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Abstract: During rest, multiple cortical brain regions are functionally linked forming resting-state net-
works. This high level of functional connectivity within resting-state networks suggests the existence of
direct neuroanatomical connections between these functionally linked brain regions to facilitate the
ongoing interregional neuronal communication. White matter tracts are the structural highways of our
brain, enabling information to travel quickly from one brain region to another region. In this study, we
examined both the functional and structural connections of the human brain in a group of 26 healthy
subjects, combining 3 Tesla resting-state functional magnetic resonance imaging time-series with diffu-
sion tensor imaging scans. Nine consistently found functionally linked resting-state networks were
retrieved from the resting-state data. The diffusion tensor imaging scans were used to reconstruct the
white matter pathways between the functionally linked brain areas of these resting-state networks. Our
results show that well-known anatomical white matter tracts interconnect at least eight of the nine
commonly found resting-state networks, including the default mode network, the core network, pri-
mary motor and visual network, and two lateralized parietal-frontal networks. Our results suggest that
the functionally linked resting-state networks reflect the underlying structural connectivity architecture
of the human brain. Hum Brain Mapp 30:3127–3141, 2009. VVC 2009 Wiley-Liss, Inc.
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INTRODUCTION

Our brain is never idle. Even when we are at rest, a
large number of anatomically separate brain areas show a
vast amount of spontaneous neuronal activity and are
functionally linked to each other [Biswal et al., 1995; Grei-
cius et al., 2003; Gusnard et al., 2001]. Regions that show
such synchronized behavior during rest are said to form
resting-state networks (RSNs) [Beckmann et al., 2005; Damoi-
seaux et al., 2006; Greicius et al., 2003; Van den Heuvel
et al., 2008a,b]. The high level of functional connectivity
between RSN regions suggests the existence of direct ana-
tomical pathways between these brain areas to facilitate
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this high level of ongoing interregional communication
during rest. In this study, we examined the structural con-
nectivity architecture of functionally linked RSNs.
The synchronization of neuronal activity between ana-

tomically separate brain regions is known as functional
connectivity [Aertsen et al., 1989; Biswal et al., 1995; Fris-
ton et al., 1993; Lowe et al., 2000] and has been investi-
gated by examining the coherence of resting-state func-
tional Magnetic Resonance Imaging time-series [Biswal
et al., 1995; Lowe et al., 2000; Xiong et al., 1999]. Of spe-
cial interest are the low frequency oscillations (0.01–0.1
Hz) of resting-state fMRI BOLD time-series, which show
a strong correlation between RSN regions during rest
[Biswal et al., 1995; Cordes et al., 2000; Damoiseaux et al.,
2006; Lowe et al., 1996; 2000; Xiong et al., 1999]. There is
an ongoing debate about whether these coherent patterns
predominantly originate from physiological signals, like
cardiac or respiratory oscillations [Shmueli et al., 2007;
Wise et al., 2004] or whether they truly reflect synchroni-
zation of intrinsic neuronal activity. The latter view is
supported by the notion that most of these coherent pat-
terns have been found between regions that are known to
share a common behavioral or cognitive function [Biswal
et al., 1995; Damoiseaux et al., 2006; Xiong et al., 1999].
Furthermore, resting-state BOLD fluctuations have been
reported to strongly correlate with concurrent fluctua-
tions in neuronal spiking [Shmuel and Leopold, 2008],
linking resting-state fMRI time-series directly to neuronal
activation and synchronization [Shmuel and Leopold,
2008]. In addition, a recent study has shown that slow
modulations in neuronal spiking are linked to spontane-
ous fMRI fluctuations in the human sensory cortex (Nir
et al., (in press]). In this context, it is believed that the co-
herence between the resting-state fMRI time-series of ana-
tomically separate cortical regions reflects, at least in
part, a high level of functional connectivity between these
brain areas.
A number of group studies have reported the consistent

formation of RSNs during rest [Beckmann et al., 2005;
Damoiseaux et al., 2006; De Luca et al., 2006; Salvador
et al., 2005a; Van den Heuvel et al., 2008a,b]. The most
commonly found RSNs include the ‘default mode network’
that links precuneus/posterior cingulate cortex with
medial frontal regions and bilateral inferior parietal
regions [Damoiseaux et al., 2006; Fox and Raichle, 2007;
Greicius et al., 2003; Gusnard et al., 2001], the ‘core net-
work’ linking bilateral insular regions and anterior cingu-
late cortex [Dosenbach et al., 2007], two lateralized parietal-
frontal networks that are often associated with attentional
processing and networks that overlap primary sensorimo-
tor and (extra-striate) visual systems [Beckmann et al.,
2005; Biswal et al., 1995; Damoiseaux et al., 2006; Lowe
et al., 1998; 2000; Xiong et al., 1999]. Activation of the
default mode network and the core network have been
suggested to play an important role in core processes of
human cognition [Fox and Raichle, 2007; Gusnard et al.,
2001], including mind wandering [Mason et al., 2007],

goal-directed behavior [Dosenbach et al., 2007] and relat-
ing oneself to the outside world [Gusnard et al., 2001].
The high level of functional connectivity within RSNs

suggests the existence of direct anatomical connections
between these brain areas to support the ongoing infor-
mation transfer between these regions during rest. White
matter pathways are the structural connections of our
brain and can be investigated using Diffusion Tensor
Imaging (DTI). DTI is a technique to determine the main
diffusion direction of water molecules in brain tissue
[Basser et al., 2000; Beaulieu and Allen 1994], enabling
the reconstruction of the white matter pathways of the
brain [Mori and van Zijl, 2002]. Indeed, Greicius et al.
[Greicius et al., 2009] demonstrated the existence of direct
structural white matter pathways between the regions of
the functional default mode network, suggesting an im-
portant role for the cingulum tract in connecting the
active regions of the default mode network. Indeed, in a
recent study we reported a direct association between the
microstructural organization of the interconnecting cingu-
lum tract and the level of default mode functional con-
nectivity [Van den Heuvel et al., 2008b]. Furthermore,
Lowe et al. [Lowe et al., 2008] recently demonstrated in
patients with multiple sclerosis that disease related
decreases of functional connectivity between left and
right primary motor regions are associated with the struc-
tural integrity of interconnecting corpus callosum tracts.
In addition, section of the corpus callosum has been
reported to result in complete loss of interhemispheric
resting-state functional connectivity [Johnston et al.,
2008]. These studies support the view that anatomical
white matter pathways play an important role in resting-
state synchronization. Taken together, they suggest a
direct link between structural and functional connectivity
in the human brain [Greicius et al., 2009; Hagmann et al.,
2007, 2008 #217; Johnston et al., 2008; Koch et al., 2002;
Lowe et al., 2008; Van den Heuvel et al., 2008b]. How-
ever, it is unknown whether functional RSNs are truly
‘hard-wired’ in the brain. In other words, are the func-
tionally linked regions of known RSNs directly intercon-
nected by anatomical white matter pathways? If the high
level of observed fMRI coherence indeed reflects neuronal
synchronization between RSN regions, one would expect
an underlying anatomical infrastructure to facilitate the
ongoing interregional communication between RSN
regions during rest. In this study, we examined the exis-
tence of structural white matter bundles between the
functionally connected regions of known RSNs as evi-
dence for an anatomical dependence of resting-state net-
works. We acquired resting-state fMRI BOLD time-series
in 26 healthy subjects on a 3 Tesla MR scanner, together
with high resolution DTI scans to reconstruct the white
matter tracts of the brain. Nine consistently found RSNs
were retrieved from the resting-state data. The existence
of direct structural connections between the functionally
linked RSN regions was examined by combining the RSN
maps with DTI based fiber tracking.
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MATERIALS AND METHODS

Subjects

Twenty six healthy subjects (age mean: 25, SD: 7.7, 14
male, 12 female) participated in this study after given writ-
ten consent as approved by the medical ethics committee
for research in humans of the University Medical Center,
Utrecht, the Netherlands. Resting-state functional Magnetic
Resonance Imaging (resting-state fMRI) and Diffusion Ten-
sor Imaging (DTI) data were acquired on a 3 Tesla Philips
Achieva Medical Scanner. During the resting-state record-
ings, the subjects were instructed to relax, keep their eyes
closed without falling asleep and to think of nothing in
particular. Subjects who reported to have fallen asleep or
reported to be close to fallen asleep were excluded and a
new subject was included as a replacement, resulting in
the described group of 26 subjects.

Image Acquisition

Resting-state Blood Oxygenation Level Dependent
(BOLD) signals were recorded during a period of 8 min
using a fast fMRI sequence (3D PRESTOSENSE p/s-reduc-
tion 2/2, TR/TE 5 22/32 ms using shifted echo, slice ori-
entation: sagittal, flip-angle 9 degrees, dynamic scan time
0.5 sec, voxel-size 4 3 4 3 4 mm3, FOV 5 128 3 256 3
256 mm3, reconstruction matrix 5 32 3 64 3 64 covering
whole brain). The short volume acquisition time of 500 ms
allowed proper sampling of information in the frequency
domain up to 1 Hz. This minimized the possible back-fold-
ing of possible confounding effects of higher frequencies,
such as respiratory and cardiac oscillations (�0.3 and >0.8
Hz, respectively), into the lower frequencies of interest
(0.01–0.1 Hz) (Cordes et al., 2001). Functional PRESTO
images have a relative low anatomical contrast compared
with an anatomical T1 image. Therefore, directly after the
functional time-series an additional high contrast PRESTO
image was acquired, with identical scanning parameters
but with a higher anatomical contrast (i.e., a better contrast
between white and grey matter), which was obtained by
increasing the flip angle to 25 degrees. This additional
high contrast PRESTO image was acquired to improve the
coregistration of the resting-state time-series with the T1
image.
In the same scanning session, 2 DTI sets each consisting

of 30-weighted diffusion scans and 5 unweighted B 5 0
scans (b 5 0 s/mm2) were acquired (DTI-MR using paral-
lel imaging SENSE p-reduction 3; high angular gradientset
of 30 different weighted directions (Jones, 2004; Jones
et al., 1999), TR/TE 5 7035/68 ms, voxel-size 2 3 2 3 2
mm3, FOV 5 240 3 240 3 150 mm3, reconstruction matrix
5 120 3 120 3 75 covering whole brain, b 5 0 s/mm2 for
the unweighted scans and b 5 1000 s/mm2 for the
weighted scans, second set with reversed k-space read-
out). In addition, an anatomical T1 weighted image (3D
FFE using parallel imaging; TR/TE 5 10/4.6 ms, flip-angle

8 degrees, slice orientation: sagittal, 0.75 3 0.75 3 0.8 mm3

voxelsize, FOV 5 160 3 240 3 240 mm3, reconstruction
matrix 5 200 3 320 3 320 covering whole brain) was
acquired for anatomical reference.

Image Preprocessing

Preprocessing of the resting-state fMRI data was per-
formed with the SPM2 software package (http://www.
fil.ion.ucl.ac.uk). Functional scans were corrected for small
head movements by realigning all functional scans to the
last scan. Next, the functional time-series and the T1 image
were co-registered with the high-contrast functional scan,
enabling overlap between the functional resting-state time-
series and the T1 image. Cortical voxels were selected
based on a cortical segmentation of the T1 image, which
was performed with the freely available Freesurfer soft-
ware package (http://surfer.nmr.mgh.harvard.edu/). The
T1 image was spatially normalized (nonlinear) to match
the MNI 305 T1 template brain [Collins et al., 1994] and
the fMRI time-series and the cortical segmentation map
were normalized (nonlinear) to standard space by using
the normalization parameters of the T1 image.
To select the low resting-state frequencies of interest

(0.01–0.1 Hz) [Biswal et al., 1995; 1997; Cordes et al., 2001],
the rest recorded fMRI time-series were bandpass filtered
with a finite impulse response (FIR) bandpass filter with
zero phase distortion (bandwidth 0.01–0.1 Hz). Filtering
eliminated low frequency noise (including slow scanner
drifts) and influences of higher frequencies reflecting car-
diac and respiratory signals [Cordes et al., 2001].
Preprocessing of the DTI data was performed with the

diffusion toolbox of Andersson et al. [Andersson and
Skare, 2002; Andersson et al., 2003] and in-house devel-
oped software. For each of the 2 DTI sets, the 5
unweighted B 5 0 were averaged. In total, this resulted in
two averaged unweighted B 5 0 images. Next, susceptibil-
ity distortions, which are often reported in single-shot EPI
images [Andersson et al., 2003], were corrected by combin-
ing the two DTI datasets. This correction was performed
by computing a field distortion map based on the two
averaged unweighted B 5 0 images, which were acquired
with an opposite k-space read-out direction [Andersson
et al., 2003]. The resulting field map was then applied to
the two sets of 30 weighted images, resulting in a single
set of 30 weighted directions [Andersson et al., 2003]. The
DTI images were corrected for small head movements by
realigning all weighted scans to the unweighted B 5 0
image [Andersson and Skare, 2002]. Within each voxel, the
diffusion profile was fitted a tensor using a robust tensor
fit method based on M-estimators [Chang et al., 2005].
Next, the main diffusion direction within each voxel was
selected as the principal eigenvector, determined by the
eigenvalue decomposition of the fitted tensor [Mori et al.,
1999; Mori and van Zijl, 2002]. For each individual DTI
dataset, the Fiber Assignment by Continuous Tracking (FACT)
[Mori et al., 1999; Mori and van Zijl, 2002] algorithm was
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used to reconstruct the total collection of white matter
tracts of the brain, often called fibers or tracts [Mori et al.,
2002]. Twenty seven seeds were started in each voxel.
Fiber tracking was stopped when the fiber reached a voxel
with a FA value lower than 0.1, when the trajectory of the
traced fiber exceeded the brain or when the eigenvector
had an average angle of >45 degrees with the main diffu-
sion direction of neighboring voxels.

Selection of Functionally Linked Resting-State

Networks

RSNs were retrieved from the resting-state data using
the Normalized Cut Group Clustering method, as validated
earlier [Van den Heuvel et al., 2008a]. In brief, this voxel-
based clustering method involved the grouping of voxels
that consistently showed a high level of functional connec-
tivity over the group of subjects. The Normalized Cut Group
Clustering method consists of two clustering stages, being
(1) the individual clustering stage and (2) the group clus-
tering stage. First, at Stage 1, from each individual dataset
a graph G 5 (V,E) was formed, with V the collection of
points (called nodes or vertices) and E the collection of
edges (or connections) between the nodes of the graph.
The graph was formed out of all cortical voxels (i.e., the
nodes V), selected from the individual cortical segmenta-
tion maps. The weights of the connections E between all
voxel pairs were computed as the zero-lag temporal corre-
lation between the time-series of the voxels, reflecting their
level of voxel-wise functional connectivity. For example,
the weight w(i,j) of edge e(i,j) between voxel i and voxel j
was computed as the correlation between the resting-state
time-series of voxel i and voxel j. Next, the resulting indi-
vidual connectivity graph G was thresholded, setting all
connections to 0 that did not reach the set threshold of 0.4
and all connections to 1 that exceeded the threshold. As
such, G was defined as an unweighted unidirectional
graph with connections between those voxels that showed
a high level of functional connectivity. Next, the resulting
individual connectivity graph was clustered, using the
Normalized Cut graph clustering algorithm [Shi and Malik,
2000]. This resulted in the grouping of functionally linked
voxels into resting-state networks. Second, at the group
level (Stage 2), the consistency of the individual clustering
results was computed to determine which voxels consis-
tently showed a high level of functional connectivity over
the group of subjects. First, the consistency of the individ-
ual clustering results was represented as a group graph.
The connections between the voxels in the group graph
(i.e., the voxels of the group averaged anatomical image)
were defined as the level of cluster-consistency over the
group of subjects. This was performed by defining w(i,j) of
edge e(i,j) between voxel i and j in the group graph as the
total number of times voxel i and j were clustered into the
same cluster over the group of subjects. As such, a high
weight w(i,j) expressed that in a high number of subjects
voxel i and j showed a high level of functional connectiv-

ity and were therefore clustered into the same RSN, indi-
cating that over the group of subjects these voxels were
likely to belong to the same RSN. As a result, the weights
of the group graph expressed which voxels consistently
showed a high level of functional connectivity over the
group of subjects. Second, the resulting group graph was
clustered, clustering the voxels into group RSNs that con-
sistently showed a high level of functional connectivity
over the group of subjects and grouping voxels into differ-
ent RSNs that showed a low level of functional connectiv-
ity over the group of subjects. Using the Normalized Cut
Group Clustering procedure, the optimal number of group
clusters (i.e., the number of group RSNs) was determined
as an optimal clustering fit of the group graph, based on
minimizing the total normalized cut cost to partition the
graph into separate networks. As a result, the number of
group RSNs was determined automatically, avoiding man-
ual selection of RSNs [Van den Heuvel et al., 2008a].
Group clustering revealed nine RSNs (shown in Fig. 2a),

including the default mode network (Fig. 2a, RSN a, red
regions), two lateralized parietal-frontal networks consist-
ing of superior parietal and superior frontal regions (Fig.
2a, RSN b and c, green and blue regions), a network con-
sisting of primary motor regions (Fig. 2a, RSN d, dark
green regions), a network consisting of primary visual
regions (Fig. 2a, RSNd, dark blue regions), a network con-
sisting of extra-striate visual regions (Fig. 2a, RSNd, orange
regions), a network overlapping bilateral insular regions
and anterior cingulate cortex (ACC) (Fig. 2a, RSN e, pink
regions) and two singular networks consisting of bilateral
medial frontal cortex (Fig. 2a, RSN f, light blue regions)
and posterior precuneus regions (Fig. 2a, RSN g, light
brown regions). Please see the results section and Table I
for a full description of the RSN regions.

Structural Connections Between Functionally

Linked RSN Regions

To examine the existence of structural connections
between the functionally linked RSN regions the DTI fiber
data was combined with the nine RSN clustermaps. The
selection of interconnecting anatomical tracts between RSN
regions was performed in a 3-step procedure, illustrated in
Figure 1. First, for each individual dataset, the total collec-
tion of reconstructed fibers was selected (Fig. 1a). Second,
from each of the nine RSNs, a first region of interest (ROI)
was appointed and from the total collection of recon-
structed fibers the tracts that reached this first ROI were
selected (Fig. 1b). To improve the penetration of the recon-
structed tracts into the RSN regions of interest, the ROIs
were dilated with a maximum of 4 mm (i.e., 1 fMRI voxel).
Third, a second ROI was selected from the RSN cluster-
map (Fig. 1c) and from the resulting fibers of the previous
step, only the tracts that also reached the second ROI were
selected. This procedure resulted in the tracts that con-
nected both ROIs (Fig. 1c). Next, as this procedure was
completed for all subjects, the individual interconnecting
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tracts were normalized to match standard space (MNI 305)
using the normalization parameters of the B 5 0 image
and combined over the group of subjects. Individual tracts
were combined by bundling the individual tracts over the
group of subjects, such that the total collection of tracts
reflected all the tracts between ROIa and ROIb of subject
1–subject 26 (Fig. 1d).

Group Consistency Maps

To examine the consistency of the interconnecting white

matter pathways between RSN regions over the group of

subjects, for each interconnecting tract within each RSN a

group consistency flag map was computed. This group con-

sistency flag map served as an indicator of which white
matter regions were consistently crossed over the group of
subjects by the interconnecting fiber tracts. This was per-
formed in a 3-step procedure. First, for each individual
dataset, the interconnecting fibers between the two
selected RSN regions were selected and an individual 3D
volume was created, flagging those voxels that were
crossed by the interconnecting fibers. Voxels that were
crossed by 1 or more fibers were flagged with a value of 1,
resulting in an individual binary flag map. Second, in the
group stage, the individual flag maps were summated pro-
viding a group consistency flag map, indicating the overlap

of the found interconnecting tracts over the group of sub-
jects. As such, white matter regions that were consistently
crossed by the interconnecting fibers over the group of
subjects were indicated with a high voxel value. This pro-
cedure was repeated for all RSNs.

RESULTS

Resting-State Networks

Normalized Cut Group Clustering of the resting-state
fMRI time-series of the 26 subjects revealed 9 RSN, as vali-
dated earlier [Van den Heuvel et al., 2008c]. These func-
tionally linked networks included the default mode network,
the core network, two lateralized parietal-frontal networks,
primary motor, primary visual, extra-striate visual network
and two singular networks consisting of bilateral medial
frontal regions and posterior parietal cortical regions. The
nine RSNs are shown in Figure 2 (panel a). RSN a (Fig. 2a,
RSN a) shows the default mode network [Greicius et al.,
2003; Gusnard et al., 2001; Raichle et al., 2001; Raichle and
Snyder, 2007] overlapping posterior cingulate/precuneus
region (Brodmann Area (BA) 23/31), inferior and superior
parietal cortex (BA 39/40), superior frontal gyrus (BA 8)
and medial frontal gyrus (BA 8/9/10/11) [Damoiseaux
et al., 2006]. RSN b and c (Fig. 2a, RSN b and c) reflect lat-
eralized parietal-frontal networks in the left and right

Figure 1.

Structural connections between functionally connected resting-

state network regions. The existence of possible anatomical

white matter tracts between functionally connected resting-state

network (RSN) regions was examined in a 3-step procedure.

First, for each individual, the DTI data was used to reconstruct

the white matter tracts of the human brain, called fibers or tracts

(step a). Second, for each of the nine functionally connected

RSNs, a first region of interest (ROI) was selected and from the

total collection of fibers, the tracts that reached the first ROI

were selected (step b). Third, a second ROI was retrieved from

the RSN clustermap and from the resulting tracts of the previ-

ous step, only the tracts that reached this second ROI were

selected (step c). For illustration purposes, the individual inter-

connecting tracts were normalized to match standard space

(MNI 305) and combined over the group of subjects. The com-

bined tracts represented the existence of a direct anatomical

white matter connection between the functionally connected

regions of a known resting-state network.
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Figure 2.

Structural connections of the functionally linked resting-state net-

works. Group clustering of the resting-state fMRI data revealed

nine resting-state networks (RSNs) of functionally linked cortical

regions (panel a). Fiber tracking DTI data revealed interconnect-

ing white matter pathways in eight of these nine RSNs in a sub-

stantial proportion of the group of subjects (panel b). Panel a

Functional connectivity: Resting-State Networks. The nine net-

works included the default mode network (RSN a, red network),

two lateralized parietal-frontal networks (RSN b green network

and RSN c blue network), primary motor, visual, and extra-striate

visual networks (RSN d, green, blue and orange networks,

respectively), the core network consisting of bilateral insular

regions and regions overlapping the anterior cingulate cortex

(RSN e pink network) and two networks consisting of bilateral

regions overlapping medial frontal cortex/anterior cingulate cor-

tex (RSN f light blue network) and regions overlapping left and

right posterior precuneus (BA 7) (RSN g light brown network).

Panel b, Structural connectivity: Anatomical white matter tracts

interconnecting resting-state networks. Fiber tracking DTI data

revealed interconnecting white matter pathways in eight of the

nine RSNs in a substantial proportion of the group of subjects.

The cingulum tract, bilateral superior frontal occipital fasciculus

(SFOF), and the genu of the corpus callosum (CC) were found to

interconnect the regions of the default mode network (RSN a or-

ange, green/yellow and white tracts). The functionally linked

regions of the lateralized parietal-frontal networks were found to

be interconnected by the superior longitudinal fasciculus (SLF) (RSN

b purple tracts, RSN c green tracts). Corpus callosum (CC) tracts

interconnected the regions of the motor network (RSN d mint

green fibers) and the regions of the visual network (RSN d blue

tracts). Left and right insular regions and anterior cingulate cortex

of the core network were found to be interconnected by white

matter tracts (RSN e, green and yellow tracts, respectively) in

part of the group of subjects. Finally, the bilateral regions of the

two singular networks RSN f and RSN g were found to be inter-

connected by corpus callosum tracts (RSN f dark yellow tracts and

RSN g grey blue tracts). Fiber information boxes provide informa-

tion about the name of the interconnecting tract, the functionally

linked cortical regions and the number of N subjects of the group

of 26 subjects that showed these interconnecting tracts (N/26).



hemisphere, including cortical regions of the superior pari-
etal lobule, supramarginal gyrus (BA 7/40) and the middle
and superior frontal gyrus (BA 8/9). RSN d (Fig. 2a, RSN
d) consisted of postcentral gyrus (BA 3/1/2), precentral
gyrus (BA 4), cingulate gyrus (BA 24) and lateral, medial
and superior occipital gyrus and peristriate regions (BA
17/18/19). The motor and visual regions of RSNd were
originally clustered as a single RSN [Van den Heuvel et al.,
2008c], suggesting a high level of functional connectivity
between primary motor and primary (extra-striate) visual
regions. Most other studies have reported the motor and
visual networks as two separate RSNs, although a recent
study has provided supporting evidence for a high level of
functional connectivity between motor and visual regions
by also reporting these regions as a single RSN [Vincent
et al., 2008]. To examine the existence of sub-networks
within this combined motor/visual network, a second level
clustering was performed on the voxels in the combined
motor/visual RSN (RSNd) [Van den Heuvel et al., 2008a].
As expected, this resulted in the clustering of separate sub-
networks for the primary motor, primary visual and extra-
striate visual regions. These sub-networks are shown in
RSN d of Figure 2a, including a separate primary sensori-
motor network (Fig. 2a, RSN d, green cluster), a visual net-
work (Fig. 2a, RSN d, blue cluster) and a network consist-
ing of bilateral extra-striate visual regions (Fig. 2a, RSNd,
orange cluster) [Biswal et al., 1995; Damoiseaux et al., 2006;
Salvador et al., 2005a; Xiong et al., 1999]. Furthermore, RSN
e (Fig. 2a, RSN e) shows the so-called core network [Dosen-
bach et al., 2007] consisting of bilateral insular and superior
temporal cortex (BA 21/22) and a part of the cingulate gyrus
(BA 24). RSN f (Fig. 2a, RSN f) overlaps bilateral regions of
the medial frontal gyrus (BA 9) and an anterior part of the
cingulate gyrus (BA 32) [Damoiseaux et al., 2006]. Finally,
RSN g (Fig. 2a, RSN g) consisted of a singular region over-
lapping a posterior part of bilateral precuneus (BA 7).

Anatomical White Matter Tracts Interconnecting

Resting-State Networks

Well-known anatomical white matter tracts [Schmah-
mann and Pandya, 2006; Schmahmann et al., 2007; Vogt
and Pandya, 1987; Wakana et al., 2004] were found to inter-
connect eight of the nine functionally linked RSNs across
the group of subjects. Figure 2a,b shows a general overview
of all RSNs and the white matter tracts that were found to
interconnect the RSN regions. Figures 3–7 show the RSNs
and the interconnecting tracts in more detail, together with
the matching group consistency flag maps. In addition, Table I
describes the functionally linked regions of the nine RSNs
(RSN a to g) and the interconnecting white matter tracts
that were found to interconnect the RSN regions.

RSN a

Figure 3 shows the interconnecting tracts of the regions
of the so-called default mode network [Greicius et al., 2003;

Gusnard et al., 2001; Raichle et al., 2001; Raichle and
Snyder, 2007]. The cingulum tract (Fig. 3, RSN a orange
tracts, 26 of 26 subjects showed interconnecting fibers (26/
26)) [Greicius et al., 2009], the left and right superior frontal-
occipital fasciculus (green and yellow tracts, 17/26 and 19/
26) and the genu of the corpus callosum (white tracts, 26/26)
were found to interconnect the active areas within the
default mode network. The matching group consistency flag
maps suggest a high level of consistency of the intercon-
necting tracts over the group of subjects. The consistency
flag maps show high voxel values for the center line of the
cingulum, i.e., group consistency voxel values of over 15
were found, indicating that the trajectories of the intercon-
necting tracts of more than 15 subjects of the group of 26
all crossed overlapping voxels. Similarly, the group consis-
tency maps for the genu tract showed high consistency
voxel values (i.e., >12), also indicating a high level of con-
sistency over the group of subjects. Please note that no
spatial smoothing was applied to the group consistency
flag maps.

RSN b and c

The two lateralized parietal-frontal RSNs were found to
be interconnected by the left and right structural superior
longitudinal fasciculus [Wakana et al., 2004] (Fig. 4, RSN b
purple tracts, 21/26 and RSN c dark green tracts, 25/26).
The group consistency flag maps of these interconnecting
tracts are shown in Figure 4, suggesting a high level of
consistency of the interconnecting tracts over the group of
subjects (showing group consistency voxel values of over
15 in both left and right hemispheric tracts).

RSN d

Tracts of the body of the corpus callosum were found to
interconnect the primary sensorimotor network (Fig. 5,
RSN d mint green tracts, 26/26) and tracts crossing the
splenium of the corpus callosum were found to interconnect
the regions of the primary visual network (RSN d blue
tracts, 26/26). Similar to the other RSNs these interconnect-
ing tracts were found with a high level of consistency over
the group of subjects, indicated by group consistency voxel
values of over 15 (see Fig. 5). No interconnecting tracts
were found between the extra-striate visual regions (Fig.
2a, RSNd, orange network).

RSN e

In part of the group of subjects (16 of 26 and 10 of the
group of 26 subjects, respectively) white matter tracts were
found to interconnect the regions of the core network (Fig.
6, RSN e, green and yellow tracts) [Vogt and Pandya,
1987]. Figure 6 shows the interconnecting tracts between
the left and right insular regions and the anterior cingulate
cortex and the matching group consistency flag maps of
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the found tracts (group consistency values of 5 and 3,
respectively).

RSN f and g

Fibers passing the genu of the corpus callosum were found
to interconnect the left and right prefrontal cortical regions
of RSN f, shown in Figure 6 (RSN f, dark yellow tracts) in
16 of the 26 subjects (maximum group consistency values
of 15). Finally, interhemispheric corpus callosum tracts were
found to interconnect the left and right posterior precu-
neus regions of RSN g (Fig. 6, RSN g grey blue tracts, 26
of 26 subjects showing tracts, maximum group consistency
values of 12).

DISCUSSION

Multiple brain regions are functionally linked to each
other during rest, forming resting-state networks (RSNs)
[Biswal et al., 1995; Fox and Raichle, 2007; Greicius et al.,
2003]. This study demonstrates that almost all of these
functionally linked RSNs are interconnected by anatomical
white matter tracts [Wakana et al., 2004]. Our findings
strongly suggest that functionally linked resting-state net-
works have an underlying structural core.

The nine examined RSNs are commonly found in rest-
ing-state group studies [Beckmann et al., 2005; Damoi-
seaux et al., 2006; De Luca et al., 2006; Salvador et al.,
2005a] (Fig. 2a). In particular, eight of the nine group clus-
tered RSNs show one-on-one overlap with the group
ICA components reported by Damoiseaux et al. [Damoi-
seaux et al., 2006], including the default mode network (RSN
a), the lateralized parietal-frontal networks (RSN b and c),
the primary motor, visual and extra-striate visual sub-net-
works (RSN d), the core network consisting of bilateral insu-
lar and ACC regions (RSN e) and the network overlapping
bilateral posterior medial frontal regions (RSN f). Only the
network consisting of posterior precuneus regions (RSN g)
was not reported by Damoiseaux et al. The high overlap
between the found RSNs of our study and the networks
found by Damoiseaux et al. provide strong evidence for
the robust formation of functional RSNs in the human
brain during rest.
The focus of our study was on the identification of

white matter tracts between functionally linked RSN
regions. Well-known white matter tracts [Wakana et al.,
2004] were found to interconnect the functionally linked
regions in eight of nine commonly found RSNs. Specifi-
cally, we found an important role for the tracts of the
cingulum, superior frontal-occipital fasciculus and genu of the

Figure 3.

Structural white matter tracts between regions of the default

mode network (RSN a). Figure shows that the cingulum tract

(orange tracts, 26 of 26 subjects showing interconnecting tracts),

the left and right superior frontal-occipital fasciculus (green 17/

26 and yellow tracts 19/26), and the genu of the corpus cal-

losum (26/26 subjects) play an important role in interconnecting

the regions of the default mode network. The matching group

consistency flag maps show large overlap over the group of sub-

jects, especially for the cingulum (maximum consistency voxel

values of 15) and genu tracts (voxel values of 12). The group

consistency flag maps indicate for each voxel how many subjects

of the group of 26 subjects showed interconnecting tracts

between the two RSN regions that touched this particular white

matter region. Please note that no spatial smoothing was applied

to the group consistency flagmaps.

r van den Heuvel et al. r

r 3134 r



corpus callosum [Wakana et al., 2004] in interconnecting
the active regions of the default mode network (see Fig.
3). The group consistency flag maps, reflecting the overlap
of the found interconnecting tracts over the group of sub-
jects suggest a high level of consistency of these tracts
over the group of subjects, especially for the cingulum
and genu tracts (see Fig. 3). These results are supported
by recent findings, demonstrating an important intercon-
necting role for the cingulum tract in the default mode
network [Greicius et al., 2009; Heuvel et al., 2008b]. Fur-
thermore, the left and right superior longitudinal fasciculus
[Wakana et al., 2004] were found to interconnect the two
lateralized parietal-frontal RSNs (see Fig. 4). In addition,
distinct interhemispheric corpus callosal tracts [Wakana
et al., 2004] were found to interconnect the regions of the
primary motor network [Lowe et al., 2008] and the
regions of the visual network with a high level of consis-
tency over the group of subjects (see Fig. 5). Furthermore,
corpus callosum tracts were found to interconnect the
regions of the two singular resting-state networks, over-
lapping bilateral prefrontal and posterior precuneus
regions (see Fig. 7).

Five of the nine clustered group RSNs consist of homol-
ogous regions, being the primary motor, primary visual,
extra-striate visual and the RSNs consisting of bilateral
prefrontal (RSN f) and posterior precuneus regions (RSN
g). Given that most homologous regions are interconnected
by corpus callosal tracts, the existence of direct structural
connections between these RSN regions was expected.
However, the other four RSNs, including the default mode
network, core network and the two parietal-frontal net-
works do not (only) consist of homologous regions, but
rather consist of lateralized brain regions. Therefore, the
existence of interconnecting white matter tracts between
these functionally linked RSN regions strongly supports
the notion of a structural core of RSNs in the human brain.
White matter pathways are bundles of huge numbers of

axons that connect large neuronal populations over long
distances [Schmahmann and Pandya, 2006; Schmahmann
et al., 2007; Vogt and Pandya, 1987; Wakana et al., 2004].
They are the structural highways of our brain, enabling in-
formation to travel quickly from one region to another.

Figure 5.

Interconnecting tracts between regions of the primary motor

and primary visual resting-state network (RSNd). Figure shows

an important role for corpus callosum tracts to interconnect the

regions of the primary motor (green RSN, 26 of 26 subjects

showing tracts) and primary visual resting-state network (blue

RSN, all 26 subjects showing tracts). No interconnecting tracts

were found between the homologous regions of the extra-

striate visual network (orange RSN), which is likely to result

from the difficulty of tracing fibers that cross other large fiber

bundles. The group consistency flag maps show a large consis-

tency of the found interconnecting tracts over the group of 26

subjects (maximum consistency values of over 15).

Figure 4.

Structural white matter connections between regions of the two

lateralized parietal-frontal networks (RSN b and c). Figure shows

an important role for the left and right superior parietal fascicu-

lus to interconnect the functionally linked middle/superior frontal

and superior parietal regions in the left (21 of 26 subjects

showed interconnecting tracts) and right hemisphere (25 of 26

subjects showed interconnecting tracts). The group consistency

maps show large overlap over the group of subjects (maximum

group consistency voxel values of over 15).
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The notion that functionally linked RSN regions are
directly interconnected by these structural highways sug-
gests that RSN activity and synchronization indeed reflect
ongoing information integration between anatomically sep-
arate regions during rest [Greicius et al., 2003; 2009]. This
supports the view that RSNs are meaningful networks
[Dosenbach et al., 2007; Fox and Raichle, 2007; Greicius
et al., 2003; Gusnard et al., 2001; Mason et al., 2007]. Our
results do not directly provide information about the func-
tional relevance of RSNs, but other studies have indicated
that activity of at least the default mode network and the
core network may play an important role in human cogni-
tion. Regions of the core network have been associated
with the processing of salient stimuli [Seeley et al., 2007]
and goal-directed behavior [Dosenbach et al., 2007] and
activation of the default mode network has been linked to
mind-wandering [Mason et al., 2007], relating oneself to
the outside world [Gusnard et al., 2001] and integration of
cognitive and emotional processing [Greicius et al., 2003].
These cognitive processes are likely to continue during rest
[Greicius et al., 2003; Gusnard et al., 2001] and anatomical
white matter pathways between these functionally linked
RSN regions could facilitate this ongoing information inte-
gration between these regions.
Functional connections between multiple cortical brain

regions were examined by computing the correlation
between fMRI time-series measured during rest [Achard
et al., 2006; Salvador et al., 2005b; Van den Heuvel et al.,
2008b]. However, when correlation is used as a measure of
functional connectivity, it is unclear whether a high level
of functional connectivity between two regions is reflecting
direct communication between these regions, or whether
these regions are indirectly linked through a third party
region. As DTI only measures the direct structural connec-
tions between brain regions and resting-state fMRI may

express both direct and indirect connections the functional
and structural connectivity results may only partially over-
lap. The results of our study demonstrate that a large
number of functionally linked RSN regions are directly

Figure 7.

Interconnecting tracts between homogeneous brain regions of

RSN f and RSN g. Corpus callosum tracts were found to inter-

connect the bilateral medial frontal regions of RSN f (16 of 26

subjects showed tracts) and the bilateral posterior precuneus

regions of RSN g (all 26 subjects showed interconnecting tracts),

with a high level of consistency over the group of subjects (max-

imum consistency values of 15 and 12, respectively).

Figure 6.

Interconnecting tracts between regions of the core network (RSN e). Fiber tracking revealed

interconnecting tracts between the ACC region and the left/right insular regions of RSN e in

part of the subjects (16 of 26 and 10 of 26, respectively). Group consistency maps showed a

high variation of the interconnecting tracts over the group of subjects, indicated by the maxi-

mum consistency voxel values of 5 and 3, respectively.
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structurally interconnected. This suggests that a large
number of the functional connections between RSN
regions are likely to reflect direct connections, as at least
the structural infrastructure is present to support direct
functional synchronization between these regions. Partial
correlation has been successfully used to measure the
unique level of functional connectivity between two brain

regions, by factoring out the influence of third-party
regions, expressing only the direct functional connections
between two regions [Achard et al., 2006; Liu et al., 2008;
Salvador et al., 2005b; Van den Heuvel et al., 2008b].
Future studies of our lab are aimed to specifically examine
the direct functional and structural connections between
RSN regions [Van den Heuvel et al., 2008b].

TABLE I. Functional and structural connections of resting state networks

Table describes the functionally linked regions of the nine clustered RSNs (a – g) and the, interconnecting structural white matter path-
ways shown in Figure 2b and Figure 3 – 7. MFC, medial frontal cortex; PCC, precuneus/posterior cingulate cortex; IPL, inferior parietal
lobule; SFC, superior frontal cortex; SPC, superior parietal cortex; ACC, anterior cingulate cortex; prec, precuneus. [Color table can be
viewed in the online issue, which is available at www.interscience.wiley.com.]
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Supporting evidence for a structural core of functional
RSNs comes from studies who report on decreased func-
tional connectivity in combination with studies how report
on degenerative effects of the microstructural organization
of white matter tracts. Aging has been related to reduced
resting-state activity [Damoiseaux et al., 2008] and
decreased levels of fractional anisotropy of white matter
[Makris et al., 2007; Schneiderman et al., 2007; Yoon et al.,
2007]. Reduced activity of the default mode network has
been directly related to an altered microstructural organi-
zation of the cingulum tract in advanced aging and
decreased levels of cognitive performance [Andrews-
Hanna et al., 2007]. In addition, disease related decreases
of functional connectivity in patients with multiple sclero-
sis have been associated with decreased structural integrity
of corpus callosum fibers [Lowe et al., 2008]. Furthermore,
patients with psychiatric diseases, such as schizophrenia,
that are known to have (progressive) structural gray mat-
ter change [Hulshoff Pol and Kahn, 2008; Hulshoff Pol
et al., 2001] have been reported to show both altered rest-
ing-state activity [Bluhm et al., 2007; Liang et al., 2006; Liu
et al., 2006; 2008; Salvador et al., 2007] and altered organi-
zation of white matter [Hulshoff Pol et al., 2004; Kubicki
et al., 2005; 2007; Nestor et al., 2007; Sun et al., 2003].
Our findings suggest that functionally linked RSNs have

an underlying structural connectivity core. The function-
ally linked RSNs are represented as separate networks that
consist of distinct brain regions showing a high level of co-
herence between their resting-state fMRI time-series.
Almost all of the commonly reported RSNs were found to
be directly interconnected by known white matter tracts.
In this context, it is reasonable to speculate about the idea
that direct structural connections between two anatomi-
cally separate brain regions may be a precondition for
large brain regions to be (direct) functionally linked. As
such, our findings support the notion that white matter
pathways may be crucial to support the ongoing neuronal
communication between anatomically separated brain
regions during rest [Greicius et al., 2009; Hagmann et al.,
2008; Van den Heuvel et al., 2008b]. However, this does
not imply that all structural connected regions should
show a high level of functional connectivity during rest.
Furthermore, our study suggest the existence of white mat-
ter connections between large brain regions of widespread
networks. This does not implicate that local functional con-
nectivity is exclusively related to the existence of structural
connections between these regions [Koch et al., 2002].
Nine RSNs were found in our study. However, we by no

means try to suggest that our functional brain consists of
independent functional networks. Rather, we strongly
believe that our brain is an integrated dynamic network
[Achard and Bullmore, 2007; Hagmann et al., 2007; 2008;
Van den Heuvel et al., 2008c], with a vast amount of inter-
action between multiple RSNs and the existence of both
functional and structural connections between RSNs [Hag-
mann et al., 2007; 2008; Sridharan et al., 2008; Vincent et al.,
2008]. Our study adds to the accumulating evidence that

our brain is an integrated network of interconnected
regions [Achard and Bullmore, 2007; Hagmann et al., 2008;
Liu et al., 2008; Stam, 2004; Van den Heuvel et al., 2008c].
Recent studies have shown that the brain network has a so-
called small-world architecture [Achard and Bullmore, 2007;
Hagmann et al., 2008; Micheloyannis et al., 2006; Stam,
2004; Stam et al., 2007; Van den Heuvel et al., 2008c], mean-
ing that its functional and structural connections are organ-
ized in an highly efficient manner [Achard and Bullmore,
2007; Hagmann et al., 2007; 2008]. Small-world networks
are known to have a high level of both local and global effi-
ciency [Latora and Marchiori, 2001; Achard and Bullmore,
2007], suggesting that information can be efficiently proc-
essed locally and then quickly transported to remote
regions for further processing. Our results suggest that the
cortico-cortical white matter pathways of our brain play an
important role in the efficient integration of information
within functionally linked RSNs during rest.
We used deterministic fiber tracking [Mori et al., 1999;

Mori and van Zijl, 2002] to examine the existence of white
matter pathways between functionally linked RSN regions.
An alternative approach would be the use of probabilistic
fiber tracking. Probabilistic fiber tracking, as for example
implemented in the FSL software package, measures the
probability that a seed region is connected to a second
region. Probabilistic fiber tracking has the advantage that
individual connectivity probability maps can be compared
between subjects, enabling a statistical group analysis. How-
ever, probabilistic fiber tracking does not directly measure
the true structural connections between brain regions, but
rather the probability that two regions are connected [Jones,
2008]. As the focus of our study was on the identification of
the structural white matter pathways between RSN regions,
deterministic fiber tracking was used.
Some limitations have to be considered when interpret-

ing the results of this study. First, not all subjects showed
interconnecting tracts between all RSN regions. A limited
number of subjects showed interconnecting tracts between
the regions of the core network (i.e., 10 and 16 of the 26
subjects showed interconnecting tracts) and between the
bilateral regions of RSN f (Fig. 2b, RSN f, brown tracts,
10/16). In addition, no interconnecting tracts were found
between the two bilateral insular regions of the core net-
work (Fig. 2a, RSN e) and between the regions of the
extra-striate visual network (Fig. 2a, RSN d orange
regions). The inability to track fibers between these regions
could be related to the difficulty of reconstructing tracts
that cross other white matter bundles [Wakana et al.,
2004]. This is coherent with other studies who report on
the difficulty of reconstructing interhemispheric callosal
white matter tracts [Basser et al., 2000; Wakana et al.,
2004]. Furthermore, fiber tracking only revealed white mat-
ter tracts between parts of the RSN regions. The intercon-
necting tracts shown in Figures 1, 2b and Figures 3–7 sug-
gest that only sub-parts of the ROIs are structurally inter-
connected. This might indicate that functionally linked
RSNs are structurally interconnected in a somewhat hier-
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archical fashion, meaning that only sub-parts of a RSN
region are directly structurally connected to the other
regions of the network and that the other sub-parts of the
ROI are in turn connected to these structural connectivity
hubs. However, our findings do not provide direct evi-
dence for this. The inability of finding fibers between all
parts of two functionally linked ROIs could also be related
to the limitations of the used fiber tracking method. Large
fiber bundles disperse just before they enter the cortex,
which could affect the directionality measurement in the
white matter (i.e., lower FA) and hence affect the fiber
tracking. Second, individual interconnecting tracts between
the functionally linked RSN regions were selected based
on group ROIs, which were selected from a group cluster-
ing of the resting-state data (Fig. 2a). An alternative
approach would be the use of individual ROIs instead of
group ROIs to better account for individual anatomical dif-
ferences of the human brain. However, little is known
about individual differences in RSN formation. Up till now
most resting-state studies have focused on the identifica-
tion of RSNs across subjects [Beckmann et al., 2005; Dam-
oiseaux et al., 2006]. As the focus of our study was on the
identification of possible interconnecting structural tracts
between regions of known RSNs, group ROIs were used to
minimize the possible effects of unknown individual dif-
ferences in RSN formation. However, it is of high interest
to examine whether individual differences in functional
connectivity between RSN regions is related to individual
variation of the interconnecting white matter pathways of
the human brain. Third, in this study we focused on corti-
cal regions of RSNs and the existence of cortico-cortical
structural connections between these regions. However,
sub-cortical regions have also been reported to be involved
in RSNs [Beckmann et al., 2005; Damoiseaux et al., 2006;
Greicius et al., 2003]. For example, intrinsic functional con-
nections between the thalamus and cortical regions have
been reported to be highly region specific [Zhang et al.,
2008] and tend to show strong overlap with the structural
projections of the thalamus [Behrens et al., 2003]. Fourth,
our study shows the existence of interconnecting structural
pathways between a large number of functionally linked
RSN regions. However, in theory, our data could also be
explained by the fact that the fiber tracking reveals struc-
tural connections between any two arbitrary brain regions.
However, given the special small-world organization of
the structural connections of the brain [Hagmann et al.,
2007; 2008] we believe that this alternative explanation is
highly unlikely. A small-world organization indicates that
not every brain region is connected to every other region
in the brain, but rather that the number of white matter
pathways is limited [Watts and Strogatz, 1998] [Hagmann
et al., 2008]. There has to be noted that we do not suggest
that our brain consists of fully independent functionally
and structurally connected networks. Rather, our brain is
likely to be a fully integrated network [Achard et al., 2006;
Hagmann et al., 2008; Van den Heuvel et al., 2008c], indi-
cating the existence of both functional and structural con-

nections between RSN networks. Future studies are needed
to examine these inter-RSN connections.
The main finding from this study is the existence of

structural white matter connections between the function-
ally linked regions of resting-state networks. Twenty six
healthy subjects were scanned with 3 Tesla resting-state
fMRI recordings and DTI scans to examine both the func-
tional and structural connections of the human brain.
Almost all of the commonly reported functional resting-
state networks were found to be interconnected by known
structural white matter tracts. Our results suggest that
functionally linked resting-state networks reflect the
underlying structural connectivity architecture of the
human brain.
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