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Abstract

Studies on functional brain lateralization using functional magnetic resonance imaging (fMRI) have generally
focused on lateralization of local brain regions. To explore the lateralization on the whole-brain level, laterali-
zation of functional connectivity using resting-state fMRI (N = 87, right handed) was analyzed and left- and right-
lateralized networks were mapped. Four hundred two equally spaced regions of interest (ROI) covering the entire
gray matter were divided into 358 task-positive and 44 task-negative ROIs. Lateralization of functional connec-
tivity was analyzed separately for the task-positive and task-negative regions to prevent spuriously high lateral-
ization indices caused by negative correlations between task-positive and task-negative regions. Lateralized
functional connections were obtained using k-means clustering analysis. Within the task-positive network, the
right-lateralized functional connections were between the occipital and inferior/middle frontal regions among
other connections, whereas the left-lateralized functional connections were among fusiform gyrus and inferior
frontal and inferior/superior parietal regions. Within the task-negative network, the left-lateralized connections
were mainly between the precuneus and medial prefrontal regions. Specific brain regions exhibited different left-
or right-lateralized connections with other regions, which suggest the importance of reporting lateralized connec-
tions over lateralized seed regions. The mean lateralization indices of the left- and right-lateralized connections
were correlated, suggesting that the lateralization of connectivity may result from complementary processes be-
tween the lateralized networks. The potential functions of the lateralized networks were discussed.
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Introduction

One of the most compelling enigmas in neuroscience is
the functional lateralization of the brain. In the 19th

century, pioneers, including Marc Dax, Paul Broca, and
Carl Wernicke, observed that each cerebral hemisphere
hosts specific cognitive function (Harris, 1999). Such obser-
vation has brought forth the concept of hemispheric domi-
nance in functional specialization that has vastly shaped
our understanding of the brain–behavior relation in cognitive
and affective functions. Contemporary functional–anatomical
evidence shows detailed asymmetric involvement of either
hemisphere for specific task demands or mental states (Herve
et al., 2013). In general, the left hemisphere is dominant for
language processing (Vigneau et al., 2006), praxis planning
(Haaland et al., 2000), and categorical spatial processing
(Kosslyn et al., 1989), while the right hemisphere is specialized
for spatial attention (Shulman et al., 2010), coordinate spatial

processing (Jager and Postma, 2003), affective prosody
(Ross and Monnot, 2008), and self-awareness (Keenan et al.,
2001). This relative division of labor between the hemispheres
may increase the brain’s capacity to carry out simultaneous
parallel processing in different domains (Fair et al., 2007).

Recent studies have examined intrinsic lateralization
using functional connectivity to provide further insight of
functional brain lateralization. Resting-state functional con-
nectivity is the correlation of the time series between two
spatially remote regions (Biswal et al., 1995). Despite the re-
cent evidence demonstrating that the brain is intrinsically or-
ganized into two types of competing networks even when
there is no demand for explicit tasks (Fox et al., 2005;
Raichle, 2009; Raichle et al., 2001), the competing relation-
ship between these networks has rarely been acknowledged
in the laterality assessment of functional connectivity (Gee
et al., 2011; Liu et al., 2009). One type of network is task
negative, exhibiting decreased activity during task-dependent
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performance. Many suggest these task-negative brain regions
support the default mode of the brain (Gusnard et al., 2001).
The other type of network is task positive, demonstrating in-
creased activity with a given task (Fox et al., 2005). A task-
positive region and a task-negative region may be functionally
segregated, typically supported by negative correlation of the
time series.

In particular, Liu and colleagues (2009) computed hemi-
spheric differences in heterotopic functional connectivity,
including negative correlations between task-positive and
task-negative regions, and reported 37 left-lateralized and 47
right-lateralized seed regions (Liu et al., 2009). Negative cor-
relations might be problematic when computing laterality
index. First, the difference between two negative values is op-
posite of the absolute difference between them, resulting in a
directional change of laterality index (e.g., from left-lateralized
to right-lateralized or vice versa). Second, computing laterality
index between positive and negative functional connectivity
results in a sum rather than the difference of the two values
and thus increases the laterality index. Lastly, given that a
functional connection is between a seed and a target region,
it is unknown based on previous studies how these lateralized
seed regions connect to other regions to compose the left- and
right-lateralized networks.

The goal of the present study is to provide a comprehensive
laterality assessment of functional connectivity. To do so, the
right- and left-lateralized functional connections were mapped
between the seed and the target regions. The influence of neg-
ative correlations was minimized when comparing functional
connectivity between regions of each heterotopic pair by con-
ducting separate analyses for task-positive and task-negative re-
gions. Our main hypothesis was that the intrinsic lateralization
of functional connectivity reflects the functional lateralization
of the brain. Specifically, resting-state functional connections
may exist among the inferior/middle prefrontal regions and
parietal regions, which reflects the left-lateralized language
and praxis networks. Conversely, the right-lateralized connec-
tions may be observed among the occipital, temporoparietal,
and insular regions, reflecting the right-lateralized networks as-
sociated with the ventral attentional and the visual perception
systems.

Methods

Subjects and data source

The functional magnetic resonance imaging (fMRI) data
from the Oulu dataset were used, which are publicly avail-
able and part of the 1000 Functional Connectomes project
(Biswal et al., 2010). The resting-state fMRI data were
obtained using GE 1.5 T HDX scanner with an EPI GRE se-
quence (TR = 1800 msec, TE = 40 msec, FOV = 25.6 cm ·
25.6 cm, matrix = 64 · 64, slice thickness = 4 mm, flip angle
of 90�). A total of 245 images were obtained for each subject.
The anatomical images were acquired with 3D FSPGR
BRAVO sequence (TR 12.1 msec, TE 5.2 msec, FOV
24.0 · 24.0 cm, matrix = 256 · 256, slice thickness = 1.0 mm,
flip angle 20�) ( Jukuri et al., 2013; Littow et al., 2010). The
dataset included 103 subjects, but 87 of them were included
in the present analyses after excluding those who were left-
handed or who showed large ( > 2 mm) head motion. Partici-
pants were between 20 and 22 years old, with 57 females and
30 males.

Data preprocessing

The functional and anatomical image preprocessing was
performed using the SPM8 toolbox under MATLAB 7.7 soft-
ware. First five functional images were discarded for each sub-
ject, and the remaining 240 images were motion-corrected. To
account for differences in geometric configuration of the brain
hemispheres, the original version and the left–right mirrored
version of the standard six tissue probability maps were aver-
aged to generate six symmetrical tissue probability maps. The
anatomical images were segmented using the new segmenta-
tion routine in SPM8. The segmented white matter (WM) and
cerebrospinal fluid (CSF) images were thresholded at p > 0.99
to define the WM and CSF masks for the regression of nui-
sance signals. The functional images were coregistered to
the subjects’ own anatomical images. The deformation field
maps obtained from the segmentation procedure were used
to normalize all the functional images into the standard Mon-
treal Neurological Institute (MNI) space.

Regions of interest

MarsBaR toolbox (Brett, 2002) was used to create regions
of interest (ROIs) in the standard MNI template in SPM8
software. A closely spaced sphere packing algorithm was
implemented to generate ROIs that tightly covered the entire
brain hemispheres (Conway et al., 1999). All ROIs were
spheres with a radius size of 7 mm. The distance between
the center of a given ROI to the center of an adjacent ROI
was 16 mm. The ROIs located in CSF and WM were re-
moved, and also ROIs falling between the two cerebral hemi-
spheres were excluded (Fig. 1A). Thus, 402 symmetrical
ROIs covering the gray matter of the cerebral cortex were
used in the current analysis. A full list of coordinates of
these ROIs are available online (Di et al., 2014).

The averaged time series of the voxels within these ROIs
were obtained after regressing out the nuisance signals. The
nuisance signals included six rigid-body head motion para-
meters, their first-order derivatives (Friston et al., 1996), and
the first five principal components of WM and CSF signals
(Chai et al., 2012). Lastly, a bandpass temporal filtering
ranging between 0.01 and 0.1 Hz was applied.

Task-positive and task-negative regions

To differentiate the 402 ROIs into task-positive or task-
negative regions, the k-means clustering algorithm was used.
The k-means clustering algorithm uses an iterative partitioning
to minimize the squared Euclidean distance of the within-clus-
ter sums of point-to-cluster-centroid distances (Seber, 1984).
The input to the k-means clustering algorithm was the mean
correlation matrix across subject (402 · 402), and k was
equal to 4. One of the clusters that resembled the task-negative
regions was identified, and all other clusters were grouped as
the task-positive regions. Since these clusters were not sym-
metrical, when a pair of symmetrical ROIs, also referred to
as homotopic pairs, was not within the same network, the
ROI pairs were manually placed into the task-positive net-
work. A total of 44 symmetrical task-negative ROIs and 358
task-positive ROIs were identified (Fig. 1A).

Functional connectivity lateralization index

To calculate the functional connectivity laterality index
(fcLI) of a given heterotopic group (i.e., two regions within
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a hemisphere and their mirrored regions from the other hemi-
sphere), correlation analyses, yielding correlation coeffi-
cients, of the time series (1) between the left seed and the
left target region (LL functional connectivity), (2) between
the right seed and the right target region (RR functional con-
nectivity), (3) between the right seed and the left target re-
gion (RL functional connectivity), and (4) between the left
seed and the right target region (LR functional connectivity)
were conducted (Fig. 1B). All possible estimates were com-
puted for the task-positive ROIs (179 · 187 combinations)
and the task-negative ROIs (22 · 21 combinations). Then,
the fcLI was computed using Equation 1.

Functional connectivity lateralization index =
(LL�RL)� (RR� LR)

jLLj þ jLRj þ jRRj þ jRLj
(1)

A one-sample t-test was conducted across our 87 subjects
to determine the fcLIs that were consistently lateralized
across all the subjects using the Bonferonni-corrected p-
values as the criteria ( p < 0.000001569 for task-positive ROIs;
p < 0.000108 for task-negative ROIs). We used BrainNet
Viewer software (Xia and He, 2013) to visualize the strongest
lateralized functional connectivity (fcLI > 0.2 for left lateral-
ization; fcLI <�0.2 for right lateralization) with their corre-
sponding ROIs. Because a large number of lateralized
functional connectivity lines are too dense to visualize spe-
cific networks, the k-means clustering analysis was conducted
to divide the right and the left fcLIs into a number of clusters;
k-means clustering analysis was conducted on the left fcLIs in-
dependently from the right fcLIs. Since there was no a priori
assumption regarding the number of clusters (k) for the lateral-
ized fcLIs, 100 iteration of k-means analysis for k between 2
and 10 was conducted. Each cluster analysis yielded a silhou-
ette value, which provided a graphical representation of how
well each data point lied within its cluster and was used to de-
termine the number of clusters within a dataset (Kaufman and
Rousseeuw, 1990). A silhouette value of 1 suggests that data
within a given cluster are tightly grouped.

It was explored whether the lateralized networks exhibit
complementary relationships. A subject-level correlation analy-
sis was conducted to determine whether the degree of the
mean left-lateralized fcLIs was correlated with the mean

right-lateralized fcLIs within the task-positive and task-
negative networks. The threshold for significance was p < 0.05.

Lateralization of gray matter volume and the amplitude
of low-frequency fluctuation

Because laterality index of functional connectivity be-
tween regions may be influenced by factors such as local
brain anatomy and physiology, voxel-by-voxel gray matter
volume (GMV) and amplitude of low-frequency fluctuation
(ALFF) lateralization maps were also calculated to examine
whether the spatial distributions of lateralization of GMV
and ALFF resembled the lateralization of seed or target re-
gions calculated in the functional connectivity lateralization
analysis. Details of these analyses and results are reported
in the Supplementary Materials (available online at www
.liebertpub.com/brain).

Results

Distribution of functional connectivity lateralization index

The mean distribution of functional connectivity laterality
indices and their corresponding Gaussian fit curves are plot-
ted for all ROIs, task-positive ROIs, and task-negative ROIs
(Fig. 2). It was observed that the negative relationship be-
tween task-positive and task-negative ROIs in the laterality
index analyses significantly increased the number of strongly
lateralized functional connections (Fig. 2A,B; Kolmogorov–
Smirnov test, p < 0.001). The mean and standard deviation
of fcLI was 0.0022 – 0.0228 and 0.0225 – 0.0362 for task-
positive and task-negative ROIs, respectively.

Right- and left-lateralized task-positive regions

There were 22 left-lateralized and 33 right-lateralized seed
ROIs and 31 left-lateralized and 44 right-lateralized target
ROIs. To highlight that specific connections constitute later-
alization of functional connectivity, seed and target ROIs
that were involved in both the left-lateralized and right-
lateralized networks were plotted (Fig. 3, green). There were
14 seed ROIs and 22 target ROIs that contributed to both the
left- and right-lateralized networks. The overlapping seed
ROIs were within the superior frontal gyrus, inferior/middle
frontal gyrus, inferior parietal lobule, cuneus, and fusiform

FIG. 1. Regions of interest
(ROIs) included in the pres-
ent study (A) and illustration
of functional connectivity
lateralization index calcula-
tion (B). Task-positive ROIs
and task-negative ROIs are
color coded in red and blue,
respectively. Z numbers repre-
sent z coordinates in Montreal
Neurological Institute space.
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gyrus. The overlapping target ROIs were within the cuneus,
middle occipital gyrus, inferior parietal lobule, inferior/
temporal gyrus, paracentral lobule, and precentral gyrus.

Left- and right-lateralized functional connectivity
among the task-positive regions

Ninety-six fcLIs were right-lateralized among the task-
positive regions (Fig. 4, upper right panel). Fifty-five fcLIs

were left-lateralized (Fig. 4, upper left panel). Although all
major cortical areas were involved, the lateralized functional
connectivity between the left and the right hemisphere dif-
fered as shown in Figure 4. Among other functional connec-
tions, right-lateralized functional connections were observed
between occipital–frontal regions as well as between inferi-
or/middle frontal–temporoparietal regions. The left-lateralized
functional connections were among the inferior/middle fron-
tal–parietal, frontal–temporal, and temporal–parietal regions.

FIG. 2. Mean functional
connectivity lateralization
index distributions using
all ROIs (A), task-positive
ROIs (B), and task-negative
ROIs (C).

FIG. 3. Strongly left-
lateralized (red) and right-
lateralized (blue) seed (left)
and target (right) ROIs
among task-positive net-
works. Overlapping ROIs
between both hemispheres
are shown in green.
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A cluster number of 3 for the left- and right-lateralized
fcLIs generated high mean silhouette value that was closest
to 1. The mean silhouette value for the left and the right
fcLIs for k = 3 was 0.77 (SD = 0.01) and 0.75 (SD < 0.001),
respectively. The left- and right-lateralized clusters are
shown in Figure 5.

Left- and right-lateralized functional connectivity
among the task-negative regions

The analysis resulted in eight left-lateralized fcLIs and one
right-lateralized fcLI among the task-negative ROIs (Fig. 4).

The left-lateralized connections were mainly between precu-
neus and medial prefrontal regions. One right-lateralized
connection was found between the medial frontal gyrus
and the superior parietal lobule.

Complementary left- and right-lateralized networks

Figure 6 demonstrates the mean left-lateralized fcLIs as a
function of the mean right-lateralized fcLIs across all sub-
jects. The degree of laterality in the left hemisphere was
moderately correlated to the degree of laterality in the right
hemisphere (r =�0.44, p < 0.0001).

FIG. 4. Lateralized functional connectivity among task-positive ROIs (upper) and task-negative ROIs (lower). Spheres in
red denote regions with left-lateralized functional connectivity, and spheres in blue denote regions with right-lateralized func-
tional connectivity.

FIG. 5. The most left- and right-lateralized functional connectivity among task-positive network can be further decomposed
into three networks by using cluster analysis, respectively. Three clusters of most left-lateralized task-positive networks are
shown in red and in left columns, and right-lateralized task-positive networks are shown in blue and in right columns.
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Discussion

Studying lateralized functional connections between re-
gions is likely to be informative in understanding functional
brain lateralization and characterizing impairment altering
brain laterality in clinical populations (e.g., schizophrenia,
abnormal aging, and normal aging). Our finding demon-
strates that the configuration of functional connections in
the right-lateralized network is qualitatively different from
that in the left-lateralized network. In addition, a given re-
gion may demonstrate different lateralized connections in
the left- or right-lateralized networks; therefore, it is impor-
tant to report lateralized connections in studies using lateral-
ity index of functional connectivity.

The right-and left-lateralized networks may reflect func-
tional brain lateralization. For example, the left-lateralized
connectivity among the inferior frontal and temporal regions
(fusiform gyrus) may be associated with speech production
and perceiving visual word forms (Deng et al., 2012; Pravata
et al., 2011; Tomasi and Volkow, 2012; Wang et al., 2011;
Zhang et al., 2010). Additional left-lateralized connectivity
among premotor, superior/inferior parietal lobule, and pre-
frontal cortex may reflect the left-lateralized praxis network
based on studies that have shown these regions’ involvement
during planning and executing actions (Haaland et al., 2000;
Vingerhoets et al., 2012). The right-lateralized connectivity
among the occipital regions (middle/superior occipital gyri)
and various cortical regions, including the ventral frontal
cortex, superior/inferior parietal lobule, and fusiform gyrus,
insula, and angular gyrus, may reflect the right-lateralized
visual perception and ventral attentional systems (Corbetta
and Shulman, 2002; Shulman et al., 2010). Within the
task-negative ROIs, the left-lateralized connections between
the precuneus and medial prefrontal cortex suggest greater
left-hemisphere involvement during self-related and inter-
nal-thought processing (Gusnard et al., 2001; Raichle
et al., 2001; Spreng et al., 2009). However, our finding war-
rants validation from future studies exploring the relation-

ship between lateralized task activations and lateralized
resting-state functional networks.

The mean lateralization indices of the left- and right-
lateralized connections were correlated, suggesting that the
lateralization of connectivity may result from complemen-
tary processes between the lateralized networks. Several
theories on the advantage of having two cerebral hemi-
spheres suggest that lateralization divides the labor between
the two hemispheres and increases the neural capacity (Cai
et al., 2013; Hugdahl, 2000; Ringo et al., 1994). Specializing
one hemisphere for a set of functions leaves the other hemi-
sphere to perform another set of functions, prevents crowd-
ing effect, and avoids transmitting information across long
distances between two hemispheres. In addition, our results
show that the global mean of laterality index was zero.
This global mean of laterality index of functional connectiv-
ity may be biased toward a given hemisphere in patients
(e.g., stroke) and therefore be a clinically relevant parameter
to assess hemispheric dominance.

The laterality index of functional connectivity measures is
mainly related to the synchronous activity between two func-
tionally related regions. Thus, anatomical differences in the
gray matter volume (see Supplementary Fig. S1) (Good
et al., 2001; Toga and Thompson, 2003) and WM tracts in
the association fiber pathways (Thiebaut de Schotten et al.,
2011) are most likely a major factor that influence laterality
index of functional connectivity. In addition, physiological
properties such as the vasculature and vascular activities
detected by MRI may influence laterality index. Recently,
our group has shown a positive correlation between the
ALFF and functional connectivity (Di et al., 2013b). ALFF
is highly correlated with the breath hold responses that reflect
mostly the vascular activities of the local brain regions
(Biswal et al., 2007; Di et al., 2013a). Furthermore, as
shown in Supplementary Figure S2, hemispheric differences
in ALFF were observed. These results suggest that functional
lateralization may arise from the underlying anatomical–
physiological hemispheric differences. Future studies are
needed to investigate how anatomical–physiological factors
influence laterality index of functional connectivity in
order to reduce physiological influence in laterality assess-
ment and yield functionally meaningful lateralized resting-
state networks.

Using a stringent criterion to compute laterality index of
functional connectivity may minimize the influence of meth-
odological confounds that compromise the meaningfulness
of the laterality index measure. Contrary to Liu and col-
leagues analyses, reducing negative correlations between
task-positive and task-negative regions resulted in reduced
number of lateralized seed regions (Liu et al., 2009). There-
fore, the present method may provide an alternative approach
to explore laterality of functional connectivity in healthy and
clinical populations.

Conclusions

In the present study, potential negative correlations be-
tween task-positive and task-negative network regions
were carefully controlled in calculation of fcLIs. This
resulted in a narrower distribution of overall fcLIs. It is dem-
onstrated that the same homotopic regions might show oppo-
site lateralization of functional connectivity with different

FIG. 6. Linear regression between mean of left-lateralized
fcLI and the mean of right-lateralized fcLI across subjects
( p < 0.0001).
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brain regions, which emphasizes the importance of reporting
lateralized connections in addition to lateralized regions.
Our analysis revealed three left-lateralized and three right-
lateralized networks, which may be associated with different
lateralized brain functions. In addition, the extent of lateral-
ization of left-lateralized connections was correlated with
the extent of lateralization of right-lateralized connections,
suggesting complementary processes between left- and right-
lateralized networks.

Acknowledgment

This study was supported by the National Institutes of
Health grant 5R01AG032088.

Author Disclosure Statement

No competing financial interests exist.

References

Biswal B, Yetkin FZ, Haughton VM, Hyde JS. 1995. Functional
connectivity in the motor cortex of resting human brain using
echo-planar MRI. Magn Reson Med 34:537–541.

Biswal BB, Kannurpatti SS, Rypma B. 2007. Hemodynamic
scaling of fMRI-BOLD signal: validation of low-frequency
spectral amplitude as a scalability factor. Magn Reson Imag-
ing 25:1358–1369.

Biswal BB, Mennes M, Zuo XN, Gohel S, Kelly C, Smith SM,
et al. 2010. Toward discovery science of human brain func-
tion. Proc Natl Acad Sci U S A 107:4734–4739.

Brett M, Anton J-L, Valabregue R, Poline J-B. Region of interest
analysis using an SPM toolbox. Presented at the 8th Interna-
tional Conference on Functional Mapping of the Human
Brain, June 2–6, 2002, Sendai, Japan. Available on CD-
ROM in NeuroImage, Vol 16, No 2.

Cai Q, Van der Haegen L, Brysbaert M. 2013. Complementary
hemispheric specialization for language production and visuo-
spatial attention. Proc Natl Acad Sci USA 110:E322–E330.
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