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Abstract

Exploring topological properties of human brain network has become an exciting topic in neuroscience research. Large-
scale structural and functional brain networks both exhibit a small-world topology, which is evidence for global and local
parallel information processing. Meanwhile, resting state networks (RSNs) underlying specific biological functions have
provided insights into how intrinsic functional architecture influences cognitive and perceptual information processing.
However, topological properties of single RSNs remain poorly understood. Here, we have two hypotheses: i) each RSN also
has optimized small-world architecture; ii) topological properties of RSNs related to perceptual and higher cognitive
processes are different. To test these hypotheses, we investigated the topological properties of the default-mode, dorsal
attention, central-executive, somato-motor, visual and auditory networks derived from resting-state functional magnetic
resonance imaging (fMRI). We found small-world topology in each RSN. Furthermore, small-world properties of cognitive
networks were higher than those of perceptual networks. Our findings are the first to demonstrate a topological
fractionation between perceptual and higher cognitive networks. Our approach may be useful for clinical research,
especially for diseases that show selective abnormal connectivity in specific brain networks.
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Introduction

Exploring topological properties of the human brain network

provides information about its organization and function [1,2].

The human brain network has been widely demonstrated to have

optimized small-world architecture [3,4] in structural and

functional domains, and at multiple temporal and spatial scales

[5,6,7,8,9,10,11,12]. The small-world architecture not only

reflects brain functional organization principles of local special-

ization and global integration [13], but also maximizes the

efficiency of information processing at a low wiring cost [4].

Small-world topology might reflect a general organization

principle of human brain at either large-scale or voxel-scale level

[14,15,16].

Resting-state networks (RSNs) derived from resting-state

functional magnetic resonance imaging (fMRI) data provided

evidence for a large-scale organization of intrinsic spontaneous

brain activity [17,18] into systems related to sensory, motor,

language, social-emotional, and cognitive functions

[19,20,21,22,23,24,25]. Previous task-related studies suggested

functional fractionations of the brain, and in particular a

dichotomy between lower-level perceptual (e.g., visual, auditory

and somato-motor) and higher-level cognitive networks (e.g.,

attention, central-execution, and default-mode) during active

behavior [19,26,27,28,29]. Different anatomical and connectional

properties may partially explain the functional differences

observed between these groups of networks [30,31]. For example,

Zielinski et al. revealed by structural covariance MRI techniques

different development trajectories between perceptual networks

and higher cognitive networks across developmental stages [32].

It is still unclear whether the dichotomy between lower-level

perceptual and higher-level cognitive networks can be observed in

resting state data. An increasing number of studies have focused

on interactions between RSNs [33,34,35], documenting that each

of them is involved in different levels of processing [31,36].

Interestingly, Jann et al. revealed putative psycho-physiological

dissimilarities between these two groups of networks, as reflected in

the pattern of correlations between RSN time-courses and EEG

power fluctuations [37].

Both structural and functional brain networks exhibit optimized

small-world architecture at the whole-brain level. However, little

experimental evidence exists for the topological properties of single

RSNs. In the present study, we have two hypotheses: i) each RSN

has optimized small-world architecture; ii) perceptual and higher

cognitive networks have different network organization properties.

On the basis of the aforementioned hypotheses, we first identified

the RSNs using independent component analysis (ICA) and

further applied graph theoretical analysis to investigate the

topological properties of RSNs.
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Materials and Methods

Subjects
A total of 38 right-handed healthy volunteers (20 females, age:

19–26 years) were recruited in this study. All subjects had no

history of neurological disorder or psychiatric illness, and no gross

brain abnormalities. Before MRI scanning, written informed

consents was obtained from all the participants. The study was

approved by the local medical ethics committee in Jinling

Hospital, Nanjing University School of Medicine.

Image acquisition
Imaging data collection was performed with a SIEMENS Trio

3T MR scanner (Erlangen, German) at Jinling Hospital, Nanjing,

China. During data acquisition, the subjects were instructed to keep

their eyes closed, relax, and remain as motionless as possible. Foam

pads and earplugs were used to reduce head motion and attenuate

scanner noise, respectively. Functional data were collected by using

a single-shot, gradient-recalled echo planar imaging (EPI) sequence

(TR = 2000 ms, TE = 30 ms and flip angle = 90u). Thirty transverse

slices (FOV = 2406240 mm2, in-plane matrix = 64664, slice thick-

ness = 4 mm, inter-slice gap = 0.4 mm, voxel size = 3.756
3.7564 mm3), aligned along the anterior commissure-posterior

commissure (AC-PC) line were acquired. For each subject, a total of

255 volumes were acquired and the first five volumes were

discarded to ensure steady-state longitudinal magnetization.

Subsequently, high-resolution T1-weighted anatomical images were

acquired in the sagittal orientation using a magnetization-prepared

rapid gradient-echo (MPRAGE) sequence (TR = 2300 ms,

TE = 2.98 ms, flip angle = 9u, FOV = 2566256 mm2, matrix

size = 2566256 and zero filled and interpolated to 5126512, slice

thickness = 1 mm, without inter-slice gap, voxel si-

ze = 0.560.561 mm3, and 176 slices).

Data preprocessing
Preprocessing of functional images was carried out using the

SPM8 software (http://www.fil.ion.ucl.ac.uk/spm). First, the 250

volumes were corrected for the temporal difference in acquisition

among different slices; then, they were realigned to the first volume

for head-motion correction. No dataset was excluded according to

the criteria that head motion was less than 1.5 mm of

displacement or 1.5 degree of rotation in any direction. Next,

the realigned images were spatially normalized to the Montreal

Neurological Institute (MNI) echo-planar imaging template and

re-sliced to 3-mm cubic voxels. Then, they were spatially

smoothed by convolution with an isotropic Gaussian kernel

(FWHM = 8 mm) to attenuate spatial noise.

Independent component analysis
Group spatial ICA was performed using the GIFT software

(http://icatb.sourceforge.net/, version 1.3 h) [38]. First, the

optimal number of independent components (ICs) was estimated

to be 35 using the minimum description length (MDL) criterion

[39,40]. Then, fMRI data from all subjects were concatenated and

the temporal dimension of this aggregate data set was reduced to

35 by using principal component analysis (PCA). ICs were

estimated using the FastICA algorithm [41]. IC time-courses

and spatial maps for each subject were back-reconstructed, using

the aggregated components and the results from the data

reduction step [38,39].

RSN identification
Six ICs corresponding to the RSNs of auditory, somato-motor,

visual, central-executive, dorsal attention, default mode networks

were selected using spatial-template correlation analysis [39,42].

Specifically, our selected RSNs corresponded to the cerebral ICs

with the largest spatial correlations with the network templates

from our previous studies [25,34,43,44]. The ICs corresponding to

six RSNs were also extracted from single subject. A random-effect

analysis was calculated on the spatial maps of corresponding RSNs

from single subject, by using one-sample t-tests. Thresholds were

set at p,0.01 (corrected for multiple comparison using the FWE

criterion).

Voxels time-courses extraction
For each subject, we extracted time-courses from gray matter

voxels belonging to each RSN. Since RSNs partly overlap [22,45],

we excluded voxels belonging to more than one RSN from

subsequent analyses. The voxel time-courses were first processed

by linear regression to remove several sources of spurious variance

and their temporal derivatives: (1) six motion parameters obtained

by rigid body head motion correction, (2) white matter signal

averaged from white matter, (3) ventricular signal averaged from

ventricles, and (4) global brain signal averaged across gray and

white matter voxels. The residuals of these regressions were

temporally band-pass filtered (0.01–0.08 Hz) to reduce low-

frequency drift and high-frequency noise, related to respiratory

and other physiological processes [10,11,46].

Power spectrum analysis of RSNs time-courses
Fourier power spectrum analysis on the entire frequency range

(0–0.25 Hz) was performed for the averaged time-courses within

each RSN in each subject. We calculated the relative power by

dividing the power spectrum by its maximum value. We defined

the contribution in the low-frequency bandwidth (0.01–0.08 Hz)

as the ratio of the energy in this low-frequency range compared to

that in the entire frequency range.

Correlation matrix and functional network construction
To measure the voxel-level functional connectivity of each RSN

[47], we calculated the Pearson correlation coefficients between

the time-courses of RSN voxels. We thresholded the resulting

correlation matrix to obtain an undirected binary graph (network).

For a voxel-level network, a node represents a voxel, whereas an

edge represents a link between voxels. Next, we analyzed the

constructed networks using graph theoretical approaches.

Graph theoretical analysis
Topological properties of the voxel-level functional

brain connectivity networks. The topological properties of

the functional brain connectivity networks were defined on the

basis of a N6N (N represents the number of voxels in a RSN and is

different in different RSN) binary graph, G, consisting of nodes

and undirected edges:

eij~
1, r(i,j)§T

0, otherwise0

�

where eij refers to the undirected edge between node i and node j

in the graph. In general, if r(i,j) (Pearson correlation coefficient) of

a pair of nodes, i andj, exceeds a given threshold T , an edge is said

to exist; otherwise it does not exist. A subgraph Gi is defined as the

graph including the nodes that are the direct neighbors of the ith
node, i.e. directly connected to the ith node with an edge. The

degree of each node, Ki,i~1,2, � � �N , is defined as the number of

nodes in the subgraph Gi.

Topological Fractionation of RSNs
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The clustering coefficient of a node depicts the level of

connectedness of the direct neighbors of this node. The clustering

coefficient Ci of voxel i is defined as the ratio of the number of

actually existing connections to the number of all possible

connections in the subgraph Gi:

Ci~
Ei

Ki Ki{1ð Þ0

where Ei is the number of edges in the subgraph Gi. The

clustering coefficient of a network is the average of the absolute

clustering coefficient over all voxels in the network [4,48]:

Cnet~
1

N

X
i[G

Ci:

Cnet is a measure of the extent of the local efficiency or cliquishness

of information transfer on the network.

The mean shortest path length of a node is:

Li~
1

N{1

X
i=j[G

min Li,j

� �
,

where min Li,j

� �
is the shortest path length between node i and

node j, and the path length is the number of edges included in the

path connecting two nodes. The mean shortest path length of a

network is the average of the shortest path lengths between the

nodes:

Lnet~
1

N

X
i[G

Li:

Lnet is a measure of the extent of global efficiency or the capability

for parallel information propagation of the network.

In a network, Cnet and Lnet are key characteristics, and permit

to define whether the network is a random network or small-world

network. Random networks are characterized by a low clustering

coefficient Crandom and a typical shortest path length Lrandom.

Compared with random networks, small-world networks have

similar shortest path lengths but higher clustering coefficients, that

is c~Cnet=Crandomw1, l~Lnet=Lrandom&1 [4]. These two

conditions can also be summarized into a scalar quantitative

measurement, small-world-ness, s~c=l, which is typically w1 for

networks with a small-world organization [10,11,49,50]. To

examine small-world properties, the value of Cnet and Lnet of

the functional connectivity network need to be compared with

those of a random network (Crandom and Lrandom). The theoretical

values of these two measures for random networks are

Crandom~K=N, and Lrandom&ln Nð Þ=ln Kð Þ [3,49,51]. However,

as suggested by Stam et al. [51], statistical comparisons should

generally be performed between networks that have equal (or at

least similar) degree sequences; however, theoretical random

networks have Gaussian degree distributions that may differ from

the degree distribution of brain networks. To obtain a better

control for the functional brain networks [11], we generated 30

random networks for each individual network keeping the same

degree for each node by using a Markov-chain algorithm [52,53].

This procedure was repeated until the topological structure of the

original matrix was randomized, resulting in a random graph with

a degree distribution similar to that of the original matrix. We then

averaged all 30 generated random networks to obtain mean values

of Crandom and Lrandom.

Computation of network properties. The network

topological properties are influenced by the choice of a threshold

value. Conservative thresholds (increasing correlation coefficient

threshold T ) will generate sparsely connected graphs; more lenient

thresholds (decreasing correlation coefficient threshold T ) will

generate more densely connected graph. Since there is currently no

formal consensus regarding selection of thresholds, here we selected a

range of correlation coefficient threshold (0.125#T#0.55,

step = 0.025) for exploring the topological properties of functional

connectivity graphs in all RSNs. The minimum correlation

coefficient threshold T was chosen to exclude weak and potentially

non-significant connections. Thus, it was set to 0.125, corresponding

to p,0.05 (uncorrected) in the voxel-level correlation matrix. The

maximum T was empirically set to 0.55, ensuring that the largest

subgraph included at least 90% voxels in the networks over all six

RSNs and all subjects [10]. For each subject, the characteristics Cnet

and Lnet from the functional connectivity graph of each RSN were

computed for different T . In order to compare accurately the

topological properties of functional connectivity graphs among RSNs,

we calculated c, l and the small-world index s at the conservative

threshold T~0:375(corresponding to p,0.05, Bonferroni-

corrected). This correlation coefficient threshold was used to reduce

the chance of false positive connections of voxel-level correlation

matrix across all six RSNs and all subjects. Generally, RSNs with

different number of nodes may result in different network topological

properties. To eliminate this potential confounding effect, we tested

the sensitivity of the results (see Text S1 for detailed analysis).

Results

RSNs identification
The spatial maps of the six selected RSNs were obtained using

the group spatial ICA analysis implemented in the GIFT software

(http://icatb.sourceforge.net/, version 1.3 h) [38]. These were

retrieved by means of a spatial-matching procedure. The RSNs,

illustrated in Fig. 1, can be described as follows: 1) the auditory

network (AN) primarily encompassed the bilateral middle and

superior temporal gyrus, Heschl gyrus, insular cortex, and

temporal pole; 2) the somato-motor network (SMN) included

pre- and postcentral gyrus; 3) the visual network (VN) included the

inferior, middle and superior occipital gyrus, and temporal-

occipital regions along with superior parietal gyrus; 4) the central-

executive network (CEN) included the dorsal lateral prefrontal and

the posterior parietal cortices; 5) the dorsal attention network

(DAN) primarily involved middle and superior occipital gyrus,

parietal gyrus, inferior and superior parietal gyrus, as well as

middle and superior frontal gyrus; 6) the default mode network

(DMN) encompassed posterior cingulate cortex, bilateral inferior

parietal gyrus, angular gyrus, middle temporal gyrus, superior

frontal gyrus and medial frontal gyrus. On the basis of previous

studies [31,32,34,37], we partitioned the six RSNs into two

groups: higher cognitive networks (CEN, DAN and DMN) and

perceptual networks (SMN, AN and VN).

Power spectrum of RSNs
The relative power and the power contribution of the low-

frequency band (0.01–0.08 Hz) on the entire frequency range for

each RSN are shown in Fig. 2. The power contribution in the low-

frequency band was largest for the DMN, following VN, CEN,

Topological Fractionation of RSNs
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DAN, SMN and AN. We found a significant difference across

RSNs in the low-frequency band, as assessed by a one-way analysis

of variance (ANOVA) (p,0.01, Bonferroni-corrected). The higher

level cognitive networks showed significantly greater low-frequen-

cy power than the perceptive networks (two-way ANOVA,

p,0.01, Bonferroni-corrected) (Fig. 2). The measure of the power

contribution in the low-frequency band corresponded to that of

fractional amplitude of low-frequency fluctuations (fALFF)

[45,54]. We found indeed that higher cognitive networks exhibited

higher fALFF than perceptual networks (Fig. S1).

Clustering coefficient and shortest path length
The average shortest path length (Lnet) and their dependence on

correlation coefficient threshold T for each RSN are illustrated in

Fig. 3A. As expected, Lnet increased for larger values of the

correlation coefficient threshold T , due to an increased number of

paths. Over the range of threshold values (0.125–0.55), we observed

similar Lnet values among higher cognitive networks (CEN, DAN

and DMN), and among perceptual networks (SMN, AN and VN).

The values of the former group were significantly larger than those of

the latter group (two-way ANOVA, p,0.01, Bonferroni-corrected).

The average clustering coefficient (Cnet) and their dependence on

correlation coefficient threshold T for the voxel-level functional

network in each RSN are illustrated in Fig. 3B. Cnet decreased for

larger values of the correlation coefficient threshold. As for Lnet, Cnet

values of higher cognitive networks were clearly lower than those of

perceptual networks. In summary, both Lnet or Cnet confirmed a

dichotomy between the two groups of networks. To assess the

sensitivity of the results with respect to the number of nodes in each

RSN, we recomputed Lnet and Cnet for RSNs with equalized

number of nodes (Fig. S2). Importantly, we observed results similar

to those obtained without the node-normalization procedure.

Figure 1. Cortical representation of the six RSNs. For each RSN, Left: lateral and medial views of left hemisphere; Center: dorsal view; Right:
lateral and medial views right hemisphere.
doi:10.1371/journal.pone.0026596.g001

Topological Fractionation of RSNs
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Statistical analysis of network properties
After the analysis of Lnet and Cnet at different correlation

coefficient threshold T , we examined in more detail network

properties for each RSN using the correlation coefficient threshold

T~0:375. In particular, we calculated Cnet, Lnet, c, l and the

small-world index s. The related results are shown in Fig. 4 and

Table 1. Both s and c were significantly larger than 1 for each

RSN and l was not different from 1 (p,0.01, Bonferroni-

corrected), suggesting a small-world organization (Table 1). We

used a one-way ANOVA was used to test for significant differences

of Cnet, Lnet, c, l and s across RSNs; then, we tested the

differences between the two network groups (higher cognitive vs.

perceptual) by a two-way ANOVA. As shown in Fig. 4, Cnet of

higher cognitive networks was significantly lower than those of

perceptual networks (p,0.01, Bonferroni-corrected) (Fig. 4A).

Lnet, c, l and s are also significantly different between groups

(p,0.01, Bonferroni-corrected), the values of higher cognitive

being larger than those of perceptual networks (Fig. 4B–E).

Furthermore, we calculated network properties for RSNs with

equalized node number (Fig. S3 and Table S1). Each normalized

RSN exhibited small-world topology, confirming all results

obtained from RSNs without the node-normalization procedure.

Figure 2. Spectral analysis of the RSNs’ time-courses. (Main frame) Mean relative spectral distribution of the voxel-averaged time-courses of
each RSN. (Embedded frame) Power contribution in the low-frequency band (0.01–0.08 Hz) for each RSN. Error bars correspond to SD. Asterisks
indicate statistically significant differences between the groups of higher cognitive and perceptual networks (two-way ANOVA, p,0.01, Bonferroni-
corrected).
doi:10.1371/journal.pone.0026596.g002

Figure 3. Mean path length and clustering coefficient for each RSN. (A) Shortest path length, Lnet, and (B) clustering coefficient, Cnet , for each
RSN as a function of correlation threshold T (0.125–0.55). Error bars correspond to SEM.
doi:10.1371/journal.pone.0026596.g003

Topological Fractionation of RSNs
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Discussion

We investigated the network properties of six well-documented

RSNs by combining ICA and graph theoretical analysis. Our

results showed that each RSN had robust small-world properties,

as evidenced by cw1 and l&1 (Fig. 1 and Table 1). Both power in

low-frequency band (between 0.01 and 0.08 Hz) and small-world

index of the higher cognitive networks (CEN, DAN and DMN)

were significantly greater than those of perceptual networks (AN,

SMN and VN) (p,0.01, Bonferroni-corrected). For the first time,

these findings provide quantitative evidence for the dichotomy

between higher cognitive and perceptual networks [31,36].

To define large-scale intrinsic brain networks we used ICA, a

data-driven analysis. This approach is particularly valuable for the

investigation of brain networks modulated by task performance

[26], but also at rest [19,23,25]. The so-called resting state

networks (RSNs) [21,22] are supposed to reflect intrinsic energy

demands and synchronizations of neuronal populations within a

set of neuroanatomically and functionally organized brain regions

[21,55]. In this study, we focused on 3 perceptual (AN, SMN and

VN) and 3 higher cognitive (CEN, DAN and DMN) networks to

investigate similarities and differences in their network properties.

The RSNs obtained from our data were consistent with previous

resting-state fMRI studies [19,22,23,25,34].

In the power spectrum analysis, the higher cognitive networks

exhibited significantly greater low-frequency power than the

perceptual networks. This finding confirms the suggested dissoci-

ation between elementary level and higher level networks

[31,32,37]. Furthermore, those findings support the concept that

perceptual networks and higher cognitive networks are involved at

different levels of functional processing [34,36], with a different

allocation of brain energy between the two groups. Not

surprisingly, the DMN exhibited the largest low-frequency power

among the others [18,56,57,58] It is also possible that the DMN

integrates information from other RSNs [34], which would also

support the current findings.

All six RSNs were characterized by small-world topology [4],

confirming and expanding findings from previous studies on the

whole human brain network. The two key features of small-world

topology, i.e. high clustering and short paths, reflect global and

Figure 4. Statistical analysis of network properties for higher cognitive and perceptual networks. The group of higher cognitive
networks includes DMN, DAN and CEN; the group of perceptual networks includes SMN, VN and AN. Binary graphs were calculated using the
correlation threshold T~0:375. (A) Mean clustering coefficient, Cnet ; (B) shortest path length, Lnet ; (C) small-world index, s; (D) normalized clustering
coefficient, c; (E) normalized shortest path length, l. Error bars correspond to SD. Asterisks indicate statistically significant differences between the
two network groups (two-way ANOVA, p,0.01, Bonferroni-corrected).
doi:10.1371/journal.pone.0026596.g004

Table 1. Summary of network measures for each RSN.

RSN N E(mean±std) Cnet(mean±std) Lnet(mean±std) s(mean±std) c(mean±std) l(mean±std)

CEN 2842 1.38e+660.35e+6 0.7060.05 1.7460.12 1.3160.25w 1.3760.28w 1.0560.02q

DAN 3003 1.47e+660.36e+6 0.6860.04 1.7560.13 1.5060.31w 1.5860.37w 1.0460.03q

DMN 7534 8.17e+662.07e+6 0.6660.05 1.8060.10 1.3560.25w 1.4260.28w 1.0560.02q

SMN 1653 0.70e+660.20e+6 0.7860.08 1.5160.16 1.2060.22w 1.2160.23w 1.0160.01q

AN 1980 1.01e+660.27e+6 0.7660.07 1.5060.15 1.1860.19w 1.1960.20w 1.0160.01q

VN 1819 1.05e+660.24e+6 0.8360.06 1.3860.15 1.1360.14w 1.1460.15w 1.0160.01q

N: number of voxels (nodes) in each RSN; E: number of edges in each RSN.
w: Significantly larger than 1 (one sample t-test, p,0.01, Bonferroni-corrected).
q: No significant difference compared to 1 (one sample t-test).
doi:10.1371/journal.pone.0026596.t001

Topological Fractionation of RSNs
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local parallel information processing [3]. Recently, small-world

characteristics have been found in large-scale structural [59,60]

and functional brain networks [3,61], and at a wide range of

spatial and temporal scales. However, these studies mainly focused

on whole-brain networks [5,8,10,62,63]. Exploring the topological

attributes of specific RSNs may shed light on the architecture of

the human brain. Small-world topology might reflect a principle of

optimal architecture in the human brain [64]. Our data suggests

that information is efficiently transferred not only in the whole

brain network, but also within specific sub-networks, such as the

RSNs.

We clearly found a difference in small-world characteristics

between higher cognitive and perceptual networks, confirming our

study hypothesis. Higher level cognitive networks, such as the

DMN, DAN and CEN, are thought to occupy a different

hierarchy in brain structure compared to perceptual networks

[65]. In synaptic hierarchy, the lower synaptic levels mainly

participate in encoding information from visual, auditory and

somato-motor cortex, while the higher synaptic levels relate to

cognitive processing, such as attention, emotion, working memory

and mental imagery [31]. In addition, previous works have

revealed that higher cognitive networks mature through ontogeny,

while sensory networks were well-developed in early childhood

[32,66,67].

Previous studies suggested competition between RSNs, as for

example between the task-negative network (i.e. DMN) and task-

positive networks [46]. To better understand the dissociation

found between higher cognitive and perceptual networks, we

examined the presence of competition by correlation analysis (see

Text S2). Our data showed anti-correlations between these two

network groups (Fig. S4A). By further exploring the correlations

among RSNs, we also found selective differences, and the presence

of competition within groups. For instance, the DMN was

negatively correlated with the CEN, DAN and the perceptual

networks (Fig. S4B), as already suggested by previous studies

[46,68,69]. Taken together, the correlation results further

demonstrate the fractionation between perceptual and higher

cognitive networks, and suggest the presence of competition

processes between the two network groups. Further work will be

necessary to elucidate mechanisms of competition between RSNs,

and how they relate to topological properties.

The main limitation of the present study is related to the spatial

resolution and signal-to-noise ratio of the functional images, which

may have an effect on the network topology measures. In this

regard, we focus on two methodological considerations in

particular. First, we collected the fMRI data at about 4-mm

resolution, and resliced them to 3-mm cubic voxels after non-

linear spatial transformation to a template space (MNI space). For

subjects’ with brain larger than the standard template, the

normalization procedure deforms the original sampling grid at

4 mm to an inhomogeneous grid with resolution locally below

4 mm. We therefore resampled our data at 3 mm isotropic to

preserve the spatial specificity of our data, as suggested previously

[70,71]. Importantly, the resampling at a resolution lower than the

native one does not induce a loss of information, in compliance

with the Nyquist–Shannon sampling theorem. Second, we applied

spatial smoothing before network construction, to reduce noise in

the functional images. It has been demonstrated that, for

anatomically-defined areas, spatial smoothing may introduce

(local) artificial correlations between ROIs [10,11]. In this study,

however, we calculated network properties at a voxel level, using

the spatial extent of ICA-based RSNs to define functional ROIs.

So far, no study has examined whether smoothing could introduce

artificial connectivity at the network level [72]. For this reason, we

examined the network topological properties in RSNs calculated

without the smoothing step. Importantly, we found results very

similar to those with smoothing (Fig. S5). We concluded that, in

the present study, spatial smoothing had only minimal influence

on RSN network construction.

In summary, we robustly found small-world properties in RSNs.

For the first time, we showed quantitative evidence for the

topological fractionation between perceptual and higher cognitive

networks. This suggests that RSNs may occupy different

hierarchical levels within the intrinsic functional architecture of

the human brain. Our approach to investigate topological

properties in RSNs may be extended to clinical research, especially

to diseases that show selective abnormal connectivity in specific

brain networks.

Supporting Information

Text S1 Reliability test.

(DOC)

Text S2 Correlation matrix between perceptual and
higher cognitive networks.

(DOC)

Figure S1 Fractional amplitude of low-frequency fluc-
tuation (fALFF) for each RSN. Fractional ALFF values were

defined as the ratio of total power within the low-frequency range

(0.01–0.08 Hz) to that of the entire detectable frequency range.

fALFF can provide specific measure of low-frequency spontaneous

fluctuations in the BOLD signal. The vertical coordinates indicate

the value of fALFF for each RSN. Error bars correspond to SD.

We found that higher cognitive networks (CEN, DAN and DMN)

exhibited higher fALFF values than perceptual networks (SMN,

AN and VN) (two-way ANOVA, p = 0.0153).

(TIF)

Figure S2 Mean path length and clustering coefficient
for each RSN with equalized node number. (A) Mean

shortest path length, Lnet, and (B) clustering coefficient, Cnet, for

each RSN as a function of correlation threshold T (0.125–0.55).

Error bars correspond to SEM.

(TIF)

Figure S3 Statistical analysis of network properties for
higher cognitive and perceptual networks after the node-
normalization procedure. The group of higher cognitive

networks includes DMN, DAN and CEN; the group of perceptual

networks includes SMN, VN and AN. Binary graphs were

calculated using the correlation threshold T~0:375. (A) Mean

clustering coefficient, Cnet; (B) shortest path length, Lnet; (C) small-

world index, s; (D) normalized clustering coefficient, c; (E)

normalized shortest path length, l. Error bars correspond to SD.

Asterisks indicate statistically significant differences between the

two network groups (two-way ANOVA, p,0.01, Bonferroni-

corrected).

(TIF)

Figure S4 Correlation matrix of RSN time-courses. The

mean correlation matrix obtained by averaging a set of correlation

matrices across subjects between the two network groups (higher

cognitive and perceptual networks, respectively) (A), and among

the six RSNs (B). Higher cognitive networks were significantly

anti-correlated to perceptual networks. In line with previous

findings, DMN (task-negative) was negatively correlated to other

cognitive (task-positive) networks (i.e. CEN and DAN) and

perceptual networks (SMN, AN and VN).

(TIF)

Topological Fractionation of RSNs

PLoS ONE | www.plosone.org 7 October 2011 | Volume 6 | Issue 10 | e26596



Figure S5 Statistical analysis of network properties for
higher cognitive and perceptual networks, defined
without using spatial smoothing. The group of higher

cognitive networks includes DMN, DAN and CEN; the group of

perceptual networks includes SMN, VN and AN. Binary graphs

were calculated using the correlation threshold T~0:375. (A) Mean

clustering coefficient, Cnet; (B) shortest path length, Lnet; (C) small-

world index, s; (D) normalized clustering coefficient, c; (E)

normalized shortest path length, l. Each RSN had robust small-

world properties, as evidenced by s and c significantly larger than 1

(C and D), and l not different from 1 (p,0.01, Bonferroni-

corrected) (E) for each RSN. Error bars correspond to SD. Asterisks

indicate statistically significant differences between the two network

groups (two-way ANOVA, p,0.01, Bonferroni-corrected).

(TIF)

Table S1 Summary of network measures for each RSN
after the node-normalization procedure.

(DOC)

Acknowledgments

We thank our volunteers for their participation in this study.

Author Contributions

Conceived and designed the experiments: J-RD WL ZZ HC GL.

Performed the experiments: J-RD ZZ QX GL. Analyzed the data: J-RD

WL QX G-RW. Contributed reagents/materials/analysis tools: J-RD WL

ZZ HC GL. Wrote the paper: J-RD WL DM.

References

1. Sporns O (2010) Networks of the Brain. Cambridge: MA:MIT Press.

2. Sporns O (2011) The human connectome: a complex network. Ann N Y Acad

Sci 1224: 109–125.

3. Bassett DS, Bullmore E (2006) Small-world brain networks. Neuroscientist 12:

512–523.

4. Watts DJ, Strogatz SH (1998) Collective dynamics of ‘small-world’ networks.

Nature 393: 440–442.

5. Liao W, Ding J, Marinazzo D, Xu Q, Wang Z, et al. (2011) Small-world directed

networks in the human brain: Multivariate Granger causality analysis of resting-

state fMRI. Neuroimage 54: 2683–2694.

6. Liao W, Zhang Z, Pan Z, Mantini D, Ding J, et al. (2010) Altered functional

connectivity and small-world in mesial temporal lobe epilepsy. PLoS One 5:

e8525.

7. Hagmann P, Cammoun L, Gigandet X, Meuli R, Honey CJ, et al. (2008)

Mapping the structural core of human cerebral cortex. PLoS Biol 6: e159.

8. He Y, Chen ZJ, Evans AC (2007) Small-world anatomical networks in the

human brain revealed by cortical thickness from MRI. Cereb Cortex 17:

2407–2419.

9. He Y, Wang J, Wang L, Chen ZJ, Yan C, et al. (2009) Uncovering intrinsic

modular organization of spontaneous brain activity in humans. PLoS One 4:

e5226.

10. van den Heuvel MP, Stam CJ, Boersma M, Hulshoff Pol HE (2008) Small-world

and scale-free organization of voxel-based resting-state functional connectivity in

the human brain. Neuroimage 43: 528–539.

11. Hayasaka S, Laurienti PJ (2010) Comparison of characteristics between region-

and voxel-based network analyses in resting-state fMRI data. Neuroimage 50:

499–508.

12. Zhang Z, Liao W, Chen H, Mantini D, Ding J, et al. (2011) Altered functional-

structural coupling of large-scale brain networks in idiopathic generalized

epilepsy. doi: 10. 1093/brain/ awr1223.

13. Kaiser M, Hilgetag CC (2006) Nonoptimal component placement, but short

processing paths, due to long-distance projections in neural systems. PLoS

Comput Biol 2: e95.

14. Bullmore ET, Bassett DS (2011) Brain graphs: graphical models of the human

brain connectome. Annu Rev Clin Psychol 7: 113–140.

15. Bullmore E, Sporns O (2009) Complex brain networks: graph theoretical

analysis of structural and functional systems. Nat Rev Neurosci 10: 186–198.

16. Sporns O (2011) The non-random brain: efficiency, economy, and complex

dynamics. Front Comput Neurosci 5: 5.

17. Bressler SL, Menon V (2010) Large-scale brain networks in cognition: emerging

methods and principles. Trends Cogn Sci 14: 277–290.

18. Raichle ME (2010) Two views of brain function. Trends Cogn Sci 14: 180–190.

19. Damoiseaux JS, Rombouts SA, Barkhof F, Scheltens P, Stam CJ, et al. (2006)

Consistent resting-state networks across healthy subjects. Proc Natl Acad

Sci U S A 103: 13848–13853.

20. Seeley WW, Menon V, Schatzberg AF, Keller J, Glover GH, et al. (2007)

Dissociable intrinsic connectivity networks for salience processing and executive

control. J Neurosci 27: 2349–2356.

21. Cole DM, Smith SM, Beckmann CF (2010) Advances and pitfalls in the analysis

and interpretation of resting-state FMRI data. Front Syst Neurosci 4: 8.

22. Beckmann CF, DeLuca M, Devlin JT, Smith SM (2005) Investigations into

resting-state connectivity using independent component analysis. Philos

Trans R Soc Lond B Biol Sci 360: 1001–1013.

23. De Luca M, Beckmann CF, De Stefano N, Matthews PM, Smith SM (2006)

fMRI resting state networks define distinct modes of long-distance interactions in

the human brain. Neuroimage 29: 1359–1367.

24. Smith SM, Fox PT, Miller KL, Glahn DC, Fox PM, et al. (2009)

Correspondence of the brain’s functional architecture during activation and

rest. Proc Natl Acad Sci U S A 106: 13040–13045.

25. Mantini D, Perrucci MG, Del Gratta C, Romani GL, Corbetta M (2007)
Electrophysiological signatures of resting state networks in the human brain.

Proc Natl Acad Sci U S A 104: 13170–13175.

26. Bartels A, Zeki S (2005) Brain dynamics during natural viewing conditions--a

new guide for mapping connectivity in vivo. Neuroimage 24: 339–349.

27. Corbetta M, Shulman GL (2002) Control of goal-directed and stimulus-driven
attention in the brain. Nat Rev Neurosci 3: 201–215.

28. Gusnard DA, Raichle ME (2001) Searching for a baseline: functional imaging

and the resting human brain. Nat Rev Neurosci 2: 685–694.

29. Greicius MD, Krasnow B, Reiss AL, Menon V (2003) Functional connectivity in
the resting brain: a network analysis of the default mode hypothesis. Proc Natl

Acad Sci U S A 100: 253–258.

30. Ungerleider LG, Haxby JV (1994) ‘What’ and ‘where’ in the human brain. Curr

Opin Neurobiol 4: 157–165.

31. Mesulam MM (1998) From sensation to cognition. Brain 121 (Pt 6): 1013–1052.

32. Zielinski BA, Gennatas ED, Zhou J, Seeley WW (2010) Network-level structural
covariance in the developing brain. Proc Natl Acad Sci U S A 107:

18191–18196.

33. Kelly AM, Uddin LQ, Biswal BB, Castellanos FX, Milham MP (2008)

Competition between functional brain networks mediates behavioral variability.
Neuroimage 39: 527–537.

34. Liao W, Mantini D, Zhang Z, Pan Z, Ding J, et al. (2010) Evaluating the

effective connectivity of resting state networks using conditional Granger
causality. Biol Cybern 102: 57–69.

35. Doucet G, Naveau M, Petit L, Delcroix N, Zago L, et al. (2011) Brain activity at

rest: a multiscale hierarchical functional organization. J Neurophysiol 105:

2753–2763.

36. Northoff G, Heinzel A, de Greck M, Bermpohl F, Dobrowolny H, et al. (2006)
Self-referential processing in our brain--a meta-analysis of imaging studies on the

self. Neuroimage 31: 440–457.

37. Jann K, Kottlow M, Dierks T, Boesch C, Koenig T (2010) Topographic
electrophysiological signatures of FMRI Resting State Networks. PLoS One 5:

e12945.

38. Calhoun VD, Adali T, Pearlson GD, Pekar JJ (2001) A method for making

group inferences from functional MRI data using independent component
analysis. Hum Brain Mapp 14: 140–151.

39. Jafri MJ, Pearlson GD, Stevens M, Calhoun VD (2008) A method for functional

network connectivity among spatially independent resting-state components in
schizophrenia. Neuroimage 39: 1666–1681.

40. Li YO, Adali T, Calhoun VD (2007) Estimating the number of independent

components for functional magnetic resonance imaging data. Hum Brain Mapp

28: 1251–1266.

41. Hyvarinen A (1999) Fast and robust fixed-point algorithms for independent
component analysis. IEEE Trans Neural Netw 10: 626–634.

42. Stevens MC, Kiehl KA, Pearlson G, Calhoun VD (2007) Functional neural

circuits for mental timekeeping. Hum Brain Mapp 28: 394–408.

43. Mantini D, Corbetta M, Perrucci MG, Romani GL, Del Gratta C (2009) Large-

scale brain networks account for sustained and transient activity during target
detection. Neuroimage 44: 265–274.

44. Liao W, Chen H, Feng Y, Mantini D, Gentili C, et al. (2010) Selective aberrant

functional connectivity of resting state networks in social anxiety disorder.
Neuroimage 52: 1549–1558.

45. Zuo XN, Kelly C, Adelstein JS, Klein DF, Castellanos FX, et al. (2010) Reliable

intrinsic connectivity networks: test-retest evaluation using ICA and dual

regression approach. Neuroimage 49: 2163–2177.

46. Fox MD, Snyder AZ, Vincent JL, Corbetta M, Van Essen DC, et al. (2005) The
human brain is intrinsically organized into dynamic, anticorrelated functional

networks. Proc Natl Acad Sci U S A 102: 9673–9678.

47. Tagliazucchi E, Balenzuela P, Fraiman D, Chialvo DR (2010) Brain resting state
is disrupted in chronic back pain patients. Neurosci Lett 485: 26–31.

48. Strogatz SH (2001) Exploring complex networks. Nature 410: 268–276.

Topological Fractionation of RSNs

PLoS ONE | www.plosone.org 8 October 2011 | Volume 6 | Issue 10 | e26596



49. Achard S, Salvador R, Whitcher B, Suckling J, Bullmore E (2006) A resilient,

low-frequency, small-world human brain functional network with highly
connected association cortical hubs. J Neurosci 26: 63–72.

50. Humphries MD, Gurney K, Prescott TJ (2006) The brainstem reticular

formation is a small-world, not scale-free, network. Proc Biol Sci 273: 503–511.
51. Stam CJ, Jones BF, Nolte G, Breakspear M, Scheltens P (2007) Small-world

networks and functional connectivity in Alzheimer’s disease. Cereb Cortex 17:
92–99.

52. Maslov S, Sneppen K (2002) Specificity and stability in topology of protein

networks. Science 296: 910–913.
53. Milo R, Shen-Orr S, Itzkovitz S, Kashtan N, Chklovskii D, et al. (2002) Network

motifs: simple building blocks of complex networks. Science 298: 824–827.
54. Zou QH, Zhu CZ, Yang Y, Zuo XN, Long XY, et al. (2008) An improved

approach to detection of amplitude of low-frequency fluctuation (ALFF) for
resting-state fMRI: fractional ALFF. J Neurosci Methods 172: 137–141.

55. Zhang D, Raichle ME (2010) Disease and the brain’s dark energy. Nat Rev

Neurol 6: 15–28.
56. Zuo XN, Di Martino A, Kelly C, Shehzad ZE, Gee DG, et al. (2010) The

oscillating brain: complex and reliable. Neuroimage 49: 1432–1445.
57. Raichle ME, MacLeod AM, Snyder AZ, Powers WJ, Gusnard DA, et al. (2001)

A default mode of brain function. Proc Natl Acad Sci U S A 98: 676–682.

58. Tomasi D, Volkow ND (2011) Association between functional connectivity hubs
and brain networks. Cereb Cortex 21: 2003–2013.

59. Iturria-Medina Y, Sotero RC, Canales-Rodriguez EJ, Aleman-Gomez Y, Melie-
Garcia L (2008) Studying the human brain anatomical network via diffusion-

weighted MRI and Graph Theory. Neuroimage 40: 1064–1076.
60. Gong G, He Y, Concha L, Lebel C, Gross DW, et al. (2009) Mapping

anatomical connectivity patterns of human cerebral cortex using in vivo diffusion

tensor imaging tractography. Cereb Cortex 19: 524–536.
61. Salvador R, Suckling J, Coleman MR, Pickard JD, Menon D, et al. (2005)

Neurophysiological architecture of functional magnetic resonance images of
human brain. Cereb Cortex 15: 1332–1342.

62. Hagmann P, Kurant M, Gigandet X, Thiran P, Wedeen VJ, et al. (2007)

Mapping human whole-brain structural networks with diffusion MRI. PLoS

One 2: e597.

63. Achard S, Bullmore E (2007) Efficiency and cost of economical brain functional

networks. PLoS Comput Biol 3: e17.

64. Mathias N, Gopal V (2001) Small worlds: how and why. Phys Rev E Stat Nonlin

Soft Matter Phys 63: 021117.

65. Carhart-Harris RL, Friston KJ (2010) The default-mode, ego-functions and free-

energy: a neurobiological account of Freudian ideas. Brain 133: 1265–1283.

66. Fair DA, Cohen AL, Dosenbach NU, Church JA, Miezin FM, et al. (2008) The

maturing architecture of the brain’s default network. Proc Natl Acad Sci U S A

105: 4028–4032.

67. Kelly AM, Di Martino A, Uddin LQ, Shehzad Z, Gee DG, et al. (2009)

Development of anterior cingulate functional connectivity from late childhood to

early adulthood. Cereb Cortex 19: 640–657.

68. Fransson P (2005) Spontaneous low-frequency BOLD signal fluctuations: an

fMRI investigation of the resting-state default mode of brain function hypothesis.

Hum Brain Mapp 26: 15–29.

69. Kang J, Wang L, Yan C, Wang J, Liang X, et al. (2011) Characterizing dynamic

functional connectivity in the resting brain using variable parameter regression

and Kalman filtering approaches. Neuroimage 56: 1222–1234.

70. Fox MD, Snyder AZ, Vincent JL, Raichle ME (2007) Intrinsic fluctuations

within cortical systems account for intertrial variability in human behavior.

Neuron 56: 171–184.

71. Fox MD, Zhang D, Snyder AZ, Raichle ME (2009) The global signal and

observed anticorrelated resting state brain networks. J Neurophysiol 101:

3270–3283.

72. Shirer WR, Ryali S, Rykhlevskaia E, Menon V, Greicius MD (2011) Decoding

Subject-Driven Cognitive States with Whole-Brain Connectivity Patterns. Cereb

Cortex.

Topological Fractionation of RSNs

PLoS ONE | www.plosone.org 9 October 2011 | Volume 6 | Issue 10 | e26596


