von weißem Rauschen überlagert, das in verschiedenen Signal-zu-Rausch 

Verhältnissen abgemischt wird. Während Kontrollen bei einem Signal-zu-Rausch Verhältnis 

von -12dB in besonderem Maße von der visuellen Information profitierten, zeigt sich dies bei 

den Synästhetikern nicht. Dieser Befund legt die Vermutung nahe, dass Synästhetiker generell 

weniger akustisch visuelle Integration zeigen, dass also ihr Integrationsmechanismus 

schwächer ist, und die Unterschiede nicht durch aufmerksamkeitsgesteuerte Prozesse 

zustande kommen. Abschließend wird die Idee diskutiert, ob man Synästhesie nicht als 

kompensatorische Maßnahme dieser schwächeren multimodalen Integrationsleistung sehen 

kann.  
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Introduction  

Bottom-up and top-down processes in perception 

  
We all seem to perceive the world around us quite effortlessly. Introspectively, it seems as if 

we just passively see, hear, smell, taste and feel our environment, just like a video camera 

captures pictures and sounds. Looking into the brain we find primary sensory areas analyzing 

information from the eyes, ears, nose, tongue or skin. But here the puzzle begins. In human 

perception, the different qualities of an object are not perceived singularly, but bound 

together. A car, for example, is not perceived as a picture of a car and a separate sound, but as 

a car that makes sounds. We perceive the world as a whole unified entity, not segmented into 

different sensory aspects.  

It is known that visual information is analyzed by highly specialized neuronal assemblies 

which detect for example edges, movement, a contour, color or another quality of a retinal 

excitation/inhibition-patterns  (Hubel & Wiesel, 1979). This parallel processing of different 

aspects of sensory data is a fundamental principle of neural computation as it is also found in 

other modalities like audition (Merzenich & Brugge, 1973). This processing enables us to 

analyse parts of the signal but it also results in a fragmentation of the sensory data as each 

sensory stream and the different dimensions within it are analyzed separately. 

This approach is called ‘bottom-up’ processing as the signal coming from receptors of the 

sensory organs are routed via primary sensory areas to ‘higher’ cognitive ones. But already 

since the early 20th century the Gestalt school around Max Wertheimer, Wolfgang Köhler and 

Kurt Koffka showed that perception involves more than just an analysis of the incoming data. 

Perception is highly dependent on the interpretation of the sensory data and on knowledge, 

experience and the assumptions based upon them, which can be shown for example in the 

gestalt principles, perceptual illusion or perceptual learning. The gestalt principles are certain 

universal rules applied to the analysis of visual input which help to identify areas in an image 

belonging together. The ‘rule of proximity’ for example states that items close together are 

perceived as belonging together. These phenomena are called ‘top-down’ processes as the 

interpretation based on previous experience coming from ‘higher’ cognitive areas influences 
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‘lower’ sensory brain areas. Higher and lower in this context is not meant in a topological 

fashion but refers to the position within the processing stream, beginning with primary 

sensory ones (see fig. 1 for a schematic picture). Nowadays perception is seen as interaction 

between top-down and bottom-up processes (as for example in Neisser’s perceptual circle 

(Neisser, 1976; Neisser, 1994) in which perception is described by  the interplay between top-

down recognition and bottom-up perception. See fig.1 for a schematic overview. 

 
Fig.1: Schematic picture of top-down and bottom-up processing 

 

 

Up to now, nobody knows how the brain achieves this integrative aspect of perception 

sometimes referred to as the ‘binding problem’ (Treisman, 1996; von der Malsburg, 1999; 

Roskies, 1999). Conceptually it is likely that when we recognize something, top-down 

schemata lock in to the bottom-up analyzed sensory data. But how this ‘locking in’ looks like, 

whether it is due to temporal coherence of the firing of neuronal assemblies (Milner, 1974; 

Engel, Fries, Konig, Brecht, & Singer, 1999; von der Malsburg, 1994), or multimodal cells 
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(Konorski, 1967) representing whole concepts (so called ‘grandmother’ cells, see (Gross, 

2002)), or somehow else is unknown. 

It is not easy to investigate binding as it is done automatically and effortlessly by the brain 

and thus it is hard to find a control group which does not bind together different sensory 

information. Synesthesia might prove as a model for binding, as in otherwise normal healthy 

people different sensory dimensions not belonging together are bound together and perceived 

as a unity (Mulvenna & Walsh, 2006). Synesthesia is a condition where stimulation in a 

sensory stream leads to stimulation in an unrelated sensory stream. For example music can 

elicit the perception of color and shapes. In this example music and color are bound together 

to form a unified synesthetic experience. Synesthesia has neither known comorbidities nor 

other impairments. Synesthetes only differ in their perception of certain stimuli. That makes 

synesthetes a perfect sample in order to investigate the binding phenomenon. If we are able to 

explain how the concurrent is bound to the inducer, we may be able to draw conclusions 

about binding in general.  

 

Aim of this work 
 
 
In this thesis different models of grapheme-color synesthesia are critically evaluated. 

In order to tackle this problem, the thesis is divided into two parts. The first part is theoretical 

in nature. Here synesthesia is introduced and different types of synesthesia (genuine, drug-

induced and acquired) are systematically compared. In this thesis this part acts as an 

introduction as it describes the phenomenon of synesthesia in great detail. In addition it 

critically compares the phenomenology of the three forms of synesthesia in order to look if 

knowledge about the etiology can be transferred between the different forms of synesthesia. 

The second part is experimental in nature. Here, the current explanatory models are tested 

with 4 experiments. In the first experiment it is tested if synesthetic experience is dependent 

on the position of the inducer on the retina. Therefore, a lateralized version of the synesthetic 

stroop task is conducted. In order to test the direct-cross activation and disinhibited feedback 

theory, fMRI is used, functional connectivity computed and compared between grapheme-

color synesthetes and non-synesthetic controls. The direct cross activation states that unusual 
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direct connections between the involved areas lead to synesthetic perception while the 

disinhibited feedback theory postulates synesthesia to be a result of feedback from higher 

multimodal areas activating the involved areas. The hyperbinding theory explains synesthesia 

with a more sensitive binding mechanism while the hyperconnected brain theory sees 

synesthesia as a result of a general increased connectivity in synesthetes. As the hyperbinding 

and hyperconnected brain theory are not directly testable, it is reasoned that there should be 

synesthetic ‘side effects’. If the brain in general has more connections or the binding 

mechanism is more sensitive it is unlikely that there are only these isolated effects like 

colored letters. That is why in the last two experiments the normal binding mechanism in 

grapheme-color and auditory-visual synesthetes is evaluated using the McGurk illusion and a 

multi-sensory integration task. 
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What is synesthesia? - Comparing different forms of synesthesia∗∗∗∗ 

Abstract 
 
Despite some principal similarities, there is no systematic comparison between the different 

types of synesthesia (genuine, acquired and drug-induced). This comprehensive review 

compares the three principal types of synesthesia and focuses on their phenomenological 

features and their relation to different etiological models. Implications of this comparison for 

the validity of the different etiological models are discussed.  

Comparison of the three forms of synesthesia show many more differences than similarities. 

This is in contrast to their representation in the literature, where they are discussed in many 

respects as being virtually similar. Noteworthy is the much broader spectrum and intensity 

with the typical drug-induced synesthesias compared to genuine and acquired synesthesias. A 

major implication of the phenomenological comparison in regard to the etiological models is 

that genuine and acquired synesthesias point to morphological substrates, while drug-induced 

synesthesia appears to be based on functional changes of brain activity. 

 

                                                 
* This chapter is published in „Consciousness & Cognition“ under the title „Genuine and Drug-induced 
Synesthesia - A Comparison“ by Sinke, C.; Halpern, J.H.; Zedler, M.; Neufeld, J.; Emrich, H.M.; Passie, T. 
DOI: 10.1016/j.concog.2012.03.009 
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Testing Synesthesia 

 

Genuine synesthesia is a subjective phenomenon, which, like most subjective states, is not 

easily measurable. But in order to investigate this phenomenon experimentally one has to 

assure that the subjects really have synesthesia; one has to verify the subjective report. The 

lack of such a diagnostic tool also led to the neglect of synesthesia research in the period 

between 1940 and 1990, as, through the rise of behaviorism, not measurable subjective states 

were not investigated any longer (Marks, 1975). 

As we have seen, genuine synesthesia is characterized by stable inducer-concurrent pairings. 

This feature can be used in order to reliably test synesthesia. It has been shown that a single 

word-color synesthete, when repeatedly asked for his word-color pairings is more consistent 

in his answers than non-synesthetic controls (Baron-Cohen, Wyke, & Binnie, 1987). This is 

because controls choose a color at random and do not memorize their choice while 

synesthetes report their color and do not choose it randomly. This leads to the development of 

a ‘test of genuiness’, which by the way was already in use in the late 19th century. For 

example Bleuler and Lehmann had already verified their synesthetes through repeatedly 

checking the described reports (Bleuler & Lehmann, 1881). Independent of the type of 

synesthesia one has to show that their inducer-concurrent pairings are consistent over time 

and more consistent than non-synesthetic controls. If subjects are also consistent without 

reporting synesthesia this would be a cross modal analogy rather than synesthesia. Cross-

modal analogies describe the fact that there are certain meaningful relations between the 

senses. Already at the age of three, children are able to match high pitched sounds to small 

objects and low pitched sounds to large objects (Mondloch & Maurer, 2004). In addition, 

cross-modal correlations between sound and brightness (Marks, 1987) and smell and 

brightness (Hornbostel, 1931; Gilbert, Martin, & Kemp, 1996) can be found. Early on, it was 

speculated that brightness might be a dimension shared by all senses (like e.g. intensity) 

(Hornbostel, 1931; Werner, 1966). As all people share these correspondences, there is low 

inter-individual variance. Intra- and inter-individual consistency helps to tell synesthesia apart 

from cross-modal analogies: a low inter- and a higher intra-individual variance can be 

observed in cross-modal analogies while synesthesia is characterized by a high inter and a low 

intra-personal variance (Behne, 1992). 
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Nowadays a standardized test battery for synesthesia can be found on the internet 

(www.synesthete.org). In this test, the participant is presented with letters from the alphabet 

and the numbers from 0-9 and has to pick colors from a color palette. The crucial point is that 

each item is presented thrice in a randomized order, while the position of the different colors 

within the color palette changes. This way the color is verified by the repetition and the 

memory effects are reduced, as exact color position is not a valid cue. Consistency is then 

calculated as the mean over the geometric distance between the RGB values of the three runs. 

Grapheme-color synesthetes typically score below 1 while non-synesthetes score higher than 

1 (Eagleman, Kagan, Nelson, Sagaram, & Sarma, 2007). For other types of synesthesia like 

auditory-visual synesthesia, where all sorts of sounds and music elicit color and shapes, no 

clear cut-off exists. If dealing with such a type of synesthesia, one has to show that the group 

of synesthetes is more consistent than the control group (Ward, Huckstep, & Tsakanikos, 

2006). See also figure 2 for an example of how grapheme-color synesthetes and non-

synesthetes perform in the grapheme-color test. In order to prevent subjects from achieving 

consistency with memorizing techniques, the test is followed by a speeded color-choice test. 

Here colored letter are presented and subjects have to decide as fast as possible if the letter 

has the right color or not. Synesthetes normally outperform non-synesthetes in this task. 

While non-synesthetes are slightly better than chance (around 60%), synesthetes typically 

score around 90% correct answers. In the presented studies a modified offline version of this 

described test battery developed by David Eagleman (Eagleman et al., 2007) is used. We 

programmed a GUI for the test, which is able to present letters, numbers, words, pictures or 

acoustical material together with a color palette and is user friendly. Also, it is quite easy to 

design new tests, which is quite useful in synesthesia research in order to verify untypical 

forms of synesthesia. It differs from the original downloadable version in the way that it has a 

graphical user interface (GUI) and is more flexible. All stimuli are handled in the same way. 

The stimuli just need to be in a certain structure and the program has to know whether they 

are text, sounds or pictures. If you are interested in this modified toolbox, don’t hesitate to 

contact me (christopher.sinke@gmail.com). All synesthetes and controls, which participated 

in the studies described in this thesis, are tested with this toolbox. Subjects described as 

grapheme-color synesthetes had a consistency score below one and in the speeded color 

discrimination tasks an accuracy above 90%.  
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   Fig. 2: Example for the result of a consistency test. The upper part shows the rather inconsistent color 

choices of a non-synesthete while the lower part shows an example of quite consistent color choices of a 

synesthetic subject. 
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Integration I – Investigating the role of inducer position on synesthesia 

Introduction 

Grapheme-color synesthesia is a condition in which letters, words and numbers elicit the 

sensation of colors. A color is normally evoked as soon as letters are read or heard. The 

causes of synesthesia are currently unknown, but different models are discussed (Hubbard, 

2007). 

In order to locate the brain areas mediating synesthesia it is useful to know if it is mediated by 

rather low-level or higher-level brain processes. It is known that at lower levels the visual 

system separates information from the central and the peripheral visual field (Kandel, 

Schwartz, & Jessell, 2000). Thus, it is interesting to know if the position of the stimulus in the 

visual field influences synesthetic perception. Knowing if synesthetic perception depends on 

retinal position helps to set limits where to search for mechanisms mediating synesthetic 

perception. When looking at the receptive fields of neurons it is known that they enlarge 

within the computational chain flowing from V1 to either the ventral or dorsal processing 

stream (Kandel et al., 2000). The receptive field is the area in the outside world the neuron 

reacts to. Each neuron reacts maximally to a certain feature in a certain area in the world, a 

phenomenon called ‘neuronal tuning’ (Dayan & Abbott, 2001). While neurons in V1 only 

react to stimuli on a certain retinal position, neurons in the middle temporal gyrus (MT) react 

for example to moving stimuli independent of the retinal position. This schema is found 

throughout the brain and results from convergent wiring in the brain. Many cells in V1 report 

to fewer cells in V2 which report to even fewer cells in V4 and so on. In this way the 

information from different neurons (and their receptive fields) is pooled. Looking into the 

literature about synesthesia, there are occasional reports of positional and hemispheric 

influences on synesthetic perception. Brang et al. reported that synesthetic colors are 

lateralized and wash out in the peripheral visual system (Brang & Ramachandran, 2010), 

while Hubbard et al. reported that in the periphery of the visual field synesthetic colors are 

absent (Ramachandran & Hubbard, 2001a). In addition two transcranial magnetic stimulation 

(TMS) studies showed that the synesthetic stroop effect vanishes after TMS of the right 

parietal cortex but not on the left (Esterman, Verstynen, Ivry, & Robertson, 2006; Muggleton, 
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Tsakanikos, Walsh, & Ward, 2007). The synesthetic stroop effect is taken as an evidence of 

the automaticity of synesthetic perception. Synesthetes need longer to name the font color of a 

letter if it does not match their synesthetic color (Mills, Boteler, & Oliver, 1999). This effect 

is dependent on the font colors and synesthetic colors used and strongest with complimentary 

colors (Nikolic, Lichti, & Singer, 2007). Also, activity in color-selective neurons is influenced 

by the distance between synesthetic and font color (Laeng, Hugdahl, & Specht, 2011). It is 

called synesthetic stroop as it is comparable to the stroop task in non-synesthetes, where 

subjects need longer to name the font color of a color word, when the font color is different to 

the color name (Stroop, 1935). Problematic with the mentioned studies is the fact that only a 

small sample of synesthetes (Brang: one; Ramachandran and Esterman: two; Muggleton: five) 

was investigated.   

The aim of this experiment is to investigate positional effects in grapheme color synesthesia 

in a group of synesthetes. An effect of the position on the retina would suggest low-level 

visual areas mediating synesthetic experience, otherwise synesthetic areas should be localized 

in regions were neurons fire independently of the retinal position. Positional effects are tested 

in a larger cohort of grapheme-color synesthetes with a lateralized version of the synesthetic 

stroop effect. If the synesthetic experience is mediated by lower visual areas, reaction time 

should be dependent on the position. If on the other hand synesthesia is a higher, top-down / 

conceptual phenomenon, position on the retina should have no influence at all.    

Methods 

Subjects 

15 grapheme-color synesthetes participated in this experiment (Age: 32.4±12.7; 4 ♂, 11 ♀) 

which had normal or corrected to normal vision. 

Synesthesia was verified using a modified offline version of the synesthesia test battery 

(www.synesthet.org). All subjects had a consistency score below 1 (0.62±0.19) and gave 

written informed consent. The study was approved by the local ethic committee of the 

Hannover Medical School. The subjects participated voluntarily and received a small 

monetary recompense for their participation.  
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Stimuli 

Red, green, yellow and blue letters and a swung dash are used. Letters and colors were chosen 

from the consistency test in that way that for each synesthete a synesthetic blue, yellow green 

and red letter is used. The stimuli were presented on a 3 GHz Intel dual core processor with 

2GB RAM on a 21” Sony Trinitron Multiscan G520 monitor with a resolution of 1024*768 

pixel and a refresh rate of 150Hz. The experiment was programmed with MATLAB 7.0 R14 

using the Psychophysics Toolbox extension, version 3 (Pelli, 1997; Brainard, 1997).  

Experimental Procedure 

Subjects were seated 60 cm in front of a computer screen with their heads fixed with a chin 

rest. Participants were instructed to fixate a fixation cross for the whole experiment and to 

press a button (R, G, P or L) as fast as possible when they saw something in red, blue, yellow 

or green. Before the experiment started, a test run with 18 trials was conducted so that 

subjects could get used to the key-color correspondences. Each letter was presented for 200 

ms in order to prevent saccades in the direction of the stimuli. After the subject’s response 

there was a random break between 1 and 2 sec to prevent the subject to get used to the timing 

of the task. Stimuli were either presented centrally (pixel coordinate: 430,250), where the 

fixation cross is presented, or on the left (pixel coordinate: 20,250) or right (pixel coordinate: 

840,250) side of the screen. Letters were ~5 cm high and ~3 cm in width (depending on the 

letter, Font style: Helvetica, size: 150) corresponding to ~ 4,6° visual angle height and 3.8° 

visual angle width. Stimuli were either presented in the synesthetic color or the 

complementary color. That means that the synesthetic red letter was either presented in red 

(congruent) or green (incongruent), while the synesthetic blue letter was either presented in 

blue (congruent) or yellow (incongruent). As the swung dash did not evoke synesthetic colors 

in the synesthetes it serves as a neutral baseline condition. Each letter and the swung dash 

were presented 20 times on each position (left, right or centered) in the congruent and 

incongruent version, summing up to 600 trials. The experiment was presented in two blocks 

each consisting of 300 trials. Between the trials the color-letter correspondence was changed 

in order to prevent response bias. That means that when in the first block the answer for a red 

letter was given with the left index finger, it was changed in the second block to the right 

middle finger. 
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Results 

Reaction times deviating more than 3 standard derivations from the mean were excluded from 

analysis. When looking at the synesthetic stroop effect independent of the position, a 3*1 

repeated measures analysis of variance (RM-ANOVA) with the factor ‘CONDITION’ 

(congruent, incongruent, neutral) revealed an effect of condition (F(1.035, 45.529)=8.339; 

p<0.05, degrees of freedom Greenhouse-Geisser corrected (epsilon=0.517), as Mauchly’s test 

revealed non-sphericity). Post-hoc t-tests showed that synesthetes reacted significantly faster 

in the congruent condition than in the neutral or incongruent condition (p<0.05, see fig 3A). 

Between the neutral and incongruent condition no differences can be detected. As the 

influence of the retinal position on the stroop task was in the center of this experiment, a 3*1 

RM-ANOVA with the factor POSITION (left, center, right) on the differences between 

incongruent and congruent trials was conducted. It did not reveal significant differences for 

different positions (see fig. 3B).  

 

 
Fig. 3: Results of the synesthetic stroop task. A) Reaction time (RT) for congruent, incongruent and 

neutral letters independent of the position. Synesthetes were significantly faster in the congruent 

condition compared to the other conditions (p<0.05). Error bars represent standard derivation.  

B) Reaction time differences between the incongruent and congruent condition for the different positions 

(RT incongruent - RT congruent). No differences can be detected. Error bars represent standard error of 

the mean (SEM). 
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Discussion 

Differences between the congruent and incongruent condition can be shown as described by 

Mills et al (1999) and replicated by other studies (Dixon, Smilek, & Merikle, 2004; Ward, Li, 

Salih, & Sagiv, 2007). Mills found that incongruent colors slow down the reaction time when 

naming font colors in a single synesthete. Contrary to their results we found that congruent 

colors enhance the reaction time. This may be due to an individual answer behavior as 

reflected in the rather large standard derivation. While some synesthetes only show 

differences lower than 50 ms our highest synesthetic stroop effect was about 1000 ms. Thus it 

may be possible that single subjects were slower in the incongruent instead of faster in the 

congruent condition. This is similar to the report of some synesthetes possessing a rather 

extraordinary memory (described for example by Luria (Luria, 1968) or the synesthetes 

Daniel Tammet investigated by Simon Baron-Cohen (Bor, Billington, & Baron-Cohen, 

2007)), while a group study with synesthetes do not show a general memory advantage in 

synesthetes (Rothen & Meier, 2009). The other mentioned studies did not use a neutral 

condition in order to test for an acceleration or decrease in reaction time.  

The same effect may hold for the position effects described by Ramachandran 

(Ramachandran & Hubbard, 2001a) and Brang (Brang & Ramachandran, 2010). They found 

positional effects only in individual synesthetes while we compared a rather large cohort of 

grapheme-color synesthetes in which we observe a rather large variance. Thus on a single 

subject level it is possible (but we did not check every single individual) to find positional 

effects, but in the group studies the effects level out. This may also point to the possibility that 

the observed effects in the mentioned studies are not due to synesthesia itself, but due to other 

effects. In this study it was shown that synesthetic colors occurred independently of the retinal 

position. This helps us to narrow down our search for synesthetic areas within the brain. 

These areas, responsible for the synesthetic perception, have to be able to ‘oversee’ the whole 

visual field. In addition, the result shows that there are no differences of the synesthetic 

experience between left and right hemisphere, as reaction time do not differ for stimuli in the 

right visual field and stimuli in the left visual field. This means that no lateralization 

difference could be detected. This is interesting with regard to the role of V4, as normal color 

processing is indeed lateralized: there is a right hemispheric bias for veridical color 

processing (Pirot, Pulton, & Sutker, 1977; Barnett, 2008) and a left hemispheric bias for color 
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naming (Levy & Trevarthen, 1981). As in the current experiment no lateralization could be 

detected, this result gives an additional clue that synesthetic colors are processed differently 

than normal colors, which was also suggested based on neuroimaging studies (van Leeuwen, 

Petersson, & Hagoort, 2010; Hupe, Bordier, & Dojat, 2011). This indicates that synesthesia is 

due to a rather late process as has been also suggested by Bargary et al. (Bargary, Barnett, 

Mitchell, & Newell, 2009) and may be interpreted in favor of the disinhibited feedback model 

which also postulates rather late multimodal integration areas as the basis for synesthesia.  
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Integration II – Exploring grapheme-color synesthesia with fMRI ∗∗∗∗ 

Abstract 
 

Grapheme-Color synesthesia is a condition in which letters are perceived with an additional 

color dimension. To identify brain regions involved in this type of synesthesia, 18 grapheme-

color synesthetes and 18 matched controls are stimulated with letters and pseudo-letters in an 

event-related fMRI experiment. Based on the activation differences between synesthetes and 

non-synesthetic controls, a correlation analysis was conducted in order to compute functional 

connectivity differences between the two groups. Synesthetes showed increased activation in 

inferior parietal and inferior frontal regions compared to controls. Black letters lead to higher 

activation in inferior parietal cortex in synesthetes compared to controls in the left hemisphere 

while colored letters activated this region bilaterally. Looking at the functional connectivity of 

the parietal regions it was found that the left inferior parietal cortex is in synesthetes stronger 

functionally connected to area V1/V2, while for the right inferior parietal cortex no 

differences in functional connectivity could be found. This study adds evidence to the idea 

that left parietal lobe plays an important role in synesthetic experience. The data suggested 

that information flow in grapheme-color synesthetes was already modulated at a stage of 

primary visual cortex. Thus the models of grapheme-color synesthesia have to be refined as 

the unusual communication flow in synesthetes is not restricted to V4, fusiform cortex and the 

parietal lobe but involves a more extended network. 

 

 

                                                 

*  This chapter is submitted to „Neuropsychologia“ under the title „Inside a Synesthete’s Head: a Functional 
Connectivity Analysis with Grapheme-Color Synesthetes“  by Sinke, C.; Neufeld, J.; Emrich, H.M.; Szycik, 
G.R.; Dillo, W.; Bleich, S. Zedler, M. 
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Introduction 
 

Genuine Synesthesia (Greek: syn=together, aesthesis=sensation) is a condition in which 

stimulation in one sensory modality elicits sensation in an unstimulated sensory modality. The 

stimulated modality is termed inducer and the unstimulated modality is named concurrent. 

The resulting synesthesia is named according to the inducer-concurrent pair (Grossenbacher 

& Lovelace, 2001). In music-color synesthesia for example music can elicit colors and shapes 

(Ward et al., 2006).  The most investigated form of synesthesia is grapheme-color 

synesthesia, affecting approximately 1% of the population (Simner et al., 2006). Here black 

letters and numbers have an additional color dimension. The coupling of letters and colors 

occurs automatically (Mills et al., 1999) and is stable over long time periods (Baron-Cohen et 

al., 1987; Simner & Logie, 2007), while each synesthete has its individual pairings. So for one 

grapheme-color synesthete the letter A may be green whereas another may perceive it as red.  

What causes synesthesia is still unknown, but currently different hypothetical models are 

discussed. The cross-activation theory states that unusual direct connections between the 

involved brain areas, responsible for inducer (e.g. letters) and concurrent (e.g. colors) 

processing, lead to the synesthetic perception (Ramachandran & Hubbard, 2001b). The reason 

for these additional connections are thought to be due to a pruning deficit in childhood 

(Maurer & Mondloch, 2004). The disinhibited-feedback theory assumes that synesthesia 

occurs through an inhibition of inhibitory projections from multimodal centres 

(Grossenbacher & Lovelace, 2001). In this way the signal is fed back from ‘higher’ 

multimodal areas to the areas processing the concurrent, while in non-synesthetes these 

recurrent signals are inhibited. The third theory states that parietal multimodal integration 

mechanisms are more sensible in synesthetes leading to the unusual coupling (Esterman et al., 

2006). A recent hypothesis states that synesthetes have a general hyperconnected brain and 

that synesthesia can be seen as a phenotypic manifestation of the globally altered network 

architecture (Hanggi, Wotruba, & Jancke, 2011). 

Looking at brain imaging evidence supporting the different models a quite heterogeneous 

picture arises. Some studies found a stronger activation of the human color centre V4 

(Sperling, Prvulovic, Linden, Singer, & Stirn, 2006; Nunn et al., 2002; Brang, Hubbard, 
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Coulson, Huang, & Ramachandran, 2010; Hubbard, Arman, Ramachandran, & Boynton, 

2005) while others found additional activity at parietal (Weiss, Zilles, & Fink, 2005; Paulesu 

et al., 1995) and frontal areas (Paulesu et al., 1995; Rouw & Scholte, 2007). The main 

problem leading to this heterogeneous picture is that in most studies only a few synesthetes 

(less than 9) participated. This leads to a high variance between subjects in the recorded 

activation magnitude (Smith et al., 2005) and therefore to unreliable results. It has been 

suggested that at least 12 subjects (Desmond & Glover, 2002) should participate in a group 

study but high reliability and sensitivity is achieved with more than 20 subjects (Thirion et al., 

2007). Up to now only a few MRT studies investigated more than 12 grapheme-color 

synesthetes using MRT imaging techniques: a diffuser tension imaging (DTI) study (Rouw & 

Scholte, 2007), voxel-based morphometry (VBM) (Weiss & Fink, 2009; Rouw & Scholte, 

2010) and functional magnetic resonance imaging (fMRI) (van Leeuwen et al., 2010; Rouw & 

Scholte, 2010). The DTI study found structural connectivity within the superior parietal and 

inferior temporal cortex (Rouw & Scholte, 2007). The VBM study found increased grey 

matter volumes in synesthetes in fusiform and intraparietal cortex (Weiss & Fink, 2009). The 

fMRI study of Rouw et al. (2010) showed higher activation in synesthetes in intraparietal 

sulcus, inferior frontal gyrus and the parieto-occipital sulcus in the left hemisphere, whereas 

van Leeuwen et al. (2010) found additional activation in the left superior parietal lobule. Also 

a stronger parietal connectivity has been found in resting state EEG (Jäncke & Langer, 2011). 

All in all it becomes clear that parietal and frontal mechanisms play an important role in 

synesthesia. But it is unclear how these areas communicate with other parts of the brain 

compared to non-synesthetes. Functional connectivity is well suited in order to tackle this 

problem. It is defined as the temporal correlation between spatially remote neurophysiological 

events, characterising functional interactions (Friston, Frith, Liddle, & Frackowiak, 1993). 

The rational behind this approach is that regions which are responsible for the same task 

should correlate their activity. 

 The aims of this study were two-fold: First we wanted to investigate synesthetic perception in 

a rather large cohort of grapheme-color synesthetes in order to increase knowledge about 

brain areas involved in grapheme-color synesthesia. Second we wanted to study the functional 

connectivity of areas involved in grapheme-color synesthesia in order to evaluate the 

aforementioned hypothetical models. In the current study an fMRI experiment with 18 
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grapheme-color synesthetes and controls was conducted and functional connectivity 

according to Rissman et al. (Rissmann, Gazzaley, & D'Esposito, 2004) computed in order to 

shed light on the mechanisms mediating grapheme-color synesthesia. 

 

Methods 
 

Subjects 

18 grapheme-color synesthetes and 18 non synesthetic control subjects participated in the 

experiment. Subjects were matched for age (synesthetes: 34±15 years controls: 34±13 years 

(mean±SD) ), gender (4 males and 14 females per group), handedness (2 left and 16 right 

handed per group) and general intelligence (IQ synesthetes:114.6±10.7 IQ 

controls:115.7±17.3) as assed by the MWT-B (‘Mehrfach-Wortschatz-Test’) (Lehrl, Triebig, 

& Fischer, 1995). Also subject were matched for their vividness of visual imagination (VVIQ 

(Marks, 1973), Synesthetes: 60±13, controls 65±15) as Barnett proposed differences in the 

vividness of imagination as a possible confounding factor in synesthesia research (Barnett & 

Newell, 2008). All subjects gave written informed consent and the study was approved by the 

local ethic committee of the Hannover medical school. The subjects participated voluntarily 

and received a small monetary recompense for their participation. 

 

Assessing grapheme-color synesthesia 

 Synesthesia was assessed using an offline MATLAB version of the synesthesia battery 

(http://www.synesthete.org/), modified to our needs and an extensive interview. In the 

synesthesia battery, subjects saw numbers from 0-9 (10) and the letters in the alphabet from 

A-Z (26). They had to select a color which they thought matched their synesthetic experience 

best. Each item was presented three times in randomized order. Afterwards the geometric 

distance in RGB color space between the three runs was calculated (Eagleman et al., 2007). 

Synesthetes were more consistent in their color choices than controls (synesthetes: 0.55±0.17, 

controls: 2.34±0.61, p<0.001). In order to exclude memorizing strategies, the consistency test 

was followed by a speeded discrimination test. Here the subjects were confronted with 
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colored letters and numbers and had to decide as fast as possible if the color fitted to the 

presented letters. The colors of the graphemes are chosen from the colors of the consistency 

test. 

In the speeded discrimination test synesthetes had an accuracy of 93±4%, while controls only 

reached 64.5±12% accuracy (p<0.001). Reaction time did not differ between groups.  During 

the interview all synesthetes reported colored letters while controls did not report any colored 

dimension when confronted with letters. All synesthetes were asked where they perceive the 

concurrent and all of them stated that they see the synesthetic color inside their ‘minds eye’ 

(Dixon et al., 2004). Thus following Dixon et al. they could be classified as associator 

synesthetes. 

 

Stimuli 

25 black and 25 colored letters (Latin letters from A-Y, without umlauts) and 25 black, 25 

colored pseudo-letters and a question mark were used as stimuli. Stimuli were projected to the 

front end of the scanner with a beamer. Subjects watched the letters with a mirror inside the 

head coil. The stimuli were presented centrally and large enough to be clearly visible. The 

pseudo letters were created through cutting the letters in pieces and reassemble the pieces to 

form a new sign (see fig. 4). The pseudo-letters were shown to the synesthetes and they 

assured that they did not evoke synesthetic colors for them. Letters and Pseudo-letters were 

presented in black (RGB: 0,0,0), red (RGB: 241, 9, 25), green (RGB: 43, 142, 16), yellow 

(RGB: 234, 248, 11), blue (RGB: 18,18, 210), brown (RGB: 131, 53, 4), orange (RGB: 241, 

161, 10), pink (RGB: 255, 105, 179) and violet (RGB: 145, 18, 211) respectively. The colors 

were not matched to the synesthetic colors of the subjects, leading to a mismatch of 

synesthetic and real color in synesthetes. 
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Fig. 4: Pseudo letters. Shown are the pseudo letters used in the experiment. Latin letters from A-Z  

    (without umlauts and the letter I) were cut into pieces and reassembled. Synesthetes assured that  

     these pseudo-letters did not evoke synesthetic perception. 

 

 

Experimental design 
 
An event-related functional magnetic resonance imaging (fMRI) design with four 

experimental conditions (black letters, colored letters, black pseudo-letters and colored 

pseudo-letters) is employed. Subjects were instructed to press a mouse button when a question 

mark was presented. The detection task was used in order to keep the attention of the subjects 

on the stimuli.  The subject’s responses and reaction times towards the question marks were 

recorded. The overall experiment consisted of 108 trials (25 stimuli per condition and 8 

question marks), divided into two blocks. Each block consisted of 50 stimuli and 4 question 

marks. The trials were presented in a pseudo-randomized order for 3 sec followed by a 

fixation cross presented for 12 sec. Each block lasts 13 min and 42 sec.  
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Data acquisition 
 
Structural and functional MRI scans were acquired on a GE Signa 1.5-T Horizon LX System 

(General Electric, Milwaukee) at the Hannover Medical School, Department of 

Neuroradiology. A standard head coil was used for radiofrequency transmission and 

reception. A series of 26 axial (i.e. parallel to the bicommisural plane) T2* functional scans 

covering the whole brain were acquired by using a multislice two dimensional echo planar 

imaging (EPI) sequence depicting the blood-oxygenation level dependent (BOLD) signal (26 

contiguous slices, TR = 3000 ms, TE = 50 ms, flip angle = 90°, slice thickness = 5.0 mm, 

spacing = 0.5 mm, in-plane resolution = 3.125 × 3.125 mm, field of view = 26 cm and matrix 

64 x 64 pixels). Stimuli were projected on a screen at the front end of the scanner table. The 

projected image was seen via a mirror placed above the subject’s head. A scanner compatible 

mouse, held in each subject’s right hand, was used to measure the responses. Two series were 

recorded per subject, each consisting of 274 images, the first 4 of which were discarded to 

allow for magnetic saturation effects.  

 

Image Processing 

For image pre-processing and analysis the SPM5 software package (Wellcome Trust Centre 

for Neuroimaging, Institute of Neurology, UCL, London, http://www.fil.ion.ucl.ac.uk) was 

used with MATLAB 7.0 R14. The BOLD images were realigned to the first volume to correct 

for interscan movements by means of a rigid body transformation with three rotation and 

three translation parameters. Subsequently, the 540 EPI volumes were spatially normalized to 

the standard template of the Montreal Neurological Institute (MNI, Canada) and resampled to 

a voxel size of 2 x 2 x 2 mm. Finally, the images were smoothed using a 12 mm full width 

half maximum Gaussian kernel. The smoothed, normalized single-subject images were 

analyzed via multiple regression using the linear convolution model and an AR(1) model of 

serial correlations. Specifically, event-related responses to letter displays were examined, with 

the design including regressors representing (1) black letters, (2) colored letters, (3) black 

pseudo-letters and (4) colored pseudo-letters. Fixation cross periods were modelled as an 
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implicit baseline. To account for inter-regional and inter-subject variability in the shape of the 

haemodynamic response function (HRF), a set of temporal basis functions was used that 

included a canonical HRF as well as its temporal and dispersion derivatives. Six vectors 

representing the parameters from the realignment procedure were included as regressors of no 

interest to account for residual effects of scan-to-scan motion. The model additionally 

included a high-pass filter of 128 sec to remove low-frequency signal drift components. 

Group-level analyses were based on random-effects analyses of the single-subject contrast 

images using the summary statistic approach. Regions showing significant interactions with 

group or condition were identified with a 2*4 ANOVA on a full-factorial model. Directions 

of the effects were then identified using independent-samples t-tests between the synesthete 

and control groups. Results were obtained using a cluster-defining voxelwise threshold of p < 

.05 with False Discovery Rate (FDR) correction to account for the multiple comparison 

problem. The minimum cluster size was calculated with a permutation based correction 

algorithm (Slotnick, Moo, Segal, & Hart, Jr., 2003) and  set to 81 voxels. Anatomical 

localization was performed with the anatomy toolbox version 1.8 (Eickhoff et al., 2005; 

Eickhoff, Heim, Zilles, & Amunts, 2006; Eickhoff et al., 2007). Coordinates are reported in 

MNI space. 

 

Correlation analysis 

Functional  connectivity was computed using a correlation analysis according to Rissman et 

al. (Rissmann et al., 2004). This approach is based on the assumption that if areas interact 

with each other in a network, their activity should be strongly correlated. The data was 

modelled with one regressor for each trial resulting in 100 covariates of interest (4 conditions 

* 25 stimuli). This resulted in a series of 100 beta values for each voxel. These beta values 

were then sorted according to the condition they belong to. Correlation maps were computed 

by correlating the average over the voxels of the seed beta series with the beta series of each 

voxel in the brain. Correlation values were then transformed using the arc-hyperbolic-tangens 

transform (Fisher, 1921). Results were obtained with independent sample t-test between 

groups using an uncorrected threshold of p<0.001 at voxel level and p<0.05 at cluster level. 

For cluster level threshold correction a permutation based approach was used (Slotnick et al., 
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2003). The identified minimal cluster size calculated for this dataset amounts to 81 resampled 

voxels. Seed regions were either based on coordinates from the literature (color region V4 

from (McKeefry & Zeki, 1997)), based on the anatomy toolbox (V1) or clusters showing 

significant group differences in the current experiment. To obtain these coordinates, peak 

values from the contrast ‘(all letters > baseline in synesthetes) > (all letters > baseline in 

controls)’ were used. Seed regions were spheres of 5 mm radius around the stated coordinates. 

For V1 coordinates the area labelled as V1 was extracted from the anatomy toolbox. Then, a 5 

mm sphere was located within this area. See table 1 for details of the seed regions. 

 

Coordinates Location Source 

-29 -69 -20 V4 left Zeki et al. (1997) 

30 -76 –27 V4 right Zeki et al. (1997) 

-7 -88 5 BA 17 left Extracted from anatomy toolbox 

15 -91 3 BA 17 right Extracted from anatomy toolbox 

48 20 2 Inferior frontal right Contrast: Letters Synesthetes-Controls 

-42 -62 46 Angular gyrus left Contrast: Letters Synesthetes-Controls 

-44 8 34 BA 44 left Contrast: Letters Synesthetes-Controls 

-2 20 52 Area 6 left Contrast: Letters Synesthetes-Controls 

42 -60 44 Angular gyrus right Contrast: Letters Synesthetes-Controls 

-32 22 –4 Left insula lobe Contrast: Letters Synesthetes-Controls 

Table 1: Seed region for the correlation analysis  

 

 



 

  

30 

Results 
 

Behavioural results  

Behavioural data collected during the scan confirmed that the subjects paid attention to the 

stimuli. All subjects identified and responded to the question marks correctly. As they were 

not instructed to respond as fast as possible, reaction times were not compared between 

groups. 

Neuroimaging results 

A 4*2 ANOVA between groups (synesthetes and non-synesthetes) and condition (black 

letters, colored letters, black pseudo-letters, colored pseudo-letters), calculated with a full-

factorial model in SPM, revealed differences between groups and condition. The F-test 

(p<0.05 FDR corrected) showed differences of group and condition but no interaction. In 

order to find out the direction of the effect of group, BOLD signals of synesthetes and 

controls looking at letters (black and colored) are compared. The main results of the GLM 

analysis are depicted in figure 5. The random effect analysis (p<0.05, FDR corrected) for 

black and colored letters showed higher activation in synesthetes compared to controls in the 

supplementary motor area (SMA), left insula and angular gyrus and inferior frontal cortex 

bilaterally (see table 2 for details). 

The random-effect analysis for the group comparison on the canonical response of the black 

letter condition showed higher activation for synesthetes in right inferior frontal (40,   26,  -8), 

left middle frontal (-46,  12,  38) and in inferior parietal (-38, -62,  46) regions on left 

hemispheres. The anatomy toolbox classified the clusters as belonging to BA 44 and the 

angular gyrus (see table 2 for details).  

Looking at colored letters, the group comparison on the canonical response showed higher 

activation in inferior parietal regions and inferior frontal gyrus bilaterally (see again table 2 

for details). The anatomy toolbox classified the clusters as belonging to the angular gyrus and 

BA 44/45. When comparing black and colored pseudo-letters no differences between 

synesthetes and controls could be detected. Further, controls did not show higher activation 

than synesthetes in any condition. 
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Fig. 5: BOLD differences between synesthetes and controls (p<0.05, FDR corrected).L=left, R=right, 

A=anterior and P = posterior part of the brain.  A) Activation differences for synesthetes > controls when 

looking at letters independent of color. B) Activation differences for synesthetes > controls when looking at 

black letters. C) Activation differences for synesthetes > controls when looking at colored letters. 
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Region Hemisphere X,Y,Y Size (voxel) Z-Value 

 

Letters: Synesthetes>Controls 

Inferior frontal cortex R 48 20 2 649 4.6 

Angular gyrus L -42 -62 46 1433 4.53 

Inferior Frontal (BA 44) L -44 8 34 546 4.06 

Supplementary motor area (SMA) L + R -2 20 52 331 3.86 

Posterior cingulated (nearest area)  L + R 0 -34 26 127 3.77 

Angular gyrus R 42 -60 44 431 3.72 

Insula lobe L -32 22 -4 250 3.63 

 

Black Letters: Synesthetes>Controls 

Inferior Parietal (Angular Gyrus) L -38, -62,  46 1308 4.31 

Middle Frontal  (BA 44) L -46,  12,  38 383 3.89 

Inferior Frontal (BA 44/45) R  40,   26,  -8 228 3.69 

SMA (BA 6) L + R -2,     22,  52 131 3.7 

Inferior Frontal (BA 45) L -36,   38,  14 102 4.23 

 

Colored Letters: Synesthetes>Controls 

Inferior Parietal (Angular Gyrus) L -48, -62, 50 625 4.76 

Inferior Frontal  (BA 44/45) R 48, 20, 2 97 4.07 

Inferior Parietal (Angular Gyrus) R 42, -64, 46 209 3.89 

Middle Frontal  (BA 44) L -42, 6, 32 95 3.77 

 
Table 2: Results of the random-effect analysis: relative increase in the BOLD response during letter 

processing in synesthetes compared to controls (p<0.05, FDR corrected). Brain regions are identified by 

the anatomy toolbox. 

 

Functional connectivity results 

As seeds region, a 5 mm sphere around the peaks of the contrast letters>baseline: 

synesthetes>controls (FDR corrected, extend cluster threshold 81 voxels) were used (see table 

1 for details).  V4 (l:-29 -69 -20 and r: 30 -76 -27) as reported by another fMRI study in color 

processing (McKeefry & Zeki, 1997) and V1 (left: -7 -88 5, right 15 -91 3) as defined in the 

anatomy toolbox were also used as seed regions. In all areas except SMA, left insula lobe and 

right parietal cortex, effective connectivity differences between synesthetes and controls are 
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found. In all cases, except right inferior frontal cortex, synesthetes showed higher correlations 

between the seed regions and other parts of the brain.   

As can be seen in figure 6, activity in V1 correlated in synesthetes stronger than in controls 

with activity in parietal cortex and cerebellum. V4 left is correlated stronger in synesthetes 

than controls with the middle frontal cortex. V4 right is correlated stronger with V2 and the 

left angular gyrus is correlated stronger in synesthetes than controls with V1/V2. Details of 

the results can be found in table 3. 

 

 
Fig 6: Result of the correlation analysis. L=left, R=right, A=anterior and P = posterior part of the brain.  

Shown are areas which have a higher correlation with the seed region in synesthetes compared to controls 

overlaid on a single subject template image. 
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Region Hemisphere X,Y,Y Size (voxel) T value 

 

V1 right (synesthetes>controls) 

Superior Parietal Lobule  L -16 -88 40 90 4.7 

Superior Parietal Lobule  R 22 -50 36 236 4.7 

Cerebellum L -14 -70 -26 813 4.63 

Superior Parietal Lobule  L -30 -66 50 937 4.6 

Area 4a/6 L -14 -28 76 92 4.56 

SPL/ Angular Gyrus  R 34 -60 56 144 4.07 

 

V1 left (synesthetes>controls) 

Superior Parietal Lobule  R 30 -62 56 135 4.39 

Superior Parietal Lobule  L -30 -64 52 229 3.96 

Cerebellum L+R 8 -60 -32 206 3.75 

 

V4 left (synesthetes>controls) 

Middle Frontal L -32 14 38 117 4.34 

 

V4 right (synesthetes>controls) 

Superior Medial /Cingulate Cortex L/R -12 38 26 525 4.1 

BA 18 L/R 12 -90 32 85 3.4 

 

IPC left (synesthetes>controls) 

BA17 / 18 L/R -2 -96 10 360 4.15 

 

Inferior frontal left (synesthetes>controls) 

Middle Frontal L -28 50 34 136 4.25 

Cerebellum L -12 -70 -24 108 3.98 

 

Inferior frontal right (controls>synesthetes) 

Middle Temporal Gyrus L -54 -54 14 484 4.82 

 

Table 3: Results of the functional connectivity analysis. Shown are the seed regions in bold and the areas 

in the brain as identified by the anatomy toolbox which showed significantly different correlation with 

the seed region in the two subject groups (synesthetes and controls).  
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Discussion 

 

The fMRI results of the current investigation show that letters activate additional areas in the 

parietal and frontal cortex bilaterally in synesthetes compared to controls. More precisely the 

synesthetic experience induced by black letters activated additional areas only in left parietal 

and frontal regions of the brain, while colored letters activated theses areas bilaterally. Parietal 

activation has also been detected by other fMRI studies investigating grapheme-color 

synesthetes (Weiss et al., 2005; Rouw & Scholte, 2010; Tang, Ward, & Butterworth, 2008; 

van Leeuwen et al., 2010), and even in other forms of synesthesia (Tang et al., 2008; Neufeld 

et al., 2012). In addition to mere activation differences, increased structural differences 

between synesthetes and controls in parietal cortex (Rouw & Scholte, 2007; Weiss & Fink, 

2009) have been found and also non-imaging investigations found the parietal cortex to be 

involved in synesthetic experience (Muggleton et al., 2007; Rothen, Nyffeler, von, Muri, & 

Meier, 2010). Frontal activation is also reported by other fMRI studies (Aleman, Rutten, 

Sitskoorn, Dautzenberg, & Ramsey, 2001; Rouw & Scholte, 2010; Gray et al., 2006). Thus, 

results of the current study are in line with recent neuroimaging studies investigating 

synesthesia. When synesthetes are confronted with real colors in addition to their synesthetic 

colors, processing two colors simultaneously for the same object, parietal and frontal cortex 

bilaterally becomes more activated. It is known that areas in the brain are highly specialized 

for a specific function. For example neurons in primary visual cortex are specialized to detect 

edges, while specific neurons in medial temporal gyrus react to movement. But what happens 

if an object consists of differing information in the same dimension is unknown. Normally 

there are no objects which have for example different colors at the same time and location. 

Our results suggest that in grapheme-color synesthesia the brain solves this problem in 

recruiting the same regions in the other hemisphere. It is also possible that the right parietal 

cortex activation seen in the colored letter condition is due to top-down attention guidance 

(Shomstein, Lee, & Behrmann, 2010). The brain simply needs more attention handling two 

colors simultaneously and in figuring out which color is synesthetic and which is real. This 

would mean that synesthetic experience needs additional activation in left parietal and frontal 

areas. The handling of two colors (a real and a synesthetic one) simultaneously needs also 

top-down attentional mechanism in addition. This effect can also explain the TMS results, 
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showing a disruption of the synesthetic stroop effect over right parietal sites (Esterman et al., 

2006; Muggleton et al., 2007) but no effect over the left one. The color conflict and not the 

synesthetic experience is mediated via right parietal cortex.  

There is evidence that broca’s areas is part of the working memory system (Paulesu, Frith, & 

Frackowiak, 1993) and inferior frontal activation is also connected o working memory load 

(Rypma, Prabhakaran, Desmond, Glover, & Gabrieli, 1999). Thus the higher activation in 

inferior frontal cortex could be related to a higher working memory load in synesthetes due to 

the additional color dimensions afforded by the concept of the letter. The concept is loaded 

into working memory and then compared to the analyzed data. As some information is 

missing, it is then ’concretized’ by parietal mechanisms. Here more work has to be done in 

synesthetes, leading to higher activity in the parietal cortex. But with colored letters the brain 

activates the synesthetic colored letter concept and in addition the real colored letter concept. 

Thus frontal and parietal areas in both hemispheres are activated.  

Our result suggests that the left parietal cortex is a key area in mediating synesthetic 

experience as it is more activated in synesthetes compared to controls. Parietal cortex is 

involved in attention allocation (Behrmann, Geng, & Shomstein, 2004; Posner, Walker, 

Friedrich, & Rafal, 1984), mutisensory processing (Molholm et al., 2006), and space 

representation (Colby & Goldberg, 1999; Hubbard, Piazza, Pinel, & Dehaene, 2005). As 

attention is highly involved in feature binding (Treisman, 1998) the parietal cortex is an ideal 

candidate to build internal objects, including objects with additional synesthetic dimension.  

In the color areas no additional activation could be found. This may be due to the fact that this 

study also controls for vividness of visual imagery as measured by the VVIQ. As Barnet et al. 

found differences in the vividness of visual imagery between synesthetes and non-synesthetes 

(Barnett & Newell, 2008) and visual imagery can activate visual cortex (Ganis, Thompson, & 

Kosslyn, 2004; Amedi, Malach, & Pascual-Leone, 2005; O'Craven & Kanwisher, 2000), it is 

possible that the activation in V4 in other studies is due to a more vivid imagination in 

synesthetes. Also it is possible that, as Hubbard pointed out (Hubbard, 2007), even if no 

activation in the group differences can be found, V4 may nevertheless be involved in 

synesthesia. As synesthesia is a quite heterogeneous phenomenon (Novich, Cheng, & 

Eagleman, 2011) and there seem to be differences between different subtypes of synesthetes 

(Dixon et al., 2004; Ward et al., 2007), namely projectors and associators (Hubbard et al., 



 

  

37 

2005; van Leeuwen, den Ouden, & Hagoort, 2011; Rouw & Scholte, 2010), it is also possible 

that within the measured group of synesthetes in this study there are individual differences in 

the activation in V4. This might be the reason for the lack of group differences within this 

area. Furthermore, as V4 is also involved in shape processing (at least in monkeys (Kandel et 

al., 2000)) it could be activated in both groups due to letter processing mechanisms. But it is 

also possible that synesthetic colors are not mediated by V4 at all (Hupe et al., 2011). All in 

all the current fMRI data suggest a fronto-parietal network to play a crucial role in synesthetic 

experience. 

As indicated by the results of the functional connectivity analysis, the area in the parietal 

cortex, showing increased activation in synesthetes compared to controls, is in synesthetes 

functionally stronger connected to V2. Also, synesthetes show functionally stronger 

connections between left and right superior parietal lobule and V1. Thus, it seems as if 

functional differences between synesthetes and non-synesthetes can be found already in quite 

low-level sensory areas. This is in line with findings of an EEG study (Barnett et al., 2008). In 

Synesthetes no stronger connection from angular gyrus to V4 could be found but interestingly 

additional connectivity between V2 and V4. Thus, there is not a direct communication 

between parietal lobe and V4 as proposed by the disinhibited feedback model but an indirect 

connection via V2. Our results indicate that the disinhibited feedback model has to be refined. 

It opens the possibility that the feedback loops are much larger than previously thought, going 

from parietal lobe back to primary visual areas and not to V4 or the fusiform gyrus. However, 

the correlation analysis does not imply directionality. Thus it is possible that V2 projects to 

parietal lobe which would not fit to any currently discussed models.  

It is interesting to note that in nearly all seed regions synesthetes showed more functional 

connectivity than controls. This is in line with the idea that synesthetes display a different 

connectivity pattern globally (Hanggi et al., 2011). All in all this study shows that the left 

parietal cortex plays an important role in grapheme-color synesthesia and that this area 

displays functional connectivity with primary visual areas not shared by non-synesthetes. 

Feedback loops not to V4 but to primary visual areas play an important role in grapheme-

color synesthesia. 
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Separation I – Synesthetes and the McGurk illusion 

Abstract 

Synesthesia is a condition where otherwise normal people have an unusual cross-modal 

integration in the sense that for example music or letters is perceived in color. If this unusual 

integration involves only the affected sensory dimensions or cross-modal integration abilities 

in general is not known. In this paper audio-visual integration mechanisms are tested in 

synesthetes using the McGurk illusion. In the McGurk illusion differing acoustical and visual 

information are fused to a new percept, depending on the qualities of the visual and acoustical 

signal. It is shown that synesthetes show less McGurk fusions compared to controls. Also in 

the group of synesthetes significantly more subjects did not perceive the illusion at all. This 

indicates that synesthetes are able to separate visual and acoustic information better than 

controls and thus show reduced audio-visual integration processing. Thus the classical view 

of synesthesia as a „mingling of the senses” has to be reconsidered. 

 

Introduction 
 
Synesthesia is usually defined as uncommon ability to perceive an internally generated 

sensation in one sensory modality triggered by a stimulus coming from another sensory 

modality. Thus an external stimulus, in synesthesia often called as inducer, leads to an 

additional percept called concurrent (Grossenbacher & Lovelace, 2001). The type of 

synesthesia is named according to the inducer-concurrent pair e.g. in auditory-visual 

synesthesia where acoustic stimulation leads to a visual experience. Synesthesia affects about 

4% of the population (Simner et al., 2006). Usually synesthetic inducer-concurrent couplings 

are stable (Baron-Cohen et al., 1987; Simner & Logie, 2007), automatic (Mills et al., 1999) 

and idiosyncratic so that the same inducer always triggers the same concurrent for one 

synesthete. Synesthesia is context dependent (Dixon, Smilek, Duffy, Zanna, & Merikle, 

2006), attention dependent (Mattingley, Rich, Yelland, & Bradshaw, 2001) and also 

dependent on the interpretation rather than on the direct sensorial input (Bargary et al., 2009). 
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Theoretically synesthesia can be seen as a ‘hyperbinding’ phenomenon (Robertson, 2003; 

Hubbard, 2007; Esterman et al., 2006), were synesthetes have a more sensitive multi-modal 

integration mechanism, leading to the unusual synesthetic inducer-concurrent coupling. If this 

‘hyperbinding’ is achieved via direct connections (Ramachandran & Hubbard, 2001b), 

disinhibited feedback (Grossenbacher & Lovelace, 2001), reentrant processing (Smilek, 

Dixon, Cudahy, & Merikle, 2001) or a mixture of these mechanisms (Hubbard, 2007) is still 

not known. A recent investigation even points to a general hyperconnectivity in synesthetes 

(Hanggi et al., 2011). Whether this hyperconnectivity affects only the inducer-concurrent 

pairing or if also other more global parts of the integration process are affected is not 

investigated so far. If synesthesia is produced by a generally higher connected brain as 

suggested by Haenggi et al (2011) or due to a more sensitive binding mechanism, synesthetes 

should show behavioral effects besides the unusual inducer-concurrent coupling. In order to 

tackle this problem, audio-visual illusions are well suited, because they enable researchers to 

investigate bi- or multimodal processing of perception. 

In this paper we focus on the general hyperbinding theory of synesthesia using the audio-

visual, speech related McGurk illusion (McGurk & MacDonald, 1976). The requirement for 

this illusion is the artificial combination of incongruent auditory and visual speech input and a 

sufficient perceptual fusion process. For example, if the information presented contains 

viseme of a face pronouncing ‘AGA’ dubbed onto audio stream containing ‘ABA’, then an 

observer will perceive usually fused percept of ‘ADA’. The occurrence of the McGurk 

illusion depends on different factors, where one of them is the quality of the presented 

visemes. Hence, if the visual information quality decreases, the probability of successful 

fusions also decreases until subjects tend to report only the acoustical part of the video 

(Fixmer & Hawkins, 1998). Thus the impact of the input from the visual modality on the 

auditory changes parametrically with the quality of the viseme and breaks down at a certain 

level of viseme distortion. Therefore the McGurk illusion is well applicable to investigate 

audio-visual integration processes especially in synesthesia (Bargary et al., 2009). In this 

study Bargary et al. focused on the relationship between synesthetic concurrent and successful 

audio-visual fusion process in a group of grapheme-color synesthetes. They were able to show 

the dependence of the synesthetic percept from relatively late perceptual integration 
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processes. In contrast we focused on the global amount of audio-visual fusions in the McGurk 

illusion related to the quality of the visual presented information.  

We predicted that if synesthesia is related to a general hyperconnectivity, the audio-visual 

integration mechanism should be more sensitive in an unspecific manner and the McGurk 

illusion should be more robust in synesthetes in comparison to controls. Thus we expected 

that they should show in this case more fusions (McGurk-illusions) than controls, especially 

in conditions with impaired visual information available. However if the synesthetes don’t 

differ in their ability to integrate McGurk stimuli, a general hyperbinding mechanism would 

be unlikely in favor of an exclusive inducer-concurrent binding.  

 

Methods 
 

Subjects 

All procedures had been approved by the local Ethics Committee. Nineteen synesthetes (mean 

age 35.0±14.9, 5 male) and 24 non-synesthetic controls (mean age: 34.6±14.0, 6 male,) gave 

informed consent and participated for a small monetary compensation in the study. Each 

participant conducted a synesthesia test with letters and  / or tones, a modified offline version 

of the synesthesia battery (Eagleman et al., 2007). In this synesthesia battery subjects have to 

indicate a color related to the presentation of numbers and letters or tones of different 

instruments and different pitches. After three randomized presentations of the stimuli, the 

geometric distance in RGB color space between the three presentations was calculated, 

indicating the subjects color choices during the three runs. Synesthetes differed in their 

consistency significantly from controls (Graphemes: synesthetes: 0.60±0.19, controls: 

2.2±0.6, p<0.01; Tones: synesthetes: 1.16±0.47, controls: 1.91±0.53, p<0.01). Of the 19 

synesthetes, 4 synesthetes had auditory-visual synesthesia, 8 had grapheme-color synesthesia 

and 7 had grapheme-color and auditory-visual synesthesia.  
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Stimuli 

We used self-prepared stimulus material containing short (2 sec. duration) colored video 

sequences presented with a resolution of 640 x 512 pixels (covering 23 deg. vertically and 18 

deg. horizontally of the visual angle). The video sequences contained frontal view of a male 

speaker pronouncing four kinds of syllables (fig. 7A). Three of them were audio-visual, 

congruent with auditory stream related to the vocalisatory movements (syllables: ADA, ABA 

and AGA). One was specially prepared to elicit the so called McGurk effect (McGurk & 

MacDonald, 1976) by combination of visual presented vocalisatory movements of the syllable 

AGA dubbed with auditory presented ABA (M-ADA). Usually this kind of stimulation leads 

to the percept of the syllable ADA. The visual information of the videos was additionally 

parametrical degraded using a Gaussian filter with six different extents (full width at half 

maximum, FWHM, of 0, 15, 20, 25, 30 and 40 pixels). The videos were edited using 

VirtualDub 1.9.9. Each audio-visual congruent ADA, AGA and ABA syllables were 

presented 4 times in conditions using FWHM filter of 0, 20, 30 and 40 pixels. M-ADA stimuli 

were presented 28 times per filter size. Thus each subject watched 216 videos presented in 

randomized order. The stimuli were presented on a 3 GHz Intel dual core processor with 2 

GB RAM on a 21” Sony Trinitron Multiscan G520 monitor with a resolution of 1024*768 

pixel and a refresh rate of 150 Hz. Subjects were seated 60cm from the monitor. Acoustical 

stimuli were presented via AKG K121 Studio headphones. All stimuli were presented using 

Presentation software (Neurobehavioral Systems, Inc., Albany, CA). 

Paradigm 

The experimental task was to watch attentively the presented short video sequences and to 

indicate the perceived syllable through the corresponding button press (D, G or B) on a 

standard computer keyboard. Thus the adequate answer D was possible in two experimental 

cases: (i) for audio-visual congruent presented syllable ADA and (ii) for audio-visual 

incongruent McGurk syllable (M-ADA), but only in the case of successful bimodal fusion. 

Each video stimulus was followed by a prompt screen where the subjects were reminded to 

give an answer. After pressing a button and before the next video stimulus, a fixation cross in 

the center of the screen was presented for 1 sec (fig. 7B). After the experiment the subjects 

were asked if they recognized something unusual. 
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Fig 7: A) Stimulus material used. Shown are the used audio track and the effect of different filter sizes on the 

videos. B) Example trial. The video is shown for 2 sec. Then the subjects gave their answer with the 

corresponding button press. Afterwards a fixation cross is presented for 1sec. 

 

Statistics 

First the rate of correct responses (how often the right syllable was identified) was analyzed 

during processing of audio-visual congruent stimuli between both groups by means of 

repeated measurement ANOVA (2 x 3 x 4, main factors: group, syllable, Gaussian filter). No 

differences are expected for the relevant main factor “group” indicating that audio-visual 

congruent speech stimuli are processed by both groups in the same way. In the second step 

the number of reported fusions is counted (subjects perceived an ADA) in the audio-visual 

incongruent M-ADA condition. Then a repeated measurement ANOVA (2 x 6, main factor: 

“group” and “Gaussian filter”) on the audio-visual incongruent experimental events is 

calculated accordingly. For exact identification of differences between the groups and 
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conditions additional post-hoc t-tests for each Gaussian filter condition were calculated. This 

allowed us to estimate possible group differences in respect to the fusion ability depending on 

the quality of the visual input. 

 

Results 
 

Performance in congruent trials 

In the congruent trials, accuracy levels were at ceiling in all three audio-visual congruent trial 

types (see fig 8A). 2x3x4 repeated measure ANOVA revealed differences of syllable 

(F(1.704, 69.869)=4.431, p<0.05, degrees of freedom Huynh-Feldt corrected (epsilon=0.852), 

as Mauchly’s test revealed non-sphericity) but no effect of group or Gaussian filter size nor an 

interaction. Thus both groups show no differences in processing congruent stimuli and were 

able to classify the stimuli correctly. Post-hoc two side t-tests show that all subjects – 

independent of group - perform significantly worse in the AGA condition (p<0.05) while no 

differences between ADA and ABA can be detected. 

 

Performance in incongruent trials  

Looking at the numbers of reported fusions (‘report of ADA in the incongruent condition’), 

6*2 repeated-measurement ANOVA revealed a significant effect of group (F(1, 41)=4.223; 

p<0.05) and condition (F(1.33, 54.547)=24.011; p<0.05, degrees of freedom Greenhouse-

Geisser corrected (epsilon=0.266), as Mauchly’s test revealed non-sphericity). Post-hoc two 

sided t-test showed differences at filter sizes 0 and 25 pixels between groups. In condition 15, 

20 and 30 a trend (p<0.1) is found whereas with filter size of 40 pixels no differences can be 

detected. In all cases of the M-ADA stimuli the synesthetes reported to perceive ’ADA’ less 

often and tended to report the acoustical information (‘ABA’) instead (see fig. 8B). 
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Fig. 8: Results of the McGurk illusion. A) Percentages of correct answers for congruent stimuli. No 

differences between groups can be detected. B) Number of perceived Fusions: Shown are the percentages of 

reported fusions for synesthetes and controls. Performance with gauss filter size 0 and 25 differed 

significantly (p<0.05) between groups while with filter size 15, 20 and 30 a trend (p<0.1) was found. Error 

bars represent SEM in both graphs. 

 

 

Responder and Non-responder to the McGurk illusion 

During the experiment we recognized that some subjects did not respond to the illusion at all. 

We wondered if there are systematic differences between groups concerning the 

responsiveness to the McGurk illusion. Thus subjects were classified as non-responders if 

they display less than 5% McGurk responses (one or zero fusion answers out of 28 possible 

fusions) in the unfiltered condition, i.e. during presentation of the undistorted video. We 

found significantly more non-responders in the group of synesthetes than in the control group 

(four fold test: p<0.05). When looking at the synesthetic subgroups, it turned out that the 

auditory-visual subgroup (fisher’s exact test: p<0.01) and the grapheme-color subgroup 

(fisher’s exact test p<0.01) both consist of more non-responders compared to the control 

group. 
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Discussion 
 
We focused in this study on the hypothesis of general hyperbinding in synesthesia (Hubbard, 

2007). Following this hypothesis subjects with synesthesia should be more susceptible for 

bimodal illusions (e.g. McGurk Illusion). The main result of our study is the fact that 

synesthetes showed in general less fusion processes than control subjects in audio-visual 

perception of speech stimuli. Thus, in contrast to our hypothesis, synesthetes are even less 

susceptible to the McGurk illusion. This reduction of audio-visual integration processes seem 

to be independent of the type of synesthesia, since both sub-groups of our synesthesia subjects 

didn’t differ in the amount of perceived illusions. Our behavioral results give therefore good 

evidence against a more sensitive multimodal-binding mechanism in synesthesia  

In contrast to Bargary et al. (2009) the focus of this study is on the general audio-visual 

integration process in synesthesia. The study of Bargary et al. (2009) used also the McGurk 

illusion in order to show that synesthetic experience is a relatively late process, dependent on 

the perception and not the sensory information. In contrast, we focused our study on the 

general question of the susceptibility for audio-visual integration in synesthesia using similar, 

semantically not so complex stimuli. This difference in the complexity of used speech stimuli 

may also be crucial for the fact that, in contrast to the study of Bargary et al. we were able to 

show differences in the general fusion rates in synesthetes.  

One possible explanation for the reduced audio-visual integration in synesthesia could be an 

increase in the ability to focus the attention on a specific sensory modality. This difference 

could be a ‘side effect’ of synesthesia. Normally synesthetes are able to distinguish 

synesthetic experience from realty and focus their attention to one or the other and they are 

aware which perception is synesthetic and which is ‘real’. It is possible that this ‘training’ can 

be used to better separate sensory modalities. Most synesthetes reported after the experiment 

that they were aware of the discrepancy between auditory and visual stimulation during M-

ADA trials and deliberately suppressed the visual information. Most of the control subjects in 

contrast, reported that they were not aware of the illusion and some made statements like 

’there were two different kinds of ADA presented’. This may be an indicator that synesthetes 

are more sensitive to discrepancies between visual and acoustical information and are able to 

better focus on one specific modality. It means that synesthetes have a greater control over the 
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visual and acoustical stream and can better suppress the ‘irrelevant’ sensory information, 

probably by attentional control processes.   

When looking at neurophysiology of the McGurk effect one finds involvement of temporal 

(Beauchamp, Nath, & Pasalar, 2010), occipito-temporal (Jones & Callan, 2003) and parietal 

areas (Bernstein, Lu, & Jiang, 2008). Interestingly in synesthesia intraparietal / superior 

parietal cortex (Weiss et al., 2005; Rouw & Scholte, 2010; Neufeld et al., 2012; van Leeuwen 

et al., 2010) and occipito-temporal (Nunn et al., 2002; Sperling et al., 2006; Hubbard et al., 

2005) areas are also discussed as involved in synesthetic perception. Thus similar regions are 

involved in synesthesia and multimodal integration processes used by the McGurk task. Also 

it is known that parietal cortex is involved in attention control (Behrmann et al., 2004; Posner 

et al., 1984): Interestingly, superior and intraparietal cortex are involved in top-down 

attentional control while the parieto-temporal junction is involved in bottom-up attentional 

processes (Shomstein, Lee, & Behrmann, 2010). Current data provide evidence for an 

enhanced top-down guidance of attention, as synesthetes are less distracted by the irrelevant 

modality. As in synesthetes connectivity differences in the superior parietal cortex are found 

(Rouw & Scholte, 2010), one can speculate that parietal differences may be the reason for the 

better top-down attention guidance observed here. The results suggest that synesthesia is not 

the result of a more sensitive binding mechanism but of stronger top-down influences. If 

synesthetes are confronted with black letters, the activated concept, incorporating the 

additional color, additionally activates the colors in a top-down fashion. This is also in line 

with disinhibited feedback ideas about synesthesia (Grossenbacher & Lovelace, 2001).   

Our results shed new light on the definition of synesthesia as ‘mingling of the senses’. 

Mingled are only the synesthetic parts of their experience but not the ’normal’ parts of their 

sensory experience. Synesthetes even seem to be able to better focus their attention on one 

stream, keeping it more separate. Concerning the binding mechanism it is likely that 

synesthetes do not have a more sensitive binding mechanism in general but that it is only 

restricted to the synesthetic dimension. 
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Separation II – Speech comprehension in noisy environments 

Introduction 

 
As we have seen in the previous chapter, synesthetes show fewer fusion processes than 

controls in the McGurk illusion. Additionally, more synesthetes than non-synesthetes do not 

react to this illusion at all. It is not clear whether the decreased audio-visual integration is 

actively produced by the synesthetes or a passive process. By an active process it is meant 

that synesthetes actively suppress the irrelevant information and have a better attentional 

control over the integration process (see also the discussion in the previous chapter). In this 

way, they would actively resolve the conflict through attentional suppression of the visual 

information or focusing attention on the acoustical parts. Passive, on the other hand, would 

mean that their multi-modal integration mechanism is weaker and their senses are more 

separated. In this case, the illusion would simply not occur, as the differing information is not 

integrated at all. The information from the ear is analyzed separately from the visual input and 

only one of the results and the conflict between the information is consciously reported. 

During normal life this separation is not recognized as normally the different senses do not 

get conflicting information. As the McGurk illusion is not able to answer this question 

properly, a new experiment was designed. If synesthetes have a better active (attentional) 

control over their audio-visual integration process, they also should be able to fuse the senses 

better, if the successful integration is beneficial. If, on the other hand, their integration 

mechanism is weaker, they should perform worse when normally one can profit from 

successful integration of visual and acoustical information. Even though speech processing 

highly relies on acoustical input, it is also influenced by vision (as is seen for example in the 

McGurk illusion). The degree of influence depends on the quality of the signal and the 

amount of information conveyed by the different channels. Varying the signal-to-noise ratio 

(SNR) of the acoustical stimuli, it could be shown that there is an SNR where speech 

understanding profits most from the visual stimulus (Ross, Saint-Amour, Leavitt, Javitt, & 

Foxe, 2007). With an SNR of -12 dB, normal subjects show a maximum gain in performance 

when comparing acoustical to audio-visual presentation of the stimuli. This task is well suited 
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in order to find out the nature of the differences in multi-sensory processes in synesthetes as 

subjects benefit from the successful integration of auditory and acoustical information. If 

synesthetes have active attentional control over their audio-visual fusion process, they should 

perform equally or even outperform non-synesthetes in the critical integration window around 

-12 dB SNR. If, on the other hand, their integration mechanism is weaker, they should 

perform worse. In this experiment 14 synesthetes and 14 controls perform an audio-visual 

word detection task with varying SNR in order to further investigate the nature of audio-

visual integration in synesthetes.  

 

Methods 

Subjects 

14 synesthetes (mean age: 35.4 ±13.7, ♂: 5, ♀: 9) and 14 controls (mean age: 36.8 ±14, ♂: 5, 

♀: 9) participated in this experiment. Synesthetes were more consistent in their color choices 

(grapheme-color synesthetes 0.64±0.19, controls 2.09±0.69, acoustic-color synesthetes 

0.98±0.27, controls 2.03±0.46, p<0.05).  3 synesthetes had auditory-visual synesthesia, 8 had 

grapheme-color synesthesia and 3 had both forms. 

 

Stimuli 

Stimulus material consisted of 350 videos of 720*576 pixels showing a male face 

pronouncing disyllabic German words. As word material normal everyday German words 

without technical terms were used. Each video had a duration of 2 sec. Seven different levels 

of white noise were presented simultaneously. The intensity of the white noise was adjusted 

so that it was 0, 4, 8, 12, 16, 20, or 24 dB louder than the sound level of the spoken word. 

This leads to signal-to-noise ratios (SNR) of 0,-4,-8,-12,-16,-20 and -24 dB respectively. Half 

of the videos were presented with a still image of the speaker (auditory-alone condition) while 

in the other half of the stimuli the speaker pronouncing the word was shown (audio-visual). 

The head of the speaker was centered on the screen, covering most of the image and seen 

before white ingrain wallpaper.  
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Experimental Design 

The experiment was designed according to Ross et al. (2007). The experiment consisted of an 

auditory-alone condition (A) and an audio-visual condition (AV). Each condition consists of 

175 stimuli, 25 per SNR. The 350 stimuli were presented randomly. 

Participants were instructed to watch the screen and report, which word they understood. If a 

word was not clearly understood they were instructed to guess the word. Otherwise they 

should report ‘I did not understand anything’. The answer was recorded by the experimenter. 

Any answer different to the presented stimuli was counted as false, no matter if they did not 

understand anything or if they reported a wrong word. When the answer was given, the 

experimenter triggered the next trial. Then a fixation cross appeared for 1 second and the next 

video starts. The experiment had a duration of about 30 min. 

 

Results 

As normal subjects profit most from audiovisual integration with a SNR from –12 dB (Ross et 

al., 2007), SNRs around this critical band (–8, -12 and –16 dB ) were analyzed. A 2*3*2 

repeated measure ANOVA (CONDITION, SNR, GROUP) revealed an effect of 

CONDITION (F(1,26)=355.721,p<0.001), SNR (F(2,52)=339.617, p<0.001), an interaction 

of CONDITION and SNR (F(2,52)=4.171,p<0.05) and an interaction of CONDITION and 

GROUP (F(1,26)=5.149,p<0.05). The results are shown in fig. 9A, indicating a general 

superior performance in the audiovisual condition compared to the auditory-alone condition, 

independent of group. This effect of condition shows that information about the lips helps to 

resolve the task. The effect of SNR is expected as with more noise in the signal, 

understandability decreases. Interestingly, the interaction between CONDITION and GROUP 

showed differences in the processing of auditory and audio-visual stimuli between the groups. 

A post-hoc t-test (p<0.05) on the gain in performance (AV-A) reveals significant differences 

with an SNR of –12 dB (see fig 9B). Here, the group of synaesthetes profit less from the 

visual information compared to controls. In the control population, the gain at -12 dB 

represent a window of maximal integration (Ross et al., 2007). When performance in this 

condition is compared to the flanking conditions with a post-hoc t-test, a significant increase 

in controls at -12 dB compared to -8 and -16 dB (p<0.05) is found. But this increase is 
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missing in synesthetes. Here, no differences in performance gain can be detected between the 

-12 dB condition and the flanking conditions. Thus, synesthetes do not have a window of 

maximal integration. The visual gain is rather equal from the -4 dB condition to the -20 dB 

condition as can be seen in figure 9B.  

 

 
Fig 9: Results of the word detection task. A) Percentage of the correctly identified words for the different 

SNR for the auditory (A, dashed line) and audiovisual (AV, solid line) condition for synesthetes (circles) 

and controls (squares). B) Gain in performance through the visual information as the differences in 

performance between the audiovisual (AV) and auditory (A) condition for synesthetes (circles) and controls 

(squares). 

 

Discussion 

The data of this experiment shows that synesthetes differ from controls in their audio-visual 

integration ability. With -12 dB level of SNR, where normal subjects have a window of 

optimal integration, they do not profit from audio-visual fusion as do non-synesthetes. They 

do not outperform, but perform worse than controls. Thus, it is likely that they do not exert a 

better control over their integration mechanism but that they have a slightly impaired audio-

visual integration mechanism in general. This gives an additional hint that the senses, at least 

the visual and acoustical, in synesthesia are more separated and not mingled and supports the 

idea of synesthesia as ‘separation of the sense’.  

Interestingly, both types of investigated synesthetes (grapheme-color and auditory-visual 

synesthetes) show synesthetic coupling between acoustical and visual information. In 
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auditory-visual it is obviously a coupling between hearing and vision, while in grapheme-

color the coupling is not obvious. But here not only written letters, numbers and words but 

also heard ones have an additional color dimension. In fact, grapheme-color synesthesia was 

often called “colored hearing” before Grossenbacher et al. (2001) introduced the inducer-

concurrent nomenclature. Thus, both types involve the acoustical and the visual sense and in 

these domains we find impairment in the integration. It would be interesting to test if the 

integration of other senses is also affected or if the impairment is restricted to the inducer and 

concurrent sense. It is known that integration of visual and haptic information is optimal in a 

statistical sense (Ernst & Banks, 2002). In order to test other senses, one could take a similar 

experiment and examine if visual-haptic integration is also optimal in synesthetes.  

In synesthesia we find a special inducer-concurrent integration, as additional colors are 

integrated into the percept, while acoustic and visual integration in general is impaired. This 

result raises the question, how this ‘hyper-integration’ in the synesthetic domain fits to the 

observed ’separation of the senses’. It is possible that it is a kind of compensatory mechanism 

resulting from the synesthetic binding. Normally, synesthetes have no trouble in identifying 

synesthetic and real parts of their perception. In order to keep track of which perception is 

synesthetic and which is ‘real’ (i.e. stimulated from the outer world), synesthetes have to 

develop strategies to analyze and separate their perception. And it is possible that separation 

of the senses is one solution to the problem in order to perform a ‘reality check’. With a 

lifelong synesthetic experience this process becomes routine and automatic in order to 

minimize the computational work. That processes become automatic, can be seen in most 

tasks as the brain tries to use energy in an efficient way. When someone learns a new task, it 

requires conscious thought about how to solve it. Assuming one does not know anything 

about the task, the normal strategy is to try out different ways. This incorporates the usage of 

many different parts of the brain. After a while, one knows how to handle the task and which 

parts of the brain to use in order to solve it. This reduces the brain activity related to the task 

(Haier et al., 1992). The found strategy is applied automatically and only the parts of the brain 

are activated which are needed for the task. This is shown by the fact that, in experts one 

observes a different pattern of brain activity compared to novices (Wan et al., 2011). An 

intuitive example is reading. When learning how to read, one has to consciously figure out 

every letter and slowly bind them together to form a meaningful word. But after a while, one 
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no longer identifies and binds together single letters, but effortlessly reads whole words.  Thus 

acquired strategies can become unconscious and automatic. Therefore it would be basically 

possible that the permanent ‘realty check’ done by synesthetes leads to an automatic 

separation of the senses. In order to test this idea, it would be interesting to see if synesthetes, 

before they develop their specific synesthetic coupling, already show these multi-sensory 

integration deficits. If these integration deficits were not visible before the synesthetic 

coupling manifests, it is likely that these deficits are part of a compensatory process due to the 

synesthesia. The problem here is that no one knows how to detect synesthetes before they 

display their synesthetic coupling as there is no ‘pre-synesthetic screening’ available.  

All in all, this investigation shows that there are differences in audio-visual integration in 

synesthetes, namely that synesthetes show reduced audio-visual integration, and that these 

differences are not due to a better attentional control over the integration process but more 

investigations are needed in order to clarify the observed differences.  
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General Discussion 

The aim of this work was to evaluate neurophysiological models explaining synesthesia. 

Concerning the etiology of different types of synesthesia (genuine, drug-induced acquired) it 

is likely that they do not share mechanisms since phenomenological features differ to a great 

extend. Functional MRI in grapheme-color synesthetes reveals higher activation in left 

parietal and frontal areas when they integrate letters and colors, but no additional activation of 

V4, an observation which is more in line with feedback ideas.  

Investigating functional connectivity in genuine synesthesia, no evidence for unusual 

functional connectivity could be found between V4 and the fusiform area responsible for 

letter detection (James et al., 2004) which would be indicative for the direct-cross activation 

concept and their newer implementation like the two-stage model (Hubbard, Brang, & 

Ramachandran, 2011). The two stage model assumes cross activation between fusiform gyrus 

and V4 with a later parietal binding, while the cross activation is causal for the additional 

color perception and the parietal binding process does not differ between synesthetes and 

controls. Neither could functional connections be detected between parietal areas and V4 or 

fusiform area responsible for letter detection as proposed by the disinhibited feedback model. 

The data shows that there is unusual communication in grapheme-color synesthetes from 

multimodal parietal areas to low-level visual areas, but that the feedback loop is larger than 

previously thought. Already V2 is functionally connected to V4 and the parietal lobe. The 

idea of the parietal lobe as an important area mediating synesthetic experience is also in line 

with other fMRI experiments investigating synesthesia (van Leeuwen et al., 2010; Tang et al., 

2008; Weiss et al., 2005; Neufeld et al., 2012) and the result of experiment 1 which suggested 

rather higher processing areas to be involved in the synesthetic experience. These results can 

be interpreted more in favor of the disinhibited feedback idea than the direct cross activation 

idea. It is still possible that there is direct unusual communication between inducer and 

concurrent areas but not within the used seed region. Based on these findings, the current 

feedback model of synesthesia has to be modified. We suggest that grapheme-color 

synesthesia is mediated via the back propagation of information from multimodal parietal 

areas to V2 which then activates V4 through the normal ventral visual processing stream. But 
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since the functional connectivity approach does not analyze the direction of the functional 

connection, this idea fits best to the concept, but is not proved by the result. It is also possible 

that V2 directly activates V4 and the parietal cortex.  

The current fMRI study shows that the synesthetic binding of an unstimulated dimension in 

synesthesia involves the parietal and frontal cortex. Which role these areas play in the binding 

process, is still unclear. A clue comes from TMS studies of Muggleton and Esterman 

(Esterman et al., 2006; Muggleton et al., 2007) which show that inhibition of right parietal 

cortex decreases the automatic perception of color. This was interpreted as involvement of the 

parietal cortex in the synesthetic binding process (Mulvenna & Walsh, 2006). However, in the 

presented fMRI study right parietal cortex was activated when synesthetes watched colored 

letters, while normal synesthetic perception activates the left parietal cortex only. Here the 

conflict between synesthetic and normal color and not the binding activates right parietal 

cortex. Thus it is possible that inhibition of right parietal cortex stops the detection of the 

conflict between synesthetic and font color, but not the synesthetic binding. This view of 

parietal conflict monitoring is supported by the fact that TMS over right parietal lobe also 

diminishes the interference of the flanker on target detection in the Eriksen flanker task (Jin, 

Olk, & Hilgetag, 2010). In this task one of the two possible targets (e.g., the letter ‘X’ or ‘N’) 

is presented centrally and accompanied by flanker stimuli, which are the same as the current 

target (congruent) or the alternative target (incongruent). Incongruent flanker stimuli lead to 

slower reaction times compared to congruent flanker stimuli (Eriksen & Eriksen, 1974). This 

task also involves a conflict and is influenced by TMS over right parietal cortex.  Thus it is 

possible that parietal cortex has a different role than synesthetic binding, namely (attentional) 

conflict monitoring. If we follow the idea of the parietal lobe as conflict monitor, the question 

is, which conflict is monitored by the left parietal cortex, as it is activated when grapheme-

color synesthetes watch black and colored letters. Binding in general is connected to concepts, 

as concepts are the ‘blueprints’ of objects, defining their features. It is likely that abstract 

concepts are stored in frontal areas (Thompson-Schill et al., 1998; Gough, Nobre, & Devlin, 

2005), while the concrete implementation of a concept is mediated by the posterior temporal 

cortex (Martin, 2007). Here are areas which actually detect objects like faces (Kanwisher, 

McDermott, & Chun, 1997) or letters (Cohen et al., 2000). In synesthesia, it may be the case 

that the parietal lobe solves the conflict between the dimensions afforded by the abstract 
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concept and the analyzed dimensions from the sensorial areas. It then sends the missing 

conceptual information through feedback loops to the low-level sensory areas and thus 

activates the color center indirectly in feeding the missing information into the normal 

processing chain. These feedback loops could also explain the observed simultaneous 

activation from V4 and the grapheme area in the fusiform cortex (Brang et al., 2010). Here V2 

would, via the ventral ‘what’ pathway (Ungerleider & Mishkin, 1982), activate the fusiform 

cortex and additionally V4. That the parietal lobe as part of the attention network (Corbetta et 

al., 1998) is able to modify activity in primary visual cortex, has also been shown in studies 

investigating attention (Kastner, Pinsk, De, Desimone, & Ungerleider, 1999; Schwartz et al., 

2005). Interesting is also the finding that illusionary contours are mediated by V2 (von der, 

Peterhans, & Baumgartner, 1984; ffytche & Zeki, 1996) which shows that already at this level 

top-down influences are able to influence perception. Also it is known, that already in V1 and 

V2 so called ‘blobs’ are involved in color processing (Kandel et al., 2000).  Thus, it is 

basically possible to activate color information in a top-down fashion via V2. The parietal 

cortex would solve the conflict between abstract and analyzed concept through activating 

neurons analyzing color information already in V2. This process is not disturbed by TMS as 

the stroop inference requires a conscious handling of the conflict while the synesthetic 

conflict solving between analyzed and abstract concept is done automatically. The question is 

then why some concepts involve additional synesthetic dimensions while others are normal. 

Here the results of the multimodal integration experiment of this work may give a clue.  

Since the hyperbinding concept could not be tested directly, we speculated that there should 

exist observable differences in the general binding mechanism. This turns out to be true but in 

a different direction than expected. Synesthetes do not generally possess a more sensitive 

binding mechanism; instead it is shown that auditory-visual integration is weaker. Synesthesia 

is more a ‘separation of the sense’ than a ‘mingling of the sense’.  

In the last two chapters we have observed that there are differences in normal audio-visual 

integration processes in synesthetes, compared to non-synesthetes. They show less integrative 

behavior as measured using the McGurk illusion and significantly more synesthetes do not 

react to this illusion at all. It turned out that these integration deficits are not subject to 

attentional control as was speculated in chapter four. The view that these effects are due to 

attentional differences, originated mainly from the observation in the fMRI experiment (and 
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from other authors) that synesthesia is associated with higher activation within the parietal 

lobe, which - among others- , deals with attentional processes. But the last chapter showed 

that it is a rather passive process leading to a general separation of hearing and vision. In the 

last experiment the subjects had to integrate attentively acoustical and visual information in 

order to correctly solve the task and it was found that synesthetes differed in their 

performance compared to controls. The last chapter aimed to explain the differences via a 

compensatory mechanism due to the synesthetic coupling. But looking at all the evidence 

together, a new possibility emerges: Synesthesia emerges as a compensatory process of 

impaired multi-sensory integration.  Here we want to discuss the possibility that the observed 

multimodal integration deficits lead to synesthesia, and not the other way around, as discussed 

in the last chapter. 

When looking at the brain development it is known that especially during infancy the number 

of connections decreases with age, a process which is called pruning (Huttenlocher, 1979). 

The brain learns to keep useful connections and to prune away unimportant connections. This 

phenomenon leads to the idea that basically every child is synesthetic (Maurer & Mondloch, 

2004) and that synesthesia is a pruning deficit since not all unimportant connections are 

pruned due to a genetic deficit (Ramachandran & Hubbard, 2001b). If synesthesia is indeed 

such a pruning deficit, it remains unclear why only small parts of the fusiform gyrus and V4 

are affected and not more parts of the brain. If, on the other hand, these connections are not 

unimportant but meaningful and represent a part of a compensatory strategy, it is possible that 

these small punctual changes are due to neuroplasticity. Neuroplasticity is the experience 

dependent change of function and structure of the organization of the brain (Merzenich et al., 

1983; Buonomano & Merzenich, 1998). Assuming the compensatory strategy approach, the 

problem arises that consciously, the synesthetic coupling is not meaningful and not influenced 

by experience as revealed in interviews with synesthetes. Let us first turn to the question of 

meaningfulness.   

 If one looks at multi-sensory processing, it becomes clear that there is a great redundancy 

within the signals of the different senses. An object is for example encoded visually and also 

acoustically, while each sense has some attributes which are encoded more reliably than in the 

other senses (Driver & Noesselt, 2008). The acoustical sense has more reliable information 

about the timing while vision has a better estimate about the distance, even though it is 
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basically possible to estimate timing issues from the visual information stream and distance 

estimates from the acoustical information stream. The different senses are then weighted 

according to their reliability (Driver & Noesselt, 2008). This integration is optimal from a 

statistical view, at least the integration in vision and touch, and may change depending on the 

quality of the signals (Ernst & Banks, 2002). Here the weighting of the information from 

different senses is automatically adjusted resulting in a higher priority of senses which are less 

noisy. 

The redundancy helps to reliably extract the signal in our environment and to resolve 

ambiguities (Ernst & Bulthoff, 2004). Therefore, this cross-coding between senses allows us 

to reliably perceive our environment, react flexibly to all sorts of disturbances in the 

environment and may even be beneficial in learning processes (Shams & Seitz, 2008). This 

shows that it is important for the brain to code parts of the information about the world 

redundantly between the senses and integrate the different channels optimally. If the 

integration does not work very well it might not be able to solve all ambiguities and reliable 

perceive the environment. Therefore it may be beneficial to increase the redundancies in order 

to strengthen the integration, which then would manifest itself as synesthesia. The redundant 

information has to be quite strong, at least stronger than the normal cues, in order to overcome 

the integration deficits and therefore it is possible that they reach consciousness. As the 

normal cross-modal integration process is unconscious, it is not surprising that, if synesthesia 

is indeed compensatory for this unconscious process, there are no consciously reported 

benefits in synesthesia.  

Following this argumentation, synesthesia might be unconsciously meaningful to the 

organism, but the question remains if it is also experience dependent. Studies have shown that 

there is a (implicit) learning component in synesthesia which suggests that synesthesia is also 

shaped by the experience of the synesthetic subject. Synaesthetes tend to associate higher 

frequency graphemes with higher frequency color terms (Simner et al., 2005) and digit 

frequency correlates with brightness (Beeli, Esslen, & Jäncke, 2007). Another clue that there 

are experience dependent factors in synesthesia is its idiosyncrasy (Cytowic, 2002). If there 

were genetically fixed connections or otherwise predetermined factors, obvious interpersonal 

trends for inducer-concurrent pairings should be observable. As the trends mention above are 
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related to the acquired language it is unlikely that they are encoded genetically. Thus, 

synesthesia indeed might be useful and experience dependent on an unconscious level. 

So far we have shown that synesthesia might be useful and shaped by experience and thus it is 

possible that synesthesia is a kind of strategy.  

This idea of synesthesia can help us to understand why grapheme-color synesthesia is a very 

frequent type of synesthesia. Even though reading appears to be related to the visual domain, 

learning the letters requires the successful integration of acoustical and visual information. 

This is shown by the fact that hearing deficits are among the most often causes for dyslexia 

(Wallace, 2009). If now this integration process does not work properly, colors could help to 

reliably enhance these integrative processes. Thus learning the alphabet may be one of the 

circumstances where it is most useful to enhance the impaired integration and that is also the 

reason why many people with mild integration deficits develop grapheme-color synesthesia. 

The proposed model would then work as follows: Integration of redundant information 

between different senses and their integration is essential in order to reliably perceive the 

environment. In order to overcome small integrative deficits, synesthetes use color to create 

redundancies between the senses. This strategy becomes automatic and the color is 

incorporated into the concept of the inducer. Now it is always activated as soon as the concept 

is activated. This permanent co-activation induces neuronal plasticity which leads to the 

observed structural differences in synesthetes in the fusiform and parietal areas. The parietal 

cortex is then responsible for detecting the discrepancy between abstract and analyzed 

concept, and activates the missing information through feeding the missing information into 

the processing chain at the level of V2. The structural differences seen in synesthetes would 

then be the consequence and not the cause of synesthesia (Cohen & Walsh, 2008). This 

implicates that synesthesia is a high-level, top-down cognitive phenomenon connected to 

concepts, which also explains al the described cognitive influences on synesthetic perception 

(Smilek, Dixon, Cudahy, & Merikle, 2002; Ward & Simner, 2003; Bargary et al., 2009; 

Dixon et al., 2006).   

If synesthesia indeed represents a compensatory mechanism for small multi-sensory 

integration deficits, it appears interesting to test the integration of other senses. Do all senses 

show impaired integration or are only the inducer- concurrent senses affected?  Are there 

differences in the impairment of multi-sensory integration between different types of 
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synesthesia? Is the number of different types of synesthesias, a synesthete experience, 

indicative for the strength of the integration deficits? 

All in all this thesis gives further evidence for an important role of the parietal lobe in 

grapheme-color synesthesia. This work is the first one showing impaired audio-visual 

integration in synesthetes in a rather large cohort of grapheme-color and auditory-visual 

synesthetes. This finding suggests that the stronger inducer-concurrent integration is 

connected to the separation of the senses in general. But it can not say whether synesthesia 

leads to these integration differences or if these differences produce synesthesia. Further work 

is needed in order to integrate this finding into current theories of synesthesia. 
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Abbreviations 

5-HT  - serotonin 

ANOVA - analysis of variance 

BA   - brodmann area  

BOLD  - blood oxygen level dependent 

CNS  - central nervous system 

DMT  - dimethyltryptamine 

DTI  - diffusion tensor imaging 

EEG  - electroencephalography 

EPI  - echoplanar imaging 

FDR  - false discovery rate 

fMRI  - functional magnetic resonance imaging 

fMRT  - funktionelle Magnetresonanztomographie 

GABA  - gamma-aminobutric acid 

GLM  - general linear model 

GUI  - graphical user interface 

HRF  - haemodynamic response function 

IQ  - intelligence quotient 

LC  - locus coeruleus 

LSD  - lysergic acid diethylamide 

MT  - middle temporal area 

MWT-B - Mehrfachwahl-Wortschatz-Intelligenztest 

OLP  - ordinal linguistic personification 

RM-ANOVA - repeated measurement analysis of variance 

RN  - raphne nucleus 

RT  - reaction time 

SEM   - standard error of the mean 

SMA  - supplementary motor area 

SNR  - signal-to-noise ratio 

SPL  - superior parietal lobule 
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TE  - echo time 

TMS  - transcranial magnetic stimulation 

TR  - repetition time 

VBM  - voxel-based morphometry 

VVIQ  - vividness of visual imagery questionnaire 

V1  - primary visual cortex 

V2  - secondary visual cortex 

V4  - human color center 

 

 

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 


