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Intrinsic Network Connectivity Reflects Consistency of
Synesthetic Experiences
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and Valentin Ried]?*
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Hospital Cologne, 50937 Cologne, Germany, and *Departments of Neuroradiology, Neurology, Klinikum Rechts der Isar, Technische Universitat Miinchen,
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Studying cognitive processes underlying synesthesia, a condition in which stimulation of one sensory modality automatically leads to
abnormal additional sensory perception, allows insights into the neural mechanisms of normal and abnormal cross-modal sensory
processing.

Consistent with the notion that synesthesia results from hyperconnectivity, functional connectivity analysis (adopting independent
component analysis and seed-based correlation analysis) of resting-state functional magnetic resonance imaging data of 12 grapheme-
color synesthetes and 12 nonsynesthetic control subjects revealed, in addition to increased intranetwork connectivity, both a global and
a specific (medial and lateral visual networks to a right frontoparietal network) increase of intrinsic internetwork connectivity in
grapheme- color synesthesia. Moreover, this increased intrinsic network connectivity reflected the strength of synesthetic experiences.
These findings constitute the first direct evidence of increased functional network connectivity in synesthesia.

In addition to this significant contribution to the understanding of the neural mechanisms of synesthesia, our results have important
general implications. In combination with data derived from clinical populations, our data strongly suggest that altered differences in

intrinsic network connectivity are directly related to the phenomenology of human experiences.

Introduction

Numbers or letters evoke additional color perceptions in graph-
eme—color synesthesia, one of the most common forms of syn-
esthesia. Although to date the underlying neural mechanisms
remain elusive, it has often been hypothesized that the concom-
itant perception of a sensation not inherent to the stimulus is
caused by an increased connectivity (or hyperconnectivity) be-
tween the relevant brain regions (Hubbard and Ramachandran,
2005). During synesthetic experience, neural activity increases in
occipital and temporal brain regions involved in grapheme and
color processing, but also in parietal and frontal areas involved in
binding processes (Weiss et al., 2001, 2005; Nunn et al., 2002;
Hubbard and Ramachandran, 2005; Hubbard et al., 2005). In
addition to these findings from functional activation studies,
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morphometric data revealed structural changes in similar brain
regions (Rouw and Scholte, 2007, 2010; Jancke et al., 2009; Weiss
and Fink, 2009; Hinggi et al., 2011). These morphometric
changes suggest altered connectivity in brain networks of pri-
mary sensory and higher cognitive integration areas already in
the resting state, i.e., when no synesthesia-inducing stimulus is
present. However, the hypothesized hyperconnectivity in synes-
thesia has so far been mainly explored at the structural level. For
example, a recent diffusion tensor imaging study revealed region-
ally increased structural connectivity in inferior temporal, pari-
etal, and frontal cortices of grapheme-—color synesthetes (Rouw
and Scholte, 2007).

In this study, we tested whether similar differences also occur
in the functional network architecture of the resting synesthetic
brain. We therefore investigated intrinsic functional connectivity
(FC) of brain networks with resting-state functional magnetic
resonance imaging (rs-fMRI). Spontaneous low-frequency fluc-
tuations of the blood-oxygen level-dependent (BOLD) signal can
be temporally correlated across functionally related brain areas
(Biswal et al., 1995; Fox and Raichle, 2007) and may thereby form
intrinsic connectivity networks (ICN). ICNs consistently occur
in healthy subjects and show strong correspondence to structural
networks (Damoiseaux et al., 2006; Honey et al., 2007). However,
deviations from this consistent architecture of intrinsic connec-
tivity networks also occur. Neuropsychiatric patients with altered
experiences or impaired cognitive functions, like in schizophre-
nia or Alzheimer’s disease, show characteristic changes of intrin-
sic FC in several ICNs (Greicius et al., 2004; Jafri et al., 2008;
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Vercammen et al., 2010; Gour et al., 2011). In analogy, the addi-
tional (abnormal) experiences of synesthetes may be reflected in
an altered intrinsic FC. Thus, we hypothesized that (1) grapheme—
color synesthetes show specific patterns of functional hyperconnec-
tivity at rest and (2) this hyperconnectivity correlates with the
consistency of synesthetic experiences. To test these hypotheses, we
investigated the intrinsic FC of synesthesia-related brain networks of
coherent ongoing neuronal activity with independent component
analysis (ICA) (Fox and Raichle, 2007; Biswal et al., 2010; Scholvinck
et al., 2010) and with an additional seed-based FC approach for the
cytoarchitectonically defined color area V4.

Materials and Methods

Subjects. In the current study, 12 grapheme—color synesthetes and 12
control subjects without a history of neurological or psychiatric disease
were investigated. The two groups were matched for gender (10 female in
each group), age [synesthetes: 32.6 = 9.9 years (mean * SD); controls:
30.6 = 5.7 years; t(,,, = 0.611,p = 0.55], handedness as assessed by the
Oldfield handedness inventory (Oldfield, 1971) (3 subjects with left-
hand and 9 subjects with right-hand preference in each group; laterality
quotient: synesthetes: 38.7 = 77.6; controls: 41.3 * 74; toay = —0.084,
p = 0.93), and IQ as assessed by the Mehrfachwahl-Wortschatz Intelli-
gence Test type B (Lehrl et al., 1995) (synesthetes: 117.6 = 10.3; controls:
113.9 = 11.1; 5, = 0.817, p = 0.42).

Authenticity of synesthesia was verified by applying a test of consis-
tency (Baron-Cohen et al., 1993) in which synesthetic color experiences
for 129 items were retested without warning after at least 6 months
(15.2 £ 12.4 months) in all synesthetes (Weiss et al., 2005). This test
confirmed the high consistency of the synesthetic color experiences in the
12 grapheme—color synesthetes (rate of consistent responses: 84.8 *
14.5%). All but one grapheme—color synesthete reported also having
phoneme- color synesthesia, i.e., sounds of single phonemes also trigger syn-
esthetic color experiences. The local ethics committee of the Medical Faculty
of the Rheinisch-Westfaelische Technische Hochschule) Aachen University
approved the study and all subjects gave written informed consent.

fMRI data acquisition. Subjects were instructed to keep their eyes
closed but remain alert and awake during the resting-state measurements
in the scanner. Resting-state data were acquired on a 3-tesla MRI System
(Trio; Siemens) using a standard echo-planar imaging (EPI) sequence to
obtain standard T2*-weighted EPI images with BOLD contrast (field of
view, 200 mm; matrix size, 64 X 64; voxel size, 3.1 X 3.1 X 3.0 mm?). A
total of 280 functional volumes of 36 3-mm-thick axial slices were col-
lected sequentially with a 0.3 mm gap for each subject within a single
scanning session (repetition time, 2.2 s; echo time, 30 ms; total duration,
~10 min). The first six EPI volumes were discarded to allow for T1
equilibration effects. Standard preprocessing procedures were applied to
the remaining 274 EPI images using Statistical Parametric Mapping soft-
ware (SPM5; Wellcome Department of Imaging Neuroscience, London,
UK; http://www.fil.ion.ucl.ac.uk/spm/software/spm5/).

Independent component analysis. ICA is a method that can be used to
decompose fMRI data into spatially independent components, each
comprising a spatial map of functionally connected brain regions and an
associated time course. In the current study, ICA was used to identify
synesthesia-relevant ICNs and to assess differential functional intranet-
work and internetwork connectivity in grapheme-— color synesthetes and
control subjects.

Before the volumes were entered into the ICA, we applied a voxelwise
z-transformation (J;;(¢)) on the time course data y;;(t) by subtracting
the mean <y;;> and dividing by the standard deviation oy p(t) =
(i) = <y>)loy (tis time; indices i, j, k represent the three direc-
tions in space). The sensitivity of the multivariate ICA algorithm for
correlation of variance between voxels, i.e., functional connectivity, was
thereby rendered independent of the original BOLD signal magnitude
across subjects (Sorg et al., 2007).

To obtain the most robust and comparable set of independent com-
ponents from the resting-state fMRI dataset, we performed a spatial
group ICA on the combined, concatenated dataset of synesthetes and
controls (n = 24) using GIFT software (http://icatb.sourceforge.net/,
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version 2.0 d) and iteratively ran 30 ICAs using the ICASSO procedure
(Himberg et al., 2004). We calculated 25 independent components ac-
cording to the minimum description length criteria that can be imple-
mented in GIFT (Calhoun et al., 2001). The analysis was performed in
three steps (Calhoun et al., 2001): data reduction with principal compo-
nent analysis (PCA), ICA using the Infomax algorithm on the concate-
nated dataset of all subjects (including both synesthetes and controls),
and finally back-reconstruction of the group independent components
into the single-subject space using GICA3 (Erhardt et al., 2011). Each
independent component was composed of a spatially independent brain
map and an associated time course of ongoing fMRI fluctuations during
rest. We selected functionally relevant ICNs from the whole set of inde-
pendent components by applying a multiple spatial regression analysis
against brain templates comprising synesthesia-related brain regions that
were created with the anatomy toolbox (Eickhoff et al., 2005). The brain
regions assumed to be critically involved in synesthetic experiences were
derived from previous functional and structural imaging studies (Nunn
et al., 2002; Hubbard et al., 2005; Weiss et al., 2005; Rouw and Scholte,
2007; Weiss and Fink, 2009; Rouw and Scholte, 2010) and covered the
visual, auditory, and intraparietal cortices. The anatomy toolbox by Eick-
hoffand colleagues (2005) was used to build spatial masks covering these
three brain regions. The visual mask included area 17, area 18, hOC3v
(V3v),hOC4 (V4), and hOC5 (V5); the auditory mask included areas TE
1.0, TE 1.1, and TE 1.2; and the intraparietal mask comprised the areas
hIP1, hIP2, and hIP3. A threshold of beta > 1 for at least one of the three
spatial variables was determined to select synesthesia-relevant ICNs. In
addition, a separate group ICA was applied to each of the two groups
using identical parameters as in the combined (controls and synesthetes)
approach. This procedure validated the presence of all synesthesia-
relevant ICNs in both the synesthetes and the control subjects in inde-
pendent analyses.

To analyze group differences of within-network connectivity, we en-
tered spatial maps of individual ICNs of the combined group ICA into an
ANOVA with the factors subject, group, component, and a group X
component interaction using SPM5. Contrasts were masked by conjunc-
tion maps of the one-sample ¢ test (FWE corrected, p < 0.05; Fig. 1, left)
of the respective network and thresholded at p < 0.05, FWE corrected at
the voxel level. Finally, each individual subject’s FC between the
synesthesia-relevant ICNs was derived by calculating pairwise zero-lag
correlation coefficients between the BOLD signal time courses of the
synesthesia-relevant ICNs. We performed this functional network con-
nectivity (FNC) analysis using the FNC Matlab toolbox (version 2.3)
(Jafri et al., 2008).

Seed-based correlation analysis for the cytoarchitectonically defined color
area V4. To complement the ICA results by an independent approach, we
performed a seed-based correlation analysis by calculating the FC from
cytoarchitectonically defined color area V4 to all other voxels of the
brain. The bilateral V4 seed regions were created using the Anatomy
Toolbox (Eickhoff et al., 2005). The REST toolkit (Song et al., 2011) was
used for removing the linear trend of time courses from the data, tem-
poral bandpass filtering of the data (0.01-0.1 Hz), and calculating the
individual FC maps. Finally, a Fisher’s z transformation was used to
normalize the individual correlation maps to z maps. Then, for each
group, the Fisher’s z maps were entered into a separate one-sample t test
(using SPM5) to identify regions showing significant FC with color area
V4. A height threshold of p < 0.05 (FWE corrected) and an extent thresh-
old of 50 voxels were applied to the one-sample t tests. Moreover, z maps
were entered into a two-sample ¢ test to detect significant group differ-
ences between synesthetes and controls. The two-sample ¢ test was
masked by the conjunction map of the one-sample ¢ tests (FWE cor-
rected; height threshold, p < 0.05; extent threshold, 50 voxels) of synes-
thetes and control subjects. Again, a height threshold of p < 0.05 (FWE
corrected) was applied.

Results

Independent component analysis

We identified seven synesthesia-relevant ICNs in a multiple spa-
tial regression analysis using three spatial priors (visual cortex,
auditory cortex, and intraparietal cortex): medial and lateral vi-
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control subjects (n=12)

Illustration of the seven synesthesia-relevant ICNs revealed by the combined and separate group ICAs. Seven synesthesia-relevant ICNs were identified by ICA and spatial regression

analysis (for further details, see Materials and Methods). Results of the one-sample ¢ tests on the individual subjects ICN patterns are visualized on axial, sagittal, or coronal sections of the standard
brain template provided by SPM5. Due to differences in statistical power, a threshold of p << 0.05, FWE corrected, was applied for the combined group ICA, while the within-group ICA results for both
groups are shown for a height threshold of p << 0.05, FDR corrected, and an extent threshold of 50 voxels.

sual network, auditory network, left and right frontoparietal net-
work, and medial and lateral parietal network (Fig. 1; Tables 1, 2).
These ICNs strongly resemble previously described ICNs in-
volved in sensory and cognitive processing (Smith et al., 2009).
Figure 1 illustrates that all synesthesia-relevant ICNs from the
combined group analysis were also detected by separate ICAs of
each group. In addition to this qualitative assessment, we also
quantified group differences of within-network connectivity in
an ANOVA between grapheme-color synesthetes and control
subjects. This ANOVA revealed regions with significantly stron-
ger functional connectivity for synesthetes compared with con-
trols for all networks of interest, while only the left and right
frontoparietal networks also included regions showing stronger
functional connectivity in the control subjects (Table 3). Note
that the within-network differences between groups were limited
to rather small clusters.

We nest investigated group differences of network connectiv-
ity between the seven synesthesia-relevant ICNs. This FNC
analysis revealed clear differences in the intrinsic network archi-
tecture between grapheme—color synesthetes and control sub-
jects. For the control group, only five significant connections
emerged (as indexed by significant correlations between the time
courses of the seven ICNs, one-sample ¢ tests, two-sided, p <

Table 1. Results of the multiple spatial regression analysis conducted to identify
synesthesia-relevant ICNs to be included in the FNC analysis

Betas Multiple
ICN Auditory  Intraparietal regression
number Label of ICNs mask mask Visual mask value
1 Medial visual network —0.12433  —0.00555 1.81960 0.30953
18 Auditory network 3.53987 0.01085 —0.18998 0.13207
12 Lateral visual network —0.11789 —0.01240 1.02344 0.09962
16 Left frontoparietal network ~ —0.06476 ~ 1.70691 —0.05126 0.05326
25 Lateral parietal network —0.01792  1.06765 —0.02037 0.02193
19 Medial parietal network —0.02189  1.07975 0.08141  0.02109
21 Right frontoparietal network —0.03788  1.01988 —0.03213 0.01828
3 0.01709  0.03890  —0.24333  0.00560
n —0.00122 —0.02028 —0.01598 0.00003

Only components with a beta 1 (bold) on at least one of the three spatial variables were subjected to the FNC
analysis to ensure that only ICNs that covered at least one of the synesthesia-relevant brain regions (visual cortex,
auditory cortex, and intraparietal cortex) were included. This threshold is represented in the table by the line. Note
that already the betas of the next ICN in the table (arbitrarily numbered “3") are far from the critical value 1,
indicating that this and all the other ICNs (with even lower betas) do not contain significant parts of the synesthesia-
relevant brain regions.
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Table 2. Brain regions belonging to the seven synesthesia-relevant ICNs
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Table 3. Within-network differences between synesthetes and controls

MNI coordinates

MNI coordinates

Cluster size Clustersize  Max. ¢
Region Hemisphere (voxels) tvalue x y z Hemisphere  (voxels) value  x y z
Medial visual network Synesthetes > controls
(alcarine gyrus R 217* 235 12 —69 6 Lateral visual network R 5 4.46 15 —60 -3
(alcarine gyrus L 217 -3 =72 9 Auditory network L 3 547 =57 -9 3
Thalamus R 261* 12.6 12 -2 12 L 2 4.62 -39 —27 18
Thalamus L 10.7 —6 —15 9 Left frontoparietal network L 37 7.5 -6 21 45
Superior medial gyrus M 180 1.4 0 36 45 L 5 538 -33 0 60
Lateral visual network L 3 439 -39 33 15
Fusiform gyrus R 2677* 241 27 —69 -9 Right frontoparietal R 17 6.4 42 12 39
Fusiform gyrus L 196 —21 —78 -9 network R 13 5.25 24 6 54
Insula R 61 92 4 9 6 Medial parietal network R 2 461 18 —57 33
Auditory network Lateral parietal network L 12 58 —33 —-36 4
Superior temporal gyrus; TE R 1697 19.0 54 =3 0 L 2 5.02 —33 —39 48
1.2 Controls > synesthetes
Superior temporal gyrus; TE L 1521 176 —54 -9 0 Left frontoparietal network L 6 491 -39 6 48
12 Right frontoparietal R 37 8.06 39 -4 36
Middle cingulate cortex L 78 102 -9 30039 network R 2 4.66 6 39 4
Left froqtoparletal network Please note that single voxels are not listed in the table. Also note that there was a higher significant FCin the medial
Inferior frontal gyrus L 1591 204  —48 30 18 visual network in synesthetes compared to controls, although limited to two single voxels. All reported results are
Inferior parietal lobule L 1 18.4 =51 -39 45 significant at p << 0.05 (FWE corrected).
Insula L 69 170 —33 18 0
Posterior cingulate cortex L 67 1.9 -3 =36 33 )
Inferior temporal gyrus L 67 95 —51 —54 —9  notconnected to any other ICN) in controls, these two networks
Thalamus L 65 102 -6 —15 9  were highly interconnected with the other ICNs in the graph-
Middle frontal gyrus R 50 8.6 48 36 21 eme—color synesthetes.
_ Precuneus L 40 o =6 =3l 13 In addition to these global differences of the intrinsic network
Right frontoparietal network . . .

! architecture between synesthetes and control subjects (i.e., three
Inferior frontal gyrus R 1909 14.5 45 33 27 X A N 3 .
Inferior parietal lobule R 756 186 51 —s54 39  timesmore mgmﬁcant connections in the synesthetes), the direct
Precuneus R 151 124 6 —42 45 group comparison revealed that two specific network connec-
Superior parietal lobule R 48 7.5 15 —72 54  tions were significantly stronger in the grapheme—color synes-
Middle temporal gyrus R 33 9.7 63 =27 =9  thetes (two-sample ¢ tests, two-sided, p < 0.05, FDR corrected):
|T';]5“|Ia E ;(9] gg 33 gl 7]; these were the connections between the medial (p = 0.0024) and

alamus : lateral (p = 0.0022) visual networks and the right frontoparietal
Inferior parietal lobule L 17 7.6 —4 —51 4 X (Fi B i In additi h ion b
Lateral parietal network network (Fig. 2B, gray ines). n addition, the connection be-
Supramarginal gyrus L 2615* 191 —54 —77 33  tween the lateral visual and auditory network showed a trend
Supramarginal gyrus R 13.6 57 —30 33  toward significance (p = 0.05).
Middle cingulate cortex L 122 120 —6 0 4« To test whether the increased FNC determined the consis-
Insula R 108 10.1 a2 -3 6 tency of synesthetic experiences, correlation analysis was per-
Insula I‘ 100 93— =3 9 formed with the individual consistency scores and the strength of
Inferior temporal gyrus L 30 106 —54 —63 —12 he three f . ! Kk A hat differed b
Inferior temporal gyrus R 2% 100 54 —54  —¢ the three tunctional network connections that di ellre etween
Inferior frontal gyrus L 27 92 —s54 9 4  synesthetes and controls. In synesthetes, the connection strength
Inferior frontal gyrus R 4% 8.0 54 9 24  ofthelateral visual ICN with both the auditory ICN (p = 0.006)
Medial parietal network and the right frontoparietal ICN (p = 0.03) significantly corre-
Cuneus R 2445% 2038 15 =69 33 Jated with the consistency scores (Fig. 2C). No significant corre-
E’Egteel:isorcingulate cortex Ili 1o* 12; _12 :22 32 lation was found for the connection between the medial visual
Posterior cingulate cortex L 8.0 —6 —45 18 and right frontoparietal ICNs (p = 0.10).
Midbrain M 22 8.4 0 —27 -9

One-samplettest, p << 0.05, FWE corrected. Note that only clustersincluding at least 15 voxels are listed. Anatomical
locations and terms were derived from the Anatomy toolbox (Eickhoff et al., 2005). *These voxels belong to a
contiguous bilateral cluster. **Although this cluster just missed the predefined threshold of 15 voxels, it was in-
cluded in the table as it reflects the bilateral organization of the lateral parietal ICN.

0.05, FDR corrected; Fig. 2A). In stark contrast, 15 significant
connections between the seven ICNs were present in the synes-
thetes (one-sample ¢ tests, two-sided, p < 0.05, FDR corrected;
Fig. 2 B). Note that all significant connections observed in con-
trols were also present in the synesthetes (Fig. 2 A, B, black lines).
Thus, the global functional network architecture in synesthesia
consisted of the intrinsic nonsynesthetic network connectivity
plus additional intrinsic connections (Fig. 2 B, double lines). Spe-
cifically, the integration of the two visual ICNs into the network
architecture was clearly different between controls and synes-
thetes: while the visual networks were only interconnected (and

Seed-based correlation analysis for the cytoarchitectonically
defined color area V4

One-sample t tests based on the z-transformed individual FC
maps revealed that in grapheme-— color synesthetes, color area V4
showed a significant FC with other synesthesia-relevant regions,
namely primary and secondary visual areas, auditory cortex bi-
lateral, and right parietal cortex, while in control subjects, V4 was
also functionally connected to primary and secondary visual ar-
eas but showed no FC with the auditory cortices and the right
parietal cortex (Fig. 3; Table 4). Thus, the seed-based correlation
analysis confirmed the FNC analysis results of a significantly in-
creased intrinsic FC between the lateral visual network (including
the color area V4) and the bilateral auditory network as well as the
right frontoparietal network in synesthetes compared with con-
trols (Fig. 2 B). However, the differences in the seed-based corre-
lation patterns between synesthetes and controls did not survive
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Figure 2. A, B, lllustration of the intrinsic network architecture in controls (4) and synesthetes (B) composed of coherent,
ongoing neuronal activity between seven synesthesia-relevant ICNs. €, Intrinsic network connectivity correlates with the
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the predefined statistical threshold (p <
0.05, FWE corrected) when assessed by a
two-sample ¢ test.

Discussion
Supporting neurobiological models of
synesthesia that hypothesize increased
connectivity in grapheme—-color synes-
thetes (Hubbard and Ramachandran,
2005), the current rs-fMRI study reveals
increased intrinsic functional connectiv-
ity in grapheme-color synesthetes, com-
plementing earlier findings of increased
structural connectivity in synesthesia
(Rouw and Scholte, 2007). Our results
thus complement the findings of previous
studies in nonsynesthetes showing the
structural correlates of intrinsic FC net-
works (Honey et al., 2007; Vincent et al.,
2007). Moreover, our results are in line
with a recent resting-state electroenceph-
alography (EEG) study in which several
synesthesia-relevant brain regions re-
vealed stronger functional connectivity in
lower frequencies of the theta and al-
pha band in colored—hearing synesthetes
compared with nonsynesthetic control
subjects (Jdncke and Langer, 2011). Such
connectivity changes in the low-frequency
band may well constitute the electrophys-
iological correlate for the low-frequency
BOLD fluctuations in resting state fMRI
data as suggested by simultaneous EEG—
fMRI studies (Laufs et al., 2003; Van de
Ville et al., 2010).

Applying a multiple spatial regression
analysis to the combined group ICA,

<«

consistency of synesthetic experiences. By means of multiple
spatial regression analysis, the following seven synesthesia-
relevant ICNs were selected for further correlation analyses in
an automated manner: three primary sensory ICNs (medial
and lateral visual network, auditory network), the right and
left frontoparietal ICN, and the medial and lateral parietal
ICNs. A4, Significant pairwise correlations between the time
courses of the ICNs in both groups are represented by thick
black lines connecting the respective ICNs (one-sample ¢ tests,
two-sided, p << 0.05, FDR corrected). B, Additional significant
connections in synesthetes are indicated by double lines (one-
sample t tests, two-sided, p << 0.05, FDR corrected). Gray lines
represent significant group differences, i.e., additional con-
nections in synesthetes that are significantly stronger com-
pared with the control group (two-sample t test, two-sided,
p << 0.05, uncorrected; * indicates group differences surviving
FDR correction). €, Correlation analyses between the func-
tional connectivity and the consistency of synesthetic experi-
ences (using the normalized scores for the three functional
connections that were significantly stronger in grapheme—
color synesthetes and the normalized consistency scores) re-
vealed a significant correlation between the synesthetic
consistency scores and the intrinsic connectivity strength be-
tween the lateral visual and the auditory ICNs (r* = 0.49,p =
0.006, left) and the lateral visual and the right frontoparietal
ICNs (r2 = 0.29, p = 0.03, right).
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Figure 3.

shown regions reached significance at p << 0.05 (FWE corrected, extent threshold 50 voxels).

Table 4. Regions functionally connected with bilateral color area V4 in synesthetes
and controls

. MNI coordinates
Clustersize Max.t ——— —~

Hemi-sphere (voxels) value X y z

Synesthetes
Primary and secondary visual L 4573* 3267 —27 —81 —9
cortex R 27 -84 —9
Auditory cortex L 250 1774 —63 =36 3
R 336 16.55 66 —21 6
Parietal cortex R 58 13.40 24 —54 57

Controls

Primary and secondary visual R 3506* 30.70 21 —87 —18
cortex |_ —27 —66 —21
Medial frontal cortex M 88 15.96 6 63 12
Inferior temporal cortex L 136 1549 —57 —9 =27
Cuneus R 52 14.84 21 =712 27
Superior parietal cortex M 132 1437 0 —72 54

*These voxels belong to a contiguous bilateral cluster. Note that the clusters in grapheme— color synesthetes are
more extensive than in controls (Fig. 3). In contrast, control subjects show smaller, separable clusters.

we identified seven synesthesia-relevant ICNs whose intranet-
work and internetwork connectivity was investigated. These
seven ICNs were also identified in the separate within-group
ICAs, indicating a homogenous distribution of the ICNs in syn-
esthetes and controls. Consistent with the notion of functional
hyperconnectivity in grapheme—color synesthesia, the direct
group comparison of intranetwork connectivity differences re-
vealed regions showing significantly stronger intrinsic FC in syn-
esthetes than control subjects for all seven synesthesia-relevant
ICNs. In contrast, only two ICNs (i.e., the left and right fronto-
parietal networks) contained regions with stronger FC in controls
compared with synesthetes.

The finding of increased intranetwork connectivity in synes-
thetes is consistent with the results of a recent study by Hupé et al.
(2011) that suggests that the joint coding of real and synesthetic
colors is distributed rather than localized in the visual cortex. In
fact, our findings are direct support for the assumption of Hupé
etal. (2011) that “. . . if synesthetic experience relies on connect-
ing regions together, it does not necessarily involve a stronger

A, B, Surface renderings of brain regions functionally connected with bilateral color area V4 in grapheme— color
synesthetes (4) and control subjects (B). The synesthesia-relevant brain regions (right parietal cortex and bilateral auditory
cortices) that are functionally connected to color area V4 in synesthetes (4) but not control subjects (B) are circled. Please note that
also the functional connectivity of V4 with other primary and secondary visual areas was more pronounced in synesthetes. All
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BOLD response in any region but maybe
subtle coactivations in distributed re-
gions.” Thus, the current study strongly
supports Hupé et al.’s hypothesis that
“network analysis of brain connectivity
appears then as a promising approach to
elucidate principles underlying synesthe-
sia” (Hupé et al., 2011, page 11).

With respect to the internetwork con-
nectivity, the current study revealed in-
creased global and specific intrinsic
functional network connectivity in synes-
thetic subjects. Here, “global” refers to the
overall increased amount of significant
connections between the seven investi-
gated ICNs in the group of synesthetic
subjects compared with the nonsynes-
thetes. In contrast, “specific’ refers to
those connections for which a significant
group difference was revealed, emphasiz-
ing the relevance of these specific connec-
tions in  processing  synesthetic
experiences. With respect to the increased
global intrinsic network connectivity in
grapheme—color synesthesia, it is remarkable that all (five) sig-
nificant connections between the ICNs found in the control
group were also present in the synesthetic subjects. This observa-
tion is in line with the notion that synesthetes are healthy subjects
without any neurological or psychiatric disease (Hubbard, 2007),
but are endowed with additional competences. The finding that
the additional experiences of synesthetic subjects are associated
with an increased functional network connectivity is also in line
with a study by Jafri and colleagues (2008), who revealed an in-
creased functional network connectivity of the default mode net-
work in schizophrenic patients and speculated that this increased
functional network connectivity was linked to their hallucinatory
experiences. In contrast, reduced functional connectivity has
been shown in patients with psychiatric deficits resulting in lim-
ited experiences [as in dementia (Greicius et al., 2004)]. How-
ever, with respect to this notion, the findings in the ICA literature
are inconclusive as the opposite pattern, i.e., decreased functional
connectivity in schizophrenia (Vercammen et al., 2010) and in-
creased functional connectivity in dementia (Gour et al., 2011),
has also been reported. Grapheme-—color synesthetes showed not
only a threefold increase of global intrinsic network connectivity
compared with controls, but also specific (quantitative) differ-
ences in the intrinsic network connectivity: the two visual
ICNs were significantly more strongly connected to the right-
lateralized frontoparietal ICN in synesthetes compared with non-
synesthetes. This is in accordance with the known role of
frontoparietal networks in color-form binding for normal per-
ception (Donner et al., 2002) and previous studies reporting at-
tenuation of synesthetic binding following transcranial magnetic
stimulation of the right parietal cortex (Esterman et al., 2006;
Muggleton et al., 2007).

Moreover, the strength of the functional connectivity in the
resting state between the lateral visual, auditory, and right fron-
toparietal ICN were associated with the individual consistency of
the synesthetic experiences. Recently, different patterns of effec-
tive connectivity were shown to be associated with the type of
grapheme—color synesthesia (van Leeuwen et al., 2011). In
projectors, i.e., synesthetes experiencing the appearance of the
synesthetic color in external space (colocalized with the induc-
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ing grapheme), the cross-activation of V4 was elicited by a
bottom-up pathway in the fusiform gyrus. In contrast, V4 cross-
activation was evoked by a top-down process via the parietal lobe
in associators, i.e., synesthetes who experience the synesthetic
color internally, in their mind’s eye. Together, these data suggest
that the stability and characteristics of synesthetic experiences are
reflected by the degree of functional connectivity at rest and ef-
fective connectivity during the performance of tasks inducing
synesthetic color perceptions.

The seed-based correlation analysis revealed a significant
functional connectivity of bilateral color area V4 with the audi-
tory cortex bilaterally and the right parietal cortex in synesthetes
but not in controls. Constituting an independent approach, the
seed-based correlation analysis confirmed our findings of the
FNC analysis of the seven synesthesia-relevant ICNs, as this anal-
ysis also revealed an increased internetwork connectivity between
the lateral visual network (including color area V4) with the au-
ditory network and the right frontoparietal network.

Although the converging results of the seed-based correlation
and the FNC analyses show the potential of resting-state fMRI for
assessing functional connectivity by different approaches, there
are also limitations to this method. For example, some authors
related the connectivity of networks covering midline and brain-
stem structures, at least in part, to pulsation artifacts (Birn et al.,
2008). Moreover, it needs to be noted that during resting-state
fMRI, sensory input (e.g., scanner noise) is present. Nevertheless,
as our main findings are unrelated to midline or brainstem struc-
tures and our synesthetes did not report synesthetic experiences
triggered by the scanner noise, it is unlikely that these aspects
have confounded the current results.

Our data, together with previous data showing structural dif-
ferences and differences in functional network characteristics be-
tween synesthetes and nonsynesthetes at rest (Rouw and Scholte,
2007, 2010; Jancke et al., 2009; Weiss and Fink, 2009; Hinggi et
al., 2011; Jancke and Langer, 2011), indicate that there are general
differences between the brains of synesthetes and nonsynesthetes
even when no synesthesia-inducing stimuli are present. We sug-
gest that these structural and functional differences predispose
the synesthetes’ brains to elicit synesthetic experience in response
to particular inducer stimuli. One should keep in mind, however,
that these structural and functional differences might occur as a
result of the synesthetic experiences rather than causing them.
The latter possibility can only be examined by longitudinal stud-
ies preferentially performed in synesthetic and nonsynesthetic
children (Simner et al., 2009).

A further important step is to investigate the functional net-
work architecture during the actual perception of synesthetic ex-
periences. First evidence for increased functional connectivity in
this context is provided by Specht and Laeng (2011), who showed
an increased coherence of the color area V4 with a perceptual
network during a single letter stroop task in two grapheme—color
synesthetes (compared with 10 control subjects). Such task-
related ICA analysis should be replicated in a larger group of
synesthetes and should be complemented with an FNC analysis.

Our data on globally and specifically increased intrinsic net-
work connectivity in grapheme—color synesthetes may help to
inform the current debate whether hyperconnectivity in synes-
thesia occurs either locally, i.e., within circumscribed anatomical
regions (Hubbard, 2007), or globally, i.e., widespread through-
out the brain (Bargary and Mitchell, 2008). Previous studies in-
vestigating structural alterations in grapheme—color synesthetes
provided (equivocal) evidence for either type of (structural) hy-
perconnectivity in synesthesia: structural differences between
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synesthetes and controls emerged either at the local (Rouw and
Scholte, 2007, 2010; Weiss and Fink, 2009) or at the global
(Jancke et al., 2009; Hinggi et al., 2011) level. Our functional
connectivity data suggest that a combination of both models
most appropriately characterizes grapheme—color synesthetes
since they differ functionally from nonsynesthetes at both levels,
i.e., at a global level (i.e., overall increased number of significant
ICNs in synesthetes compared with controls) and a specific level
(i.e., significantly increased FC between some specific ICNs).
Furthermore, the current finding stress the importance of inves-
tigating both global and specific functional network connectivity
in clinical populations to properly characterize the pathophysio-
logical changes in the network architecture caused by schizophre-
nia, dementia, or other systemic diseases.
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