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Abstract

The present study combined a synaesthetic Stroop task with EEG, in addition to diffusion tensor imaging (DTI) and surface based morphometry (SBM) to study functional and structural aspects of grapheme-colour synaesthesia in 12 synaesthetes and 12 non-synaesthetes. Results from the synaesthetic Stroop task indicated a significant Stroop effect in a subgroup of the synaesthetes. The effect consisted in significantly slower response time and lower accuracy for “strong” synaesthetes in incongruent conditions relative to congruent conditions. This difference was significantly larger than the one observed in “weak” synaesthetes and controls. These “strong” synaesthetes also showed differences in ERPs stimulus-locked to the synaesthetic Stroop task, when compared to “weak” synaesthetes and controls. “Strong” synaesthetes had a significantly more positive deflection at central and parietal electrodes 400-600 ms post-stimulus compared to “weak” synaesthetes and controls. Analysis of DTI data revealed a frontal cluster with significantly larger fractional anisotropy (FA) in “strong” synaesthetes relative to non-synaesthetic controls. No other FA differences were found between the groups. SBM was used to measure cortical thickness. The analysis showed an area of significantly thinner cortex in “strong” synaesthetes relative to “weak” synaesthetes, but not relative to controls. Regression analysis of the variable representative of the ERP-effect, as well as values from the significant clusters in the FA and cortical thickness analyses was performed. Both ERP amplitude and FA in the significant cluster contributed significantly in explaining the group differences. The contributions were independent, indicating separate contributions from structural and functional mechanisms to the synaesthetic effect observed. 
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Physical Evidence of Synaesthetic Colours: Structural and Neurophysiological Differences in Grapheme-Colour Synaesthetes

Synaesthesia derives from the ancient Greek words σύν (syn) meaning "together" and αἴσθησις (aisthēsis) meaning "sensation”; literally, a blending of the senses (Cohen Kadosh, Kadosh, & Henik, 2007). It has become a general term for conditions in which certain sensory stimuli (inducers) automatically evoke involuntary and consistent experiences (concurrents) in other sensory, cognitive, or emotional modalities (Cytowic & Wood, 1982). For instance, letters and words can evoke colours, and shapes can evoke tastes in a synaesthetic person. Synaesthesia might seem an exotic phenomenon, and for a long time it was neglected as a subject for study for this very reason (Shalgi & Foxe, 2009). However, studying the development of synaesthesia might also give insights into mechanisms of neural plasticity (Ward & Simner, 2005). In addition, a psychological understanding of synaesthesia might clarify phenomena such as hallucinations, in relation to schizophrenia or the Charles Bonnet’s syndrome (Weiss & Fink, 2009). Moreover, such research could throw light on issues within cognitive neuroscience and philosophy of mind, like the “binding problem” and dysfunctions of binding, as found in neglect and Balint’s syndrome (Weiss & Fink, 2009). Clearly, synaesthesia has implications for philosophy of mind, especially on the subject of “qualia” (Ramachandran & Hirstein, 1997) - that is, conscious experiences with a certain sensory or emotional quality (Gray et al., 2006). Essentially, synaesthesia can be described as a phenomenon involving “extra” qualia, as one stimulation or impression gives rise to not only one, but two conscious experiences of a certain sensory quality (Wager, 1999). Thus, synaesthesia is a phenomenon with wide implications for theoretical problems in psychology, psychiatry, neuroscience and philosophy. The phenomenon of synaesthesia as well as current theories and research on the subject will first be briefly reviewed. Then, the present study will be described and our findings presented and discussed.

History of Synaesthesia Research
In 1812 Georg Sachs presented what may have been the first agreed-upon case of synaesthesia, as part of his doctoral thesis on his own and his sister’s albinism. For him, colour sensations were evoked by numbers, letters of the alphabet, days of the week, dates and time periods of history and of human life, musical notes, etc. (Ione & Tyler, 2004; Jewanski, Day, & Ward, 2009). Early synaesthesia research was mainly concerned with classifying various synaesthetic percepts, as at the time, psychology was much dependent on the introspective method. The rise of behaviorism, claiming that observable behavior was either the golden standard of psychology research or the only admissible method, led to a gradual decline in synaesthesia research (Harrison & Baron-Cohen, 1995). But, as the “cognitive revolution” (Baars, 1986) made mental states and phenomena once again respected fields of research, synaesthesia research had its renaissance. Many current, high-profile researchers have placed their efforts on approaching the unsolved questions underlying this condition (Dixon & Smilek, 2005). 
An early focus of current research was to establish that synaesthesia is a genuine sensory phenomenon, by providing objective empirical evidence verifying its “cognitive” existence and consistency over time (Ramachandran & Hubbard, 2001; Svartdal & Iversen, 1989). As these ‘scientific’ tests have shown interference effects and memory advantages of the condition (Dixon, Smilek, Cudahy, & Merikle, 2000), it is no longer contentious that synaesthetic phenomena are real (Pearce, 2007). Moreover with the increasing development of new methods, the focus has recently shifted towards explaining the neural basis and mechanisms of synaesthesia (Ward, Li, Salih, & Sagiv, 2007).  In the last two decades the ability to probe inter-modality processing has been given a boost by new technologies of brain imaging (Ione & Tyler, 2004).

Recent studies have investigated prevalence and possible heritability of synaesthesia, sought for regions of the brain that are of importance for various synaesthetic percepts, and also demonstrated neural activation and neuro-structural properties associated with synaesthetic percepts. Different techniques have contributed with different findings, and some findings do more easily combine to fall in under certain theories. We attempt to first present some of these findings along with theories of mechanisms behind the phenomenon. Further on we explain how this study investigates synaesthesia by combining different techniques on the same set of participants, in order to see if structural findings can explain neurophysiological findings, or if they may contribute separately, maybe in different aspects of synaesthetic experiences.  

Prevalence and Variants of Synaesthesia

Many different forms of synaesthesia have been identified, with virtually any combination of inducer and concurrent being possible (Cytowic & Wood, 1982). Grapheme-colour synaesthesia is however the most common form (Weiss & Fink, 2009). Of the estimated 1-4 % of the population with synaesthetic experiences, 45 - 65 % is estimated to have grapheme-colour synaesthesia (Hubbard, Arman, Ramachandran, & Boynton, 2005; Simner et al., 2006). In grapheme-colour synaesthesia, monochromatic graphemes systematically elicit idiosyncratic colour percepts (Laeng, 2009). Notably, many synaesthetes report synaesthetic experiences to linguistic information both in spoken and written form (Barnett & Newell, 2008). Barnett and Newell also found more vivid self-rated visual imagery among synaesthetes and underline the fact that, for many synaesthetes, creating a mental image of the grapheme is sufficient to elicit a synaesthetic colour. Because of the ease to manipulate the visual triggers and measure the synaesthetic colour experiences, this form of synaesthesia is particularly well-suited for studies of perception (Hubbard, et al., 2005), and it will also be the focus of the present study. 

There is a general agreement that synaesthesia runs in families (Galton, 1881) and could be attributed to genetic factors (Bargary & Mitchell, 2008; Ramachandran & Hubbard, 2001). The idiosyncratic nature of synaesthesia, however, seems to implicate some form of early learning (Rich, Bradshaw, & Mattingley, 2005). Synaesthetes typically report having had their synaesthetic experiences for as long as they can remember, although they may not have been aware that other people do not have such experiences. In some cases synaesthesia-like symptoms can be acquired, due to damage to the optic nerve or thalamus or to drug use (Ramachandran & Hubbard, 2001; Ro et al., 2007). The present paper focuses on cases of congenital-, or developmental-synaesthesia. 

Most researchers report that more women than men have synaesthesia, with estimated ratios varying between 2:1 and 6:1, but to date estimates of prevalence have not been definitely established (Baron-Cohen, Burt, Smith-Laittan, Harrison, & Bolton, 1996; Ward & Simner, 2005). It has also been argued that synaesthesia is more common among art students (Rothen & Meier, 2010), although this is contentious (Martino & Marks, 2001). Prevalence, however, is hard to establish both because some people may be unaware of their synaesthesia and because the criteria for diagnosing synaesthesia can differ between researchers (Ramachandran & Hubbard, 2001). Tests establishing consistent associations between graphemes and colours are considered the standard, with synaesthetes typically showing consistent grapheme-colour mappings over time spans as longs as months and years (Asher, Aitken, Farooqi, Kurmani, & Baron-Cohen, 2006). 

Attention and Synaesthesia


Apart from consistent grapheme-colour associations, cognitive tests have shown various and, to some degree, contradictory effects of synaesthetic experiences. In addition to consistency tests, many researchers consider a “synaesthetic Stroop test” to be diagnostic of synaesthesia (Berteletti, Hubbard, & Zorzi, 2010). In this paradigm, Stroop-like interference is created by presenting synaesthetes with coloured graphemes that are either congruent or incongruent with their own synaesthetic experience, and asking them to name the colour shown. Synaesthetes show longer response times and lower accuracy in incongruent conditions, indicating that the synaesthetic experiences interfere with the physical colour, making the colour-naming task more difficult. This has been taken as evidence that synaesthetic colours occur automatically, and automaticity is considered a criterion for synaesthesia (Rouw & Scholte, 2007). 


Other cognitive tests support the notion that synaesthetic colours are automatically generated. The methods used to study attention and synaesthesia broadly divide into search-related and masking-related paradigms (Hubbard & Ramachandran, 2005). Searches that resemble “pop-out” (i.e., a target is found very fast and without influence from the number of other, distracting, elements) have been described for stimuli that differ only in their synaesthetic colour. The interpretation of these effects is however debated (Laeng, 2009; Laeng, Svartdal, & Oelmann, 2004; Palmeri, Blake, Marois, Flanery, & Whetsell, 2002). In a display with for instance a large number of 5’s and one 2, synaesthetes are quicker to identify the 2 than controls. Faster response times in synaesthetes have been attributed to a pre-attentive effect of the synaesthetic colour, which appears to set the target apart from the rest of the display, just like real colours would. 

However, the idea that a synaesthetic colour can help the synaesthetes to transform the search into a single-feature search, involves a paradox since it is unclear how the colour “belonging” to the letter can be perceived before the letter itself is identified (Laeng, et al., 2004). Nevertheless, the synaesthetes can perform these searches significantly faster than non-synaesthetes and in a manner that resembles “pop out searches”. It should however be noted that it is sufficient that the target is included within the focus of attention in a minority of trials, e.g. 40-%; (Laeng, et al., 2004), to make the average search time so efficient it approximates the flat slopes of pop out searches. In fact, Laeng and colleagues (2004) found that in trials where the targets were not initially in the attentional focus, the response times did increase as a function of number of distractors. Synaesthetes have also been reported to show lower interference in flanker tests and are able to identify a letter surrounded by distractors more efficiently than controls (Ramachandran & Hubbard, 2001). Perhaps this is because the illusory colour differences between the target and the flankers helps to disambiguate each symbol’s features. 

A significant Stroop-effect or efficient visual searches can both be taken as indications that the phenomenon is automatic but not in itself that it is pre-attentive. In fact, attention seems necessary in order for synaesthesia to be induced. Rich & Mattingley (2010) demonstrated that a synaesthetic priming effect is eliminated if the prime is presented within the attentional blink. Similarly, increasing attentional load can also attenuate the synaesthetic Stroop effect (Mattingley, 2009). Studies using Navon-letters and ambiguous stimuli suggest that the synaesthetic colour perceived in relation to a grapheme depends on top-down control, as the colour experience shifts with the attended aspect of the stimuli that is attended to (Ramachandran & Hubbard, 2001). 
Phenomenology, Subtypes and Individual Differences 

There have been attempts to catalogue the variety of possible inducers and concurrents in synaesthesia, as these can vary considerably across individuals. Some grapheme-colour synaesthetes perceive colours as if “projected” in external space, either appearing as a coloured overlay of the printed letter, a letter-shaped colour floating in space, or as misty colours floating in space (Skelton, Ludwig, & Mohr, 2009). Others might perceive a coloured letter or a coloured block within their “mind’s eye” or just feel that they know the colour of the particular letter (see Figure 1). One way of distinguishing between different types of synaesthetes is therefore a distinction, originally proposed by Dixon, Smilek and Merikle (2004), see also Skelton, Ludwig and Mohr (2009), between projectors (synaesthetes who project their concurrents into external space) and associators (synaesthetes who perceive their concurrents with their “mind’s eye”). 

It could be that it is best to consider the associator-projector distinction as a continuum, running from colours seen as printed on the letter, to colours “floating” in other spatial locations or within the head, to a vague feeling of knowing a letter’s colour (Hancock, 2006). Grossenbacher and Lovelace (2001) suggest that whether the concurrent is perceived internally or externally might be dependent on the neural networks recruited and specifically whether these networks possess a spatiotopic organization. An estimate by Dixon and Smilek (2005) is that only about 10% of grapheme-colour synaesthetes are projectors.
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Figure 1 The figure is an illustration of the different forms synaesthetic experiences can take for grapheme-colour synaesthetes. Synaesthetes vary from seeing concurrent colours in their mind to seeing them projected into the world. Adapted from “A novel, illustrated questionnaire to distinguish projector and associator synaesthetes,” by R. Skelton, C. Ludwig, & C. Mohr, 2009, Cortex, 45(6), p.728. Copyright 2008 Elsevier.
Some researchers have chosen to divide synaesthetes between groups of “higher” and “lower” synaesthetes, based on what level of the inducer is thought to evoke the synaesthetic concurrent. They propose that for higher synaesthetes the conceptual level of the inducer (the meaning of the grapheme) elicits the colour, while for lower synaesthetes the perceptual level of the inducer (the form of the grapheme) evokes the colour (Ward, et al., 2007). This is very similar to the distinction between synaesthetic perception and synaesthetic conception made by Grossenbacher and Lovelace (2001), and it is argued that these are two different ways to formulate the same account. Interestingly, inducers are often cultural artifacts, such as graphemes and music, while concurrents tend to be basic sensory qualities, such as colours and taste (Grossenbacher & Lovelace, 2001). 

A proposal connecting the higher-lower distinction and the associator-projector distinction, argues that lower synaesthetes are also projectors, and that higher synaesthetes are associators (Hubbard, et al., 2005). Ward et al (2007) however point out that these distinctions do not easily map on to each other. In one study, projectors showed Stroop-effects from arithmetic sums, that is, they did not need to see the shape of the number in order to evoke the concurrent colour. This implies that projectors, like associators, can rely on the concept of the number (Dixon, et al., 2000). Given a continuum of experiences rather than a clear cut projector-associator distinction, a clear mapping onto the higher-lower distinction seems difficult. 

Theoretical Accounts in Light of Contemporary Research

Several theories about the cognitive and neural basis of synaesthesia have already been put forward. Theories that propose some form of “cross-wiring” have intuitive appeal and have existed for over 100 years (Kadosh & Walsh, 2006; Ramachandran & Hubbard, 2001). Some theorists claim that all infants are synaesthetes, but learn to separate the senses with development. In this account, extra neural connections from this early synaesthetic period could be left in adult synaesthetes, as a result of deficient pruning (Spector & Maurer, 2009). However, the specificity and idiosyncratic nature of synaesthesia makes this seem unlikely. There is evidence of extra connectivity in synaesthetes relative to normal controls, but the interpretation of the findings and origin of the brain differences are still a subject of debate. In the following section, current theories of grapheme-colour synaesthesia will be briefly discussed. 

Cross-activation models suggest that grapheme-colour synaesthesia is caused by local cross-activation between neighboring cortical regions; e.g., the visual word form area and region V4/V8. Area V4/V8 is a cortical area known to play a key role in colour processing, and activity in this area has been closely related to the conscious perception of colour. Using fMRI, Nunn et al. (2002) found that coloured-hearing synaesthetes showed activation of V4/V8 in response to auditory stimulation. People with coloured-hearing synaesthesia experience colours when they hear spoken words or music. Investigating a group of grapheme-colour synaesthetes with fMRI, Hubbard (2005) found that synaesthetes also showed activation in V4, in addition to other early visual processing areas, in response to achromatic graphemes. Similar results have been found by others (Sperling, Prvulovic, Linden, Singer, & Stirn, 2006). Taken together, these findings support the notion of cross-activation between brain areas that process the inducers and concurrents involved in the specific variant of synaesthesia. Meanwhile, Rich et al (2006) did not find significant activity in V4 in synaesthetes relative to controls. The synaesthetes did however show activation in a medial region of lingual gyrus relative to controls. They suggest that this area is involved in producing a high-level conceptual synaesthetic colour (Rich, et al., 2006). This result is nevertheless in line with the cross-activation hypothesis. Hubbard claims that activation of V4 in grapheme-colour synaesthesia is a robust finding and attributes negative findings to low sample sizes (Hubbard, 2007a).

In the first study using diffusion tensor imaging (DTI) to study the neural basis of synaesthesia, Rouw and Scholte (2007) found increased connectivity in inferior temporal cortex in a sample of grapheme-colour synaesthetes as compared to non-synaesthetic controls. DTI allows for investigation of coherence and integrity of white matter by measuring anisotropy of the diffusion of water molecules in brain tissue. In brain regions with dense white matter tracts, water molecules tend to diffuse along and not across the fibers, leading to anisotropic diffusion. Fractional anisotropy (FA) is a measure of degree of anisotropy. In addition to a cluster in inferior temporal cortex, Rouw and Scholte (2007) found FA differences between synaesthetes and controls in superior frontal areas bilaterally and in left parietal cortex. The anisotropy in the inferior temporal region was larger for projector synaesthetes than for associator synaesthetes. Many factors can influence FA, but Rouw and Scholte (2007) argue that their findings mainly are predicated on microstructural aspects of white matter or more local connectivity within the white matter, given that they found no differences in main direction of the white matter tracts. In recent years, other studies using DTI have also found differences between synaesthetes and controls (Hänggi, Beeli, Clechslin, & Jande, 2008; Jäncke, Beeli, Eulig, & Hänggi, 2009). In a case study of a person with both taste-tone interval and colour-tone synaesthesia, Hänggi et al. (2008) found brain differences corresponding to the areas processing the inducing stimulus and the areas responsible for processing the concurrent experiences. 
The question remains whether cross-activation and extra connectivity is a cause or effect of synaesthesia (Jäncke, et al., 2009). In a case study, Ro et al (2007), describe a woman who acquired synaesthesia after a thalamic lesion. Reorganization of connections running from thalamus after the stroke, as measured by DTI, led to a development of sound-touch synaesthesia. Notably, this is a rare form of synaesthesia not only in the specific inducers and concurrents involved, but also in that the concurrents are not as complex as those usually experienced by people with congenital synaesthesia. Nevertheless, it demonstrates that connectivity between the relevant areas involved in synaesthesia can be developed along with the synaesthetic experiences themselves (Ro, et al., 2007). 

Transcranial magnetic stimulation (TMS) has been used to disrupt the synaesthetic experience of colours. In TMS, a magnetic current can be used to suppress or interfere with neural activity, leading to a disruption of specific cognitive processing. Specifically, TMS applied to the right parieto-occipital region can disrupt the integration of colours and graphemes in synaesthetes. In other words, application of TMS to this area eliminates the synaesthetic experience (Muggleton, Tsakanikos, Walsh, & Ward, 2007). This mirrors the findings of Esterman et al (2006), who also demonstrated in a group of projector synaesthetes a disruption of the Stroop effect generated by synaesthetic colours with TMS to right parietal regions. Muggleton et al (2007) argue that the right parieto-occipital region is necessary for synaesthetic experiences. They attribute left parietal activations shown in fMRI studies to processing that is subsequent, but not fundamental, to the synaesthetic experience (Muggleton, et al., 2007). Rothen et al (2010) also showed similar effects on synaesthesia by using TMS on parieto-occipital sites.  

Terhune, Cardena and Lindgren (2010) used a synaesthetic Stroop-task and event-related potentials (ERPs) to investigate the effect of posthypnotic suggestion on a highly suggestible synaesthete. This synaesthete had colour association to faces. An effect of synaesthesia was observed in the P1 and N400 ERP components relative to controls. Both the synaesthetic Stroop-effect and the difference in the N400 component were, however, eliminated when posthypnotic suggestion was used. The P1 component, on the other hand, remained in all conditions (Terhune, et al., 2010). This indicates that at least some top-down influence is necessary for the synaesthetically induced colour to become conscious. Posthypnotic suggestion, like TMS, has an effect on the behavioural expression of synaesthesia and the subjective experience. In addition, it influenced the neuro-physiological effect. The fact that an early component remained, regardless of the presence of posthypnotic suggestion, indicates that at least some synaesthetic processing occurs early, without being subject to conscious control.   

Some theories propose that structural differences in the brains of synaesthetes may not be a necessary precondition for synaesthesia to occur. Rather, synaesthetic experiences can also be explained by some type of abnormal processing within a structurally normal brain. One account suggests the possibility of long-range disinhibited feedback from multisensory junctions (e.g. the temporo-parietal-occipital junction) to other areas that process the concurrents. This model receives support from studies on acquired synaesthesia and on synaesthetic experiences induced by psychedelics (Hubbard, 2007a). Grossenbacher and Lovelace propose a disinhibited feedback hypothesis where synaesthesia relies on structures common to synaesthetes and non-synaesthetes. They argue that this is more compatible with findings of drug induced synaesthesia than for instance a cross-activation theory (Grossenbacher & Lovelace, 2001). The disinhibition theory is also consistent with a recent study that induced synaesthesia in non-synaesthetic individuals using post-hypnotic suggestion (Kadosh, Henik, Catena, Walsh, & Fuentes, 2009).  

A re-entrant processing theory specifically used to explain grapheme-colour synaesthesia is consistent with the disinhibited feedback model proposed by Grossenbacher and Lovelace (2001). Dixon et al suggests that while non-synaesthetes only have a forward sweep of activity from V1 through V4 to posterior inferior temporal regions (PIT) and anterior fusiform, synaesthetes additionally have an abnormal neural activity sweeping back from anterior fusiform and PIT to V4, resulting in synaesthetic colour percepts (Dixon, Smilek, Duffy, Zanna, & Merikle, 2006). They emphasize the importance of the meaning of the grapheme rather than the shape itself. Arguably, top-down contextual influences on the concurrent colour would only happen if there were higher-level processing areas involved (Dixon, et al., 2006).

The “hyper-binding” model suggests that synaesthesia can be explained by over-activation of parietal binding mechanisms (Hubbard, 2007a). These parietal mechanisms are mechanisms crucial for making a coherent representation of the world, as they are binding information from motion, form, colour, etc. Weiss, Zilles and Fink (2005) conducted an fMRI study, investigating synaesthetes while they viewed congruently and incongruently coloured displays. Their main findings consisted in increased activity in synaesthetes relative to controls in colour processing areas in fusiform gyrus bilaterally and in two areas in intra-parietal sulcus (IPS). These parietal areas are responsible for polymodal processing, so hyperconnectivity could theoretically lead to synaesthesia. The authors do point out that the synaesthetes in their sample were “higher” synaesthetes, and that this fits with a finding of increased activity in “higher” areas of processing (Weiss, et al., 2005). 

Using voxel-based morphometry (VBM), Rouw & Scholte (2010) found increased grey matter in parietal areas, in addition to several areas including those processing sensory experiences and prefrontal cortex. They found differences in grey matter volume in synaesthetes relative to controls in left superior parietal cortex and cingulate sulcus. Rouw and Scholte recruited a relatively large group of synaesthetes so as to include a sufficient number of projectors. Consequentially, they were able to investigate the neural basis of the projector-associator distinction. Projectors’ synaesthesia was associated with increased grey matter in primary and secondary sensory regions. Associator synaesthetes showed increased grey matter volume mainly in hippocampus and angular gyrus. These findings are consistent with the differences in the synaesthetic reports of each group. Thus, it seems reasonable that projectors rely more on sensory processing areas, given that their synaesthetic experiences are of a more sensory nature. The angular gyrus is involved in combining different types of information, while hippocampus is known to be involved in memory (Maguire et al., 2000; Scoville & Milner, 1957). This also fits with the more conceptual experiences of the associators. 

A study by Weiss & Fink (2009) has also investigated a group of synaesthetes with VBM. Their sample consisted of 18 synaesthetes, of which 5 were projectors. Relative to controls, they found increased volumes in synaesthetes in left caudal intraparietal sulcus (cIPS), and right fusiform gyrus (V4v). IPS is involved in polymodal processing and could be implicated in binding the synaesthetic colour and the grapheme. They did not find differences within the synaesthetic group that correlated with the strength or type of their synaesthetic experiences (Weiss & Fink, 2009). Since their sample included few projectors relative to associators, they might not have been able to detect differences between the groups. 

Hubbard (2007a, 2007b) proposes a two-stage model of grapheme-colour synaesthesia that takes into account both findings of activation in V4 and parietal areas. He suggests that cross-activation in ventral visual areas leads to additional activity in colour-processing areas when a synaesthete views a grapheme. In addition, he argues that the degree of connectivity in these areas determine the strength of the synaesthetic experience. After an initial cross-activation, increased parieto-frontal binding mechanisms would lead to hyperbinding of the grapheme and colour (Hubbard, 2007a, 2007b). Findings of increased activity in fusiform gyrus and V4 as well as findings from DTI studies support the notion of local cross-activation (Hubbard, et al., 2005; Rouw & Scholte, 2007; Sperling, et al., 2006). Studies using TMS, VBM and ERPs have implicated parietal areas (Esterman, Verstynen, Ivry, & Robertson, 2005; Gebuis, Nijboer, & Van der Smagt, 2009; Muggleton, et al., 2007; Rouw & Scholte, 2010; Weiss & Fink, 2009). Taken together, these findings support a two stage model. 

The possibility exists that disinhibition from multimodal parietal areas could lead to synaesthetic experiences. In order to differentiate between the two-stage model and the disinhibition model, a better understanding of the time course of synaesthetic experiences is necessary. Barnett et al (2008) found early differences in activation in synaesthetes relative to controls. Using ERPs, they found differences in very early sensory processing, possibly in V1 and V2. Combining MRI with magnetoencephalogram (MEG), one study showed that synaesthetes had an early and almost simultaneous difference in activation in V4 and posterior temporal grapheme-processing areas (Brang, Hubbard, Coulson, Huang, & Ramachandran, 2010). They take this as strong evidence against disinhibition theories, since they assume a fair amount of processing of the grapheme should take place before feedback activates the synaesthetic colour. Instead, they defend a cascaded cross-activation model in which cross-activation on several stages during grapheme-processing activates the synaesthetic colour, and both become conscious as they reach higher-level parietal processing areas. This proposal underlines that grapheme-processing is a multi-stage process and that a good understanding of neural mechanisms of reading might be necessary to understand the nature of grapheme-colour synaesthesia (Brang, et al., 2010). 

The models mentioned above are not necessarily mutually exclusive; as in the two-stage and cascading cross-activation models, hyperbinding mechanisms may for instance be working together with mechanisms postulated in the other models (Hubbard & Ramachandran, 2005). Moreover, one model may not be sufficient to account for the various forms of synaesthesia. Research within the different forms of synaesthesia has weighted the various architectural models differently. While feedback theories have been used in attempts to explain word-colour and tone-colour synaesthesia, the cross-activation theory and the re-entrant processing theory have received a lot of attention in research on grapheme-colour synaesthesia. Since phonemes and graphemes, tones and colours are processed in different brain regions, it could be that different forms of synaesthesia arise from different architectural/neural substrates (Hubbard & Ramachandran, 2005). On the other hand, the fact that synaesthetes of the same family often exhibit different forms of synaesthesia is suggestive of the operation of a common neurophysiological mechanism for the condition (Ward & Simner, 2005).  
The Present Study

We used DTI and surface-based morphometry (SBM) measures in 12 grapheme-colour synaesthetes and 12 matched control participants and recorded ERPs while the same participants performed a synaesthetic Stroop task. The synaesthetes were later divided into groups dependent on the strength of their synaesthetic Stroop effect as measured by the Stroop task. Such a synaesthetic Stroop effect is based on the difference in response times (RTs) between congruent and incongruent conditions. As previously mentioned, Stroop effects are widely used as an empirical measure in synaesthesia research (Mattingley, 2009). Specifically, the synaesthetes are expected to show slowed response times in incongruent conditions, due to interference from the synaesthetic colour when naming the physical colour. In this case, no trade-off between RTs and accuracy would be expected. In contrast, control participants are expected to experience no interference and show an RT/accuracy trade-off. 


In addition, we expected an effect of colour distance, which has been documented in earlier studies using the Stroop paradigm. Laeng, Låg and Brennen (2005) used the original Stroop task with the four basic colour names and the four basic colours in RGB coordinates. They demonstrated that opponent (complementary) colours lead to less interference than non-opponent (equidistant) colours. Arguably, words and print colours that are more similar (closer in RGB space), create more Stroop interference and thus require more attentional processing to discriminate between them, leading to increased RTs. In the context of our synaesthetic Stroop task, it could be hypothesized that when the physical colour approaches the synaesthetic colour in colour space, Stroop interference increases. 

Importantly, the Stroop task was performed while EEG was recorded, since we expected to observe differences in ERPs between synaesthetes and controls during incongruent and congruent Stroop conditions. ERP differences between grapheme-colour synaesthetes and controls have been previously found in several studies (Barnett, et al., 2008; Beeli, Esslen, & Jäncke, 2008; Brang, Edwards, Ramachandran, & Coulson, 2008; Schiltz, Karen, Bernardina, Hinderk, & et al., 1999) but not to our knowledge using a synaesthetic Stroop paradigm. Gebuis (2009) found differences in ERPs of synaesthetes, relative to controls, when they were divided into “higher” and “lower” groups based on behavioural data from a priming task. They found synaesthesia-related differences in amplitude and latency, in parietal and frontal areas. The approach used in the present study is based on grouping synaesthetes according to the strength of their synaesthetic Stroop effect. Further, an ERP study of the original Stroop task has indicated that the anterior cingulate cortex (ACC) is involved in processing conflict from the Stroop interference (Badzakova-Trajkov, Barnett, Waldie, & Kirk, 2009). In this area, one could expect to find a difference wave between congruent and incongruent trials in synaesthetes; however, we did not include any source location techniques in our analyses. 

Using DTI, we intended first of all to replicate the findings of Rouw and Scholte (2007) who demonstrated increased connectivity in grapheme-colour synaesthetes. FA was expected to be larger, particularly in fusiform areas, for the synaesthesia group relative to controls. The FA effect was expected to be dependent on the size of the observed behavioural effect. We did not expect to find larger FA in controls, as findings have to date been of increased structural connectivity in synaesthetes relative to non-synaesthetes (Jäncke, et al., 2009; Rouw & Scholte, 2007). We also expected to find differences in differences in grey matter in synaesthetes relative to controls using sMRI, as did Weiss and Fink (2009) and Rouw and Scholte (2010). There exists little agreement between those two studies, so replication studies using morphometric measures are needed. Moreover, cortical thickness differences could show up as either increased or decreased thickness of the cortex in individuals with superior performance (Shaw et al., 2006). With the variety of methods we used, we were also able to investigate whether there might be any correspondences between differences measured with DTI, SBM, and ERPs. Structural differences between the groups might underlie the possible observed differences in activation as measured by ERPs, so analyses correlating data from the different methods were performed. In the present study, we had the following hypotheses: 

· Stroop-like behavioral effects: Synaesthetes are expected to show significantly slower RTs and lower accuracy in the incongruent condition of the synaesthetic Stroop task compared to non-synaesthetes. The concurrent synaesthetic colours should interfere with the physically presented colours so that RTs increases and accuracy decreases on incongruent trials relative to congruent and neutral trials. An advantage of congruent trials relative to neutral trials might also be expected. 

· Colour distance behavioral effects: In the synaesthetic Stroop task, an effect of colour distance is expected, so that complementary colours, which are farthest apart from congruent colours, should lead to less interference and a lower Stroop effect than equidistant colours that are closer in RGB space to the congruent colour. 

· ERP effects: The ERPs are expected to mirror behavioural effects of the synaesthetic Stroop task; specifically, we expect significant differences in activation between synaesthetes and controls that are primarily located within parietal areas. Differences in activation between congruent and incongruent trials were also expected. In addition, a possible effect of colour distance could lead to a difference in ERPs between complementary and equidistant conditions when compared to the congruent condition. No studies have used this test with grapheme-colour synaesthetes previously, so precise predictions are difficult to make. 

·  DTI effects: Synaesthetes are expected to have increased FA in areas related to the processing of concurrents and inducers, such as fusiform and inferior temporal cortex. 

· Cortical thickness effects: Synaesthetes are expected to show differences in cortical thickness relative to controls in roughly the same areas of cortex. Earlier studies have found increased cortical thickness in synaesthetes relative to controls, so this is primarily the expected direction of the effect.  

· Combined effects: With a combination of all these techniques we seek to find out whether the structural differences in synaesthetes relative to controls predict differences in activation, as measured with ERPs. 
Methods
Participants

Participants were recruited using posted announcements in malls and offices, as well as e-mails sent out to students at the University of Oslo and other institutions of higher education in Oslo. We initially tested 16 synaesthetes (females = 14) with the experimental task and MRI and 16 non-synaesthetic controls matching on gender, age, handedness, and years of education. Due to psoriasis, which can lead to skin-irritation during preparation for EEG, we did not obtain EEG data from one synaesthete. Another synaesthete was excluded due to an old skull fracture, which can interfere with the conduction of electricity across the scalp. Left-handed synaesthetes were also excluded from analysis as well as their matching controls. Thus, all participants included for analysis were healthy and reported no history of neurological, neuropsychological or psychiatric disease, and none reported taking illegal drugs or medications. They all had normal or corrected to normal vision. 

The age difference between each synaesthete and the matched control did not exceed 12 months, except in one case where age differed by 22 months. At the time of the MRI scanning session, the mean age in the synaesthetic group was 32.38 years, SD =  6.45, 
range = 22.2 – 43.8 years. In the control group, mean age was 32.07 years, SD = 6.27, 
range = 21.3 – 42.0 years. Mean educational level was for the synaesthetic group 4.58 years of higher education (SD = 2.38, range = 0 – 8.5) and for the control group 4.91 years of higher education (SD = 2.53, range = 1.5 - 9). Handedness was measured using the Edinburgh Handedness Inventory (Oldfield, 1971). One synaesthete was scored as ambidextrous with a slight right preference (EHI score = +26), but as she was predominantly right handed, the control matched to her was therefore right handed. Mean EHI score for the synaesthetic group was 87.17 (SD = 23.16, range = 26 - 100) and for the control group 97.83 (SD = 5.08, 
range = 86 - 100). All participants underwent one session in which they completed the synaesthetic Stroop task while EEG was recorded and one session of MRI scanning. Participants gave informed consent on each occasion, and the study was approved by the Regional Ethical Committee for the South of Norway (REK-Sør-Øst). All participants were given a gift certificate with a value of 100 NOK for each session they participated. 

The synaesthetes were further divided into two groups depending on Stroop-strength. The cut-off point distinguishing between “strong” and ”weak” synaesthetic Stroop effect, was defined as the strongest observed mean RT difference between congruent and incongruent conditions in the control group – 58.2 ms. This resulted in 7 (6 women) synaesthetes in the “strong” group and 5 (4 women) in the “weak” group. Of the two projector synaesthetes in our sample, one ended up in the “strong” group, and one in the “weak” group. Note that “strong” and “weak” only refers to the size of the observed synaesthetic Stroop effect, and is not used as a theoretically based distinction, like in Martino (2001). Age, handedness and years of higher education did not differ significantly between these subgroups, or between the subgroups and all controls. For ”strong” synaesthetes, mean age was 32.07 years (SD = 6.63, 
range: 24.70 – 43.80), mean EHI score 80.86 (SD = 28.61, range = 26 – 100), and mean number of years of higher education 5.07 (SD = 2.94, range = 0 – 8.5). For the “weak” synaesthetes, mean age was 32.80 (SD = 6.92, range = 22.20 – 39.70), mean EHI-score was 96 (SD = 8.94, range = 80 – 100), and mean number of years of higher education 3.9 
(SD = 1.29, range = 2.5 – 6). Analyses were performed comparing each subgroup with all control participants. We chose not to divide the controls into subgroups in order to improve power, as they as a whole matched each of the synaesthetic subgroups well.   
All of our synaesthetic participants initially underwent an interview to assess their synaesthetic experiences. All reported having grapheme-colour synaesthesia, with some also reporting other types of synaesthesia, as measured by a questionnaire developed by Rouw and Scholte (2010) (see Appendix). Notably, many of the synaesthetes also reported having spatial sequence synaesthesia, so that intervals of time and sequences of for example days and months are assigned to specific positions in space. However, many of the synaesthetes had difficulties describing the nature of their experiences. Their accounts varied considerably across individuals, making an assessment of their synaesthesia relative to the associator -projector dimension rather difficult. Some of the items in the questionnaire were nonetheless used to divide the synaesthetes into projectors and associators, depending on whether their synaesthetic colours appeared in the mind’s eye, or in the outside world. We also used the scale of Skelton (2009), after data were collected, to assess the degree to which the synaesthetes were projectors or associators.   

During the interview, participants were required to select the specific colours that matched their synaesthetic experience as closely as possible. The colour selection procedure was performed for each letter of the alphabet and all numerals from 0 to 9, using the Microsoft Word colour palette. For each synaesthete the experimental task was then tailored to four graphemes that evoked vivid synaesthetic colours that corresponded to the 4 primary colours (red, green, yellow or blue). Participants in the control group were also required to fill in colours for the four graphemes chosen for their synaesthetic match. They were told to choose the colour they felt matched the grapheme best. All participants were retested without prior notice on these four graphemes and the RGB coordinates for each grapheme on each occasion was noted. In order to test for consistency of synaesthetic experiences, the synaesthetes were also asked to fill out an unexpected re-test (of the synaesthesia questionnaire by Rouw & Scholte (2010)), at least two months after filling out the first part. The mean test-retest interval was 6.4 months (range = 2 – 8.9 months). However, the first and second tests utilized different measures (colour-filling and colour-naming), so the data were scored as hits or misses depending on whether they reported the same colour for a specific grapheme on each occasion. A binomial distribution was calculated for each participant, and on the basis of the computed probabilities we found that all synaesthetes’ colour choices reached a significance level of p < 0.01. On the four-grapheme consistency test, all synaesthetes filled in approximately the same colour on both tests, whereas only one control participant filled in similar colours on the graphemes on both occasions. This control participant was later excluded from analysis along with the matched synaesthete. Tests of consistency are considered the gold standard for diagnosing synaesthesia (Asher, et al., 2006) and a high test-retest consistency in our synaesthetic group thus validates the reality of their synaesthetic experiences.  
Synaesthetic Stroop Task

Stimuli.

All participants were tested with a synaesthetic Stroop task, having four letters or numbers and the # symbol (as a control stimulus) presented in the four different colours. Graphemes for each experiment were selected depending on the strength of the elicited colour experience for the synaesthete, and also how closely this colour resembled a pure red, blue, green or yellow in RGB-coordinates. For congruent trials each grapheme was shown in the same colour as its synaesthetically-induced colour. For incongruent trials each of the graphemes were presented in colours resembling the synaesthetic experience of one of the other three graphemes (see Figure 2A). 
As a result, there were three incongruent conditions, one presenting graphemes in colours being approximately complementary to their synaesthetically induced colours, and two conditions showing graphemes in colours approximately equidistant to their synaesthetically induced colours. A complementary colour is a colour that is on the opposite side in a colour wheel from a given colour. An equidistant colour is a colour located halfway in colour space between a given colour and its complementary colour. Including both complementary and equidistant colours allowed us to see if the distance in RGB colour space had an effect on Stroop interference. Trials showing a coloured # were “neutral”, as this symbol does not evoke a synaesthetic experience in our synaesthetes (see Figure 2B).  
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Figure. 2. A: The alphabet as coloured by a synaesthete. Graphemes that would induce synaesthetic colours close to standard red, green, blue or yellow in RGB coordinates were chosen for each experiment. Each letter was presented in all these colours, creating one congruent, one incongruent-complementary and two incongruent-equidistant conditions. B: Setup of the synaesthetic Stroop task. If the synaesthetic colour of E was red, the first letter presented would then be congruent and the second complementary incongruent. The third stimulus (#) represents a neutral trial. 

Procedure.
The synaesthetic Stroop task was created and administered using E-prime 2.0 (Psychology Software Tools©, Pittsburgh, PA), and participants performed the task while EEG was recorded. In this task, participants viewed 4 graphemes and a # symbol coloured red, blue, green or yellow. The goal of the task was to indicate, using a response box with four buttons, which colour was shown on the screen. The participants were required to press the button corresponding to the colour shown as quickly and as accurately as possible. A practice-task was also initially given, in which colours were shown in squares filling 25 % by 25 % of the screen, subtending 7.5o visual angle in width. There were a total of 80 practice trials, 20 for each colour. The practice trials ensured that participants learned and practiced the button corresponding to each colour, so they could respond efficiently without the need to look down during the experimental task. Feedback on performance was given during the practice phase, but not during the experimental trials. The synaesthetic Stroop-task consisted of 900 trials, of which 300 were congruent, 300 incongruent, and 300 neutral (#). In the incongruent condition, the grapheme was shown on 100 trials for each incongruent colour. The “#” symbol was shown on a total of 300 trials, 75 trials per colour. The graphemes were shown in Arial size 72, subtending 4.5o visual angle, as a prototypical font is more likely to induce a strong synaesthetic effect (Ramachandran & Hubbard, 2003). Stimuli were shown on the screen for 1000 ms or until a response was given. The inter-trial interval (ITI) was randomly set between 1000 and 2000 ms to avoid expectancy effects in the EEG. The task was divided into two equally long blocks separated by a break, the length of which was chosen by the participants. The participants were told to respond as quickly and accurately as possible. 
Statistical analysis of behavioural data.
Data from the synaesthetic Stroop-task were analyzed with a repeated measures ANOVA, using group (synaesthete or non-synaesthete) as a between-subjects factor and condition (congruent, incongruent or neutral) as a within-subject factor. Data were analyzed both with regards to response time (RTs) and accuracy. 
EEG Apparatus and ERP Analysis

EEG was recorded from 128 AgCl electrodes with a Neuroscan easycap (NeuroScan labs, Sperling, VA) using the international 10-20 setup. VEOG was recorded from two electrodes, above and below the centre of the left eye. EEG was referenced to the left mastoid and impedance was kept below 5 kΩ. Ground was placed on the midline between Fp1 and Fp2. EEG was recorded with a 1000 Hz sampling rate and amplified with SynAmps amplifiers (NeuroScan labs, Sperling, VA). Participants were comfortably seated approximately 70 cm from a 19” screen in a shielded room.     

Data were analyzed using NeuroScan4.3.3 (NeuroScan labs, Sperling, VA). We first divided the data into epochs with intervals of -500 ms pre-stimulus to 1000 ms post-stimulus. Data were then filtered using a 20 Hz low-pass filter. A linear de-trend was used to correct for drift and low-frequency noise. Then a baseline correction was done from -100 to 0 ms pre-stimulus. Ocular artifact reduction and another baseline correction were performed on the data. Bad electrodes were excluded after visual inspection of each sweep. We excluded one electrode for two participants and four electrodes for one participant (two synaesthetes and one control).  Artifact rejection was performed on the data using a cut-off of +/- 100 μV. Mean percentage of all rejected trials was for synaesthetes 4.27 and for controls 4.46. Finally, another baseline correction was performed. Averaging was done for each group and condition, giving a total of eight different averages: congruent, complementary incongruent, equidistant incongruent and neutral. 

Statistical analysis of ERP data.

The ERP-data were divided into four conditions: Complementary incongruent trials were analyzed separately from the equidistant incongruent trials. Initially, we were interested in whether distance in colour space could have an effect in the ERPs. There were only 100 “complementary” presentations of graphemes in the experiment, and 200 trials of the other incongruent types. We chose to focus our analysis on a subset of 29 of the electrodes. Electrodes were selected based on two factors: if the electrodes appeared to show differences in activation dependent on condition and group by visual inspection, or if the electrodes had been used in other studies of synaesthesia using EEG (Barnett, et al., 2008; Brang, et al., 2008; Gebuis, et al., 2009; Schiltz, et al., 1999). The electrodes picked for analysis were: AFz, Fz, FCz, Cz, CPz, Pz, POz, Oz, Iz, Fp1, F1, F3, C1, C3, CP1, CP3, P1, P3, O1, Fp2, F2, F4, C2, C4, CP2, CP4, P2, P4, O2. Based on the same two factors, we chose to analyze mean amplitudes for each electrode for ten time windows from 225 ms post-stimulus to 700 ms post-stimulus. With exception of the first time-window which ran from 225 ms to 249 ms, all time windows were 50 ms long. Average amplitudes for these time windows were used for analysis, as opposed to peak amplitude, as there were in some cases several peaks within each time window. In addition to comparing controls and synaesthetes, we analyzed data with the same “weak” and “strong” grouping used in the RT analysis. 
MRI Data Acquisition and Analysis

Magnetic resonance imaging (MRI) scans were acquired using a 1.5 T Siemens Avanto scanner (Siemens, Erlangen, Germany) with a 12 channel head-coil.

 Analysis of structural MRI was performed on the two groups to compare grey matter and white matter thickness. The surface based analysis was performed on two T1-weighted magnetization prepared rapid gradient echo (MPRAGE) volumes acquired with the following imaging parameters: Field of view (FOV): 240 x 240 mm2, echo time (TE) = 3.61ms, repetition time (TR) = 2400 ms, inversion time (TI) = 1000 ms, flip angle = 8o, total acquisition time was approximately 8 min per sequence. Voxel-size was 1.25 x 1.25 x 1.20 mm, for 192 x 192 x 160 slices. 

SBM data were reconstructed and preprocessed using the FreeSurfer (http://surfer.nmr.mgh.harvard.edu) automated surface-based analysis stream to generate surface-area and cortical thickness (Dale, Fischl, & Sereno, 1999; Fischl, Sereno, & Dale, 1999). In short, the volumes were averaged and motion corrected, and intensity normalization is performed. Skull and white matter was stripped from the volumes. To estimate the pial surface and grey-white matter boundary, cortical surface for each hemisphere was inflated to an average spherical surface. Cortical thickness is considered as the distance between the pial surface and grey matter-white matter boundary. Sub-millimeter precision is obtained with this method, as the resulting surfaces are not restricted to the original voxel-size (Fischl & Dale, 2000). Images were visually inspected to ensure the accuracy of the registration and segmentation. A cross-subject registration was performed by aligning the volumes to a common surface template, automatically generating 32 cortical parcellations in each hemisphere (Desikan et al., 2006). 
Statistical analysis of SBM data.

Statistical analyses were conducted in Qdec (part of the FreeSurfer software library). One explorative analysis was performed on the entire surface, not restricted to predefined regions of interest, as there is little agreement between the three previous studies using SBM to investigate synaesthesia. Cortical thickness was compared using general linear models (GLM) to test for differences between synaesthetes and controls, and between “strong” synaesthetes, “weak” synaesthetes and controls. A Gaussian smoothing kernel of 15 mm full width at half maximum (FWHM) was used in the analyses. Two comparisons indicated areas of sufficient grey matter differences to expect a significant effect of group. To correct for family-wise errors, permutation testing with 10 000 permutations at p = 0.05 were performed, yielding clusters fully corrected for multiple comparisons across space.

DTI acquisition and analysis.
Two diffusion-weighted EPI sequences were obtained with 2 mm isotropic voxel-dimensions, 128 x 128 x 64 slices. Imaging parameters were: FOV = 256 x 256 mm2, 
TE = 87 ms, TR = 8590 ms, flip angle = 90o, B-val = 1000. For each of the two DTI- sequences 80 non-collinear directions were measured. Ten non-diffusion weighted volumes (reference volumes) were acquired before the diffusion weighted volumes. Total acquisition time was approximately 13 minutes per sequence. 

Since we acquired two separate DTI sequences of 80 directions each, the data from both were first concatenated. Eddy current-, and motion-correction was then performed relative to the first b = 0 volume using the diffusion toolbox of the FMRIB software library (http://www.fmrib.ox.ac.uk/fsl/) (Smith et al., 2004).  By applying the rotations from the eddy-correction, we rotated the b matrix to maintain the original orientation information, yielding 160 unique directions (Leemans & Jones, 2009). Non-brain tissue was extracted using the Brain Extraction Tool (Smith, 2002). A brain mask was generated and diffusion tensors were fitted on the corrected data at each voxel using DTIFIT.

Statistical analysis of DTI data.

Statistical analysis was performed on the DTI-data using Tract Based Spatial Statistics (TBSS) (Smith et al., 2006), part of the FMRIB Software library. For all participants, all fractional anisotropy (FA) images were subjected to nonlinear registration to a target standard FA image in MNI space (Andersson, Jenkinson, & Smith, 2007a, 2007b). Images were then merged into a 4D image file. Mean of all FA images were created and skeletonised. All subjects’ FA data were projected into the mean FA skeleton.  FA, radial diffusion (DR), mean diffusivity (MD) and axial diffusivity (DA) were generated. The 4D image from the preprocessing was fed into a GLM for voxelwise comparisons within the entire FA skeleton between the groups. Corrections for multiple comparisons were performed by randomize, implemented in FSL, running 10.000 permutations at p = 0.05. FA was compared for synaesthetes and controls, as well as for the groups of “strong” and “weak” synaesthetes and controls. The design matrix was created to test for both decreased and increased FA in synaesthetes relative to controls. The groups were compared on FA, DR, DA and MD.
Results
Behavioural Data

With a general linear model testing for effects of group (synaesthetes, controls) and condition (RTs in congruent, incongruent, and neutral conditions), a main effect of condition across groups was found to be statistically significant, F(1.78,39.2) = 19.91, p < 0.001. The interaction effect between group and condition was also significant, F(1.78,39.2) = 5.85, 
p = 0.008. Synaesthetes performed best in the congruent condition, did slightly worse in the neutral condition, and worst in the incongruent conditions. The same effect was observed in testing the effect of condition for controls only, and this was also significant: 
F(1.94,21.36) = 11.46, p < 0.001. The Stroop-like effect observed in the controls could be explained by a learning effect, as there were more “congruent” presentations of a grapheme-colour pairing compared to the presentations of each of the incongruent types. This effect was nevertheless smaller than the one observed for the majority of the synaesthetes.
Compared to controls, synaesthetes showed longer response RTs and lower accuracy for incongruent conditions, that is, there was no RT/accuracy trade-off (see Figure 3 and 4). Mean response time in all incongruent conditions was for synaesthetes 647.98 ms (SD = 75.50 ms) and for controls 591.33 (SD = 50.85 ms), t(22) = 2.156, p = 0.042. However, in the congruent condition, there was no significant difference between the groups. Mean response time was for synaesthetes 570.04 ms (SD = 61.30 ms) and for controls 567.71 ms (SD = 53.96 ms), 
t(22) = 0.630, p = 0.922 (ns). The group difference was also non-significant in the neutral condition. Mean response time in this condition was for synaesthetes 617.81 ms 
(SD = 65.35 ms) and for controls 583.66 ms (SD = 42.07 ms), t(22) = 1.522, p = 0.142 (ns). 
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Figure 3. The figure shows RTs of synaesthetes and controls on the synaesthetic Stroop task. The bars represent mean RTs for each group in neutral, congruent and incongruent conditions. RTs for the incongruent condition are calculated as the mean of the RTs in complementary and equidistant conditions. Error bars indicate the standard error. 
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Figure 4. The figure shows mean percentage of accuracy of synaesthetes and controls on the synaesthetic Stroop task. The bars represent mean percentage of accuracy for each group in neutral, congruent and incongruent conditions. Accuracy for the incongruent condition is calculated as the mean accuracy in complementary and equidistant conditions. Error bars indicate the standard error.

As described in the Methods section, we divided the synaesthetes into a “strong” and a “weak” group depending on Stroop strength. The cut-off point chosen was the largest observed Stroop-like effect in the control group, 58.2 ms. The group of “weak” synaesthetes exhibited no synaesthetic Stroop effect above that of control participants (see Table 1 and Figure 5). The “weak” group did, however, have a notably larger variability than the other two groups, especially with regards to accuracy. A repeated-measures ANOVA was performed, both on measures of accuracy and RTs. Group (“strong”, “weak”, controls) was used as the between-subjects factor and condition (incongruent, congruent, neutral) as the within-subject factor. The main effect of condition was significant with 
F(1.56,32.79) = 69.54, p < 0.001, effect size = 0.768, observed power = 1.  The interaction between condition and group was also significant with F(3.12,32.79) = 28.52, p < 0.001, effect size = 0.731, observed power = 1. There was no significant main effect of group. Across all conditions, synaesthetes had longer RTs and lower accuracy than controls. The only exception was the slightly faster RTs for the strong synaesthetes in the congruent condition (see Table 1 and Figure 5). For accuracy, the main effect of condition was also significant, F(1.38,28.89) = 48.90, p < 0.001, effect size = 0.7, observed power = 1. There was a significant interaction between condition and group, F(2.75,28.89) = 27.33, p < 0.001, effect size = 0.722, observed power = 1. For accuracy, there was also a significant main effect of group, F(2,21) = 9.10, p = 0.001, effect size = 0.464, observed power = 0.953. 

	Table 1
	 
	 
	 
	 
	 
	 

	Descriptive data of results from synaesthetic Stroop task
	 
	 
	 

	 
	 
	Response times
	Accuracy
	 

	Condition 
	Group
	M
	SD
	M
	SD
	n

	Congruent
	”Strong”
	549.95
	47.61
	91.05
	  4.05
	7

	 
	”Weak”
	603.76
	67.04
	85.47
	10.83
	5

	 
	Controls
	567.71
	53.96
	94.39
	  3.62
	12

	Incongruent
	”Strong”
	667.73
	84.60
	62.67
	10.72
	7

	 
	”Weak”
	620.32
	57.43
	80.80
	18.89
	5

	 
	Controls
	591.33
	50.85
	92.43
	  4.44
	12

	Neutral
	”Strong”
	623.04
	67.00
	81.38
	  9.74
	7

	 
	”Weak”
	610.49
	69.99
	85.40
	13.02
	5

	 
	Controls
	583.66
	42.07
	93.86
	  3.40
	12

	Note. Descriptive statistics for the synaesthetic Stroop task for both synaesthetic sub-groups and controls. 
M = mean, SD = standard deviation.


We hypothesized that the synaesthetic Stroop task should be cognitively more demanding for synaesthetes than for controls, as some trials are experienced as incongruent to synaesthetes, whereas all trials should be neutral to controls. “Weak” synaesthetes did not exhibit a synaesthetic Stroop effect larger than controls, but they did show generally increased RTs and decreased accuracy, which might reflect different levels of cognitive demand across groups (see Figure 5 and 6). “Strong” synaesthetes also had faster RTs than controls for the congruent condition, which could indicate an advantage of the concurrent synaesthetic colour. This difference was, however, not significant (see Table 2 and Figure 5). 
	Table 2
	
	
	
	
	
	
	

	Independent samples t-tests of the synaesthetic Stroop task
	
	
	
	
	

	
	
	"Strong" vs Controls
	"Weak" vs Controls
	"Strong" vs "Weak"

	 
	 
	     t
	   df
	    p
	    t
	   df
	    p
	    t
	   df
	    p

	Mean response time
	Incongruent
	 2.479
	17.00
	0.024*
	 1.03
	15.00
	0.318
	 1.08
	10.00
	0.305

	
	Congruent
	-0.883
	17.00
	0.390
	 1.17
	15.00
	0.259
	-1.76
	10.00
	0.109

	
	Neutral
	 1.585
	17.00
	0.131
	 0.99
	15.00
	0.339
	 0.31
	10.00
	0.760

	Mean accuracy
	Incongruent
	-8.583
	17.00
	0.000***
	-2.09
	  4.19
	0.241
	-2.13
	10.00
	0.059

	
	Congruent
	-1.860
	17.00
	0.080
	-1.80
	  4.38
	0.140
	 1.27
	10.00
	0.235

	
	Neutral
	-3.277
	  6.87
	0.014*
	-1.43
	  4.23
	0.221
	-0.62
	10.00
	0.552

	Note. Table shows results from independent samples t-tests between the synaesthetic sub-groups and controls for mean response time and mean accuracy in congruent, all incongruent and neutral conditions. 
* p < 0.05. ** p < 0.01. *** p < 0.001.

	

	


One-third of the incongruent trials consisted of a grapheme shown in an approximately complementary colour to the synaesthetically induced colour. The rest of the incongruent trials were graphemes shown in colours approximately equidistant to the synaesthetic colour. Previous studies have revealed an effect in visual-search experiments of the distance in colour space between a physically presented and a synaesthetically induced colour (Laeng, 2009). A complementary colour is the colour that lies furthest apart from a specific colour in colour space, with equidistant colours set half-way between them. Thus, one expectation would be that the increased distance in colour space would lead to shorter RTs and higher accuracy for trials showing a complementary colour than trials showing equidistant colours.  However, a paired t-test comparing all incongruent conditions with each other, done separately for all synaesthetes and “strong” synaesthetes, revealed no significant difference between incongruent conditions. Nevertheless, all three incongruent conditions differed significantly from the neutral and congruent conditions (see Table 2), although not from each other (see Figure 5 and 6).  
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Figure 5. The figure shows mean RTs in the neutral, congruent, complementary, and the two equidistant conditions for the “weak” synaesthetes, “strong” synaesthetes, and controls. Bars represent mean RTs, and error bars indicate standard error. 
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Figure 6. The figure shows mean percentage of accuracy in the neutral, congruent, complementary, and the two equidistant conditions for the “weak” synaesthetes, “strong” synaesthetes, and controls. Bars represent mean percentage of correct responses, and error bars indicate standard error. 

ERP Results

The ERP analysis was done for the following four conditions: congruent, complementary, equidistant, and neutral. In the between-group t-test comparisons, we initially compared the entire group of synaesthetes with the controls. When comparing controls with all synaesthetes in the different conditions and time windows, we found only one significant difference. This effect was in the congruent condition for electrode F4 in last time window (650-699 ms post-stimulus): t(22) = -2.108, p = 0.47. In other words, little significant difference was found between all synaesthetes and controls. 
ERPs were then compared using the “strong” synaesthete, “weak” synaesthete and non-synaesthete grouping from the behavioural analysis. The differences in amplitude between incongruent (equidistant) and congruent conditions, and between complementary and congruent conditions, were compared between these three groups. To define electrodes and time windows of interest, topoplots illustrating condition x group interactions were generated, and these are shown below in Figure 7. The interaction effects observed were located mainly in parietal and central areas. Here, visual inspection of the topoplots, indicate that “strong” synaesthetes have a large difference between congruent and incongruent (equidistant) conditions relative to that of “weak” synaesthetes and controls. It may also seem that the effect is even larger between “strong” synaesthetes and “weak” synaesthetes than between “strong” synaesthetes and controls. The plots showing differences between congruent and complementary conditions are quite similar, but with a less visible effect. Note, however, that there are fewer trials in the complementary condition, hence statistical power is reduced. 

Based on the main sites of effects from figure 7, numerical data were imported into PASW for four electrodes, Fz, FCz, Cz, and CPz, yielding the possibility to statistically compare activations in different conditions within groups, activation differences between groups for the incongruent conditions (see Figures 8– 11), and group x condition interactions. In order to show the difference in activation at different points along the midline, average curves for the four electodes were created. Electrode CPz and Cz appears to be in the middle of the area representing the interaction effect in the topoplot. The CPz electrode was chosen as represenative of this effect in further comparisons. Additionally, we chose one of the frontal electrodes, Fz, for further analysis, as some windows indicate the presence of an additional frontal interaction effect. Further, four time-windows were chosen for analysis based on the topoplots, running from 400 to 599 ms post-stimulus. 
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Figure 7. Topoplots show differences in ERPs between group and condition for each 50 ms time-window between 250 and 700 ms post-stimulus. The scale to the left indicates the differenece in amplitude represented by each colour. The topoplots were generated by subtracting the grand average files from two conditions of interest (i.e. either congruent – incongruent, or congruent – complementary) for each group separately. The resulting difference maps for two and two groups were then subtracted from each other (i.e. “strong” synaesthetes – controls, “strong”– “weak”, and “weak”– controls), yielding the topoplots illustrating group x condition interactions shown. 1a: There is a greater difference in congruent relative to incongruent (equidistant) conditions for the “strong” synaesthetes relative to controls. The difference between “strong” synaesthetes and controls is evident in four time-windows, 400 – 599 ms post-stimulus in parietal and central areas. 1b: This effect is even more visible for the comparison between “strong” synaesthetes and “weak” synaesthetes, lasting for about five time-windows form 400 – 649 ms post-stimulus. 1c: Little difference is observed in the difference between congruent and incongruent ERPs in “weak” synaesthetes relative to controls. 2a-c: when comparing congruent and complementary conditions, the effect is smaller, but similar to the effect for congruent compared to incongruent trials.   

As the grand average curves for the “strong” synaesthetes shown below illustrate, the difference consists in lower amplitude for the congruent condition, especially at Cz and CPz for the 400-600 ms time window. At these two electrodes, the amplitude in the neutral condition was intermediate relative to the congruent and incongruent condition throughout this time window. 
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Figure 8. ERPs showing differences in activations for congruent, incongruent, and neutral conditions in the group of ”strong” synaesthetes at electrodes Fz, FCz, Cz and CPz. 

When making the same comparisons for “weak” synaesthetes and controls on the other hand, the average curves of the different conditions did not differ much in amplitude (see Figures 9 and 10). The curves for the “weak” synaesthetes appear noisier, possibly due to a reduced number of participants in this group. Note that while the congruent and incongruent conditions showed quite similar curves, the neutral condition could be distinguished from the others with a slightly different shape. This could reflect the fact that congruent and incongruent conditions presented graphemes used in language, and the neutral condition had a symbol that does not in the same way make any sense in language. Hence the processing of these language-related graphemes and the symbol should be different. 
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Figure 9. ERPs showing activations for congruent, incongruent and neutral conditions in the group of “weak” synaesthetes at electrodes Fz, FCz, Cz and CPz.
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Figure 10. ERPs showing activations for congruent, incongruent and neutral conditions in the group of controls at electrodes Fz, FCz, Cz and CPz.
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Figure 11. Average curves show activity on incongruent trials for “strong” synaesthetes, “weak” synaesthetes and controls. 

Figure 11 shows the average curves for each group in the incongruent (equidistant) condition only. This was the condition for which we expected the largest group difference due to Stroop interference for synaesthetes, but not controls. The “strong” synaesthesia group has generally more positive amplitude than “weak” synaesthetes and controls. Interestingly, “weak” synaesthetes have even less positivity than the controls, so that the control group actually appears intermediate relative to the two synaesthetic groups.

 In order to statistically test the visual impressions from the topoplots and the grand average curves, a repeated-measures ANOVA was performed for the CPz and Fz electrodes, separately for each time window 400-449, 450-499, 500-549 ms and 550-599 ms post-stimulus. Amplitude in the congruent and equidistant conditions for each time window was used as within-subjects factor. Separate analyses were also performed with amplitude in congruent and complementary conditions as the within-subjects factor. The grouping into “strong” synaesthesia, “weak” synaesthesia, and controls was the between-subjects factor. For the congruent versus complementary conditions, a significant main effect of condition and a significant condition x group interaction was observed at the CPz electrode, in all chosen time windows. No significant main effect of group was found for this electrode. Table 3 shows the results of the ANOVA. 

	Table 3
	
	
	
	
	
	

	ANOVA of the effects of condition and group on the CPz electrode

	Congruent and equidistant conditions
	     F
	df
	    p
	Power
	Effect size

	400-449 ms
	Condition
	  5.554
	1,21
	0.028*
	0.613
	0.209

	
	Condition*group
	11.663
	2,21
	0.000***
	0.986
	0.526

	450-499 ms
	Condition
	32.505
	1,21
	0.000***
	1.000
	0.608

	
	Condition*group
	13.138
	2,21
	0.000***
	0.993
	0.556

	500-549 ms
	Condition
	19.504
	1,21
	0.000***
	0.988
	0.482

	
	Condition*group
	10.089
	2,21
	0.001**
	0.790
	0.490

	550-599 ms
	Condition
	  9.694
	1,21
	0.005**
	0.843
	0.316

	 
	Condition*group
	  9.609
	2,21
	0.001**
	0.963
	0.478

	Congruent and complementary conditions 
	 
	 
	 
	 

	400-449 ms
	Condition
	  5.221
	1,21
	0.033*
	0.587
	0.199

	
	Condition*group
	  0.128
	2,21
	0.880
	0.067
	0.012

	450-499 ms
	Condition
	12.422
	1,21
	0.002**
	0.919
	0.372

	
	Condition*group
	  1.185
	2,21
	0.325
	0.231
	0.101

	500-549 ms
	Condition
	18.658
	1,21
	0.000***
	0.984
	0.470

	
	Condition*group
	  2.615
	2,21
	0.097
	0.463
	0.199

	550-599 ms
	Condition
	  7.789
	1,21
	0.011*
	0.758
	0.271

	 
	Condition*group
	  0.305
	2,21
	0.741
	0.092
	0.028

	Note. The table shows main effect of condition and interaction effect between condition and group 
* p < 0.05. ** p < 0.01. *** p < 0.001.


The difference in activity on the CPz electrode in incongruent (equidistant) and congruent conditions for the time window 450-499 ms post-stimulus was calculated as a new variable. This is the time window showing the largest effect size for group and group x condition for the congruent and equidistant conditions. As there are a higher number of equidistant than complementary trials, the equidistant conditions were chosen as representative of incongruent trials in the further analysis. A linear regression analysis of  group with three levels (“strong” synaesthesia, “weak” synaesthesia, controls) dependent on this CPz difference showed the variable to be related to group with a β = 0.650 
(F(1,22) = 16.11, p = 0.001). The difference in amplitude between congruent and incongruent conditions on this electrode was increased for “strong” synaesthetes relative to “weak” synaesthetes and controls. 
For Fz, there is no significant effect of condition (congruent, incongruent) in the three time-windows 450-599 ms post-stimulus, or any significant interaction effect between condition and group. However, there is a significant effect of group in all the time-windows tested. The difference was largest when comparing “strong” and “weak” synaesthetes, and intermediate when comparing “strong” synaesthetes to controls. Little difference was observed between “weak” synaesthetes and controls (see table 4). Main effect of group was for the first time-window F(2,21) = 2.66, p = 0.093 (observed power = 0.470, effect size = 0.202). For the second time-window F(2,21) = 3.95, p = 0.035, (observed power: 0.644, effect size = 0.273). For the third time window F(2,21) = 3.92, p = 0.036, (observed power = 0.640, effect size = 0.272). Bonferroni corrected pair-wise comparisons between all groups are shown in Table 4. 

When entering complementary and congruent conditions into the ANOVA as the within-subjects factor, the same group differences are observed for the Fz variable in the same time-windows. No main effect of condition or interaction effect between condition and group is observed. There are, however, significant main effects of group. For the first time-window F(2,21) = 3.48, p = 0.05 (observed power = 0.586, effect size = 0.249). In the second time-window the effect of group was also significant with F(2,21) = 5.04, p = 0.016 
(power = 0.756, effect size = 0.324). For the third time window there is again a significant effect of group: F(2,21) = 6.57, p = 0.006 (power = 0.864, effect size = 0.385). Pair-wise comparisons show significant differences between all groups, see Table 4.

	Table 4
	
	
	
	
	
	
	
	
	
	

	Pair-wise comparisons of amplitude on electrode Fz
	
	
	
	
	

	
	
	450-499 ms
	500-549 ms
	550-599 ms

	 
	 
	  MD
	  SE
	    p
	  MD
	  SE
	    p
	  MD
	  SE
	    p

	Congruent vs incongruent
	”Strong” vs ”weak”
	4.030
	0.842
	0.000***
	5.731
	2.195
	0.049*
	4.432
	1.616
	0.037*

	
	”Strong” vs controls
	2.618
	0.684
	0.000***
	3.979
	1.783
	0.110
	2.478
	1.313
	0.219

	
	Controls vs ”weak”
	1.412
	0.766
	0.199
	1.752
	1.995
	1.000
	1.955
	1.469
	0.593

	Congruent vs complementary
	”Strong” vs ”weak”
	5.571
	2.219
	0.061
	6.278
	2.159
	0.025*
	5.639
	1.596
	0.006**

	
	”Strong” vs controls
	3.572
	1.802
	0.182
	4.537
	1.754
	0.052
	3.254
	1.297
	0.061

	
	Controls vs ”weak”
	1.999
	2.017
	0.999
	1.740
	1.963
	1.000
	2.385
	1.451
	0.345

	Note. Table shows pair-wise comparisons of mean amplitude in three time-windows for the Fz electrode. Differences between congruent and incongruent conditions and between complementary and congruent conditions are shown. MD = mean difference, SE= standard error.
* p < 0.05  ** p < 0.01. *** p < 0.001. 


DTI Results
There was an increase in FA in a cluster of 51 voxels in a frontal region of the left hemisphere (x = 114, y = 161, z = 73) in “strong” synaesthetes compared to controls, t = 6.61, p = 0.044, fully corrected for multiple comparisons across space. The Johns Hopkins University White Matter Tractography Atlas indicates that the cluster most likely belongs to the inferior fronto-occipital fasciculus (IFOF) or to the anterior thalamic radiation. The observed DTI effect is shown below in Figure 12. 
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Figure 12. Red area shows significant differences in FA between “strong” synaesthetes and control participants, α = 0.05, corrected.
Differences in FA between “Strong” synaesthetes and “weak” synaesthetes or between “weak” synaesthetes and controls did not reach statistical significance at α = 0.05 after 10,000 permutations were done to correct for multiple comparisons in the voxelwise analysis. The mean FA-value for the significant cluster per participant from the “strong” synaesthetes vs. controls analysis was thus used as a variable in further analyses.   
Cortical Thickness Findings
Using surface based measurements of grey matter thickness, “strong” synaesthetes were found to have thinner cortex than “weak” synaesthetes in a medial occipital region of the right hemisphere. This finding was significant at p < 0.05, corrected for multiple comparisons across space by permutation testing (10,000 permutations). The difference in cortical thickness is shown in Figure 13. The effect appears to be located mainly in cuneus, peri-calcarine cortex, a posterior part of the lingual gyrus and a ventral part of lateral occipital cortex. In addition it extends slightly into superior parietal cortex and precuneus. The voxel with largest difference in cortical thickness when comparing “strong” synaesthetes and “weak” synaesthetes, was located in right cuneus, (TalX: 7.1, TalY: -79.1 TalZ: 17.6, 
Max: -3.378, VtxMax: 31233, Size (mm2): 3036.13, CWP: 0.0105). There were no differences, significant after correction for multiple comparisons, when comparing the other groups with each other. 
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Figure 13. Area of significantly thinner grey matter (in blue) in the “strong” synaesthetes group compared to “weak” synaesthetes, corrected for multiple comparisons.

Before correcting for multiple comparisons, however, the tendency for a group difference between “strong” synaesthetes and “weak” synaesthetes did resemble the observed difference between controls and “strong” synaesthetes (see Figure 14). Thus, in further analyses, mean cortical thickness in the significant cluster obtained from the comparison between “strong” and “weak” synaesthetes was used as a variable. 
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Figure 14. A: “Strong” synaesthetes compared to “weak” synaesthetes. B: “Strong” synaesthetes compared to controls. C: “Weak” synaesthetes compared to controls. Red signifies areas of thicker grey matter, blue signifies areas of thinner grey matter. The effects are thresholded at p = 0.05, but are not corrected for multiple comparisons. Only the posterior effect around cuneus in panel A did survive permutation testing. 

Multimodal Comparisons

We tested whether the mean FA-values for the significant cluster found in the analysis of DTI data were related to the ERP effects observed between synaesthetes and controls in congruent and incongruent (equidistant) conditions. The difference-variable on CPz for the 450-499 ms time-window was chosen for comparison with DTI data. Average cortical thickness in the significant cluster from the SBM analysis was also included in a regression model. Group (“strong” synaesthesia, “weak” synaesthesia, controls) was treated as a dependent variable, with cortical thickness, mean FA and ERP difference as predictors. Group was entered into the model as a dependent variable in order to make it more clear how findings from the different modalities predict the division into groups based on the behavioural data. Since the grouping reflects the behavioural results, the variable group is taken to represent “level” of synaesthesia and thus treated as a dependent variable in a multiple linear regression analysis. 

 As described under the ERP results, the contribution of the ERP effect on the synaesthetic Stroop-strength was significant: adjusted R2 = 0.396, β = 0.650, F(1,22) = 16.11, 
p < 0.001.Regressing group on both the ERP-variable and the FA-variable shows that their contributions are unique. Average FA in the observed significant cluster is related to group with a β = - 0.674, t(22) = -6.846, p < 0.001. The separate contribution of CPz activity is still significant with β = 0.414, t(22) = 4.201, p < 0.001, and the total model is naturally significant, F(2,21) = 48.28, p < 0.001, adjusted R2= 0.804. We then added the average cortical thickness for the cluster showing significant difference between “strong” synaesthesia and “weak” synaesthesia groups as a third predictor in the regression analysis. This did not add to the total explained variance (adjusted R2 = 0.799, F(3, 20) = 31.48, p < 0.001), and the contributions of cortical thickness is not significant (t(22) = -0.664, p = 0.514). ERP and FA predictors stayed significant, at respectively β = 0.437, t(22) = 4.135, p = 0.001 and 
β = -0.689, t(22) = -6.738, p < 0.001. 

A linear regression analysis was then performed with only the “strong” synaesthesia and control groups as dependent variables. With CPz activity as only predictor, the adjusted R2 = 0.502, β = 0.728, t(17) = 4.374, p < 0.001. Average cortical thickness in the cluster that turned out significant in comparisons of “strong” and “weak” synaesthetes was then used as the only predictor. The adjusted R2 for this model is 0.166 and cortical thickness is significant with β = 0.461, t(17) = 2.139, p = 0.047. Adding CPz activity to this model gives an adjusted R2 of 0.535, and the model is statistically significant, F(2,16) = 11.36, p = 0.001. The contribution of cortical thickness is no longer significant, β = 0.252, t(17) = 1.487, p = 0.156. The ERP-variable is still significant with β = 0.646, t(17) = 3.808, p = 0.002. Thus, the contribution of cortical thickness was not able to explain the ERP-related variance between the “strong” synaesthesia group and controls.  
General Discussion

Significant Findings

To summarize, we were able to demonstrate an effect of the synaesthetic Stroop task at the behavioural level as well as in the ERPs. The latter effect was also dependent on performance on the task. Using the Stroop strength grouping in the ERP analysis revealed a significant group x condition interaction on parietal and central electrode sites, especially for the time-windows 450-600 ms post-stimulus. Voxelwise analysis of the FA data revealed a significant difference between “strong” synaesthetes and controls in a frontal area, possibly the inferior fronto-occipital fasciculus (IFOF) or anterior thalamic radiation. The main result from the comparisons of cortical thickness was of thinner grey matter in “strong” synaesthetes than “weak” synaesthetes in a medial area of the occipital cortex. A regression analysis of mean FA-values, cortical thickness for the significant clusters, and the chosen ERP-variable, demonstrated separate contributions from mean FA and ERP amplitude on the grouping into “strong”, “weak” and non-synaesthetes. Based on this, we conclude that the structural differences found in this study cannot explain the observed differences in ERPs of “strong” synaesthetes, “weak” synaesthetes, and controls. Rather, the structural brain characteristics and physiological activations both significantly contribute to the differences between the groups, that is, the strength of the observed synaesthetic Stroop effect. To our knowledge, this is the first attempt to integrate structural and electrophysiological brain characteristics in explaining synaesthesia.
Synaesthetic Stroop Effect

The results from the synaesthetic Stroop-task served a double purpose. In addition to validating the synaesthesia of our participants, the data were used to divide the synaesthetes into a “strong” Stroop-strength group and a “weak” Stroop-strength group. As discussed above, the synaesthetes assigned to the latter group performed the Stroop task at the level of controls, while their consistency in grapheme-colour association was equal to the participants assigned to the “strong” Stroop-strength group. Both synaesthetic Stroop tasks and consistency tests have been used as standard methods for validating synaesthesia (Asher, et al., 2006; Berteletti, et al., 2010). The variant of consistency tests used in this study assessed consistency in grapheme-colour mappings over time. Other types are administered in one sitting, with several hundred trials requiring the person to map each grapheme to a colour repeatedly (Asher, et al., 2006). The synaesthetic Stroop task, however, is not a diagnostic test for synaesthesia. Although it is shown that synaesthetes may exhibit a synaesthesia Stroop effect, Stroop-like interference can also be observed in subjects with arbitrary grapheme-colour associations who report no photisms or other synaesthetic experiences (Elias, Saucier, Hardie, & Sarty, 2003; Meier & Rothen, 2009). 

A significant Stroop-like effect was observed in the control group, similar to the effect observed in “weak” synaesthetes. There were no significant differences in RTs or accuracy between these groups. The fact that the synaesthetic Stroop-task included more congruent presentations of a grapheme than each of the incongruent presentations of it, might explain the Stroop-like effect in controls. Whether this masks a possible “true” synaesthetic effect in the synaesthetes grouped as “weak”, or whether they actually experienced no interference on incongruent trials, is impossible to establish. The findings from our sample demonstrate that performance on one type of consistency test and a synaesthetic Stroop task can be independent of each other. Notably, one of the participants later excluded exhibited a significant Stroop interference effect, but was relatively inconsistent in grapheme-colour mappings over time, even for a grapheme used in the test. After doing the analyses, we also learned that one of the control participants included in the study did have colour-name and spatial sequence synaesthesia. This could have diluted effects between the groups on structural measures, but as no grapheme-colour synaesthesia was reported, we think it safe to assume that she did not experience Stroop interference on the behavioural task. 

Even though this learning effect could act as a confounding variable on the synaesthetic interference, there could be an advantage to including more congruent presentations of a grapheme than each of the incongruent presentations. Specifically, this ratio of congruent to incongruent trials could make it more likely that synaesthetes attend the synaesthetically induced colour to some degree, as it would be useful on the congruent trials. This would then make interference from synaesthetic colour more likely on incongruent trials (Jacoby, Lindsay, & Hessels, 2003). In our paradigm there were more trials of the equidistant condition (200 trials) than trials of the complementary condition (100 trials). The congruent condition had the highest number of trials (300 trials) as it was made equal to the total number of incongruent trials. This is a much used proportion-ratio of conditions in the classical Stroop-paradigm as many researchers like to balance the proportion of congruent and incongruent trials, making words and colours unpredictive of each other (Melara & Algom, 2003). Melara and Algom (2003) argue, however, that this assumption is faulty, as the relatively low dimensional incertitude of congruent stimuli, leads to predictions of congruent stimuli, which facilitates congruence performance. Moreover, a larger amount of incongruent trials have been shown to decrease Stroop interference (Jacoby, et al., 2003; Laeng, et al., 2005). 

Here, more incongruent-type presentations were included to investigate a possible effect of colour distance on Stroop-interference, both on behavioural data and ERPs. Equidistant trials were expected to demonstrate more Stroop interference than complementary trials, as these colours would be located closer to congruent colours in colour space. As distance in colour space decreases, it could be assumed that representations might to a degree overlap, making discrimination of the colours more difficult (Laeng, et al., 2005). Such an effect in synaesthetic Stroop has been observed both in a previous study using a visual search paradigm (Laeng, 2009) as well as in an fMRI study (Laeng, Hugdahl & Specht, 2011). Colour distance also influences RTs in the classic colour/word Stroop task in non-synaesthetic participants. Klopfer (1996) demonstrated that when colours and words in the original Stroop task denote similar, but not the same, colours, Stroop interference is higher. However, in the present study, no evidence was found of an effect of colour distance in the behavioural data; both comparisons of accuracy and RTs for the three different incongruent conditions revealed no statistically significant differences. This null finding could possibly be due to low statistical power as our sample was far smaller than the sample of, for instance, Laeng, Låg and Brennen (2005), who demonstrated such an effect in the general population. Further, it could be that individual differences in the strength of the synaesthetic colour experience, as well as the ability to discriminate colours could play a role. Most importantly, the effects of colour distance may be more easily revealed by projector synaesthetes than associator synaesthetes (Laeng, 2009). 

  A synaesthetic Stroop effect indicates that the synaesthetic colours are evoked fast and vividly enough to create a conflict with the physical colour. It would be natural to think that these aspects were connected to the associator-projector distinction, as has been found previously (Dixon, et al., 2004). However, we only had two “projector” synaesthetes in the present study and they were each assigned to different Stroop-strength groups. We did not, however, use a standardized questionnaire to assess the projector-associator dimension thoroughly, but classified them according to their description of their synaesthetic experiences. It could nevertheless seem that neither consistency nor an external experience of the synaesthetic colour predicts strong effects of synaesthesia on behavioural measures (Gebuis, et al., 2009). 
ERPs and the Synaesthetic Stroop Effect

In the present study, ERPs revealed significant differences between the “strong” synaesthetes relative to “weak” synaesthetes and controls, as well as significant differences between conditions within the groups. The within-subjects comparisons of the effect of condition revealed significant differences even in controls. However, this could be explained by a different number of trials for congruent, incongruent, and complementary conditions, and possibly a difference in processing of letters and numbers relative to other symbols, as in the case of the neutral condition compared to the other conditions. The analyses only yielded significant differences between groups after the synaesthetes were grouped according to Stroop-strength. The interaction between congruent-incongruent condition and the three groups was significant for predominantly central and parietal electrodes. In addition, a significant difference between the groups was found at frontal electrode sites. These effects were somewhat smaller for the complementary condition than for the equidistant condition. Whether this is an effect of colour distance or a result of a different number of trials in each condition is hard to tell. A smaller effect would be expected for complementary trials, as the increased colour distance makes discrimination easier. Due to the lack of a behavioural effect, and possibly a power problem, we need to be cautious before concluding that this was the cause of the observed difference. 

Earlier studies have shown activation of anterior cingulate cortex (ACC) in relation to Stroop interference (Badzakova-Trajkov, et al., 2009). Frontal activity could be related to detection and resolution of conflict when viewing graphemes that provide conflicting information. It would be reasonable to expect conflict-related activity in the “strong” synaesthesia group, as their behavioural data clearly indicates the presence of a conflict between synaesthetic colour and incongruent physical colour.

The observed effect in the present study was largest at central electrode sites and at relatively late time-windows, possibly corresponding to a P3 component. The P3 or P300 component is the third positive deflection after stimulus presentation. The component typically occurs around or somewhat after 300 ms post-stimulus, although this varies with modality of presentation. For instance, visual presentation of stimuli, as in the present study, generally gives a P3 with longer latency than auditory presentation. The P3 wave has been widely interpreted as being associated with the completion of stimulus categorization, and it has also been interpreted as a reflection of the updating in working memory content, and of inhibitory or filtering processes (Hruby & Marsalek, 2003). All these interpretations would arguably be applicable to the results of the present study. Teuscher and colleagues (2010) found a difference in the P3b component of time-space synaesthetes performing an endogenous cueing task. The difference consisted in increased positivity for the synaesthetes, and was interpreted as indicative of an updating of the mental time-space model (Teuscher, et al., 2009). The paradigm used, and type of synaesthesia studied, differs from that of the present study, but both document increased parietal positivity for synaesthetes in a time-window consistent with a P3 component.
A task that is well suited for eliciting a P3 component is the odd-ball paradigm (Molnar, 1994). Schiltz et al (1999) presented coloured graphemes to grapheme-colour synaesthetes and controls in a version of the odd-ball paradigm. They found similar P3 components in both groups, and additionally a more pronounced late frontal and central positivity in synaesthetes relative to controls. It is argued that this positivity reflects inhibitory processes in frontal and prefrontal cortex. Three possible roles for prefrontal activity in synaesthesia are put forward. The activity could reflect increased distractibility and “leakage” between modalities, generation of the synaesthetic experiences from multisensory networks, or increased cognitive control to reduce interference on normal perception from the synaesthetic experiences (Schiltz, et al., 1999). In both their experiments, the late effect occurred 300-600 ms post-stimulus, a time window that roughly corresponds to the one in which an effect was found in the present study. Both the present study and the study by Schiltz et al (1999) conducted experiments in which the synaesthetic experience was an irrelevant, but distracting factor. The effects observed could thus be comparable, although their effect was located more frontally, while ours was most evident at central and parietal sites. Nevertheless, part of the differences in activation in both studies could be attributed either to the generation of synaesthetic experiences, or attentional control to reduce the interference effect of such experiences.   
Gebuis, Nijboer and Van der Smagt (2009) conducted an ERP study on a group of synaesthetes with grapheme-colour synaesthesia. No differences were found in the ERPs of projector synaesthetes relative to associator synaesthetes. Their group of synaesthetes was also divided in two dependent on the strength of the priming effect observed on a priming task. In the analysis of the ERPs, the group of “higher” synaesthetes showed a synaesthetic P3 effect at both parietal and frontal electrodes, while the group of “lower” synaesthetes showed more activity relative to non-synaesthetic controls only at frontal electrodes (Gebuis, et al., 2009). The authors suggest that the synaesthetic experiences of the “higher” priming group, with both significantly different parietal and frontal activity, arise as a result of both bottom-up (parietal) perceptual processes and top-down (frontal) attentional processes. The ”lower” priming group, showing only frontal activity related to the synaesthetic priming task, could be experiencing synaesthesia due to top-down attentional processes alone. Interestingly, there were associator and projector synaesthetes in both sub-groups, and comparisons based on the associator-projector distinction did not reveal any group differences in ERPs. Similarly to the results of the present study, this supports the proposal that there are multiple dimensions along which synaesthetes differ and can be divided into sub-groups (Gebuis, et al., 2009). 
In the study of Gebuis, Nijboer and Van der Smagt (2009) described above, however, frontal activity was interpreted as related to attentional, top-down, generation of the synaesthetic experiences, whereas a parietal effect was interpreted as resulting from sensory aspects of synaesthetic experience. Their task did not create Stroop-like interference, as the properties of the stimuli were presented sequentially. Accordingly, the frontal effect they observed was not attributed to conflict-related processing, but to the synaesthesia itself.  One earlier study did use the synaesthetic Stroop-paradigm to investigate face-colour synaesthesia (Terhune, et al., 2010). They found two effects of synaesthesia in ERPs, one in the P1 component and one in the N400 effect, on electrodes in an area corresponding to the FCz electrode. The latter was eliminated after post-hypnotic suggestion was used to suppress the synaesthetic experiences. Both these findings suggest a role of attention and frontal areas in the experience and behavioural expression of synaesthesia. Terhune and colleagues suggest, along the lines of Schiltz and colleagues, that multisensory and attentional processing in prefrontal cortex might be involved in the generation of conscious synaesthetic experience. Alternatively, it is suggested that post-hypnotic suggestion influences areas responsible for generation of synaesthetic experiences through long-range projections, for instance to occipito-temporal areas (Terhune et al., 2010).  
Increased positivity, mainly at frontal sites, does recur as a finding in studies of synaesthesia, along with central and parietal effects. Our findings show little evidence of an early effect of synaesthesia, but this could again be due to the majority of our synaesthetes being associators. Nevertheless, our findings demonstrate an effect in ERPs when “strong” synaesthetes view congruently and incongruently coloured graphemes. Interpretation of this effect is difficult as few previous studies have been conducted using ERP on grapheme-colour synaesthetes and none with a Stroop paradigm. Therefore, there are several possible interpretations. For example, increased cognitive control could be needed due to Stroop interference from the synaesthetic experiences. Alternatively, frontal multisensory neurons or attentional processes could contribute to the synaesthesia itself. It could also be the case that for “strong” synaesthetes, despite the increased cognitive control processes in frontal areas, such a monitoring mechanism is not sufficient, leading to the observed synaesthetic Stroop interference. Parietal areas have also been implicated in studies using ERP and TMS, and such results are consistent with hyperbinding theories (Hubbard, 2007a). These areas could be responsible for the synaesthetic binding of graphemes and colours in synaesthesia. 

Studies using ERPs to investigate synaesthesia to date have used various experimental paradigms and studied different types of synaesthesia. This makes generalization across studies, and interpretation of results, difficult. Different ERP components are more easily elicited with certain tasks, and interpretations of the results should take into account both activation that might be related to the task chosen and activation that might reflect the synaesthetic experiences. In the present study, an effect of task was revealed in controls as well as synaesthetes. The effect was not as evident as in the “strong” Stroop-strength group, but it nevertheless underlines the complexity in interpretation of ERPs. In addition, while different types of synaesthesia might share some underlying neural mechanisms, other neural mechanisms could very well be unique to a specific subgroup. 

Structural Differences in Synaesthesia

   
We were not able to detect differences in FA in fusiform gyrus, as reported by Rouw and Scholte (2007). The significant cluster of FA difference in the present study was between the “strong” synaesthetes and controls in a frontal area in the left hemisphere. The cluster found significant, could likely belong to the left inferior fronto-occipital fasciculus (IFOF) or to the anterior thalamic radiation. The difference only appeared when comparing “strong” synaesthetes to controls. This is in accordance with our hypothesis that any FA differences found would depend on the size of the behavioural effect. Jäncke and colleagues (2009) found differences in FA between synaesthetes and non-synaesthetes in left IFOF, in addition to the left hippocampus, left optic radiation and the splenium of corpus callosum. However, they were able to obtain DTI scans of a large number of synaesthetes, increasing the statistical power of their sample. In addition, they performed surface-based morphometry analyses on their sMRI volumes. They did not, however, correct for multiple comparisons. Our study only included 12 synaesthetes in total, with relatively small sub-groups. The resulting low statistical power might have made us unable to detect some of the group differences described in earlier studies, especially as we did perform corrections on our data. On the other hand, results obtained without correction should be interpreted with care. In general, interpreting the relation between long-range connectivity and local variations in cortical measures is also difficult (Jäncke et al., 2009). 
Remarkably, no evidence of decreased FA in synaesthetes relative to controls has been found in DTI studies so far. Testing for decreased FA has, however, only been done in two studies, as Jäncke and colleagues (2009) only investigated the hypothesis that synaesthetes have increased FA relative to non-synaesthetes. Moreover, they used one-tailed tests, uncorrected for multiple comparisons, so it goes to reason that the effects found are less reliable. Although increased FA is found in all three DTI studies of synaesthesia so far, there is little agreement between the studies as to the location of the areas of increased FA. Rouw and Scholte (2007) investigated the projector-associator (PA) dimension and found larger differences in a right inferior temporal area in projectors relative to associators and controls. The parietal and frontal differences found in their study were unrelated to the PA score. It could nevertheless be that the lack of agreement between DTI studies so far stems from individual differences between synaesthetes. As synaesthetes are divided into groups of projectors and associators, or groups based on behavioral effects on different tasks, it seems that these distinctions may lead us closer to understanding the complexity of the phenomenon.

It should be noted, however, that caution is a necessity when interpreting FA findings, as they can reflect both micro- and macro-structural properties. Diffusion anisotropy can be an indicator of for instance the extent of myelination, density and coherence in fiber orientation and axonal diameter. On the other hand, intravoxel fiber-tract coherence could also be reflected in diffusion anisotropy, making interpretation of these findings more complicated (Rouw & Scholte, 2007). Studies using DTI to estimate fractional anisotropy can only say something about coherence of white matter. Connectivity patterns, on the other side, cannot be inferred. The same caution must be taken when interpreting differences in grey matter as demonstrated by sMRI techniques, as increased thickness does not give information about how the areas are connected (Weiss & Fink, 2009). 

Studies investigating grey matter in synaesthetes relative to controls have to date found a variety of differences. Weiss and Fink (2009) revealed increased grey matter in synaesthetes in left caudal intraparietal sulcus (cIPS), and right fusiform gyrus (V4v). Rouw and Scholte (2010) demonstrated increased grey matter in left superior parietal cortex in synaesthetes and in cingulate sulcus in controls, as well as primary and secondary sensory regions for projectors relative to associators. Associators on the other hand exhibited increased grey matter mainly in hippocampus and angular gyrus. Jäncke and colleagues (2009) found differences in cortical thickness between synaesthetes and controls in several areas: Orbitofrontal cortex, central sulcus, rectal gyrus, middle temporal gyrus, postcentral gyrus, superior circular sulcus of insula, calcarine sulcus (V2) ⁄ lingual gyrus, intracalcarine cortex (V1), fusiform gyrus (anterior V4) extending into the anterior collateral transverse sulcus, lateral superior occipital cortex. Findings of differences in fusiform gyrus in synaesthetes do appear to be fairly consistent. Jäncke and colleagues also reported differences in synaesthetes and controls in total cortical volume and cortical surface area. Again, they did not correct for multiple comparisons, and used one-tailed tests. Additionally, the hypothesis that synaesthetes could have decreases in cortical thickness relative to controls was not tested. The presently used statistical threshold is thus considerably more conservative, which may contribute to explain some of the differences between these studies. 
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Figure 15. Coloured blobs show areas of activation in fMRI studies of illusory colour perception. Red blobs are results from Laeng, Hugdahl and Specht (2011), who studied the effect of colour distance on brain activation in grapheme-colour synaesthesia. Adapted from ”The neural correlate of colour distances revealed with competing synaesthetic and real colours,” by B. Laeng, K. Hugdahl and K. Specht, 2011, Cortex, 47(3), p. 328. Copyright 2009 by Elsevier.  

Surprisingly, in the present study the only observed difference in cortical thickness was measured between the “weak” synaesthetes and “strong” synaesthetes, and this difference consisted in thinner grey matter in the latter relative to the former group. In contrast to the FA finding, this is not consistent with a hypothesized relation between behavioural and structural effects. Meanwhile, the same tendencies of grey matter differences were observed between controls and “strong” synaesthetes, although they did not survive the correction procedure (see Figure 14). Again, the fact that they did not withstand this procedure could be due to a problem with insufficient sample size. The observed cortical thickness effect was in an area that to some degree overlaps with the occipito-temporal effects reported by Jäncke and colleagues (2009). Notably, they reported a difference dissimilar to what the present study demonstrates, namely an increase in synaesthetes relative to controls. They did not, however, investigate the possibility of an opposite effect in synaesthetes compared to non-synaesthetes, as they had not hypothesized it a-priori.

The cortical thickness effects observed in the present study were located in lingual gyrus and cuneus. Lingual gyrus has been implicated in synaesthesia in an fMRI study (Rich, et al., 2006), as well as in other studies of colour perception (see Figure 14). Rich and colleagues (2006) propose that the area generates a more conceptual synaesthetic colour experience. Steven, Hansen and Blakemore (2006) compared activity as measured with fMRI in a late-blind coloured-hearing synaesthete with both sighted and late-blind controls. They reported increased activation in primary and secondary visual areas in the synaesthete in response to inducers.  One fMRI study found activation in subregions of V4 that was related to the conscious experience of illusory coloured after-images (Morita et al., 2004). Thus, both types of illusory colours (synaesthetic colours and after-images) appear to share the neural mechanisms of normal conscious colour perception (Laeng, et al., 2011). 

Our observed decrease in cortical thickness in primary and extrastriate visual areas in “strong” synaesthetes is in stark contrast to the finding of increases of grey matter in synaesthetes. Studies have demonstrated a correlation between thinner cortex and superior cognitive abilities, at least in early stages of development (Shaw, et al., 2006). Thinner cortex is not necessarily negative, and could be a reasonable finding in studies of “extra” perceptual or cognitive abilities, such as synaesthesia. As synaesthesia exists from early childhood, it could be that structural changes during sensitive periods of development (Knudsen, 2004) predispose some people to developing synaesthesia. 
Clearly, more studies are needed in order to establish whether increases and decreases of grey matter in specific areas are replicable effects and how these relate to behavioural differences and to areas identified by the functional and neurophysiological techniques. Also, many different brain areas are implicated in the plethora of theories on synaesthesia. It is worth noting that when structural differences are found in synaesthetes, there are various theories that might explain these findings. Accordingly, many theories find some support in empirical findings. Interpretations are also complicated by the lack of knowledge regarding specific functions of brain areas and how they are connected, both in normal and synaesthetic perception. 
Multimodal Approach to the Study of Synaesthesia


In the present study, we were able to demonstrate independent contributions from activity related to processing of stimuli presented in a synaesthetic Stroop task, and from FA-differences between “strong” synaesthetes and controls. To our knowledge, we are the first to combine the two methods in a study of the same sample of synaesthetes. A reasonable hypothesis, based on earlier synaesthesia research, could be that observed neurophysiological differences in processing are caused by underlying structural differences. In the present study, however, the structural differences were not able to explain the ERP effects. Rather, both structural and neurophysiological findings contributed separately to a significant difference in “strong” synaesthetes relative to non-synaesthetes and “weak” synaesthetes. The explained variance of the regression model using both FA and the observed ERP-effect was considerable. Thus, the variability in performance on the synaesthetic Stroop task can to some degree be explained by both functional and structural measures used in the study.  

That structural and functional measures both contribute, with little interaction, is interesting from a theoretical point of view. Observed structural differences measured with sMRI and DTI, in addition to fMRI findings, have been taken as support for the cross-activation model of synaesthesia. On the other hand, re-entrant processing theories argue that structural differences do not cause synaesthesia, but that the concurrent experiences result from a disinhibition of feedback. This is consistent with findings of induced synaesthesia in non-synaesthetes (Hubbard, 2007a; Kadosh, et al., 2009). Thus, it is not certain whether the structural differences observed in synaesthetes are a cause or an effect of the synaesthesia. In fact, the differences could arise as a result of having synaesthesia for an extended period of time (Jäncke, et al., 2009). Additionally, multiple mechanisms could be working together to create the synaesthetic experience (Hubbard & Ramachandran, 2005). Still, theories and findings of structural differences in synaesthetes are hard to reconcile with theories that only postulate functional differences. Of the many theories put forward to explain grapheme-colour synaesthesia, our findings do not clearly support any of them. Findings of central and parietal activation, as measured with ERPs, could be taken as support for a parietal hyperbinding mechanism. However, the generator of the ERP effect need not be parietal, as the electricity measured travels along the skull, and the orientation of the neural generator relative to the skull will affect where the activation is measured. It could also be that multimodal areas, for instance in frontal and prefrontal cortex, contribute to hyperbinding or cross-activation (Schiltz, et al., 1999). 

Based on our results, one could assume that there exist both structural and functional differences in synaesthetes relative to non-synaesthetes. Both could independently contribute to the synaesthetic experiences, without necessarily reflecting the same mechanisms. There are theories that integrate multiple mechanisms for synaesthesia. In both the two-stage model and the cascading cross-activation model, hyperbinding mechanisms could contribute to synaesthesia along with other factors, such as cross-activation on one or several stages of visual processing. In either case, it is reasonable to think that the experience of grapheme-colour synaesthesia is founded in complex processes requiring the contribution of many areas. These processes could be interacting or working independently of each other, and could contribute to different aspects of synaesthesia. Still, the structural differences observed between the groups in the present study are likely to have implications for brain activity, but these eluded measurement with ERP and the presently used paradigm. 
Individual Differences in Synaesthesia

Studies have to date implicated a variety of areas as involved in synaesthesia, notably fusiform and inferior temporal cortex, parietal areas and frontal areas. Even though synaesthesia could seem a unitary phenomenon, properly diagnosing synaesthesia and more specifically dividing synaesthetes into subgroups might contribute to clear up some of the inconsistencies. It has been argued that at least the projector-associator and higher-lower distinctions are separate dimensions in grapheme-colour synaesthesia (Ward, et al., 2007). The projector-associator dimension concerns the degree to which the synaesthetic colour is experienced as external to the synaesthete. The higher-lower dimension, on the other hand, distinguishes between synaesthetes whose concurrent colours are more dependent on perceptual aspects of the inducers and synaesthetes for whom the conceptual aspects are important. Ward and colleagues divides the two, based on three main criteria: Synaesthetes are grouped as “lower” if single graphemes in a word help determine its colour, if there is no additional synaesthesia with spatial forms, and if they do not have colours for number concepts (Ward, et al., 2007).   
For the synaesthetes in our sample, such a grouping would have put most of them in a “higher” group, as the majority also experienced spatial-sequence or time-space synaesthesia, and many reported the first or specific key letters as dominant in determining the colour of a word (Ward, et al., 2007). This being the case, the higher-lower dimension could not be used to explain the observed differences between our synaesthetes. Multiple, independent dimensions are thus likely involved in synaesthesia. In addition, consistency tests did not, at least for our sample, ensure that the synaesthesia also had behavioural consequences on a Stroop task. It is not clear why the “weak” synaesthetes did not show a synaesthetic Stroop effect above that of controls, given that there was no noticeable difference in the way they described their experiences relative to the “strong” synaesthetes. 

The variety of the experimental tasks that have been used to study synaesthesia to this date could naturally give rise to some seemingly inconsistent findings (ref). Additionally, individual differences exist between synaesthetes, so that performance on the different behavioural measures varies, possibly independent of theoretically founded groupings. The present study found differences between “strong” synaesthetes, “weak” synaesthetes and controls, both on behavioural, functional and structural measures. Unexpectedly, “weak” synaesthetes, demonstrating no synaesthetic Stroop effect, appeared to be even more different from the “strong” synaesthetes than controls both in ERPs and cortical thickness measures. Controls tended to be intermediate compared to the two synaesthetic sub-groups on these measures, although not all group comparisons reached statistical significance. Entering the sub-groups into the analysis as one synaesthetic group masked nearly all the functional and structural effects. Even more complexity arises as one considers the possibility of independent contributions of functional and structural aspects to the phenomenon of synaesthesia.

Future Research
Given the relatively few studies to date using DTI to study grapheme-colour synaesthesia, more studies are clearly needed to reach a consensus about the white matter differences in synaesthetes relative to non-synaesthetes. DTI is especially well suited for investigating long-range connections between brain areas, as well as increased local connectivity. Both would be relevant to evaluate cross-activation theories, which assume that the areas processing the synaesthetic inducers and concurrents are literally bound together. The cause of such abnormalities in connectivity, and the role it plays in generating synaesthetic experiences, remain to be explained. Further studies using DTI data could use tractography to investigate connectivity in synaesthesia in more detail.

Using ERPs or MEG to further investigate grapheme-colour synaesthesia would also be useful to study the time course of the synaesthetic experience. With the paradigm used in the present study, it might be interesting to investigate possible laterality effects and synaesthesia-related effects on error-related negativity (ERN). We only analyzed stimuli-locked ERPs for correct trials, but an analysis including incorrect trials and response-locked ERPs could also be informative. Specifically, the ERN could be mediated by the subjective feeling of congruence or incongruence reported by many synaesthetes when viewing coloured graphemes. The present study divided the sample of synaesthetes into groups based on their behavioral results, and due to this division into smaller groups, statistical power was reduced. Nevertheless, significant differences were demonstrated between the groups, and it would be interesting to see if a larger sample size could allow any additional differences to reach statistical significance. 

In order to investigate the causes of synaesthesia, however, prospective longitudinal studies are needed. A longitudinal study combining functional and structural imaging measures, as well as behavioural measures, in a group of children whose parents have synaesthesia, would be ideal. This way, one could observe the development of synaesthesia, and investigate factors that might influence synaesthetic development. 

Synaesthesia remains a hot topic in cognitive neuroscience research, with many possible implications for both clinical and theoretical issues. Teasing apart the different neural mechanisms involved in the different types of synaesthesia is a venture that would benefit from a multi-modal approach, as well as replication studies of the existing empirical findings.  
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Appendix

Questionnaires are written in Norwegian, as they were presented in Norwegian to all participants.
Spørreskjema 1
	Er du fargeblind?
	[image: image21.emf] 

 

Ja
	Nei  

	Bruker du briller eller kontaktlinser?
	Ja
	Nei

	Hvis ja, hvilken styrke?
	Venstre:


	Høyre:



	Hvis ja, har du noen dybdeavvik? 
	Ja
	Nei

	Har du operert?
	Ja
	Nei

	Hvis ja, hva slags operasjon? Hvor og for hva?
	

	Bruker du reseptbelagte legemidler?
	Ja
	Nei

	Har du brukt reseptbelagte legemidler nylig?
	Ja
	Nei

	Hvis ja, hva slags reseptbelagte legemidler, og for hva?
	

	Bruker du for tiden psykiatriske medikamenter?
	Ja
	Nei

	Hvis ja, hvilke medikamenter?
	

	Bruker du for tiden ulovlige rusmidler?
	Ja
	Nei

	Hvis ja, når brukte du sist ulovlige rusmidler?
	

	Hvis ja, hvor ofte bruker du ulovlige rusmidler?
	

	Hvis ja, hva slags ulovlige rusmidler bruker du?
	

	Har du brukt ulovlige rusmidler tidligere?
	Ja
	Nei

	Hvis ja, for hvor lenge siden?
	

	Hvis ja, hvor ofte brukte du ulovlige rusmidler?
	

	Hvis ja, hva slags ulovlige rusmidler brukte du?
	


Spørreskjema 2

Deltagernummer:

Dato:

Kjønn:

Fødselsdato:

Utdanningsnivå: 

Hendthet (EHI):

Har du synestesi?

For personer med synestesi kan en bestemt opplevelse (f.eks. å se et ord) vekke en annen opplevelse (f. eks. en farge). Disse sanseopplevelsene er automatiske på den måten at de ikke krever noen anstrengelse og sanseopplevelsene kan være veldig sterke (selv om det ikke alltid er tilfelle). Et barn med synestesi kan svare ”gul!” på spørsmålet ”hvor mye er 1+ 3?” dersom nummer fire har en synestetisk gul farge.

I motsetning til vanlige assosiasjoner kan ikke synestetiske opplevelser ”styres” bevisst. Hvis din mandag er rød, kan du ikke velge å gjøre den blå i stedet. Hva som ligger til grunn for synestesi, forskes det fremdeles på. Det er klare indikasjoner på at det finnes genetiske predisposisjoner for synestesi. 

Det er flere forskjellige typer synestesi. En viss smak kan hos noen synestetikere oppleves i en bestemt form eller med en bestemt farge. Det å se en bestemt bokstav kan vekke en bestemt lyd. Måneder eller år kan være organisert på en linje eller ha en viss form. De kan ha en bestemt lokalisasjon i rommet og i forhold til hverandre (f.eks. 2000 er til venstre og under 2001). Ved en annen type synestesi har bokstaver eller tall personlighet. En person kan ha én eller flere typer synestesi. Det er mulig du har en form for synestesi, men så langt ikke eksplisitt har tenkt på det. 

Kjenner du deg igjen i dette? Har du en eller flere typer synestesi? Hvis du har det, vennligst se eksemplene nedenfor og markér hvilke typer du har? 

Eksempler på stimuli som kan utløse en synestetisk opplevelse:

	
	Ja
	Nei

	Ord
	
	

	Tall
	
	

	Bokstaver
	
	

	Musikkinstrumenter eller musikk
	
	

	Toneintervaller
	
	

	Smak
	
	

	År
	
	

	Dager i uken
	
	

	Smerte
	
	

	Emosjoner
	
	

	Berøring
	
	

	(Mønstre av) bevegelser
	
	

	Navn eller personlighet til en person
	

	

	Skriftlig språk
	
	

	Talt språk
	
	


Eksempler på (utløste) synestetiske opplevelser:

	
	Ja
	Nei

	Farge
	
	

	Tekstur eller mønster (overflater)
	
	

	Personlighet
	
	

	Menn eller kvinner
	
	

	Lokalisering
	
	

	Temperatur
	
	

	Lukt
	
	

	Smak
	
	

	Berøring
	


	

	Vekt
	
	

	Lyd
	
	

	Form
	
	

	Linje eller orientering
	
	

	Bevegelse
	
	


Det finnes flere andre typer synestesi. 

Vennligst oppsummer nedenfor, så nøyaktig som mulig, hvilke typer synestesi du har:

Spørsmålene nedenfor er i hovedsak om den typen synestesi der en bokstav eller et tall fremkaller en viss farge.

Har ukedager for deg farge?
Ja 
(vennligst spesifiser i Tabell 1)

Nei 
(gå til spørsmål 2)

Tabell 1.

Gi en nøyaktig beskrivelse nedenfor av hvilke farger hver dag har. For noen synestetikere kan fargen til en dag (f. eks. dagen ”fredag”) skille seg fra fargen til ordet (f. eks. ordet ”fredag”). Her ber vi deg beskrive fargen til dagen (ikke ordet).

Hvilken farge har mandag?

Hvilken farge har tirsdag?

Hvilken farge har onsdag?

Hvilken farge har torsdag?

Hvilken farge har fredag?

Hvilken farge har lørdag?

Hvilken farge har søndag?

Har du kommentarer til svarene du har gitt, vennligst kommenter nedenfor

Ser du farger når du hører et ord (f. eks. noens navn)? Eller ser du farger bare når du leser? 

Er fargene sterkere når en bokstav står alene eller i et ord? 

Hvis du staver et ord, får du en fargerik opplevelse for hver bokstav? 

Er det noe forskjell i styrke og intensitet på fargene når du ser dem skrevet som store eller små bokstaver? 

Hvor og hvordan opplever du dine synestetiske farger?  Ser fargen ut som den er malt over bokstaven? Svever fargen i luften? Eller er den inne i hodet? Gi en beskrivelse:

Hvis bokstaven har farge, er den synestetiske fargen sterkere eller svakere enn blekkfargen? 

Spiller bokstavens form noen rolle? For eksempel en uvanlig form som gotisk eller kursiv?  

Varierer synestesi med din helse? Oppleves det ulikt hvis du er forkjølet, eller når du tar en medisin? 

Påvirkes synestesien av om du er veldig trøtt? Kan du nevne medisiner som har en effekt? Eller forandrer det seg aldri? 

Hvis du lukker øynene og prøver å få et mentalt bilde av en bokstav, ser du fargene?  Med andre ord, trenger du å lese bokstavene for å oppleve fargene, eller er ikke det nødvendig?   

Forandrer synestesi seg i løpet av dagen eller med humøret ditt?  

Kan synestesi hjelpe deg å huske noe? For eksempel et navn eller telefonnummer? 

Kan synestesi hindre deg i å huske noe? Kan f. eks. navn blande seg fordi bokstavene har de samme fargene? 

Når du leser et ord, er hele ordet farget eller bare en bokstav?

Har det skjedd at du husker en farge til noens navn, men ikke navnet?  

Hvor gammel var du da du lærte å lese?   

Lekte du med alfabetblokker eller kjøleskapsmagneter som var farget da du var barn? 

Hvor mange i din familie har synestesi? Har f. eks. moren din synestesi?  

Da du valgte farger ved hjelp av PCen, fant du farger som korresponderer bare nesten med dine farger, eller var de svært like? 
Spørreskjema 3
Dette spørreskjemaet om synestesi kan fritt brukes til forskning. For spørsmål eller kommentarer om dette spørreskjemaet, vennligst kontakt Romke Rouw, Universitetet i Amsterdam, R.Rouw@uva.nl
Har du synestesi?

Vi har tidligere stilt deg spørsmål for å finne ut om du har synestesi. Nå vil vi stille deg noen spørsmål på nytt. Vennligst forsøk å svare på spørsmålene så ærlig som mulig. Det er ingen ”riktige” eller ”gale” svar!

Har du en eller flere typer synestesi? Dersom du vil gjøre endringer eller legge til informasjon utover det du har gitt oss tidligere, vennligst skriv dette her: 

Spørsmålene under gjelder i hovedsak den typen synestesi der bokstaver eller tall fremkaller bestemte farger.

1. Har dager for deg en farge?

Ja 
(vennligst fyll inn i tabell 1)

Nei 
(gå til spørsmål 2)

Tabell 1.

Vennligst gi en beskrivelse under av hvilke farger hver dag har, så nøyaktig som mulig. For noen synestetikere kan fargen til en dag (f. eks. dagen ”fredag”) skille seg fra fargen til ordet (f. eks. ordet ”fredag”). Under ber vi deg beskrive fargen til dagen (ikke ordet).

Hvilken farge har mandag?

Hvilken farge har tirsdag?

Hvilken farge har onsdag?

Hvilken farge har torsdag?

Hvilken farge har fredag?

Hvilken farge har lørdag?

Hvilken farge har søndag?

Dersom du har kommentarer til svarene du har gitt, vennligst kommenter nedenfor.

2. Har bestemte bokstaver en farge for deg?

Ja 
(vennligst fyll inn i tabell 2)

Nei 
(vennligst gå til spørsmål 3)

Tabell 2

Nedenfor er bokstavene i alfabetet listet, vennligst gi en så nøyaktig beskrivelse som mulig av fargen til denne bokstaven. Du kan hoppe over bokstaver som ikke har en farge for deg.

Å

Ø

Æ

Y

Z

S

T

U

V

J

K

L

M

N

O

P

Q

R

A

B

C

D

E

F

G

H

I

W

X

Har du kommentarer til svarene du har gitt, vennligst kommenter nedenfor.

3. Har tall bestemte farger for deg? 

Ja 
(vennligst fyll inn i tabell 2)

Nei

Tabell 3 

Vennligst oppgi så nøyaktig som mulig hvilken farge hvert tall har. Du kan hoppe over tall som (for deg) ikke har noen farge.

100

12

 8

 6

20

14

250

 3 

 4 

 5 

13

20.000

10

 1 

 9

50

4000

 7

 2 

11

Har du kommentarer til svarene du har gitt, vennligst kommenter nedenfor
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