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Microstructural Organization of the Cingulum Tract and the
Level of Default Mode Functional Connectivity
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The default mode network is a functionally connected network of brain regions that show highly synchronized intrinsic neuronal
activation during rest. However, less is known about the structural connections of this network, which could play an important role in the
observed functional connectivity patterns. In this study, we examined the microstructural organization of the cingulum tract in relation
to the level of resting-state default mode functional synchronization. Resting-state functional magnetic resonance imaging and diffusion
tensor imaging data of 45 healthy subjects were acquired on a 3 tesla scanner. Both structural and functional connectivity of the default
mode network were examined. In all subjects, the cingulum tract was identified from the total collection of reconstructed tracts to
interconnect the precuneus/posterior cingulate cortex and medial frontal cortex, key regions of the default mode network. A significant
positive correlation was found between the average fractional anisotropy value of the cingulum tract and the level of functional connectivity between the precuneus/posterior cingulate cortex and medial frontal cortex. Our results suggest a direct relationship between the
structural and functional connectivity measures of the default mode network and contribute to the understanding of default mode
network connectivity.
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Introduction
Multiple cortical and subcortical regions show coherent time series during rest and are suggested to form resting-state networks
(RSNs) (Damoiseaux et al., 2006; van den Heuvel et al., 2008). In
particular, a set of regions called the default mode network
(Raichle et al., 2001; Greicius et al., 2003) has been reported to
show high levels of intrinsic neuronal activity during rest (Gusnard et al., 2001; Greicius et al., 2003; Raichle and Snyder, 2007).
The most often reported and most influential regions of this network are the precuneus/posterior cingulate cortex (PCC), involved in responding to salient stimuli in the world around us
(Corbetta et al., 2000; Gusnard et al., 2001) and medial frontal
cortex (MFC), involved in emotional processing and the monitoring of one’s mental state (Northoff and Bermpohl, 2004;
Northoff et al., 2006; Schmitz and Johnson, 2007). Neuronal activation patterns of the PCC and MFC have been reported to be
highly coherent during rest (Greicius et al., 2003; Fox and
Raichle, 2007), indicating a high level of functional connectivity
(Biswal et al., 1995) and ongoing communication between the
PCC and MFC during rest. This supports the idea of the default
mode network as a cohesive brain network that may be involved
in important functions of human cognition (Gusnard et al., 2001;
Greicius et al., 2003; Mason et al., 2007).
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However, less is known about the structural connections of
the default mode network. The cingulum bundle is a collection of
white matter tracts that connect regions of the frontal lobe with
the precuneus, posterior cingulate cortex, hippocampus, and
parahippocampus (Wakana et al., 2004; Schmahmann et al.,
2007; Lawes et al., 2008). These termination regions show large
overlap with key regions of the default mode network. Indeed,
Greicius et al. (2008) recently reported that the PCC and MFC
regions of the default mode network are connected by the cingulum tract. These results suggest an anatomical basis of the default
mode network and raise the question about a possible association
between the structural and functional connectivity measures of
the default mode network. We hypothesize that an association
exists between the microstructural organization of the cingulum
tract and the level of default mode functional connectivity. Examining this association could add to the understanding of default mode network connectivity. In this study, resting-state
functional magnetic resonance imaging (fMRI) recordings and
diffusion tensor imaging (DTI) scans were acquired on a 3 tesla
MR scanner in 45 subjects. The unique level of functional connectivity between the PCC and MFC regions of the default mode
network was computed as the partial correlation between their
resting-state time series. Cingulum tracts interconnecting the
PCC and MFC were reconstructed using the DTI scans, and fractional anisotropy (FA) values of these tracts were calculated as an
indication of white matter integrity (Kim et al., 2007). Over the
group of subjects, the mean FA value of the cingulum tract was
correlated with the level of functional connectivity between the
PCC and MFC regions of the default mode network.
These data have been published previously in abstract form
(van den Heuvel et al., 2007).

van den Heuvel • Cingulum and Default Mode Functional Connectivity

Materials and Methods
Subjects. Forty-five healthy subjects (mean ⫾ SD age, 24.8 ⫾ 4.8 years; 25
male, 20 female) participated in this study after giving written consent as
approved by the medical ethics committee for research in humans of the
University Medical Centre Utrecht, The Netherlands. All subjects underwent a 45 min scanning session. During the resting-state recordings,
subjects were instructed to relax, keep their eyes closed without falling
asleep, and to think of nothing in particular.
Image acquisition. Resting-state fMRI and DTI data were acquired on a
3 tesla Philips Achieva Medical Scanner (Philips Medical Systems) at the
University Medical Center Utrecht, The Netherlands. During the rest
experiment, resting-state blood oxygenation level-dependent (BOLD)
signals were recorded during a period of 8 min using a fast fMRI sequence
[three-dimensional (3D) PRESTOSENSE p/s-reduction 2/2 (Golay et al.,
2000; Neggers et al., 2008); repetition time (TR)/echo time (TE), 22
ms/32 ms using shifted echo; flip angle, 9°; dynamic scan time, 0.5 s; 1000
timeframes; field of view (FOV), 256 ⫻ 256 mm; 4 mm isotropic voxel
size; 32 slice volume covering the whole brain]. Directly after the fMRI
time series, an additional functional scan was acquired with identical
parameters but with a high anatomical contrast attributable to an increased flip angle of 25°. This additional high-contrast functional scan
was acquired to improve the coregistration of the functional images with
the anatomical image. In the same scanning session, DTI scans were
acquired [DTI-MR using parallel imaging SENSE p-reduction 3; high
angular gradient set of 30 weighted directions (Jones et al., 1999; Jones,
2004); TR, 7035 ms; TE, 68 ms; echo planar imaging (EPI) factor, 35;
FOV, 240 ⫻ 240 mm; 2 mm isotropic voxel size; 75 slices covering the
whole brain]. In total, two DTI sets of 30 weighted diffusion scans with
different weighting directions (b ⫽ 1000 s/mm 2) and two unweighted B0
scans (b ⫽ 0 s/mm 2) were acquired. The second DTI set was acquired
with a reversed k-space readout direction (anterior direction) compared
with the first set (posterior direction) (Andersson et al., 2003). In addition, a T1-weighted image (3D fast field echo using parallel imaging; TR,
10 ms; TE, 4.6 ms; FOV, 240 ⫻ 240 mm; 200 slices; 0.75 mm isotropic
voxel size) was acquired for anatomical reference of the functional time
series and structural DTI scans.
Image preprocessing. fMRI preprocessing was performed with the
SPM2 software package (http://www.fil.ion.ucl.ac.uk). The functional
scans were corrected for small head movements by realigning all scans to
the last functional scan. Both the T1 image and the functional scans were
coregistered with the high-contrast functional scan to enable spatial
overlap between the functional time series and the T1 image. Cortical
voxels were selected based on a cortical segmentation of the T1 image.
Cortical segmentation was performed with the widely used and freely
available Freesurfer software package (http://surfer.nmr.mgh.harvard.edu/).
The T1 image was normalized to match the Montreal Neurological Institute 305 T1 template brain (Collins et al., 1994). Next, the fMRI time
series and cortical segmentation map were normalized to standard space
by using the normalization parameters of the T1 image. The normalized
cortical segmentation map was resliced to the spatial resolution of the
fMRI images.
DTI preprocessing was performed with the diffusion toolbox of
Andersson and Skare (2002) and in-house developed software. First,
susceptibility distortions, often reported in single-shot EPI images, were
corrected by combining the two sets of DTI images. A field distortion
map was computed based on the two unweighted B0 images and applied
to the weighted images (Andersson et al., 2003), resulting in a single set of
corrected scans, which were realigned with the corrected B0 image
(Andersson and Skare, 2002). For each voxel, the main diffusion direction was computed by fitting a tensor to the diffusion scans using a robust
tensor fit method based on an M-estimator (Chang et al., 2005). The
“fiber assignment by continuous tracking” (FACT) algorithm (Mori et
al., 1999; Mori and van Zijl, 2002) was used to reconstruct the white
matter tracts of the brain. In each voxel, 27 fiber seeds were started. Fiber
tracking was stopped when the fiber touched a voxel with an FA value
⬍0.1 or when it had an average angle change between the neighboring
eigenvectors of ⬎45° or when the trajectory of the traced fiber exceeded
the brain. Only fibers with a minimum length of 50 mm were considered.
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Next, the B0 image was registered (linear) to the anatomical image and
normalized using the normalization parameters of the T1 image, to overlap with the normalized resting-state fMRI time series.
Selection of default mode network. RSNs across the group of subjects
were selected with the voxel-based “normalized cut group clustering”
approach, described in detail previously (van den Heuvel et al., 2008).
This method involves the clustering of voxels that consistently show a
high level of functional connectivity over a group of subjects. In brief, for
each individual dataset, the resting-state fMRI dataset was represented as
a network that was constructed out of all cortical voxels with weighted
connections between all voxel pairs. Cortical voxels were identified from
the individual cortical segmentation map. The weights of the connections between the voxels in the network were computed as the zero-lag
temporal correlation between the filtered resting-state time series. The
resulting connectivity graph was then clustered, resulting in the grouping
of voxels that showed a high level of functional connectivity. Next, the
overlap of the individual voxelwise clustering results defined a “group
graph,” with weighted connections between the cortical voxels reflecting
the level of consistency of the clustering results over the group of subjects.
The voxels in the group graph were selected from the group cortical
segmentation map, which resulted from overlapping the individual cortical segmentation maps. The group graph was clustered, clustering voxels into resting-state networks that showed a high level of functional
connectivity consistently over the group of subjects. Using the normalized cut group clustering approach, the number of RSN clusters are
defined as an optimal clustering fit of the group graph, which is defined as
a clustering fit that minimizes the total cost of partitioning the graph into
separate networks (van den Heuvel et al., 2008). This optimization procedure resulted in an optimal clustering fit of the data in seven RSNs (Fig.
1). Group clustering revealed the extensively described default mode
network (Raichle et al., 2001; Greicius et al., 2003), overlapping the PCC
[Brodmann area (BA) 23/31], bilateral middle/superior temporal gyrus
(BA 21/39) and inferior/superior parietal cortex (SPC) (BA 39/40), and
frontal cortices, including both superior frontal cortex (BA 8/9) and
MFC (BA 10/11). The other clustered RSNs included two lateralized
frontoparietal networks, a motor/sensory/auditory network, a network
consisting of insula and anterior cingulate cortex, and two singular networks that overlapped the medial frontal gyrus and a posterior part of BA
7 (Fig. 1). The clustered RSNs showed resemblance with the resting-state
networks found by previous studies reporting on the groupwise selection
of resting-state networks (Beckmann et al., 2005; Damoiseaux et al.,
2006; De Luca et al., 2006; van den Heuvel et al., 2008).
Functional connectivity. The PCC and MFC were selected from the
default mode network cluster map (Fig. 1a). For each of the individual
datasets, the functional connectivity between the PCC and MFC was
calculated as follows. The fMRI time series of all voxels were filtered using
a bandpass filter, extracting the low resting-state frequencies of interest
(0.01– 0.08 Hz) (Biswal et al., 1995, 1997; Cordes et al., 2001; Achard et
al., 2006). The representative time series of the PCC and MFC were
obtained by averaging the time series of the voxels within these regions.
Next, the level of functional connectivity between the PCC and MFC
regions was computed as a partial correlation between their filtered time
series, controlling for third-party influences of other RSN regions (Stam,
2004; Sun et al., 2004; Salvador et al., 2005; Achard et al., 2006; Liu et al.,
2008). Besides the default mode network, the group clustering revealed
six other resting-state networks, which in total consisted of 13 anatomically separate regions. For each of these 13 other RSN regions and the two
bilateral SPC regions of the default mode network, representative time
series were computed by averaging the time series of all voxels within this
particular RSN region (Liu et al., 2008). The partial correlation between
the time series of the PCC and MFC was computed by correlating the
resting-state time series of the PCC and MFC, factoring out the contributions of the time series of the other 13 RSN regions and the two bilateral SPC regions of the default mode network (Fig. 1a). This procedure
was similar to the methodology used in previous studies examining functional connectivity between brain regions (Salvador et al., 2005; Achard
et al., 2006; Liu et al., 2008). In these studies, the brain was partitioned
into a fixed number of regions based on a predefined anatomical template, normally ⬃90 regions, and partial correlations between the time
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Figure 1. Group clustered resting-state networks. Normalized cut group clustering of the resting-state time series of the group of 45 subjects revealed seven resting-state networks. Cluster a (a) shows the
default mode network, consisting of frontal regions, including superior frontal gyrus (BA 8/9) and medial frontal gyrus (BA 10/11) and precuneus/posterior cingulate cortex (BA 23/31) and bilateral regions
overlapping middle/superior temporal tyrus (BA 21/39) and inferior/superior parietal cortex (BA 39/40). Clusters b and c (b, c) show lateralized frontoparietal networks in the right and left hemisphere,
overlappingregionsinthesuperiorparietallobule,inferiorparietallobule,supramarginalgyrus(BA40),andmedialandsuperiorfrontalgyrus(BA8/9).Clusterd(d)showsacombinednetworkofbothvisualand
motorregions,consistingofmedial,lateral,andsuperioroccipitalgyrusandperistriateregions(BA17/18/19),precentral(BA4),andpostcentralgyrus(BA3/1/2).Clustere(e)showsanetworkofcingulategyrus
(BA24)andbilateralinsularandsuperiortemporalgyrus(BA13/22),anetworkthatisalsocommonlyfoundinresting-statestudies.Clusterf(f)involvesasingularregionconsistingofamedialpartofthemedial
frontal gyrus (BA 9) and cingulate gyrus (BA 32). Cluster g (g) involves a singular region consisting of a posterior part of BA 7. L, Left; R, right.
series of each pair of regions was computed by factoring out the contributions of the time series of the other 88 regions. In our study, the
third-party regions were defined as the brain regions of the other RSNs
(Fig. 1) that resulted from the group clustering. The use of a “partial
correlation” ensured the examination of the specific level of functional
connectivity between the PCC and MFC (Salvador et al., 2005; Achard et
al., 2006; Liu et al., 2008). To verify this specificity, the “straight correlation” coefficient (i.e., nonpartialized correlation) between the filtered
time series of the PCC and MFC was computed, correlating the fMRI
time series of the PCC and MFC, without factoring out the contributions
of the other RSN regions. In addition, to examine the level of overall
default mode functional connectivity, the time series of the PCC and
MFC regions were correlated, factoring out the third-party effects of the
other RSN regions (Fig. 1b– g) but not the effects of the two SPC regions
of the default mode network (Fig. 1). Finally, a Fisher’s r-to-z transformation was used to improve the normality of the partial correlation
coefficients (Salvador et al., 2005; Fox and Raichle, 2007). The partial
correlation Fisher’s z coefficient reflected the “unique” level of functional

connectivity between the PCC and MFC of the default mode network
(Salvador et al., 2005; Achard et al., 2006).
Selection of interconnecting tracts. It was verified for each individual
dataset whether or not the two PCC and MFC regions of interest were
interconnected with white matter tracts. First, to overlap the regions of
interest with the individual structural DTI data, the default mode network cluster map was registered to the individual unweighted B0 image
(using the reversed normalization and registration parameters generated
in the matching of B0 and T1 images). Next, from the total collection of
reconstructed tracts, the tracts that touched both the PCC and the MFC
were selected, using a three step procedure (Fig. 2). From the total collection of reconstructed tracts (Fig. 2, step 1), the tracts that touched the
PCC were selected (Fig. 2, step 2). Next, from the resulting tracts, the
tracts that touched the MFC were selected (Fig. 2, step 3). To enable
group comparison, the resulting tracts were normalized using the registration and normalization parameters of the B0 image. The mean FA
value of the resulting tracts, an estimate of the microstructural organization within these white matter tracts (Beaulieu, 2002), was calculated by
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Figure 2. Selection of tracts that interconnect the regions of the default mode network. In each individual dataset, interconnecting tracts between the PCC and MFC of the default mode network
were selected as follows. First, the FACT algorithm was used to trace the total collection of tracts in the human brain. Twenty-seven fiber seeds were started in all voxels of the brain, reconstructing
the total collection of fibers (step 1). Second, the PCC was selected from the default mode network cluster map (Fig. 1a). Fibers that touched the PCC region were selected (step 2). Third, the MFC was
selected from the default mode network cluster map and from the resulting fibers of step 2 the fibers that touched the MFC regions were selected (step 3). This procedure resulted in the fibers that
touched both regions of interest (ROI), selecting the fibers that interconnected the PCC and MFC of the default mode network.
averaging the FA values of the points along the selected left and right
hemispheric tracts. This procedure was repeated for each individual
dataset, obtaining a mean FA value for the connecting tracts in each
subject. In addition, for each individual DTI dataset, the mean FA value
of the total collection of fibers in the brain was computed.
Association between structural and functional connectivity. The association between the level of structural connectivity and the level of functional connectivity of the default mode network was computed by correlating the mean FA value of the connecting tracts with the unique level of
functional connectivity (Fisher’s z score) between the PCC and MFC
over the group of subjects, correcting for age. Possible age effects were
regressed out of the FA and functional connectivity measures separately,
because recent studies have demonstrated that normal aging is associated
with both decreased microstructural organization (i.e., lower FA values)
of the cingulum tract (Andrews-Hanna et al., 2007) as well as decreased
levels of default mode functional connectivity (Andrews-Hanna et al.,
2007; Damoiseaux et al., 2008). In addition, an alternative approach to
correct for aging effects was examined by taking age as a covariate in
assessing the correlation between default mode functional connectivity
and mean cingulum FA values. Furthermore, to examine whether the
association between mean FA and default mode functional connectivity
was specific to the interconnecting cingulum tracts or instead was related
to a more global effect, two additional analyses were performed. One, the
level of functional connectivity between the PCC and MFC regions was
correlated with the mean FA value of the total collection of reconstructed
fibers in the brain. Two, the functional connectivity levels of the other
clustered RSNs were correlated with the mean FA value of the cingulum
tract. Group clustering revealed six additional RSNs, with four RSNs
consisting of two or more anatomically separate cortical regions (Fig. 1).
In total, these four RSNs consisted of 11 regions. Functional connectivity
measures of these RSNs were computed in a similar manner as the computation of the level of functional connectivity of the default mode network. The level of functional connectivity was defined as the partial
correlation between the filtered resting-state time series of the regions of
the selected RSN, correcting for third-party effects of the time series of
the regions of the other clustered RSNs. The resulting partial correlation
coefficient was correlated with the mean FA value of the cingulum, after
controlling for age on both measures.

Results
Normalized cut group clustering of the resting-state fMRI data
revealed seven resting-state networks, including the often reported default mode network (Fig. 1a). The level of overall default mode connectivity (i.e., the correlation between the PCC
and MFC, factoring out the effects of the other RSNs but not the
two SPC regions) was significantly non-zero over the group of

subjects (mean ⫾ SD, 0.51 ⫾ 0.23; p ⬍ 0.001). The level of unique
default mode functional connectivity between the PCC and MFC
was found to be significantly non-zero over the group of subjects
(mean ⫾ SD, 0.19 ⫾ 0.24; p ⬍ 0.001). All 45 subjects showed
interconnecting tracts between the PCC and MFC of the default
mode network. The normalized connecting tracts of all 45 subjects are shown in Figure 3, together with the PCC and MFC
regions of interest from the default mode network cluster map.
The selected connecting tracts reflected the left and right cingulum fiber bundle (Wakana et al., 2004; Lawes et al., 2008). The
average ⫾ SD FA value of the cingulum tracts over the group of
subjects was 0.52 ⫾ 0.05. Correlating the straight correlation
coefficient (i.e., nonpartialized) between the PCC and MFC time
series with the mean FA value of the cingulum tracts revealed a
positive but nonsignificant association (r ⫽ 0.18; p ⫽ 0.17;
mean ⫾ SD, 0.18 ⫾ 0.33, corrected for age). Correlating the level
of overall default mode functional connectivity with the FA value
of the cingulum tract revealed a positive trend (r ⫽ 0.23; p ⫽ 0.07,
corrected for age). Correlating the partial correlation coefficient
as a measure of the unique level of default mode PCC–MFC
functional connectivity with the mean FA value of the cingulum
tracts revealed a significant positive association (r ⫽ 0.29; p ⬍
0.05) (Fig. 4), after controlling for age on each measure. The
association between default mode functional connectivity and
mean cingulum FA values was also examined by taking age as a
covariate when assessing the correlation of mean cingulum FA
and resting-state functional connectivity measures. This alternative approach also revealed a significant association between default mode functional connectivity and mean cingulum FA (r ⫽
0.34; p ⬍ 0.05). Furthermore, the association between the level of
default mode functional connectivity and FA measures was
found to be specific to the cingulum because no significant association was found between the level of default mode functional
connectivity and the mean FA value of the total collection of
reconstructed tracts in the brain (i.e., all other white matter tracts
in the brain) (r ⫽ 0.12; p ⫽ 0.37). In addition, no significant
correlation was found between the mean FA value of the cingulum tract and the level of functional connectivity between the
regions of the other RSNs (RSN b, Fig. 1b: r ⫽ ⫺0.16, p ⫽ 0.29;
RSN c, Fig. 1c: r ⫽ ⫺0.11, p ⫽ 0.43; RSN d, Fig. 1d, left–right
primary motor/sensory cortex: r ⫽ 0.05, p ⫽ 0.74; RSN d, Fig. 1d,
left–right primary visual cortex: r ⫽ 0.16, p ⫽ 0.33; RSN e, Fig. 1e,
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Figure 3. The cingulum tract connects precuneus and posterior cingulate cortex and medial frontal cortex of the default mode network. a shows the regions of interest of the default mode
network on a 3D rendering of the group-averaged normalized T1 scan. The default mode network was selected by using a normalized cut group clustering approach of the resting-state data.
Clustering revealed the default mode network, including the PCC (blue region of interest), MFC (red region of interest), and bilateral SPC (green and magenta regions). b– d show the interconnecting
tracts between the PCC and MFC regions over all subjects combined. b shows both the tracts together with the PCC (blue) and MFC (red) regions of the default mode network.

left–right inferior/superior temporal cortex: r ⫽ 0.08, p ⫽ 0.61;
RSN e, Fig. 1e, left inferior/superior temporal cortex–anterior
cingulate gyrus: r ⫽ 0.03, p ⫽ 0.85; RSN e, Fig. 1e: right inferior/
superior temporal cortex–anterior cingulate gyrus: r ⫽ 0.17, p ⫽
0.26). No significant association was found between mean cingulum FA values and age (r ⫽ ⫺0.05; p ⫽ 0.73) or the level of default
mode functional connectivity and age (r ⫽ 0.06; p ⫽ 0.68), which
is likely to result from the relative young age of the subjects that
were included in this study (mean ⫾ SD age, 24.8 ⫾ 4.8 years).

Discussion
The main finding of this study is that the microstructural organization (fractional anisotropy) of the interconnecting cingulum
tract was found to be directly associated with the level of functional connectivity of the default mode network. We combined
resting-state functional MRI and structural DTI in a group of 45
subjects on a 3 tesla MR scanner. The cingulum tract was confirmed to interconnect the PCC and MFC of the default mode
network in all subjects (Fig. 3). Furthermore, the mean FA value
of the cingulum tract was positively correlated with the level of
unique coherency between the resting-state fMRI time series of
the PCC and MFC of the default mode network (Fig. 4). These
results suggest a specific association between the microstructural
organization of the cingulum tract and the level of default mode
functional connectivity. Our findings suggest an important role
of the cingulum tract in the default mode network.
The observed interconnecting role of the cingulum tract in the
default mode network is consistent with studies demonstrating

that the cingulum tract forms a direct neuroanatomical link between the precuneus and medial frontal cortex (Wakana et al.,
2004; Schmahmann et al., 2007; Lawes et al., 2008). Our results
are coherent with the recent study of Greicius et al. (2008) reporting on an important role of the cingulum tract in interconnecting
PCC and MFC of the default mode network. This direct anatomical connection reflects a vast number of axonal connections
between the PCC and MFC, responsible for the facilitation of
neuronal communication between these regions. This communication is likely to be ongoing during rest as suggested by the
high level of neuronal activity (Gusnard et al., 2001; Raichle et al.,
2001; Raichle and Snyder, 2007; Damoiseaux et al., 2008) and the
observed high level of resting-state synchronization between the
PCC and MFC (Greicius et al., 2003; Damoiseaux et al., 2008).
Furthermore, our results show that the temporal coherency between the activation patterns of the PCC and MFC regions is
specifically related to the microstructural organization (i.e., FA
value) of the cingulum. It is believed that the major contribution
to the directional-dependent diffusion signal is attributable to
axonal membranes hindering the diffusion process of water molecules (Beaulieu, 2002), and increased FA values may be associated with a more dense packing of axonal fibers. In this context, it
is reasonable to speculate about a positive relationship between
the microstructural organization of white matter tracts, reflected
by the FA value, and the level of default mode neuronal communication. A possible interpretation of our results could be that a
higher level of microstructural organization of the cingulum tract
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Figure 4. Association between the level of default mode functional connectivity and the microstructural organization of the cingulum tract. a illustrates the analysis that was used to compute
the level of functional and structural connectivity between the regions of interest from the default mode network. In each individual dataset, the spatially averaged filtered rest-recorded time series
(0.01– 0.08 Hz) of the PCC and MFC of the default mode network cluster map were correlated, correcting for third-party effects. This resulted in a partial correlation between the PCC and MFC regions,
which reflected the unique level of functional connectivity between these two key regions of the default mode network. The normality of the partial correlation coefficient was improved by using
a Fisher’s r-to-z transformation. For each individual dataset, the mean FA value of the found interconnecting cingulum tract was calculated by averaging the FA values along all points of the found
interconnecting tracts. b, Correlating the level of default mode functional connectivity and mean cingulum FA revealed a significant positive correlation, correcting for age (r ⫽ 0.29; p ⬍ 0.05). This
suggests a direct positive association between the microstructural organization of the cingulum tract and the level of functional connectivity of the default mode network during rest. Note that the
partial correlation between the PCC and MFC regions represented the partial correlation between these regions, factoring out the pairwise correlations between the time series of the other
resting-state network regions, including the two lateralized superior parietal regions of the default mode network. This relationship was found to be specific for the cingulum tract, because no
significant association was found between the partial correlation between the PCC and MFC and the mean FA value of the total collection of reconstructed tracts in the brain. Furthermore, functional
connectivity measures between the regions of the other clustered resting-state networks (Fig. 1, networks b– g) did not show a significant association with the mean FA value of the cingulum tract.

is associated with increased communication between PCC and
MFC of the default mode network during rest.
Supporting evidence for our findings comes from studies reporting on decreased default mode functional connectivity in
combination with studies reporting on degenerative brain abnormalities in the cingulum bundle. Alzheimer’s disease patients
show a decreased level of functional connectivity within the default mode network (Greicius et al., 2004; Rombouts et al., 2005)
as well as reduced FA values in the cingulum tract (Xie et al., 2005;
Zhang et al., 2007). In addition, normal aging has been associated
with decreased resting-state activation within the default mode
network (Andrews-Hanna et al., 2007; Damoiseaux et al., 2008)
and with lower FA values of the cingulum (Makris et al., 2007;
Schneiderman et al., 2007; Yoon et al., 2008). Furthermore, decreased default mode functional connectivity (Friston, 1999; Liang et al., 2006; Micheloyannis et al., 2006; Bluhm et al., 2007;
Salvador et al., 2007; Williamson, 2007; Liu et al., 2008) and
reduced microstructural organization of the cingulum tract (Sun
et al., 2003; Nestor et al., 2007) have been suggested to play an
important role in schizophrenia.
The results of this study can be interpreted as supporting evidence for a general association between structural and functional
connectivity in the human brain (Koch et al. 2002; Toosy et al.,
2004; Greicius et al., 2008). A number of recent studies have
suggested a direct link between white matter organization and
fMRI BOLD activation patterns. FA values of splenial fibers have
been associated with BOLD activation in the primary visual regions (Toosy et al., 2004) and interhemispheric synchronization
in the developing brain (Fornari et al., 2007). Furthermore, complete section of the corpus callosum has been reported to result in
loss of interhemispheric resting-state functional connectivity
(Johnston et al., 2008).
What does it mean when subjects show a higher level of
resting-state default mode neuronal activation and synchronization? The results of our study cannot be used to draw conclusions

about the functional relevance of the default mode network.
However, other studies have suggested that increased recruitment of the default mode network is related to the tendency of a
person’s mind to wander (Mason et al., 2007), and it may be
linked to the integration of cognitive and emotional processing
(Greicius et al., 2003) and relating oneself to the outside world
(Gusnard et al., 2001). These processes are likely to be ongoing
during rest and to involve the integration of multiple cognitive
functions. Structural pathways interconnecting the regions of default mode network may facilitate this kind of functional integration. It is of interest to further examine the found structural–
functional relationship and its effect on cognitive and emotional
processes that are related to default mode activation (AndrewsHanna et al., 2007).
The level of overall default mode functional connectivity was
significantly non-zero over the group of 45 subjects (Greicius et
al., 2003; Beckmann et al., 2005; Salvador et al., 2005; De Luca et
al., 2006; Damoiseaux et al., 2008; van den Heuvel et al., 2008).
Interestingly, the unique level of default mode functional connectivity between the PCC and MFC (i.e., controlling for the
third-party influences of the two SPC regions) was found to be
negative in 10 of the 45 subjects, with two subjects showing a
partial correlation lower than ⫺0.2 (Fig. 4b). Negative levels of
default mode connectivity have been related to advanced aging
(Andrews-Hanna et al., 2007). However, such an effect could not
be concluded from our results. The 10 subjects who showed a
negative level of connectivity were not significantly older than the
35 subjects who showed a positive level of default mode connectivity. This is likely to result from the relatively young age of the
included group of subjects (mean age, 24.8 years). Most other
resting-state studies have reported only positive levels of default
mode connectivity in young adults (Greicius et al., 2003). However, these studies have mainly focused on the level of overall
default mode connectivity, defined as a straight correlation between the resting-state time series of the PCC and MFC. In our
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study, we focused on the level of unique default mode connectivity between the PCC and MFC (by factoring out the contribution
of the two SPC regions), because these are the two regions of the
default mode network that are specifically connected by the cingulum. Indeed, supporting the results of previous resting-state
studies, the level of overall default mode connectivity was found
to be positive in all 45 subjects (mean, 0.51). Future studies are
needed to examine the meaning of these specific negative synchronization patterns and how they relate to cognitive processes
that involve default mode network activity. In this study, negative
synchronization patterns between the PCC and MFC were interpreted as lower levels of default mode functional connectivity.
Some limitations of this study have to be taken into account
when interpreting its results. The PCC and MFC regions are the
most often reported regions of the default mode network. Therefore, the focus of this study was on the tracts that interconnected
these two regions of the default mode network. As mentioned,
bilateral parietal and temporal cortices are also found to participate in the default mode network (Raichle et al., 2001; Greicius et
al., 2003; Fox et al., 2005; Damoiseaux et al., 2006) (Fig. 3). However, tracts connecting these regions are likely to cross other white
matter pathways, making the reconstruction of these tracts more
difficult. Future studies are aimed to examine these tracts using
other methods of representing the diffusion signal in combination with other tractography algorithms. Furthermore, the level
of functional connectivity is expressed as a (partial) correlation
between the rest-recorded BOLD time series, believed to result
from synchronization of neuronal activation (Biswal et al., 1997;
Cordes et al., 2001; Greicius et al., 2003; Salvador et al., 2005;
Buckner and Vincent, 2007). However, it has been suggested that
physiological temporal patterns, including respiratory and cardiac oscillations, could confound the BOLD signal (Wise et al.,
2004), making the resting-state correlations less specific. We used
a high temporal fMRI acquisition sequence to minimize these
effects (Cordes et al., 2001).
In this study, we found a significant role for the cingulum tract
in the default mode network in interconnecting the precuneus/
posterior cingulate cortex and medial frontal cortex, key regions
of the default mode network. Higher fractional anisotropy values
of the cingulum were found to be associated with increased default mode functional connectivity, suggesting a direct association between the microstructural organization of the cingulum
tract and the level of neuronal synchronization between key regions of the default mode network. Our results suggest an important role for the cingulum tract in default mode functional
connectivity.
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