
Healthcare Inc, and this research has been conducted according to
the Declaration of Helsinki.

MRI Acquisition Procedures
Scanning was performed on a 3 Tesla TimTrio system

(Siemens, Erlangen, Germany) using the 12-channel phased-array
head coil supplied by the vendor. High-resolution 3D T1-weighted
magnetization prepared rapid acquisition gradient echo (MP-
RAGE) images were acquired for anatomic reference
(TR = 2530 ms, TE = 3.44 ms, FA = 7u, 1.0 mm isotropic voxels).
Functional data were acquired using a gradient-echo echo-planar
pulse sequence sensitive to BOLD contrast (TR = 2500 ms,
TE = 30 ms, FA = 90u, 36–43 axial slices parallel to plane of the
anterior commissure-posterior commissure, 3.0 mm isotropic
voxels, 0.5 mm gap between slices). Head motion was restricted
using a pillow and foam, and earplugs were used to attenuate
scanner noise. During the functional runs, the participants fixated
on a visual cross-hair (plus sign, black on white) centered on a
screen for each of two runs (each run 7 min 24 sec; 148 time
points). Participants were asked to stay awake and remain as still as
possible. For the task condition, we used a data set previously
reported in Buckner et al. [37]. Briefly, two runs of continuous task
performance and two runs of fixation were acquired in twelve
subjects (each run 5 min 12 sec; 104 time points). Participants
decided whether centrally presented visual words represented
abstract or concrete entities. Order of task was counterbalanced
across participants. The visual stimuli were generated on an Apple
PowerBook G4 computer (Apple, Inc., Cupertino, CA) using
Matlab (The Mathworks, Inc., Natick, MA) and the Psychophysics
Toolbox extensions [72]. Stimuli were projected onto a screen
positioned at the head of the magnet bore.

MRI Preprocessing
MRI analysis procedures were optimized for functional

connectivity MRI (fcMRI) analysis [47] extending from the
approach developed by Biswal et al. [45]. The first four volumes
were removed to allow for T1-equilibration effects, followed by
compensation of systematic, slice-dependent time shifts, motion
correction and normalization to the atlas space of the MNI
(SPM2, Wellcome Department of Cognitive Neurology, London,
UK) to yield a volumetric time series resampled at 2 mm cubic
voxels. Temporal filtering removed constant offsets and linear
trends over each run while retaining frequencies below 0.08Hz.
Data were spatially smoothed using a 4 mm FWHM Gaussian
blur (note that the effect of smoothing was explicitly considered in
control analyses below).

Several sources of spurious or regionally nonspecific variance
then were removed by regression of nuisance variables including:
six parameter rigid body head motion (obtained from motion
correction), the signal averaged over the whole-brain, the signal

averaged over the lateral ventricles, and the signal averaged over a
region centered in the deep cerebral white matter. Temporally-
shifted versions of these waveforms also were removed by inclusion
of the first temporal derivatives (computed by backward
differences) in the linear model. This regression procedure
removes variance unlikely to represent regionally specific corre-
lations of neuronal origin. Of note, the global (whole-brain) signal
correlates with respiration-induced fMRI signal fluctuations
[47,73,74]. By removing global signal, variance contributed by
physiological artifacts is minimized. Removal of signals correlated
with ventricles and white matter further reduces non-neuronal
contributions to BOLD correlations. Removal of global signal also
causes a shift in the distribution of correlation coefficients such that
there are approximately equal numbers of positive and negative
correlations making interpretation of the sign of the correlation
ambiguous [47,75,76]. This effect is not directly relevant to the
current analyses as degree connectivity is computed based on the
correlations that exceed a positive threshold. Finally, for
computational efficiency, we down sampled the data to 4 mm
isotropic voxels.

Degree Connectivity Measures and Thresholds
The present study used fcMRI to map the local and distant

degree of functional connectivity in the human brain. fcMRI
measures intrinsic activity correlations between brain regions
[45–47]. The method assumes that fcMRI is sufficiently
constrained by anatomy to reveal informative estimates of
connectivity properties. We have previously outlined the reasons
for this assumption as well as the caveats and limitations of fcMRI
[47]. For our present purposes it is important to make clear that
fcMRI can reflect mono- and polysynaptic connectivity, correla-
tions arising from common sources, and task-dependent dynamic
functional coupling. Thus, it should not be considered a direct
measure of anatomic connectivity. Nonetheless, fcMRI reflects, to
a large degree, the statistical properties of anatomical connections
and therefore provides a great deal of indirect information about
human connectional anatomy.

Degree centrality (or degree) is a network measure that
quantifies the number of links or edges connected to a node
[27]. Here brain voxels (that sample small regions of cortex) are
the nodes and positive correlations between voxels above certain
strength are the links or edges in the graph. A computationally-
efficient approach was used to map the degree of functional
connectivity across the brain at the voxel level in a large number of
individuals [37] taking into account topographical neighborhood
information for the local and distant distinction.

Thus, we computed a variation of the classic degree centrality
measure in graph theory (e.g., [27,77]) by introducing physical
distance restrictions in the whole-brain voxel-by-voxel functional
connectivity network. The immediate neighborhood was taken
into account to generate a local degree map and functional
connectivity outside of this neighborhood was taken into account
to generate a distant degree map. Different parameters of
neighborhood threshold, in terms of radius sphere, were tested
from which we choose 14 mm radius (approximately 3 voxels
around target voxels) (see Figure S5). This distance threshold
provides information about connectivity that is likely to reflect
communication between local (nearby) areas and minimizes the
correlations that reflect smoothing between adjacent voxels.

For these analyses, the time course of each voxel from the
participant’s brain defined within a whole-brain mask was
correlated to every other voxel time course. As a result ann6 n
matrix of Pearson correlation coefficients was obtained, wheren is
the dimension of the whole-brain mask. The Pearson R, or

Table 1. Participant demographics.

Data Set 1 Date Set 2
Composite
Set

Task Data
Set

Sample size 50 (21 Male) 50 (25 male) 100 (46 male) 12 (3 male)

Mean age, yr
(SD)

22.1 (3.1) 22.3 (2.9) 22.2 (3.0) 22.1 (2.3)

Notes: SD = standard deviation. Data Sets 1 and 2 included data acquired during
passive (rest) fixation. The Task Data Set included separate runs of fixation and
continuous task performance (see text).
doi:10.1371/journal.pcbi.1000808.t001

Local and Distant Connectivity in the Human Brain

PLoS Computational Biology | www.ploscompbiol.org 11 June 2010 | Volume 6 | Issue 6 | e1000808







Figure S7 Local connectivity along the midline. Estimates of
local connectivity along the midline may be inflated because they
include homologous right and left hemisphere regions. For this
reason, it was important to evaluate the potential bias in
overestimating local connectivity values along the midline. Here
we show that maps that include local degree connectivity for only
one hemisphere (right) are highly similar to the results in the main
paper that involve both hemispheres (left). Thus contralateral
correlations do not account for our observations in local
connectivity.
Found at: doi:10.1371/journal.pcbi.1000808.s007 (2.22 MB TIF)
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