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Abstract

Grapheme—color synesthetes perceive particular colors when seeing a letter, word or number (grapheme). Functional neuroimaging
studies have provided some evidence in favor of a neural basis for this type of synesthesia. Most of these studies have reported extra
activations in the fusiform gyrus, which is known to be involved in color, letter and word processing. The present study examined
different neuroanatomical features (i.e. cortical thickness, cortical volume and cortical surface area) in a sample of 48 subjects (24
grapheme—color synesthetes and 24 control subjects), and revealed increased cortical thickness, volume and surface area in the
right and left fusiform gyrus and in adjacent regions, such as the lingual gyrus and the calcarine cortex, in grapheme—color
synesthetes. In addition, we set out to analyze structural connectivity based on fractional anisotropy (FA) measurements in a
subsample of 28 subjects (14 synesthetes and 14 control subjects). In contrast to the findings of a recent neuroanatomical study
using modern diffusion tensor imaging measurement techniques, we did not detect any statistically significant difference in FA
between synesthetes and non-synesthetes in the fusiform gyri. Our study thus supports the hypothesis of local anatomical
differences in cortical characteristics in the vicinity of the V4 complex. The observed altered brain anatomy in grapheme—color
synesthetes might be the anatomical basis for this particular form of synesthesia but it is also possible that the detected effects are a

consequence (rather than the primary cause) of the life-long experience of grapheme—color synesthesia.

Introduction

Synesthesia is a perceptual phenomenon in which certain stimuli elicit
a sensation in two or more sensory modalities; for example, specific
tones may automatically evoke the perception of particular colors.
There are different kinds of linkages between sensory modalities, the
most frequent being linkages of letters and digits (graphemes) with
colors (Rich et al., 2005). The cause of this extraordinary phenomenon
is still unknown.

Hubbard & Ramachandran (2005) and Hubbard (2007) proposed an
influential two-stage model for the so called grapheme—color synes-
thesia, one of the most studied variants of synesthesia. According to
their model, synesthetic experience arises from abnormal cross-
activation between the grapheme area and the color area in the
fusiform gyrus (FG) due to synesthesia-specific local connections. The
synesthetic color perceptions driven by the FG are then thought to be
bound together by top-down mechanisms controlled by the parietal
cortex, this in turn resulting in a kind of ‘hyperbinding’. This two-
stage model was developed on the basis of several studies that
reported neuronal correlates for grapheme—color synesthesia (Nunn
et al., 2002; Rich & Mattingley, 2002; Hubbard & Ramachandran,
2005; Hubbard et al., 2005a,b; Weiss et al., 2005; Esterman et al.,
2006; Sperling et al., 2006; Muggleton et al., 2007; Beeli et al., 2008).

In functional neuroimaging experiments based on functional
magnetic resonance imaging and positron emission tomography,
specific brain areas have been found to show different activations in
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grapheme—color or colored-hearing synesthetes compared with con-
trols (Nunn et al, 2002; Rich & Mattingley, 2002; Hubbard &
Ramachandran, 2005; Hubbard et al., 2005a; Sperling et al., 2006).
Different activations have been found in the left and right color center
within the FG (the V4 complex), in the posterior inferior temporal
gyrus, in the lingual gyrus, in frontal brain areas and in regions in the
(mostly left) parietal cortex (intraparietal sulcus; IPS; Hubbard et al.,
2005a,b; Hubbard & Ramachandran, 2005; Weiss et al., 2005;
Sperling et al., 2006; Beeli ef al., 2008). In addition, inhibition of the
right (but not the left) parietal cortex with transcranial magnetic
stimulation was found to transiently disrupt synesthesia (Esterman
et al., 2006; Muggleton et al., 2007). Different intracerebral activa-
tions in these regions have also been reported for synesthetes on the
basis of electrical tomography (Beeli et al., 2008).

While these studies support the hypothesis that the identified brain
regions are differently involved in the processing of perceived stimuli
in synesthetes, a recent paper (Rouw & Scholte, 2007) using diffusion
tensor imaging (DTI) provided the first evidence for specific
neuroanatomical features in synesthetes. This study demonstrated
increased structural connectivity in temporo-occipital, parietal and
superior frontal regions in grapheme—color synesthetes, thus support-
ing the hypotheses of anatomical hyperconnectivity in grapheme—
color synesthetes. We recently used voxel-based morphometry and
DTI to investigate the neuroanatomical underpinnings of interval—
taste and tone—color synesthesia in the multiple synesthete E.S.
This case study revealed hyperconnectivity of auditory to gustatory
areas and gray and white matter volumetric alterations as well as
increased fractional anisotropy (FA) in auditory, gustatory and visual
areas (Hénggi et al., 2008). Most recently, Weiss & Fink (2008)
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demonstrated increased GM volumes in the right FG and the left IPS
in grapheme—color synesthetes. The preceding findings have been
taken as evidence for the Hubbard & Ramachandran (2005) two-stage
model of grapheme—color synesthesia.

In the present study we aimed to replicate the preceding anatomical
studies and to extend the focus of our study to other anatomical
features. In particular, we sought to examine cortical volume, cortical
thickness and cortical surface area on the basis of T1-weighted
magnetic resonance images in synesthetes and non-synesthetes using
well-validated surface-based morphometric methods (Dale et al.,
1999; Fischl et al., 1999a; Fischl & Dale, 2000; Kuperberg et al.,
2003; Rauch et al., 2004; Salat et al., 2004). We anticipated group
differences in brain areas associated with the analyses of colors and
graphemes, that is, the FG and adjacent brain regions in the ventral
visual stream (Bartels & Zeki, 2000; Pernet ef al., 2005; Joseph et al.,
2006; Vinckier et al., 2007). In addition, we tested whether superior
frontal (as in Rouw & Scholte, 2007) and parietal (as in Rouw &
Scholte, 2007; and Weiss & Fink, 2008) brain regions show
differences in terms of cortical thickness, cortical volume, cortical
surface area and fractional anisotropy.

Materials and methods
Subjects

Twenty-four synesthetes (20 women and four men) with a mean + SD
age of 29.2 + 10.1 years and 24 controls (20 women and four men;
mean age 27.3 £ 6.2 years) matched for age, sex, handedness and
education participated in the study. In 28 out of the 48 participants
(14 synesthetes and 14 controls) diffusion-weighted images were
available (synesthetes, 28.6 + 7.6 years, 10 women and four men;
controls, 29.4 + 10.4 years, 10 women and four men). With respect to
education, most of the participants in both groups have an academic
background and hence their years of education are closely matched.
Four synesthetes had already participated in our previous investiga-
tions (Beeli ez al., 2007, 2008). All synesthetes reported a lifelong
history of grapheme—color perception (i.e. as long as they could
remember) and were tested carefully for their color perception to
letters and numbers with the established ‘test of genuineness’ that is
typically used for the diagnosis of synesthesia (Baron-Cohen et al.,
1987). All synesthetes had to repeat this test at least 1 month later, and
all synesthetes demonstrated constant synesthetic perception. All
participants were consistently right handed according to the procedure
proposed by Annett (1970), had no history of neurological, neuro-
psychological or psychiatric disease, and denied taking illegal drugs or
medication. The local ethics committee (Kantonale Ethikkommission
Ziirich, according to the Declaration of Helsinki) approved the study
and written informed consent was obtained from all participants.

Magnetic resonance imaging (MRI) data acquisitions

MRI scans were acquired on a 3.0 T Philips Intera whole-body
scanner (Philips Medical Systems, Best, The Netherlands) equipped
with a transmit-receive body coil and a commercial eight-element
sensitivity encoding (SENSE) head coil array. A volumetric 3-D T1-
weighted gradient echo sequence (turbo field echo) scan was obtained
from all 48 participants, with a measured spatial resolution of
1x1x1.5mm’ (acquisition matrix 224 x 224 pixels, 180 slices)
and a reconstructed resolution of 0.86 x 0.86 x 0.75 mm> (recon-
structed matrix 256 X 256 pixels, 180 slices). Further imaging
parameters were: Field of view (FOV) = 220 x 220 mm?, echo-time
(TE) = 2.3 ms, repetition-time (TR) = 20 ms, flip-angle = 20°.

As one aim of the present study was the replication of the findings
on structural connectivity by Rouw & Scholte (2007), we adhered as
closely as possible to their analysis. Structural connectivity was based
on the FA, which was calculated based on diffusion-weighted spin-
echo echo-planar imaging measurements (TR = 10,166 ms,
TE =50 ms, flip angle =90°, FOV =200 x 200 mm, measured
spatial resolution of 2.08 x 2.13 x 2.0 mm3, matrix size = 96 X 96,
50 slices, slice thickness =2 mm, reconstructed voxel size =
1.56 x 1.56 x 2 mm3, reconstructed matrix = 128 x 128 pixels, 50
slices, SENSE factor = 2.1). Diffusion was measured in 15 non-
collinear directions with a b-value of 1000 s/mm? followed by a non-
diffusion-weighted volume (reference volume).

Surface-based morphometry

Cortical surface reconstruction and volumetric segmentation was
performed with the FreeSurfer image analysis suite, which
is documented and freely available for download online (http://
surfer.nmr.mgh.harvard.edu/). The technical details of these proce-
dures are described in prior publications (Dale et al, 1999; Fischl
et al., 1999a,b, 2001, 2002, 2004a,b; Fischl & Dale, 2000; Ségonne
et al., 2004). Briefly, the 3-D structural T1-weighted MRI scan was
used to construct models of each subject’s cortical surface in order to
measure brain features such as cortical thickness, cortical surface area
and cortical volume. This is a fully automated procedure involving
segmentation of the cortical white matter (Dale er al, 1999),
tessellation of the grey—white matter junction, inflation of the folded
surface tessellation patterns (Fischl et al, 1999a) and automatic
correction of topological defects in the resulting manifold (Fischl
et al., 2001). This surface was then used as the starting point for a
deformable surface algorithm designed to find the grey—white and pial
(grey matter—cerebrospinal fluid) surfaces with submillimeter preci-
sion (Fischl & Dale, 2000). The procedures for measuring cortical
thickness have been validated against histological analysis (Rosas
et al., 2002) and manual measurements (Kuperberg et al., 2003; Salat
et al., 2004). This method uses both intensity and continuity
information from the surfaces in the deformation procedure in order
to be able to interpolate surface locations for regions in which the MRI
image is ambiguous (Fischl & Dale, 2000). For each subject, cortical
thickness of the cortical ribbon was computed on a uniform grid
(comprised of vertices) with 1 mm spacing across both cortical
hemispheres, with the thickness being defined by the shortest distance
between the grey—white and pial surface models. The thickness maps
produced are not limited to the voxel resolution of the image and are
thus sensitive to detecting submillimeter differences between groups
(Fischl & Dale, 2000). Thickness measures were mapped to the
inflated surface of each participant’s brain reconstruction, allowing
visualization of data across the entire cortical surface (i.e. gyri and
sulci) without being obscured by cortical folding. Each subject’s
reconstructed brain was then morphed to an average spherical surface
representation that optimally aligned sulcal and gyral features across
subjects (Fischl et al, 1999b). This procedure provides accurate
matching of morphologically homologous cortical locations among
participants on the basis of each individual’s anatomy while
minimizing metric distortions. This transform was used to map the
thickness measurements into a common spherical coordinate system.
Additionally, parcellation of the cerebral cortex into units based on
gyral and sulcal structure (Fischl et al., 2004b; Desikan et al., 2006)
and creation of a variety of surface based data including maps of
cortical volume and surface area as well as curvature and sulcal depth.
Data were resampled for all subjects into a common spherical
coordinate system (Fischl et al., 1999b). The data were then smoothed
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on the surface tessellation using an iterative nearest-neighbor averag-
ing procedure (50 iterations were applied, equivalent to applying a
two-dimensional Gaussian smoothing kernel along the cortical surface
with a full-width-at-half-maximum of ~13 mm). In addition, we
calculated global anatomical measures (cortical volume, cortical
thickness and cortical surface area) for each hemisphere in order to
use these values as covariates of interest and to control for global
between-group differences.

Analysis of FA

Here we applied the preprocessing and analysis of Tract-Based Spatial
Statistics (TBSS) (Smith et al., 2006) using FSL (FMRIB Software
Library; http://www.fmrib.ox.ac.uk/fsl/) (Smith et al., 2004) tools such
as the FDT (FMRIB Diffusion Toolbox) (Behrens et al., 2003) tool to
create FA maps. The following steps were realized. (i) Eddy current
and head movement correction were applied using the EDDY COR-
RECT tool of FDT. (ii) An individual binary brain mask was created
on the non-diffusion-weighted images using BET (Brain Extraction
Tool). (iii) Tensors were fitted to the data using the DTIFIT toll of
FDT. (iv) Non-linear normalization of the FA maps and non-linear
registration into a standard stereotactic space was done with TBSS
scripts (Smith et al., 2006) implemented in FSL (Smith et al., 2004).
(v) Voxel-wise statistical analysis of the FA maps was carried out
using TBSS scripts. (vi) A mean FA image was created after alignment
into a common stereotactic space and was then reduced to an image
called ‘mean FA skeleton’ (an alignment-invariant tract representa-
tion), helping to overcome the problem of the arbitrariness of
smoothing extent. (vii) The significance of the comparison between
the two groups was calculated by means of voxel-wise #-tests for
independent comparisons.

Statistical analyses

General linear models were applied to the surface-based morphometric
maps and to the FA maps. We compared synesthetes and controls with
respect to (i) regional cortical volume; (ii) regional cortical thickness
and (iii) regional cortical surface area, while simultaneously control-
ling for (a) the whole cortical volume; (b) the mean cortical thickness
and (c) the whole cortical surface area, respectively. Hemisphere-
specific group effects on these latter-mentioned global measurements
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(a, b and c) as well as on intracranial volume (ICV) were evaluated in
addition. In terms of regional measurements, due to our strong a priori
hypotheses, we only focused on bilateral temporo-occipital regions
such as the fusiform and lingual gyrus where the color and visual word
form areas are located (Bartels & Zeki, 2000; Pernet et al., 2005;
Joseph et al., 2006; Vinckier et al., 2007). Differences between the
two groups with respect to all regional anatomical measures, i.e.
cortical thickness, volume and surface area as well as FA, were
examined using f-tests with a height threshold of P < 0.01 uncorrected
for multiple comparisons and an extent threshold of & = 50 vertices
(and 30 voxels in the case of FA). For regions outside these areas we
used a statistical threshold of P < 0.05 corrected for multiple
comparisons. With respect to age, ICV and global anatomical
measures, we used #-tests with a threshold of P < 0.05 uncorrected.

Results
Global measurements

As shown in Table 1 the left- and right-hemispheric cortical surface
areas were slightly larger in synesthetes (left hemisphere, 7,5 =2.4,
P =0.021; right hemisphere, #46=2.25, P =0.029). We also found
larger cortical volumes within the right hemisphere in synesthetes
(t46=2.22, P =0.031) and a trend toward significantly larger cortical
volumes within the left hemisphere in synesthetes (#46=1.79,
P=0.080). There were no group differences with respect to age,
cortical thickness, intracranial volume or mean fractional anisotropy.

Surface-based measurements

As shown in Fig. 1 and Table 2, we obtained larger cortical volumes
and cortical thickness values in synesthetes than in non-synesthetes in
several regions of the ventral visual stream including the right FG
(Fig. 1C-E; location of peak difference for cortical volume: x = 34,
y=-34, z=-25; and for cortical thickness: x =129, y=-50,
z = —14). Moreover, we revealed larger cortical surface area in
synesthetes in the left FG (Fig. 1G; x = =39, y = =38, z = -25).
There were also significant differences in the lingual gyrus (Figs 1A
and B, cortical volume: x = —18, y = =46, z=-5; x =3, y = —69,
z = §; Fig. 1E, cortical thickness: x = 24, y = =51, z = =2; Fig. 1F,
cortical surface area: x = 5, y = =76, z = 9). Besides these differences
in the brain areas of highest interest there were also some group

TABLE 1. Demographic characteristics and global morphological measurements of the left and right cortices in the synesthetes and non-synesthetes

Measure Grapheme—color synesthetes Control subjects P-value*
SBM sample (n=24) (n=24) (df = 46)
Age (years) 29.2 +10.1 (18.0-46.0) 27.3 + 6.2 (18.0-42.0) 0.434

Volume (cm®)
Intracranial 1473.1 £ 163.4 (1285.9-1776.9) 1440.2 + 108.5 (1274.9-1647.2) 0.416

Total L cortical
Total R cortical
Thickness (mm)
Mean L cortical
Mean R cortical
Surface area (cm?)
Total L cortical
Total R cortical
DTI sample
Age (years)
Fractional anisotropy (0-1)

262.8 +27.8 (226.8-317.7)
260.0 = 24.5 (229.0-320.5)

2.618 £ 0.104 (2.380-2.780)
2.606 = 0.094 (2.440-2.800)

897.5 + 90.7 (747.5-1052.7)
894.7 + 88.4 (759.5-1059.0)
(n=14)

28.6 + 7.6 (18.0-42.0)
0.261 + 0.012 (0.233-0.279)

250.4 £ 19.0 (215.8-286.3) 0.08

245.9 £ 19.0 (215.8-278.7) 0.031
2.657 £ 0.083 (2.490-2.810) 0.162
2.624 £ 0.070 (2.520-2.760) 0.47
843.5 + 62.4 (720.2-1006.9) 0.021
842.9 + 69.6 (715.6-1026.8) 0.029
(n=14) (df = 26)
29.4 +10.4 (18.0-46.0) 0.821
0.260 + 0.083 (0.245-0.273) 0.806

Data are presented as Means + SD, with range (minimum-maximum) in parentheses. SBM, surface-based morphometry; DTI, diffusion tensor imaging; FA,
fractional anisotropy; L, left; R, right; df, degrees of freedom. *P-value according to #-tests.
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FIG. 1. Statistical parametric maps of the surface-based morphometry. Shown
are predicted clusters of (A—C) increased cortical volume, (D and E) cortical
thickness and (F and G) cortical surface area in the synesthetes compared with
non-synesthetes in the fusiform, lingual and calcarine cortex (summarized in
Table 2). Statistical parametric maps were projected onto the mean cortical
surface of the 48 participants and thresholded with P < 0.01 uncorrected for
multiple comparisons.

differences in adjacent brain regions, namely the calcarine cortex
(Fig. 1D) and lateral occipital areas, with synesthetes showing larger
values than controls. Applying the uncorrected statistical height
threshold (which we used for the regions for which we have strong
a priori hypotheses) there were also some morphological differences
in areas for which we did not have a priori hypotheses. We present
these brain areas in Table 3 because they can also be seen in the figures
showing the morphological differences for which we had strong
a priori hypotheses (Table 3). When using corrections for multiple

FiG. 2. Statistical parametric maps of the diffusion tensor imaging. Shown are
regions with increased fractional anisotropy in the synesthetes compared with
non- synesthetes in (A) the left hippocampus, (B) the left optic radiation, (C)
the left inferior fronto-occipital fasciculus and (D) the splenium of the corpus
callosum. Statistical parametric maps were overlaid on the mean structural
image of the 48 participants and thresholded with P < 0.01 uncorrected for
multiple comparisons. The skeleton of the mean fiber tracts is shown in green.

comparisons for brain regions outside the temporo-occipital and visual
cortex, there were no statistically significant differences in any of our
morphometric measures. We did not assess the inverse contrast, i.e.
regions where non-synesthetes showed larger values than synesthetes,
because we had no a priori hypotheses.

FA measurements

Applying a statistical threshold of P < 0.01 (uncorrected for multiple
comparisons), we did not find any significant differences between FA
values in synesthetes and non-synesthetes in the ventral visual stream
comprising the FG. Lowering the statistical threshold to P = 0.05
(uncorrected for multiple comparisons), we detected larger FA values

TABLE 2. Surface-based morphometry results: predicted clusters for synesthetes > controls

MNI coordinates

Cluster Number P-value

Measure and anatomical location Figure Hemi-sphere size (mm?) of vertices X y z (df = 45)
Cortical volume

Calcarine sulcus/lingual gyrus 1A Left 36.1 70 -18 —46 -5 0.0031
Lingual gyrus/intracalcarine

cortex (V1) 1B Right 74.8 105 3 -69 8 0.0034

Fusiform gyrus 1C Right 183 281 34 -34 =25 0.0005
Cortical thickness

Calcarine sulcus (V2)/lingual gyrus 1D, E Right 148.9 334 24 =51 -2 0.0002

Intracalcarine cortex (V1) 1D Right 79.5 86 5 -65 10 0.0011

Fusiform gyrus (anterior V4) extending into the anterior 1D, E Right 419.6 622 29 =50 -14 0.0006

collateral transverse sulcus

Lateral superior occipital cortex (NS) Right 72.5 85 45 =79 21 0.0042
Cortical surface area

Fusiform gyrus 1G Left 63.8 88 -39 -38 =25 0.0013

Lingual gyrus/intracalcarine cortex (V1) 1F Right 99.4 106 5 =76 9 0.0018

Lateral occipital cortex (NS) Right 39.7 50 30 -86 7 0.0021

Precuneus 1F Right 39.1 67 4 -59 27 0.0046

Predicted clusters of increased cortical volume, thickness and surface area in the synesthetes compared with non-synesthetes in the fusiform, lingual and calcarine

cortex (as shown in Fig. 1). MNI, Montreal Neurological Institute; NS, not shown.
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TABLE 3. Surface-based morphometry results: unexpected clusters for synesthetes > controls

MNI coordinates

Cluster Number P-value

Measure and anatomical location Figure Hemi-sphere size (mm?) of vertices X y z (df = 45)
Cortical volume

Pericallosal sulcus 1A Left 12 54 -9 -48 19 0.0052

Rectal gyrus 1B, C Right 20.8 62 9 26 -22 0.0035
Cortical thickness

Orbitofrontal cortex 1E Left 112.1 267 =23 12 -23 0.0013

Central sulcus NS Right 107.9 182 48 -6 41 0.0008

Rectal gyrus 1E Right 25.6 82 10 25 =25 0.0023

Middle temporal gyrus NS Right 69.8 107 68 -15 -19 0.0031

Postcentral gyrus NS Right 27.8 78 61 -10 40 0.0039

Superior circular sulcus of insula NS Right 51.1 112 46 -14 22 0.0042
Cortical surface area

Cingulate gyrus (main part) NS Left 89 168 -6 20 29 0.0006

Superior circular sulcus of insula NS Left 259 62 =35 -14 20 0.0047

Inferior circular sulcus of insula NS Right 26.4 54 40 =11 -13 0.0027

Orbitofrontal cortex 1G Right 74.4 78 25 54 -14 0.0049

Clusters of increased cortical volume, thickness and surface area in the synesthetes compared with non-synesthetes in brain regions that were not a priori expected

(some of them are shown in Fig. 1). MNI, Montreal Neurological Institute.

TABLE 4. Diffusion tensor imaging results (fractional anisotropy): predicted clusters for synesthetes > contsrols

MNI coordinates

Cluster P-value
Anatomical location Figure Hemi-sphere size (mm?) X v z (df = 26)
Hippocampus 2A Left 70 -9 =33 -14 0.000051
Optic radiation/inferior fronto-occipital fasciculus 2B Left 51 -35 =52 -4 0.000231
Inferior fronto-occipital fasciculus 2C Left 49 =25 20 14 0.00041
Splenium of corpus callosum 2D Left 34 -12 -40 11 0.000004

Listed are regions with increased fractional anisotropy in the synesthetes compared with non-synesthetes. MNI, Montreal Neurological Institute.

in synesthetes in left-sided fiber tracts in the FG. Using a height
threshold of P < 0.01 (uncorrected for multiple comparisons) we
found increased FA values in synesthetes (Table 4) in the hippocampus
(Fig. 2A), the inferior fronto-occipital fasciculus (Figs 2B and C) and
in the splenium of the corpus callosum (Fig. 2D). We did not assess
the inverse contrast, i.e., regions where non-synesthetes showed larger
FA values than synesthetes, because we had no a priori hypotheses.

Discussion

The aim of the present study was to establish the presence of
neuroanatomical correlates of grapheme—color synesthesia in the
ventral visual stream including the FG. As hypothesized, we found
increased cortical volume, cortical thickness and cortical surface areas
in synesthetes than in non-synesthetes. Differences in cortical structure
were most prominent in the more anterior parts of the FG, roughly in
the area of V4a, that is, in brain regions shown to be involved in color,
letter and word processing (Bartels & Zeki, 2000; Pernet et al., 2005;
Joseph et al., 2006; Vinckier et al., 2007). These brain areas have also
been identified in functional studies using functional magnetic
resonance imaging and electrical tomography in which the cortical
activations in grapheme—color and color-hearing synesthetes were
explored (Nunn et al., 2002; Hubbard & Ramachandran, 2005;
Hubbard ef al., 2005a; Sperling et al., 2006; Beeli et al., 2008). While
two of these functional studies reported increased activations bilater-
ally in V4, the other three studies found only left-hemispheric
activations. It is currently unclear whether the different asymmetry
patterns reflect different processing strategies.

Our study found larger cortical thickness and cortical volume in
synesthetes within the right anterior FG, while cortical surface area
was larger within the left anterior FG. As far as cortical thickness and
cortical volume are concerned, these findings correspond closely with
those of Weiss & Fink (2008), who found increased grey matter
density in the right FG. However, the peak differences in our study
were more anteriorly located than those of Weiss and Fink. The left
anterior FG, for which we obtained larger cortical surface measures in
synesthetes, has been shown to be involved in color naming (Chao &
Martin, 1999). By lowering the statistical thresholds to a more lenient
significance level of P < 0.05 (uncorrected) we also detected bilateral
differences in the FG. However, by lowering the statistical threshold
we did not find differences in the IPS and were therefore unable to
replicate the findings of Weiss & Fink (2008), at least in the left IPS.
Irrespective of these incongruencies, our findings do support the
hypothesis of a different cortical structure in grapheme—color synes-
thetes in brain areas involved in color, letter and word processing.

Our DTI data only partially replicate previous findings of increased
fractional anisotropy in the right ventral visual stream including the
FG (Rouw & Scholte, 2007). Only by substantially lowering the
statistical threshold (P < 0.05 uncorrected) were we able to detect
differences in FA values between synesthetes and non-synesthetes in
the right FG. It is of course clear that, at such a low threshold, the FA
differences found in the FG bilaterally suffer a loss of specificity
because many widely distributed brain areas also showed structural
differences. We did uncover a correspondence between the peak
difference for the cortical volume found in our study and the increased
FA values found in the Rouw & Scholte (2007) study (Fig. 1C: 34,
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—34, -25; Rouw & Scholte: 36, —40, —21). It remains to be
established whether the discrepancy in findings is attributable to global
inter-individual differences in cortical structures or different strategies
of the synesthetes which might be related to differences in the
underlying neuroanatomy (e.g. projecting or associating).

Cortical thickness (and cortical volume) as used in our study is a
measure of the brain’s outer surface, which contains ~80% of neurons.
Within this thin sheet, measuring only 1.5-4.5 mm, strong local
connections (0—3 mm) between neurons are formed, thus promoting the
idea of local processing units (small world networks). More remote
connections are achieved via fibers in white matter tracts, as connections
between either gyri, hemispheres, basal ganglia or other nuclei (e.g.
thalamus). Increased cortical thickness (as in our study) could be due to a
greater arborisation per neuron, increased glial volume or increased
regional vasculature. Our findings may therefore be taken to suggest that
local processing units within the fusiform gyrus are differently
organized in grapheme—color synesthesia. However, future studies have
to explore whether local anatomical features evolve independently of
connections between remote brain areas.

In addition to the differences in the FG, we detected different
cortical morphometric measures in the precuneus, superior occipital
cortex, orbitofrontal cortex, the vicinity of the central sulcus, the
hippocampus and the insula. Given that effects were below the
threshold of corrected significance, and that we did not have any
a priori hypothesis for these particular brain regions, these data need
to be viewed with due caution. Future analyses are clearly necessary to
confirm the significance of these regions before any sound conclusions
can be drawn.

In summary, our study revealed structural alterations in cortical
volume, cortical thickness and cortical surface area associated with
grapheme—color synesthesia in the ventral visual stream including the
FG. This leads to the suggestion that the specific interlinkage between
graphemes and color in synesthetes is causally attributable to these
specific anatomical alterations. However, great caution is due when
drawing conclusions on the basis of anatomical differences between
synesthetes and non-synesthetes. First, although all published mor-
phometric studies of grapheme—color synesthetes have uncovered
similarities, there are striking differences between these studies. It
follows from this that the evident (and partly diverging) anatomical
differences cannot entirely explain grapheme—color synesthesia.
Secondly, the anatomical findings are not entirely compatible with
the ‘cortical disinhibition’ hypotheses (Grossenbacher & Lovelace,
2001; Cohen Kadosh & Henik, 2007). Finally and most importantly, it
is possible that the detected anatomical differences are a consequence
of and not the primary reason for the life-long experience of
grapheme—color synesthesia. Several studies have shown that short-
and long-term motor and cognitive training is associated with selective
and transient neuroanatomical changes in grey and white brain matter
in young and older subjects (Draganski et al., 2004, 2006, 2008;
Boyke et al., 2008; Driemeyer et al., 2008). The amount of practice is
also known to be an important factor in defining the extent of
anatomical reorganizations (Maguire et al., 2000; Gaser & Schlaug,
2003; Bengtsson et al., 2005; Aydin et al., 2007; Cannonieri et al.,
2007).
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