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  Chapter 24 

 Synesthesia and 
functional imaging  

    Edward M.   Hubbard    

   Introduction  

 Researchers have debated the neural mechanisms that give rise to synesthesia since the 
earliest days of synesthesia research (e.g., Flournoy 1893). However, it is only with the 
advent of sophisticated neuroimaging techniques like positron emission tomography 
(PET) and, more recently, functional magnetic resonance imaging (fMRI) that these 
questions could be empirically addressed by examining patterns of brain activation in 
synesthetes and non-synesthetes alike. Since the fi rst attempt to measure brain activ-
ity related to synesthetic experiences over 25 years ago (Cytowic and Stump 1985), our 
understanding of brain functions and the sophistication of neuroimaging methods has 
increased dramatically. 

 Th ese advances have led to a number of neurophysiologically sophisticated models 
of synesthesia, and to a wealth of studies aimed at testing them. Here, I will not dis-
cuss studies using methods such as electroencephalography (Brang et al. 2011; Niccolai, 
Wascher, and Stoerig 2012) or magnetoencephalography (Brang et al. 2010) although in 
many cases the fi ndings using these other methods converge with those from neuroim-
aging methods (for a review of studies using these other methods, see Hubbard et al. 
2011; J ä ncke, Chapter 28; Ramachandran and Brang, Chapter 48, this volume). Instead, 
here I focus exclusively on functional neuroimaging studies of various forms of syn-
esthesia (summarized in Table 24.1  at the end of this chapter), in which neural activity is 
inferred from bloodfl ow measures of metabolic activity. 

  Early studies of synesthesia focused primarily on synesthesia involving color, elic-
ited either by auditory words and tones (word/tone-color synesthesia), or by letters and 
numbers (grapheme-color synesthesia) by contrasting brain responses to stimuli that 
either did or did not elicit synesthetic experiences. However, more recent studies have 
moved away from these simple task-based designs to explore functional connectivity in 

OUP UNCORRECTED PROOF – FIRSTPROOFS, Wed May 29 2013, NEWGEN

24_Simner_C24.indd   47524_Simner_C24.indd   475 5/29/2013   10:10:13 PM5/29/2013   10:10:13 PM



476   Oxford Handbook of Synesthesia

the synesthetic brain independent of whether participants are experiencing synesthesia 
or not. One advantage of these “resting state” studies is that they may be less aff ected by 
possible demand characteristics or motivational factors that may diff er between syn-
esthetes and non-synesthetes. Additionally, the models and methods that were origi-
nally developed to explore tone-color synesthesia and grapheme-color synesthesia are 
now being applied to the exploration of other forms of synesthesia. Here, I describe 
these studies both in an historical context and as they relate to diff erent neurophysi-
ological models of synesthesia.  

  MW: The First Neuroimaging Study 
of Synesthesia  

 Cytowic and Wood (1982a, 1982b) suggested that synesthesia was due to a  neural link-
age  rather than  semantic mediation  based on the distinct, reliable percepts reported 
by two synesthetic participants, one who experienced taste-shape synesthesia (MW), 
and the other who experienced music-color synesthesia. Because other neural events 
including lysergic acid diethylamide (LSD)-induced hallucinations and epileptic sei-
zures were known to induce synesthesia-like experiences, and because these events 
were associated with reduced cortical blood fl ow, Cytowic and Wood (1982a) hypoth-
esized that synesthesia might result from cortical inhibition, and suggested that the 
limbic system might be the locus of synesthesia. Cytowic and Stump (1985) tested this 
hypothesis by asking MW to inhale radioactive Xenon (Xe 133 ) gas mixed with room air. 
With this methodology, cerebral blood fl ow (CBF) is then measured by detectors placed 
over the scalp that detect the emission of X-rays and gamma rays as a consequence of 
the decay of the unstable xenon isotopes. Cytowic and Stump found that cortical blood 
fl ow decreased during MW’s synesthetic experiences, consistent with their model, but 
because the Xe 133  method does not provide spatial information and is insensitive to sub-
cortical blood fl ow, they were unable to directly test their hypothesis that synesthesia 
depends on limbic structures.  

  Early Investigations of Auditory 
Word/Music-Color Synesthesia  

 Aft er Cytowic and Wood’s early investigations of MW’s taste-shape synesthesia there 
were no other neuroimaging investigations of synesthesia for more than 10 years. In 
these intervening 10 years, another imaging method, PET, became a standard method 
for the emerging fi eld of cognitive neuroscience through the combined eff orts of 
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cognitive psychologists and radiologists (Petersen et al. 1988). Like Xe 133 , PET depends 
on the decay of short-lived radioactive isotopes. For example, radioactive oxygen (O 15 ) 
or radioactively labeled glucose are injected into the bloodstream, and are then absorbed 
by active brain regions. When the radioisotope decays, it emits a positron, which travels 
a short distance before interacting with an electron. Th e annihilation of the positron 
and electron generates a pair of gamma rays that travel in opposite directions, which are 
then detected by sensors placed around the head. Because the gamma rays are detected 
at the sensors at slightly diff erent times, the relative position along the axis of the sen-
sors can be inferred, and by placing sensors at carefully calculated positions, multiple 
axes through the body can be measured simultaneously. In this way, PET yields “tomo-
graphic” images (slice pictures), and is able to provide detailed spatial information about 
diff erences in regional CBF (rCBF) unlike Xe 133 , which provided only global measure-
ments of cortical blood fl ow. 

 Earlier PET studies had demonstrated changes in rCBF in cortical regions when par-
ticipants viewed colored versus black and white displays, and identifi ed these regions 
as the “color center” in humans (Lueck et al. 1989). To test the hypothesis that these 
color selective areas of the cortex were also active during the experience of colors in 
word-color synesthesia, Paulesu et al. (1995) measured rCBF with PET while six audi-
tory word-color synesthetes listened to words (which elicited synesthetic colors) versus 
tones (which did not). Also tested on the same task were six non-synesthete controls. 
Areas of the posterior inferior temporal cortex and parieto-occipital junction—but 
not early visual areas V1, V2, or V4—were activated during word listening more than 
during tone listening in synesthetic participants, but not in controls. However, despite 
being a tomographic technique, anatomical localization in PET is limited because of 
the distance positrons travel before interacting with electrons. In addition, the failure to 
fi nd activity in early visual areas (e.g., V4) may also have been due to limited sensitivity, 
rather than a true absence of activity. 

 Aft er this early study, there was again a substantial gap of 7 years before the next 
imaging study of synesthesia, and in these intervening 7 years, neuroimaging methods 
again improved, with the discovery of the blood oxygenation level-dependent (BOLD) 
fMRI signal in 1991 (for a review, see Huettel et al. 2004). Unlike Xe 133  and PET, which 
require the use of inhaled or injected radioactive tracers, the BOLD signal depends on 
the natural magnetic properties of the hemoglobin molecule in blood. Oxygen carry-
ing hemoglobin (oxyhemoglobin) responds more strongly to the strong magnetic fi elds 
in MRI than does deoxyhemoglobin. When brain regions are active, the blood supply 
overcompensates so that the relative concentration of oxyhemoglobin increases, lead-
ing to changes in the fMRI signal, allowing researchers to infer the location of neural 
activity. Because fMRI does not use radioactivity, fMRI scanners do not need to be near 
cyclotrons which are necessary to create the radioactive isotopes, and is safe for repeated 
measurements. Although fMRI has relatively slow temporal resolution on the order of 4 
to 6 seconds, due to the sluggish hemodynamic response, it has excellent spatial resolu-
tion, with typical functional scans being on the order of 3  ×  3  ×  3 mm (compared with 4 
to 8 mm for PET), and higher sensitivity than previous imaging methods. 

OUP UNCORRECTED PROOF – FIRSTPROOFS, Wed May 29 2013, NEWGEN

24_Simner_C24.indd   47724_Simner_C24.indd   477 5/29/2013   10:10:13 PM5/29/2013   10:10:13 PM



478   Oxford Handbook of Synesthesia

 Using fMRI, Nunn et al. (2002) tested six female, right-handed auditory word-color 
synesthetes and six matched non-synesthetes. Nunn et al. reported that regions of the 
brain involved in the processing of colors (including the color center V4 and/or V8) were 
more active when word-color synesthetes heard spoken words than when they heard 
tones, but not earlier visual areas such as V1 or V2. No such diff erence was observed 
in controls, even when they were extensively trained to imagine specifi c colors for spe-
cifi c words. Similarly, in a case study of a synesthete who experienced colors for people’s 
names, Weiss et al. (2001) reported that hearing names that elicited synesthetic colors 
led to activity in left  extra-striate cortex (near to V4), but not in V1. However, in another 
case study of an auditory word-color synesthete, Aleman et al. (2001) report activation 
of (anatomically defi ned) primary visual cortex but were unable to determine if area V4 
was active in this single participant.  

  Grapheme-Color Synesthesia 
as A Model System  

 As neuroimaging investigations of word-color synesthesia were yielding striking 
insights into the neural mechanisms of this form of synesthesia in the early 2000s, 
behavioral studies were beginning to focus on grapheme-color synesthesia. For exam-
ple, behavioral studies of grapheme- color synesthesia demonstrated that the synesthetic 
sensations were automatic using modifi ed Stroop-interference paradigms (Dixon et al. 
2000; Mattingley et al. 2001); others demonstrated the perceptual reality of synesthetic 
colors using a variety of visual search paradigms (Palmeri et al. 2002; Ramachandran 
and Hubbard 2001a; Smilek et al. 2001; for reviews see Rich and Mattingley, Chapter 14; 
Kim and Blake, Chapter 15, this volume). 

 As a model system, grapheme-color synesthesia has several advantages over other 
forms of synesthesia. First, understanding the perceptual, cognitive and neural mecha-
nisms of reading and color perception has been the topic of substantial research eff orts 
independent of the synesthesia research community. Second, from a methodological 
perspective, grapheme-color synesthesia is ideally suited to the constraints of MRI 
environments. Th ese environments are typically very noisy, which complicates eff ec-
tive study of the neural mechanisms of auditory language processing, and because of 
the presence of the magnetic fi eld all metallic objects should be kept out of the scanner, 
making it diffi  cult, for example, to create mechanical devices to present tastes, smells, 
and even controlled tactile stimulation to participants in the scanner. On the other 
hand, visual presentation in MRI simply requires a computer projector placed outside 
the scanner environment, a screen, and a mirror to refl ect the image into the partici-
pant’s eyes while they lie on the scanner bed. 

 Building on this knowledge, when we began to search for a possible neural basis for 
grapheme-color synesthesia, we were struck by the fact that brain regions involved 
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in letter and number processing (the “grapheme area” or the “visual word form area”; 
VWFA) lie adjacent to the V4 color processing area (Ramachandran and Hubbard 
2001a, 2001b). Given that synesthesia was known to run in families (Baron-Cohen 
et al. 1996; Galton 1883; see Johnson, Allison, and Baron-Cohen, Chapter 1, this vol-
ume) we suggested that a genetic factor might cause a failure in the neuronal pruning 
processes that usually take place during childhood development; this failure could give 
rise to adjacent brain regions in the fusiform gyrus being unusually connected in adult 
synesthetes, thereby leading to “cross-activation” between these regions (Hubbard and 
Ramachandran 2003; Ramachandran and Hubbard 2001b). Although this theory shares 
certain key aspects with the neonatal synesthesia theory, which suggests that everyone 
is born a synesthete (Maurer 1997) and the breakdown in modularity theory (Baron-
Cohen 1996; Baron-Cohen et al. 1993), our original proposal capitalized on our emerg-
ing understanding of the neural mechanisms of reading and color perception to go 
beyond these general notions of hyperconnectivity, and to suggest specifi c brain regions 
as the locus for a specifi c form of synesthesia.      

 In addition to the cross-activation theory (see Figure 24.1a ), two other main classes of 
model have been proposed to explain synesthetic experiences: the disinhibited feedback 
model and the re-entrant processing model (for a thorough review of these issues, see 
Hubbard and Ramachandran 2005). Th e disinhibited feedback theory (Figure 24.1c) 
suggests that synesthesia may be due to disinhibited feedback from a “multisensory 
nexus” such as the temporo-parietal-occipital junction, and that synesthetic concur-
rents arise because of disinhibited feedback from higher-level visual areas in pathways 
common to synesthetes and non-synesthetes alike (Grossenbacher and Lovelace 2001). 

 Th e re-entrant processing (Figure 24.1b) model posits cross-talk between form 
and color processing areas in the fusiform (as in the cross activation model), but, as in 
the disinhibited feedback model, it also suggests that elicitation of synesthetic colors 
requires neural activity from higher level areas in the temporal lobe (e.g., the anterior 
inferior temporal lobe) to feed back to V4 (Smilek et al. 2001). 

 Recently, a fourth model of synesthesia has been proposed, the “hyperbinding” model 
(Esterman et al. 2006; Robertson 2003). Under normal circumstances, the brain must 
bind together information from color, form, motion, and so on into a coherent repre-
sentation of the world (Treisman 1980) and this binding process depends on parietal 
mechanisms (Robertson 2003). Th e hyperbinding model suggests that synesthesia arises 
through an over-activation of these same parietal binding mechanisms (see Alvarez and 
Robertson, Chapter 16, this volume). While anomalous binding may play an impor-
tant role in the full explanation of the synesthetic experiences, it is not suffi  cient to say 
that synesthesia is a result of anomalous binding, since binding must have features upon 
which to act. Th us, one of these described mechanisms for generating additional synes-
thetic experiences may act in concert with over-active binding mechanisms. 

 It is important to note that a single model may fail to capture the variability in synes-
thetic experiences. Th e neural mechanisms may have both a common factor, which is 
present in all synesthetes, and other variable factors, which infl uence the strength of the 
synesthetic experiences, leading to individual diff erences in their experiences (Dixon 
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et al. 2004; Hubbard, Arman et al. 2005). In addition, the diff erent models are not neces-
sarily mutually exclusive. Indeed, as mentioned earlier, the hyperbinding account must 
work in concert with one of the other models to explain the genesis of the features that 
are bound if we are to explain synesthetic experiences. 

 It is also possible that diff erent neural theories will account for diff erent types of syn-
esthesia, as the local cross-activation, re-entrant feedback, and hyperbinding theories 
have focused primarily on grapheme-color synesthesia, while feedback models have 
focused on word-color and tone-color synesthesia. While it is probable that at the archi-
tectural level, diff erent forms of synesthesia will have diff erent neural substrates, the 
fact that synesthetes within the same family may inherit diff erent forms of synesthe-
sia (Ward and Simner 2005) suggests that the neurophysiological mechanisms may be 
shared across diff erent forms of synesthesia.  

  Functional Neuroimaging of 
Grapheme-Color Synesthesia  

 With the rise of grapheme-color synesthesia as a model system and improved meth-
ods for neuroimaging, the study of the neural mechanisms of synesthesia has truly 
exploded (for reviews, see Hubbard 2007a; Hubbard and Ramachandran 2005; Hubbard 
et al. 2011; Rouw et al. 2011). Early investigations focused primarily on the question 
of whether color selective brain regions were active, even to the extent of collecting 
functional brain imaging data only from specifi c regions that were hypothesized to be 
involved in the generation of synesthetic experiences. More recent investigations have 
moved beyond this singular focus on color selective regions to more thoroughly investi-
gate network properties in synesthesia (see Rouw et al. 2011).      

 In an early study of grapheme-color synesthesia, we predicted that viewing black 
graphemes on a white background would lead to greater activity in color selective region 
V4. To test this theory, we compared fMRI responses to graphemes against non-graph-
eme stimuli matched for visual complexity in six synesthetes and six non-synesthetes 
(Hubbard, Arman, et al. 2005). Color and grapheme regions of interest (ROIs) were 
defi ned using a priori methods in a separate scan for each participant. We found greater 
modulation of V4 activity for graphemes versus non-graphemic stimuli in synesthetes 
than in non-synesthetes, consistent with our predictions (Figure 24.2a  and 24.2b). 
Importantly, we did not observe diff erences in the responses to colors in the brains of 
synesthetes compared with non-synesthetes, and did not observe diff erences in the 
response to graphemes outside of V4, arguing against generalized diff erences in the syn-
esthetes. Interestingly, we also found that performance on an independent perceptual 
task in which synesthetic colors conferred a behavioral advantage correlated with V4 
activation in the synesthetes (Figure 24.2c), supporting the idea of a direct relationship 
between neural activity and perceptual experience (Hubbard, Arman, et al. 2005). Th is 
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pattern of results has important implications for our understanding of the variability 
observed in behavioral studies (Dixon and Smilek 2005). 

 A number of subsequent neuroimaging studies of grapheme-color synesthesia have 
also examined whether color selective regions, including V4, were more active in syn-
esthetes when viewing black-and-white graphemes. Like Hubbard, Arman et al. (2005), 
Sperling et al. (2006) measured fMRI BOLD response in four synesthetes in retinotopi-
cally defi ned V1 to V4 to graphemes that elicited synesthetic colors versus those that did 
not. Overall, they found greater activation in V4 when synesthetes were presented with 
graphemes that caused them to report seeing colors than when presented with graph-
emes that did not. 

 However, not all studies identifi ed activity in the region of V4. Rich et al. (2006) used 
whole-brain fMRI and statistical parametric mapping (SPM) to analyse fMRI responses 
in a group of seven synesthetes and seven controls in three separate imaging para-
digms. Th ey fi rst localized color selective ROIs using colored Mondrians versus gray-
scale images, which should selectively activate V4. Th ey then measured fMRI responses 
within these ROIs in synesthetes and controls while these participants viewed either 
colored letters (which also induced synesthesia in the synesthetes) or grayscale letters, 
while monitoring for a brief disappearance of one of the letters. Rich et al. did not fi nd 
greater activation of the V4 complex in synesthetes, but instead found activation of more 
anterior color areas, related to color naming and categorization. In addition, unlike in 
the previous Nunn et al. (2002) study, they found color imagery was capable of eliciting 
activation in the V4 complex in both synesthetes and non-synesthetes. Similarly, Weiss 
et al. (2005) examined fMRI signals in nine grapheme-color synesthetes, using a 2 × 2 
factorial design. Subjects were presented with letters that either did or did not induce 
colors (many synesthetes report not having colors for all stimuli), with either colored 
or grayscale letters. Weiss et al. did not observe any signifi cant activation in visual areas, 
but did observe a signifi cant activation in the left  intraparietal sulcus, consistent with 
the hyperbinding account of synesthesia. 

 Th e reasons for these diff erences in the strength of the fi ndings are still unclear, 
but may be due to individual diff erences in the synesthetes tested across the studies 
(Hubbard, Arman, et al. 2005; Rouw and Scholte 2010). For example, one individ-
ual diff erence comes in the localization of synesthetic colors from synesthete to syn-
esthete:  associator synesthetes  experience their colors internally (oft en described as 
being “in the mind’s eye”) while  projector synesthetes  experience their colors externally, 
for example, projected onto the written typeface (Dixon et al. 2004). Individual diff er-
ences such as this might then be responsible for the diff erent outcomes found in past 
imaging studies. For example, Rouw and Scholte (2010) measured fMRI responses 
(and voxel-based morphometry: VBM) in a group of 42 grapheme-color synesthetes 
(16 projectors and 26 associators) to identify: (1) brain regions that showed diff er-
ences across all synesthetes compared with controls, (2) brain regions that showed 
diff erences between the two groups of synesthetes. Across all synesthetes compared 
with non-synesthetes, the authors found increased activation in a network of regions 
involved in perceptual binding including parietal and frontal regions, and the parieto-
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occipital sulcus near the precuneus. However, when they directly compared activation 
in the associators versus projectors, they found increased activation in hippocampal 
regions for the associators compared with the projectors. Th ese results (and the corre-
sponding VBM analyses) suggest that projector synesthesia may arise from more sen-
sory mechanisms, while associator synesthesia may from more cognitive mechanisms 
including memory processes. 

 Another important aspect of evaluating these discrepant results is that until recently, 
most studies of synesthesia were statistically underpowered. Standard whole brain fMRI 
analyses using SPM and random eff ects analyses require a minimum of 20 participants 
in order to allow inferences about both positive and negative fi ndings (Th irion et al. 
2007). Analyses using restricted ROIs are less likely to be as severely underpowered, 
because the restricted number of voxels tested reduces the adverse statistical impact of 
the multiple comparisons problem. Techniques such as retinotopy which permit delin-
eation of individual participant areas may similarly be less adversely aff ected because 
diff erences in brain anatomy are taken into consideration when examining patterns of 
activation. Given these considerations, positive fi ndings should be given substantially 
more weight than negative ones when attempting to develop models of grapheme-color 
synesthesia. 

 Consistent with this, studies that examined larger numbers of synesthetic participants 
typically do fi nd activation of color selective regions near the coordinates of V4 (Rouw 
and Scholte 2007; van Leeuwen et al. 2010). For example, as part of a larger study of ana-
tomical connectivity (DTI) in synesthesia, Rouw and Scholte (2007) scanned a total of 
18 synesthetes and 18 controls when they viewed graphemes that elicited strong, weak, 
or no synesthetic experiences. Th ey found increased activation for strong and weak syn-
esthetic experiences (compared with no synesthetic experience) across multiple brain 
regions including frontal regions, parietal regions and fusiform gyrus, near the coordi-
nates of V4. Similarly, van Leeuwen et al (2010) scanned 19 synesthetes and 19 controls, 
and also found increased activation in a network of regions including superior parietal 
cortex and color-related areas. Consistent with the possibility that individual diff erences 
complicate the interpretation of group-level neuroimaging analyses, projectors showed 
greater activation in parietal cortex than did associators. 

 However, power and individual diff erences are unlikely to fully account for the dis-
crepant results in the literature. In another recent study, Hup é  et al. (2012) scanned 
ten grapheme-color synesthetes compared against 25 non-synesthetes. Th ey used reti-
notopic mapping methods to defi ne a priori visual ROIs, and also assessed individual 
diff erences across synesthetes. Even so, these authors did not fi nd increased activation 
at a group level for synesthetes compared with non-synesthetes in visual areas related 
to color experience. Instead, they suggest that the neural mechanisms of grapheme-
color synesthesia may be distributed, or may critically depend on brain regions outside 
the classical color areas. Th is conclusion is diffi  cult to reconcile with the other studies 
reviewed here (and converging results from other methodologies) but given the meth-
odological rigor in their study, any coherent model of grapheme-color synesthesia will 
have to account for these results.  
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 Figure 24.2      (a) Activation during grapheme viewing from a representative synesthete and 
control participant. Retinotopic region V4 is indicated in pink and grapheme responsive areas 
are indicated in blue. (b) Average projected amplitude for synesthetes and controls across early 
visual areas, showing signifi cantly greater activation in synesthetes than in controls in area V4. 
(c) Correlation between activation in V4 during grapheme viewing and performance enhance-
ment on an independent perceptual task. Data reprinted from  Neuron , 45 (6), Edward M. 
Hubbard, A. Cyrus Arman, Vilayanur S. Ramachandran, and Geoff rey M. Boynton, Individual 
diff erences among grapheme-color synesthetes: Brain-behavior correlations, pp. 975–985 © 2005, 
Elsevier.  
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  Alternatives to Block-Designs in the 
Study of Grapheme-Color Synesthesia  

 Th ese considerations have led a number of authors to move beyond the simple “block-
design” methods used in the studies described earlier, in which blocks of synesthesia-
inducing stimuli are contrasted with non-synesthesia inducing stimuli. Although 
these studies still depend on measuring blood fl ow to infer neural activity, the designs 
permit stronger inferences about the pattern of neural activity across diff erent condi-
tions, and therefore shed additional light on the neural mechanisms of grapheme-color 
synesthesia. 

 For example, taking advantage of the fact that synesthetic Stroop-interference 
increases with increasing diff erence between the real text color and the synesthetic color 
(Nikolic et al. 2007), Laeng et al. (2011) measured parametric modulations of neural 
activity in response to graphemes that were presented in colors that were either more 
or less similar to those reported by two grapheme-color synesthetes. Th ey found that 
activation increased as a function of the color distance between the real and synesthetic 
colors in both synesthetes, and that the location of this activation was quite close to the 
coordinates from other studies that examined both real and synesthetic color percep-
tion, including V4. 

 Another method for examining shared neural substrates for real color perception 
and synesthetic color is the fMRI-adaptation (fMRI-A) method, which takes advantage 
of the fact that repeated presentations of a stimulus lead to decreased neural responses 
(Miller et al. 1991) and corresponding decreases in the fMRI BOLD signal. Presentation 
of stimuli that depend on diff erent populations of neurons leads to a “rebound” eff ect in 
which fMRI responses increase to baseline levels or beyond (Grill-Spector and Malach 
2001; Naccache and Dehaene 2001). 

 Several recent studies have applied this logic to the study of grapheme-color synesthe-
sia, but did not fi nd signifi cant adaptation or rebound eff ects. Van Leeuwen et al. (2010) 
presented graphemes which elicited synesthetic colors and real color patches, in which 
the color patches were either congruent with, incongruent with, or neutral with respect 
to synesthetic colors. Th e authors predicted decreased fMRI responses when the graph-
emes and color patches were congruent due to repetition suppression eff ects on these 
populations of neurons for those colors fatiguing. No such repetition suppression eff ect 
was observed, with fMRI responses being the same for the congruent and incongruent 
conditions, but lower for both conditions than for the neutral condition. As such, the 
authors suggest that synesthetic colors do not depend on the same neural mechanisms 
as real color perception in color selective areas (see also, Hup é  et al. 2012). 

 However, the interpretation of fMRI adaption experiments is fraught with diffi  cul-
ties (Krekelberg et al. 2006). It is known that the BOLD signal includes both spiking 
and non-spiking activity, and therefore refl ects mostly inputs to an area (Logothetis and 
Wandell 2004). Because in the visual pathway adaptation occurs at multiple levels from 
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the retina to higher-order visual areas, and because adaptation at early stages of process-
ing is “inherited” at subsequent stages of processing, this inherited adaptation compli-
cates the interpretation of any fMRI adaptation paradigm. In the case of grapheme-color 
synesthesia, even if real colors and synesthetic colors eventually converge on the same 
neurons, the pathways would diff er for real and synesthetic colors. Real color patches 
would activate, and therefore cause adaptation at the level of the retina, V1, V2, and 
eventually color selective areas like V4 while synesthetic colors might only lead to acti-
vation of color selective neurons in V4. As such, the absence of measured adaptation in 
this study might refl ect diff erences in inherited adaptation, rather than a lack of a shared 
neural substrate for real and synesthetic colors (Krekelberg et al. 2006). As an example 
of these concerns, an fMRI-adaptation study of orientation tuning found no diff erences 
in adaptation in V1 for gratings of the same orientation versus diff erent orientations 
(Boynton and Finney 2003). Orientation specifi c adaptation eff ects were present only in 
later areas like V2 and V4, despite the well-established fact that V1 neurons are orienta-
tion selective. Finally, it is known that adaptation is greater for expected stimuli than for 
unexpected stimuli (Summerfi eld et al. 2008). Since van Leeuwen et al. (2010) presented 
twice as many incongruent stimuli as congruent stimuli, it possible that increased adap-
tation to the congruent stimuli was countered by increased responses due to the greater 
novelty of the congruent stimuli. Because of its power to infer neural processes, fMRI-A 
is an important method, but these methodological issues are critical for designing eff ec-
tive fMRI-A studies.  

  Localized Differences Versus 
Network Differences  

 A growing awareness of the importance of binding and parietal mechanisms led to the 
introduction of a “two-stage model” of grapheme-color synesthesia (Hubbard 2007a, 
2007b). Th e cross-activation theory proposed that synesthetic experiences are gener-
ated via cross-activation in the fusiform gyrus, but assumed that parietal binding and 
attention mechanisms were similar in synesthetes and non-synesthetes. Conversely, the 
“hyperbinding” theory of grapheme-color synesthesia suggested that synesthetic expe-
riences depend on increased binding between color and form (Esterman et al. 2006; 
Robertson 2003). 

 Although the evidence reviewed earlier clearly demonstrates a critical role for early 
color-selective visual areas in the genesis of synesthetic experiences, a number of stud-
ies have also demonstrated the importance of parietal regions involved in attention and 
binding. For example, intraparietal regions are consistently more active in synesthetes 
than in non-synesthetes (Nunn et al. 2002; Paulesu et al. 1995; van Leeuwen et al. 
2010; Weiss et al. 2005). Taken together, these results suggest that, while the activation 
of color specifi c visual areas may be the origin of synesthetic experiences, these color 
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experiences must still be bound by (possibly overactive) parietal mechanisms. While 
anomalous binding may play an important role in the full explanation of the synesthetic 
experiences, it is not suffi  cient to say that synesthesia is a result of anomalous binding, 
since binding must have features upon which to act. We thus suggest that synesthetic 
colors are fi rst elicited in fusiform regions via cross-activation, but are then bound by 
parietal mechanisms in the same way as other visual features. 

 One particularly powerful way to examine these questions depends on the advent 
of methods to measure “functional connectivity” (FC), especially in the absence of a 
task (called resting state fMRI or rs-fMRI; Fox and Raichle 2007; Gusnard and Raichle 
2001). FC is assessed by measuring the correlation between the time series of any two 
brain regions. Th e more strongly correlated the time series is, the more strongly activ-
ity in one brain area depends on brain activity in another area, and the more func-
tionally connected those brain regions are. Th e analysis of correlations can be done 
either within a hypothesis-driven framework, in which ROIs are defi ned a priori, or in 
a data-driven framework, in which spatio-temporal networks are identifi ed through 
the use of independent components analysis (ICA), or through a combination of both 
methods. In addition to measuring simple connectivity, by looking at time-lagged cor-
relations it is also possible to infer which brain region is driving which, using modeling 
techniques like structural equation models (SEM), dynamic causal modeling (DCM), 
and Grainger causality. 

 Van Leeuwen et al. (2011) used DCM analyses to examine network connectivity 
between three regions thought to be involved in the generation of synesthetic expe-
riences: fusiform regions involved in letter-shape analysis (which they refer to as the 
LSA), V4, and parietal cortex for associators and projectors. For projectors, the LSA 
directly drives V4 in a bottom-up manner, while for associators, the LSA drives parietal 
cortex, which in turn drives V4. Critically, they showed the degree to which synesthetes’ 
reports of externally projected experiences was correlated with the degree to which the 
bottom-up versus top-down models fi t the brain imaging data. Th is suggests that, even 
if V4 is activated in both groups of synesthetes, the pathways taken for this information 
may vary. 

 In another recent study, rs-fMRI and ICA were used to identify intrinsic connectiv-
ity networks (ICNs) in 12 grapheme-color synesthetes and 12 matched non-synesthetic 
controls (Dovern et al. 2012). Th e authors identifi ed a set of seven “synesthesia-relevant” 
ICNs, including primary visual cortex, primary auditory cortex and parietal regions and 
a parieto-frontal network. FC was greater in the synesthetes both within and between 
these ICNs and FC strength was correlated with the behaviorally assessed consistency in 
synesthetes’ reports. Synesthetes had three times more signifi cant connections between 
the seven ICNs than did controls. Crucially, synesthetes had stronger connections 
between both visual networks and the right fronto-parietal network than controls, and 
color consistency in synesthetes was correlated with connectivity between visual net-
works and the auditory and right fronto-parietal networks. 

 Other recent studies have similarly demonstrated the importance of both visual areas 
and parietal networks in generating synesthetic experience (Sinke, Neufeld, et al. 2012; 
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Specht and Laeng 2011) and have generally supported the idea that visual and parietal 
networks are more strongly connected in synesthesia, consistent with a two-stage model 
of grapheme-color synesthesia (Hubbard 2007a, 2007b; Hubbard et al. 2011). Taken 
together, these results also demonstrate that increased connectivity between regions 
might be even more widespread than originally thought. For example, Sinke, Neufeld, 
et al. (2012) showed that FC was greater in synesthetes even in primary visual areas, sug-
gesting even more widespread diff erences than predicted in previous models.  

  Less Studied Variants of Synesthesia  

 In the past few years, neuroimaging investigations have expanded well beyond graph-
eme-color synesthesia to include many other forms of synesthesia. Although these 
investigations are only beginning, we hope to spur future research into these ques-
tions, using neuroimaging methods similar to those used in the study of grapheme-
color synesthesia. Although a great deal of data has been collected on grapheme-color 
synesthesia, for most other forms of synesthesia, a great deal more work is needed, 
and examination of some of these forms may require revising or even rejecting cur-
rent models. Indeed, additional research may demonstrate that diff erent mechanisms 
are important to explain diff erent forms of synesthesia, and may even suggest that 
grapheme-color synesthesia is a non-representative model of how synesthesia works 
generally. 

  Sequence-space synesthesia 

 In another form of synesthesia, numbers and other ordinal sequences including months 
of the year and days of the week are associated with specifi c spatial locations (Galton 
1880b, 1880a). Th is oft en co-occurs with grapheme-color synesthesia (Sagiv et al. 2006; 
Seron et al. 1992) and has been referred to as  spatial sequence synesthesi a (SSS; Eagleman 
2009), although it is sometimes described with various other terms depending on the 
particular subvariants under discussion (e.g., described as  number form synesthesia  
when triggered by numbers; Hubbard, Piazza, et al. 2005; or as  time-space synesthesia  
when triggered by months etc. Smilek, Callejas, et al. 2007). Based on numerous patient 
and neuroimaging studies, parietal cortex is generally recognized as a key region for 
numerical and spatial processes (Dehaene et al. 2003; Hubbard, Piazza, et al. 2005; 
Simon et al. 2002) including processing of non-numerical ordinal sequences, such as 
letters (Fias et al. 2007) and months (Ischebeck et al. 2008). Building on these obser-
vations, we proposed that this form of synesthesia arises through cross-activation in 
parietal regions (Hubbard, Piazza, et al. 2005; Ramachandran and Hubbard 2001b), 
and furthermore, that non-conscious numerical-spatial interactions that are present in 
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everyone (e.g., the SNARC eff ect Dehaene et al. 1993) are mediated by similar, albeit 
weaker connections in parietal cortex (Hubbard, Piazza, et al. 2005). An alternative 
model suggests that temporal regions, rather than parietal regions, are the locus of this 
form of synesthesia (Eagleman 2009) as sequences are “reifi ed” and thought of as visual 
objects, which can then be operated on with normal visuo-spatial mechanisms of atten-
tion, including panning, zooming, and translating. 

 Preliminary support for the parietal model comes from fMRI data showing increased 
posterior parietal activation in number-form synesthetes when they performed a 
number task that focused on the ordinal position of the number in a sequence (“fi rst” 
versus “fi ft h”) compared against a task that focused on numerical magnitude (“one” ver-
sus “fi ve”; Tang et al. 2008). Th is focus on numerical sequence is important, as it has been 
suggested that order and sequence is more important to explain SSS than numerical 
magnitude (Eagleman 2009; Hubbard et al. 2009; Sagiv et al. 2006). Consistent with this 
model, a patient who suff ered a gunshot wound which entered near the right angular 
gyrus and lodged near the left  temporal-parietal junction complained that his “number 
plan” for months of the year, days of the week and letters of the alphabet, was no longer 
distinct (Spalding and Zangwill 1950). 

 Steven et al. (2006) conducted a single-case study of a synesthetic participant, JF, who 
had become blind due to retinal degeneration 10 years before the fMRI session. Prior 
to becoming blind, JF reported both SSS and colors for “time words” (day and month 
names). Steven et al. showed that V4 could be activated by auditory presentation of time 
words versus frequency matched non-time words. Similar visual activations were not 
observed in a non-synesthetic late-blind participant or a non-synesthetic sighted par-
ticipant, suggesting that the functional diff erences that lead to synesthesia persist even 
in the absence of visual input. In a follow-up study, Niccolai et al. (2012) sought to disen-
tangle the eff ects of SSS and color synesthesia on JF’s brain activation patterns. Th ey pre-
sented time words that elicited both SSS and colors (“Monday,” “February”), time words 
that elicited only SSS (“morning,” “Easter”), and time words that elicit neither SSS nor 
colors (“season,” “year”). Words that elicited SSS and colors led to greater activation of 
color selective areas near (anatomically defi ned) V4, while words that elicited only SSS 
led to greater activation of posterior/inferior parietal cortex, consistent with the parietal 
model.  

  Mirror-touch synesthesia 

 In mirror-touch synesthesia, observing touch to another person’s body is felt as touch by 
the synesthete (Banissy and Ward 2007; Banissy et al. 2009; see Banissy, Chapter 30, this 
volume). One proposed mechanism for this form of synesthesia is enhanced respon-
siveness in the tactile mirror neuron system, which has been demonstrated to be active 
both when being touched and when observing others being touched. To date, there has 
been only one neuroimaging study of this form of synesthesia (Blakemore et al. 2005). 
Consistent with predictions, neuroimaging of a single mirror-touch synesthete, C, 
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compared against 12 non-synesthetes showed enhanced activation in multiple regions 
of the tactile mirror system, including primary and secondary somatosensory regions. 
Investigation of the data from each participant demonstrated greater activation in C 
than in any of the 12 non-synesthetes. To date, there have been no follow-up neuroim-
aging studies of this form of synesthesia.  

  Ordinal linguistic personifi cation 

 Ordinal linguistic personifi cation (OLP) is another form of synesthesia, in which people 
associate letters and numbers with personalities (e.g., “A” may be thought of as female and 
“the boss,” while “B” might be her toddler son). We suggested that this form of synesthe-
sia depends on cross-activation between brain regions involved in sequence representa-
tions, such as the inferior parietal cortex and regions involved in personality attribution 
(Simner and Hubbard 2006) while other models have suggested numerous anatomical 
substrates in a “personifi cation network” (Smilek, Malcolmson, et al. 2007) including the 
angular gyrus, but also including extra-striate and fusiform regions, the amygdala and 
medial frontal cortex. Recently, a single-case fMRI study examined the neural substrates 
of this form of synesthesia (Amin et al. 2011). Th eir participant, AA, reported personify-
ing about half of the letters in the alphabet, but not the others. In this way, the authors 
were able to directly contrast activations when AA viewed letters she personifi ed versus 
letters she did not. Th e authors found a single focus of activation in the precuneus, which 
leads them to suggest that “OLP may represent an aberration of self-refl ection and/or 
mental imagery” (275), although the authors suggest caution in interpreting the absence 
of other activations, given the single-case design. Future studies will be needed to better 
understand the neural mechanisms of OLP in a larger number of participants.  

  Lexical-gustatory synesthesia 

 Finally, lexical-gustatory synesthesia involves tasting the fl avors of food in response 
to heard, read, or thought words (Ward and Simner 2003; Ward et al. 2005). Given the 
role of insular cortex and its adjacency to auditory regions involved in the analysis of 
auditory words, it seems natural to speculate that lexical-gustatory synesthesia might 
arise through cross-activation of these regions. In the only neuroimaging study of this 
form of synesthesia to date, Jones et al. (2011) demonstrated increased activation in 
the insula and the precuneus in two lexical-gustatory synesthetes. Interestingly, insu-
lar activation was related to the emotional valence of the experienced taste (pleas-
ant/unpleasant) while precuneus activation was related to the subjective intensity of 
the tastes. Whether these fi ndings hold across all synesthetes, and how these diff erent 
regions interact to yield the full-blown experience of lexical-gustatory synesthesia is 
still to be determined.   
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  Future Directions  

 Although the past 25 years have seen great progress in our understanding of the neural 
basis of synesthesia, there is still much work to be done. First, many diff erent types of 
evidence have been brought to bear on the neural basis of grapheme-color synesthe-
sia, but similarly intensive studies have not yet been carried out on the other forms of 
synesthesia, and to date none of the studies demonstrating anatomical and functional 
diff erences in other forms of synesthesia have been replicated. Th us, greater eff orts to 
apply the methods developed in the study of grapheme-color synesthesia to other forms 
of synesthesia will be critical. Indeed, systematic exploration of other forms of synesthe-
sia may lead to the conclusion that diff erent forms of synesthesia depend on diff erent 
mechanisms, although much of the available evidence appears consistent with the cross-
activation theory (Hubbard et al. 2011). 

 Second, there are no empirical studies of the neural development of synesthesia (but 
see Mitchell, Chapter 27, this volume, for a discussion). Methods for neuroimaging 
with children are becoming widespread, and have been applied to a number of ques-
tions in cognitive and perceptual development. Similar methods, combined with meth-
ods of identifying and tracking children who are synesthetic (e.g., Simner et al. 2009) or 
who are likely to become synesthetic (e.g., Green and Goswami 2008) will be critical to 
understanding the development of synesthesia, and how genes and experience interact. 
One recent proposal (Cohen Kadosh et al. 2009) suggests that both play a role, building 
on the interactive specialization framework (Johnson 2001, 2011). 

 However, interactive specialization is intended as a domain-general account of brain 
development, and as such does not distinguish between evolutionarily ancient systems 
and modern cultural systems. Why, for example, is grapheme-color synesthesia more 
common than face-color synesthesia if adjacency and brain wiring are the only fac-
tors that count? Perhaps the degree to which cortex must reorganize during learning 
is greater for novel culturally acquired systems like graphemes (Dehaene and Cohen 
2007) and ordinal sequences (Cohen Kadosh et al. 2009) than for items that have a long 
evolutionary history, like faces or colors. Th is greater degree of cortical reorganization 
for novel cultural artifacts might provide greater opportunities for cross-activation in 
the cortical recycling process. 

 Finally, we must address the relative absence of neuroimaging data directly test-
ing other neurophysiological models of synesthesia. For example, the evidence that 
synesthesia arises from altered neurotransmitter balance leading to disinhibition is 
largely anecdotal. Grossenbacher and Lovelace (2001) note that experiences simi-
lar to synesthesia can sometimes be elicited with psychedelics. However, system-
atic analysis demonstrates numerous important diff erences between these forms of 
synesthesia, and suggests that they arise from diff erent neural mechanisms (Sinke, 
Halpern, et al. 2012). 
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 Additionally, none of these pharmacological hypotheses of synesthesia have been 
tested with neuroimaging methods such as PET, single photon emission computed 
tomography (SPECT), or magnetic resonance spectroscopy (MRS). Future studies 
using these methods will help to identify whether there are any diff erences in neu-
rotransmitter concentrations, receptor density or other alterations in synthesis or 
breakdown of specifi c neurotransmitters involved with cortical inhibition and exci-
tation. Radioactive tracer molecules developed for use with PET and SPECT, called 
radioligands, show striking specifi city, diff erentially binding to specifi c neurotrans-
mitter receptors within specifi c brain regions. Based on the hypothesis that syn-
esthesia results from diff erences in cortical excitability (Terhune et al. 2011), and in 
particular, from disinhibited feedback, we might also predict imbalances in the pri-
mary neurotransmitter systems involved in cortical excitation and inhibition, gluta-
mate and GABA, respectively. MRS methods are ideally suited to measuring levels 
of these neurotransmitters, including GABA and glutamate/glutamine. MRS meth-
ods have shed considerable light on the processes of glutamate and GABA synthesis 
use and reuptake (for a review, see Petroff  2002) and could shed similar light on the 
relative role of these neurotransmitters, if any, in the increased cortical excitability 
thought to be associated with synesthesia. Future studies using these methods will 
be critical to evaluating the possibility that diff erences in neurotransmitter function 
underlie synesthesia .  

    Table 24.1     Neuroimaging studies of synesthesia 

 Study  Form of synesthesia  Method 

 Participants 

(syn. versus con.) 

Cytowic and Stump 

1985/Cytowic 

1989/2002

Taste-shape Xe 133 n = 1, within 

participants

Paulesu et al. 1995 Auditory-word color PET n = 6 vs 6

Aleman et al. 2001 Grapheme-color fMRI n = 1, within 

participants

Weiss et al. 2001 Colors for names of 

personally familiar 

people

fMRI n = 1, within 

participants

Nunn et al. 2002 Auditory word-color fMRI n = 13 vs 27

Elias et al. 2002 Grapheme-color fMRI n = 1, within 

participants

Hubbard et al. 2005 Grapheme-color fMRI with retinotopy n = 6 vs 6

Blakemore et al. 2005 Mirror touch fMRI n = 1 vs 12

Weiss et al. 2005 Grapheme-color fMRI n = 9, within 

participants

Sperling et al. 2006 Grapheme-color fMRI with retinotopy n = 4
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 Study  Form of synesthesia  Method 

 Participants 

(syn. versus con.) 

Steven et al. 2006 Auditory-color time 

words vs non-time 

words

fMRI n = 1 late blind vs 

n = 1 late blind 

control and n = 1 

sighted

Gray et al. 2006 Grapheme-color ACE fMRI n = 8 with, n = 

7 without, n = 7 

controls

Rich et al. 2006 Grapheme-color fMRI n = 7 vs 7

Rouw and Scholte 2007 Grapheme-color fMRI (+DTI) n = 18 vs 18

Cohen Kadosh et al. 

2007

Explicit bi-directional 

g-c

fMRI n = 1

Tang et al. 2008 Number forms (SSS) fMRI n = 10 vs 10

Beauchamp and Ro 

2008

Acquired sound-touch fMRI n = 1 vs 9

Rouw and Scholte 2010 Grapheme-color fMRI (+VBM) n = 42, 16 projectors 

vs 26 associators 

vs 42

Van Leeuwen 

et al. 2010

Grapheme-color fMRI + fMRI-A n = 19 vs 19

Van Leeuwen et al. 2011 Grapheme-color functional 

connectivity

n = 19 vs 19 (same 

participants as van 

Leeuwen et al., 2010)

Gaschler-Markefski 

et al. 2011

Auditory word-color fMRI n = 7 vs 7

Laeng et al. 2011 Grapheme-color fMRI color distance n = 2, within 

participants

Specht and Laeng 2011 Grapheme-color fMRI, ICA n = 2 vs 2 (same 

participants as Laeng 

et al., 2011)

Jones et al. 2011 Lexical-gustatory fMRI n = 2 vs 10

Amin et al. 2011 Personifi cation fMRI n = 1, within 

participants

Hup é  et al. 2012 Grapheme-color fMRI + fMRI-A with 

retinotopy

10 vs 25

Neufeld et al. 2012 Auditory-visual Functional 

connectivity

n = 14

Niccolai, van Leeuwen, 

et al. 2012

Blind SSS fMRI n = 1, within 

participants (same as 

Steven et al. 2006)

Dovern et al. 2012 Grapheme-color Functional 

connectivity

n = 12 vs 12

Sinke, Neufeld, et al. 

2012

Grapheme-color Functional 

connectivity

n = 18 vs 18

Table 24.1 Continued
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