
T

T

T

A

t

E
A
f
c
m

Neuroscience 175 (2011) 169–177

brought to you by COREView metadata, citation and similar papers at core.ac.uk

provided by Elsevier - Publisher Connector 
COGNITION IS RELATED TO RESTING-STATE SMALL-WORLD

NETWORK TOPOLOGY: AN MAGNETOENCEPHALOGRAPHIC STUDY
L. DOUW,a* M. M. SCHOONHEIM,b D. LANDI,b

M. L. VAN DER MEER,a J. J. G. GEURTS,b,c

J. C. REIJNEVELD,a M. KLEINd AND C. J. STAMe

aDepartment of Neurology, VU University Medical Center, Amsterdam,
he Netherlands

bDepartment of Radiology, VU University Medical Center, Amsterdam,
he Netherlands

cDepartment of Pathology, VU University Medical Center, Amsterdam,
he Netherlands

dDepartment of Medical Psychology, VU University Medical Center,
msterdam, The Netherlands

eDepartment of Clinical Neurophysiology, VU University Medical Cen-
er, Amsterdam, The Netherlands

Abstract—Brain networks and cognition have recently begun
to attract attention: studies suggest that more efficiently
wired resting-state brain networks are indeed correlated with
better cognitive performance. “Small-world” brain networks
combine local segregation with global integration, hereby
subserving information processing. Furthermore, recent
studies implicate that gender effects may be present in both
network dynamics and its correlations with cognition. This
study reports on the relation between resting-state functional
brain topology with overall and domain-specific cognitive
performance in healthy participants and possible gender dif-
ferences herein. Healthy participants underwent neuropsy-
chological tests, of which individual scores were converted
to z-scores. Network analysis was performed on resting-
state, eyes-closed magnetoencephalography (MEG) data, af-
ter determining functional connectivity between each pair of
sensors. The clustering coefficient (local specialization), av-
erage path length (overall integration and efficiency) and
“small-world index” (i.e. ratio between clustering and path
length) were calculated in six frequency bands. 14 male and
14 female participants were included. Better total cognitive
performance was related to increased local connectivity in
the theta band, higher clustering coefficient (in delta and
theta bands) and higher small-worldness (in theta and lower
gamma bands). Women showed less clustering and shorter
path length in the delta band. There were no significant cor-
relations between network topology and cognitive function-
ing in females. In contrast, higher cognitive scores in men
were associated with increased theta band clustering and
small-worldness. These results provide further evidence for
the value of functional brain network topology for cognitive
functioning and suggest that gender is an important factor in
this respect. © 2011 IBRO. Published by Elsevier Ltd.
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Cognition and its neural correlates have been a topic of
interest in neuroscience for many years. Modern neuroim-
aging methods, of which functional magnetic resonance
imaging (fMRI) is currently one of the most frequently used
techniques, have further boosted this line of research.
Most investigations have aimed at localizing function by
defining brain areas responsible for cognitive tasks. Cor-
relations between a range of highly intricate neuropsycho-
logical tasks and specific brain areas that are involved in
these tasks have been reported (see; Dolan, 2008 for a
review). However, all techniques and efforts have not pro-
vided clarity as to which properties of the brain are respon-
sible for cognition.

Contrary to a more reductionistic approach, the brain
can also be studied as a complex network of dynamical
systems with abundant functional interactions between lo-
cal and more remote areas (Varela et al., 2001). Functional
connectivity, referring to statistical interdependencies be-
tween physiological time series, may be pivotal for human
brain functioning (Aertsen et al., 1989; Tononi and Edel-
man, 1998; Singer, 1999; Varela et al., 2001; Bressler,
2002; Reijneveld et al., 2007) and can be investigated using
electroencephalography (EEG), magnetoencephalography
(MEG) and (resting-state) fMRI. Patterns of connectivity are
also important for brain functioning; particularly higher cogni-
tive functions (such as attention, executive functioning and
memory) are thought to require the integrated action of many,
sometimes highly distributed specialized brain areas. The
application of complex network theory to the brain has
proven to be relevant for explaining brain functioning and
cognition (Reijneveld et al., 2007; Bassett and Bullmore,
2009; Bullmore and Sporns, 2009; He and Evans, 2010;
Stam, 2010). It seems possible to define a theoretically
“optimal” network for brain functioning, characterized by
both local segregation and overall integration. This opti-
mum may be the “small-world” network, which has indeed
been confirmed in several studies in human subjects
(Stam, 2004; Eguiluz et al., 2005; Achard et al., 2006; He
et al., 2007).

Interestingly, brain connectivity and network topology
seem to be predictive of functioning even when not in-
volved in any task. During this “resting-state,” the brain is
far from inactive and many studies have confirmed the
presence of a robust “default mode network” which is
consistently active during rest (Gusnard et al., 2001;
Raichle et al., 2001; Damoiseaux et al., 2006). Although

most studies investigating network architecture and cogni-
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tion have been performed using task-data, resting-state
research also reports significant associations between
cognition and functional network topology (Bosma et al.,
2009; van den Heuvel et al., 2009). In healthy controls,
correlations between increased anatomical and functional
efficiency (i.e. increased overall integration) and cognitive
performance have consistently been reported. In a study
using diffusion tensor imaging (DTI) to map anatomical
connections between brain areas, a correlation between
shorter path length and IQ was reported (Li et al., 2009).
Furthermore, resting-state fMRI path length is also signif-
icantly related to IQ, indicating that functional network
topology may also be of importance for cognitive function-
ing (van den Heuvel et al., 2009).

The current study investigates the association between
MEG resting-state graph properties of the brain and cog-
nition, as MEG is a more direct measure of neural activity
than fMRI. We hypothesize that increasing overall integra-
tion and “small-worldness” are related to better cognitive
functioning. Furthermore, a recent study suggests that
gender differences may be apparent with respect to ana-
tomical connectivity and network features and their relation
to cognition (Gong et al., 2009). Women in the study by
Gong and colleagues had a more efficiently wired brain
network (i.e. shorter path length) when compared to men.
We therefore also explore differences in functional connec-
tivity and network topology between men and women. In
addition, we will investigate whether differences in the
effect of these variables on cognitive performance are
present between genders.

EXPERIMENTAL PROCEDURES

Participants

Healthy volunteers were recruited from an ongoing large clinical
study comparing healthy participants with patients suffering from
multiple sclerosis. Men and women were matched regarding age
and educational level, using a Dutch classification system ranging
from 1 (only primary education) to 7 (university degree; see Table
1). None of the participants suffered from any neurological or
psychiatric disease, nor did they use any medication according to

Table 1. Participant characteristics (n�28)

Men
(n�14)

Women
(n�14)

ge in years (SD) 40.3 (9.8) 39.4 (11.6)
ducational level (SD) 5.4 (1.9) 5.5 (1.6)
ASAT 2 s condition z-score 0.34 (0.91) �0.33 (1.0)
ASAT 3 s condition z-score 0.08 (1.0) �0.09 (1.1)
PART total correct z-score 0.35 (0.86) �0.29 (1.1)
PART delayed recall z-score 0.35 (0.37) �0.27 (1.3)
xecutive functioning z-score �0.003 (0.69) �0.0004 (0.75)
erbal memory z-score 0.29 (0.61) �0.12 (0.87)
orking memory z-score �0.03 (1.0) �0.01 (0.79)

nformation processing speed
z-score

0.17 (0.78) �0.07 (1.16)

Attention z-score �0.09 (2.4) 0.08 (2.2)
Psychomotor functioning 0.25 (0.59) �0.20 (0.92)
Mean (SD).
a questionnaire they filled out. Subjects were assessed by means
of MEG recording and a neuropsychological assessment. The
study protocol was approved by the Medical Ethical Committee of
the VU University Medical Center. All participants gave written
informed consent before participation.

MEG recording

Magnetic fields were recorded while participants lay supine inside
a magnetically shielded room (Vacuumschmelze GmbH, Hanau,
Germany) using a 151-channel whole-head MEG system (CTF
Systems Inc., Port Coquitlam, BC, Canada). Average distance
between neighboring sensors in this system was 3.1 cm. A third
order software gradient was used after online band-pass filtering
between 0.25 and 125 Hz. Sample frequency was 625 Hz. Four-
teen channels were excluded from the analysis due to artifacts in
one or more participants, leaving 137 channels to be used in
further analyses. Fields were measured during a task-free eyes-
closed condition of 5 min. At the beginning and ending of each
recording, the head position relative to the coordinate system of
the helmet was recorded by passing small alternating currents
through three head position coils attached to the left and right
pre-auricular points and the nasion on the subject’s head. For
each subject, five artifact-free epochs were selected of 4096
samples (6.554 s) by two of the investigators (MMS and DL) and
were additionally checked for artifacts by a third investigator
(MLM). In each patient, the first five epochs that were free of any
artifacts were chosen. Visual inspection and selection of epochs
was performed with the DIGEEGXP software (CJS). Epochs were
band-pass filtered into the commonly used frequency bands: delta
(0.5–4 Hz), theta (4–8 Hz), lower alpha (8–10 Hz), upper alpha
(10–13 Hz), beta (13–30 Hz) and gamma (30–45 Hz). All further
analyses were performed for these bands separately.

Synchronization likelihood

The synchronization likelihood (SL, see Stam and van Dijk, 2002)
was used as an index of functional connectivity. Two dynamic
systems are assumed, for instance two neural networks desig-
nated X and Y. Time series xi and yi are recorded from both neural
networks. The general problem is to infer functional interactions
between X and Y from xi and yi. The current assumption regarding
unctional connectivity states that the more xi and yi “resemble,”
the stronger X and Y interact. This resemblance can be quantified
by several measures, such as coherence or cross-correlation.
However, it has been shown that X and Y can interact even when
xi and yi do not resemble each other in a simple way. This more
omplicated concept, called generalized synchronization, implies
hat the state of Y is a function of the state of X. The SL is a way
o quantify this generalized synchronization (Rulkov et al., 1995)
nd takes linear as well as nonlinear synchronization between two
ime series into account. Synchronization likelihoods between all
ombinations of the 137 included channels were determined,
roviding us with a 137�137 matrix of SL values. A mean SL was
alculated per epoch and averaged per participant (Pref�0.01,
ee; Montez et al., 2006 for specific parameter settings).

Graph analysis

A graph is a topological representation of a network, constructed
by nodes (“vertices”) and links (“edges”) between them. Graphs
can be unweighted (binary) or weighted; in the current study, we
used undirected weighted graphs. In these graphs, the weight of
every edge was the SL value of the link between the two nodes it
connected.

A wide range of network measures can be calculated after
representing MEG data as a graph (Bullmore and Sporns, 2009;
Rubinov et al., 2009). In this study, the most commonly used

measures were used: the weighted clustering coefficient Cw refers
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to the likelihood that neighbors of a vertex will also be connected.
The clustering coefficient measures the tendency of nodes to form
local clusters and is thus a measure of local segregation of the
graph. The average weighted path length Lw signifies the average
highest connectivity of edges connecting any two vertices and is a
measure for global integration of the network. The small-world
combination of high local clustering and a short average path
length seems to be part of the optimal configuration for efficient
communication in a network (Watts and Strogatz, 1998).

The clustering coefficient was defined following (Stam et al.,
2009):

Ci �

�
k�i

�
I�i

I�i

WikWilWkl

�
k�i

�
I�i

I�k

WikWil

Subsequently, this coefficient per node was averaged over the
entire network with the following formula:

Cw �
1

N�
i�1

N

Ci

The average weighted path length was computed as follows:

Lw �
1

(1 ⁄ N(N � 1))�
i�1

N

�
j�i

N

(1 ⁄ Lij)

or a more detailed description of calculation of the weighted
lustering coefficient Cw and weighted average shortest path
ength Lw in this study see (Stam et al., 2009).

In addition to edge weight and network structure, graph the-
retical measures also depend on network size. We therefore
ompared all weighted characteristics to those of 50 surrogate
andom networks of the same size, resulting in the measures
w/Cws, Lw/Lws. The surrogate networks were obtained from the

original networks by randomly reshuffling the edge weights,
hereby preserving the symmetry of the matrix.

A second-order graph property has been proposed (Humphries
and Gurney, 2008): the ratio between Cw/Cws and Lw/Lws, which
is an index of “small-worldness” (S). Graphs with a small-world index
�1 are considered small-world, since Cw/Cws�1 and Lw/Lws�1 apply
n small-world networks.

Neuropsychological evaluation

All participants underwent the same standardized neuropsycho-
logical evaluation, comprising of the brief repeatable battery of
neuropsychological tests (BRB-N; Rao, 1990). This test battery is
validated in patients with multiple sclerosis and contains several
subtests that are widely used in clinical neuropsychological prac-
tice: the selective reminding test (SRT), the 10/36 spatial recall
test (SPART), the symbol digit modalities test (SDMT), the paced
auditory serial addition test (PASAT) and the word list generation
test (WLG). In addition to the BRB-N, the Stroop color-word test,
the concept shifting test (CST) and the memory comparison test
(MCT) were administered (Lezak, 2004).

Individual subjects’ test scores were converted to z-scores,
using the means and standard deviations of the entire group of
participants. A total cognition z-score was calculated by averaging
all z-scores of the eight subtests. In order to further specify the
remaining data and compare results to previous findings (Bosma
et al., 2008, 2009), individual scores on several tests were sum-
marized into six cognitive domains, namely (1) information pro-
cessing speed (SDMT), (2) psychomotor functioning (CST,

SDMT), (3) attention (Stroop), (4) verbal memory (SRT), (5) work-
ing memory (MCT) and (6) executive functioning (CST, WLG).
Construction of these domains with comparable cognitive tests
has been reported previously and was based on a principal com-
ponent analysis using varimax rotation with Kaiser normalization
performed on the z-scores of a large group of healthy controls
(Klein et al., 2003). These six domains are commonly used in
clinical practice and research. The SPART and PASAT were used
as individual variables.

MRI

All subjects underwent an MRI scan to rule out brain pathology,
using a 3-Tesla GE Signa HDXT V15m scanner, with an eight
channel headcoil. Sequences used include a dual echo PD/T2

sequence (TR 9680 ms, TE 22/112 ms) and a T1 sequence (TR
475 ms, TE 9 ms) using 48 slices of 3 mm, covering the entire
brain with an in-plane resolution of 0.4�0.4 mm for PDT2 and T1.
A 3D FSPGR sequence (TR 7.8 ms, TE 3.0 ms, TI 450 ms, 176
slabs of 1 mm) was also included. All scans were inspected by an
experienced rater (MMS) and participants with abnormalities (i.e.
focal lesions in the white matter and abnormal (i.e. not age-
related) brain atrophy) were excluded.

Statistical analysis

All statistical analyses were performed using SPSS 15.0 for Win-
dows. Due to the small sample size and non-normal distribution of
functional connectivity parameters, only non-parametric statistical
tests were used. Correlations between age and educational level
on the one hand and connectivity and networks on the other hand
were tested with Kendall’s Tau. All network measures were also
correlated with cognitive parameters using Kendall’s Tau. Gender
differences in demographic variables, cognitive z-scores, func-
tional connectivity and network measures were explored using the
Mann–Whitney U-test. In all analyses, the false discovery rate
(FDR) correction was used when performing multiple tests (Ben-
jamini and Hochberg, 1995; Nolte et al., 2004).

RESULTS

Participants

14 female and 14 male healthy participants were included
in this study. Men and women did not differ significantly
regarding age or educational level (Table 1). They did not
suffer from any physical or psychiatric disease and did not
have intracranial lesions or abnormal (i.e. not age-related)
atrophy as measured with MRI. They also did not use any
medication.

Cognition and functional connectivity

Functional connectivity levels for men and women sepa-
rately are indicated in Fig. 1. There seem to be some
differences in z-scores when looking at Table 1: women
tend to perform more poorly on most of the subtests and
cognitive domains, except in the domain of attention. How-
ever, men’s and women’s scores did not differ significantly
after applying the FDR.

There were no significant correlations between overall
functional connectivity represented by the SL and cognitive
performance in the present study. In order to explore
whether local connectivity was related to specific cognitive
performance, we averaged connectivity within five regions
per hemisphere (frontal, parietal, occipital, central, tempo-

ral) and correlated these with overall cognitive score (cor-
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recting P-values for these 10 areas). Significant correla-
tions were present between overall cognition and theta
band local SL: left central (Kendall’s Tau�0.446, P�
.0009), left frontal (Kendall’s Tau�0.477, P�0.0004), left

parietal (Kendall’s Tau�0.423, P�0.002) and right frontal
(Kendall’s Tau�0.386, P�0.004). When investigating spe-
cific cognitive domains related to these areas, particularly
working memory, attention and psychomotor speed were
related to the left-hemisphere areas (see Table 2.). Right
frontal connectivity was related to spatial memory.

Age and educational level were not correlated to SL.

Cognition and network topology

In all frequency bands, the whole group of participants was
found to have a path length that was only slightly higher
than random networks of the same size (see Fig. 2). The
clustering coefficient was also (slightly) higher than in ran-
dom networks, although the normalized clustering was
lower in this study than strictly required for a small-world
network (Humphries and Gurney, 2008). The values of S
varied between 0.98 and 1.10, depending on the frequency
band, which implies that the reported brain network may
not be small-world. However, this low value of S is proba-
bly due to the weighted analysis, which incorporates also
the great number of very weak connections in the entire
network.

Fig. 1. Mean functional connectivity in men and women per frequency
band. SL, synchronization likelihood.

Table 2. Significant correlations between local theta band connectivit

Area Cognitive domains

PASAT SM EF

Left central 0.397 – –
Left frontal 0.423 0.324 –
Left parietal 0.419 – –
Right frontal – 0.372 –

Kendall’s Tau. PASAT, paced auditory serial addition test; SM, sp

memory; A, attention; IPS, information processing speed; PS, psychomotor sp
Significant correlations were found between cognitive
performance and network topology. Higher average cog-
nitive z-score was positively associated with increased
delta and theta band clustering coefficient (Kendall’s
Tau�0.34, P�0.012; Kendall’s Tau�0.49, P�0.003, re-
spectively), as can be seen in Fig. 3. Higher average
cognitive performance was also related to increased small-
worldness (S) in the theta and lower gamma bands (Ken-
dall’s Tau�0.38, P�0.005; Kendall’s Tau�0.33, P�0.014,
respectively). In order to explore which type of cognitive
task was related to network variables, post hoc analyses
were performed (these were not corrected for multiple
testing). Results of these analyses can be seen in Table 3
and indicate that most cognitive domains were related to
theta band clustering and small-worldness.

Age and educational level were not correlated to net-
work measures.

Gender differences

There were no significant differences between men and
women with respect to neuropsychological test outcome
(Table 1). Similarly, there was no significant difference in
mean functional connectivity between female and male
participants (Fig. 1) after FDR correction, nor were there
differences in the local SL scores.

However, there were significant differences between
men and women regarding network measures: the delta
band normalized clustering coefficient was lower and thus
closer to random in women than in men (Mann–Whitney
U�39.5, P�0.006), as was path length in this frequency
band (Mann–Whitney U�48, P�0.021; Fig. 2).

Subsequently, gender differences in correlations be-
tween local connectivity and cognition were explored.
These analyses yielded interesting results: there were no
significant associations between local SL and cognitive
performance in women. However, men showed significant
correlations between left central, frontal and parietal areas
and working memory, attention and psychomotor speed
(see Table 4).

Furthermore, differences in correlations between over-
all (averaged) cognition and network measures were in-
vestigated in men and women separately. Interestingly,
women did not show any significant correlations between
average cognitive z-score and network measures. In con-
trast, men’s total cognitive z-score was significantly related
to clustering coefficient and small-world index in the theta
band (Kendall’s Tau�0.52, P�0.01; Kendall’s Tau�0.52,

nitive domains

WM A IPS PS

0.355 0.417 – 0.350
0.382 0.311 0.276 0.509
0.360 0.420 – 0.323
– – – 0.307

mory; EF, executive functioning; VM, verbal memory; WM, working
y and cog

VM

–
–
–
–

atial me

eed.
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P�0.01, respectively): higher small-worldness was asso-
ciated with better cognitive performance. These correla-
tions were mainly due to executive functioning (with clus-
tering: Kendall’s Tau�0.43, P�0.033) and attention (with
clustering: Kendall’s Tau�0.46, P�0.028; with small-
worldness: Kendall’s Tau�0.44, P�0.038). However, our
sample size was rather small, which makes interpretation
of these different correlations difficult. Therefore, we ex-
plored whether gender could predict cognitive perfor-
mance in combination with the network measures in a
regression analyses per frequency band. Cognitive aver-
age z-score was entered as the dependent variable, while
he three network measures (clustering, path length and
mall-worldness) and gender were used as predictor vari-
bles. A backward likelihood ratio regression analysis was
erformed on the total group of participants. Results were
omparable to the correlational analyses: the clustering
oefficient was a significant predictor in the delta band
R2�0.168, B�11.93, P�0.030), Small-worldness in the
heta (R2�0.223, B�4.05, P�0.011) and gamma bands

Fig. 2. Mean network measures in men and women per frequency b
clustering coefficient. * indicate significant differences between men a
R2�0.186, B�6.41, P�0.022). Furthermore, shorter beta
band path length significantly predicted better cognitive
scores (R2�0.142, B��2.662, P�0.027). Gender was not
ignificantly predictive of cognitive performance in any of
he frequency bands.

DISCUSSION

Our results confirm that cognitive performance in healthy
participants is related to functional connectivity and brain
network topology. Increased connectivity in particularly the
left central, frontal, parietal and right frontal was related to
better cognitive performance. With respect to network to-
pology, better cognitive performance is associated with
increasing clustering coefficient in the delta and theta
bands and with more small-worldness in the theta and
lower gamma bands. Further analyses showed that shorter
beta band path length was also related to better cognitive
functioning. A small-world topology, which combines short
path length with high clustering, thus seems to be benefi-
cial for functional cognitive status. A study using anatom-

normalized weighted average path length, Cw, normalized weighted
n (P � 0.05).
ical network analysis, based on diffusion tension imaging,
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has reported a correlation between shorter path length (i.e.
increased global efficiency) and intelligence quotient (Li et
al., 2009) and this association has also been found in a
resting-state fMRI study (van den Heuvel et al., 2009).

Fig. 3. Significant correlations between network measures and avera
ignificantly correlated with (A) delta band clustering coefficient, (B) th
amma band small-worldness.

able 3. Significant correlations between network measures and cog-
itive domains or tests

Network measure Cognitive domain or
test

Kendall’s
Tau

P-value

Delta band clustering
coefficient

Spatial memory 0.36 .009
Verbal memory 0.29 .037

Theta band clustering
coefficient

Working memory 0.27 .044
Attention 0.29 .040
Psychomotor speed 0.36 .007

Theta band
small-worldness

Executive functions 0.31 .022
Working memory 0.35 .008
Attention 0.43 .003
Psychomotor speed 0.26 .048

Lower gamma Working memory 0.28 .040

small-worldness Attention 0.36 .012
Only one study has previously investigated correlations
between MEG-based functional networks and cognition,
but this study was performed in brain tumor patients and is
thus not comparable to the current sample of healthy par-
ticipants (Bosma et al., 2009). Furthermore, correlations
between resting-state functional connectivity, network to-
pology and cognition in healthy participants have not been
reported previously.

Higher delta band clustering coefficient was related to
better spatial and verbal memory. The cognitive signifi-
cance of the delta band has rarely been reported up till
now. As mentioned above, correlations between network
analysis of resting-state neurophysiological time series
and cognition have not been investigated as yet, but some
research has been performed during tasks. In a study
investigating the relation between EEG synchronization
and cognition in patients suffering from Alzheimer’s dis-
ease, significant correlations were found between in-
creased delta band synchronization and poorer verbal

tive z-score in all participants (n�28). Average cognitive z-score was
clustering coefficient, (C) theta band small-worldness and (D) lower
ge cogni
memory performance (Pijnenburg et al., 2004). Task-re-
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lated studies in healthy participants also report increased
delta band synchrony during execution of the task (Har-
mony et al., 2009; Palva et al., 2010). In one of these
studies, network topology was investigated, but did not
change in the delta band during the cognitive task (Palva et
al., 2010). These and our current results suggest that
(connectivity and/or network topology in) the delta band is
indeed involved in particularly memory functioning, al-
though it is difficult to make straightforward comparisons
between these studies due to differences in test paradigm.

Much more evidence seems to have accumulated for
the importance of the theta band with respect to cognition
(for two reviews, see; Klimesch, 1999; Axmacher et al.,
2006). In the current study, increased local connectivity in
the theta band was related to better cognitive functioning,
particularly in the domains of working memory and atten-
tion. However, local theta band connectivity was also re-
lated to spatial memory, information processing speed and
psychomotor functioning, suggesting that local theta con-
nectivity may be a more general correlate of global cogni-
tion. With respect to network topology, theta band cluster-
ing and small-worldness were related to working memory,
attention, executive functioning and psychomotor speed.
Previous studies have shown strong correlations between
theta band synchronization and both working memory
(Sarnthein et al., 1998; Klimesch, 1999; Stam, 2000; Stam
et al., 2002; Fell et al., 2003; Sauseng et al., 2009) and
attention (Gootjes et al., 2006), which corroborate the cur-
rent results. However, network topology in the theta band
has not been related to resting-state cognitive perfor-
mance before.

Associations between small-worldness of the lower
gamma band and cognition were also reported in the cur-
rent study and involved mainly working memory and atten-
tion. The gamma band has historically been an important
candidate for mechanisms of higher cognitive functioning,
or the “central executive.” In this view, the gamma band
would be the mediator of all cognitive processes. Experi-
mentally, the gamma band has been amply related to a
range of cognitive functions, such as learning, memory and
attention (Sarnthein et al., 1998; Fell et al., 2001; Kaiser
and Lutzenberger, 2003; Micheloyannis et al., 2003).
Moreover, the gamma band has been proposed to repre-
sent a neural correlate of conscious awareness and pro-
cessing and possibly addresses the binding problem (Kli-
mesch, 1999; Rodriguez et al., 1999; Csibra et al., 2000;
Basar et al., 2001a,b; Crone et al., 2001; Micheloyannis et

Table 4. Significant correlations between local theta band connectivit

Area Cognitive domains

PASAT SM EF

Left central 0.443 – –
Left frontal – – –
Left parietal 0.419 – –

Kendall’s Tau. PASAT, paced auditory serial addition test; SM, sp
memory; A, attention; IPS, information processing speed; PS, psycho
al., 2006). The binding problem refers to the question of
how the brain integrates several concepts of perception to
one unified identified object, which has not been answered
up to now. The current results suggest that also resting-
state network topology in the gamma band is indeed re-
lated to cognitive functioning, but further research is
needed to elucidate the precise associations between net-
work topology in above mentioned frequency bands and
cognition.

Differences in network topology were found between
men and women: women had shorter path length and
decreased clustering coefficients in the delta band as com-
pared to men. Previous studies have also reported gender
differences regarding functional connectivity and network
topology. Adaptation of functional connectivity during men-
tal challenge and reaction to disease may vary across
genders according to previous reports (Beaumont and
Rugg, 1979; Wada et al., 1996; Stam, 2000; Gootjes et al.,
2006). A recent study investigating anatomical network
topology using diffusion tensor imaging has reported that
women have significantly higher efficiency (i.e. shorter
path length) when compared to men (Gong et al., 2009),
while a comparable study of the same research group
showed that females have higher clustering (Yan et al., in
press). Both anatomical studies suggest that women have
a more efficient or optimal brian network. A recent study
using resting-state fMRI reports no gender differences in
network topology, although there was an asymmetry in
path length between men and women: women showed
higher path length in the left hemisphere, while men had
higher values of L in the right hemisphere (Tian et al.,
2010). Our current results show shorter path length in the
female brain, corroborating previous anatomical studies
suggesting that the female brain has a more efficient net-
work architecture. Importantly, it has been shown that the
gender differences in small-world topology were not due to
different brain size in men and women (Yan et al., in
press).

Furthermore, when analyzed separately, women did
not show any associations between cognitive functioning,
functional connectivity and network architecture. In men,
cognitive performance was correlated with increased local
theta band connectivity, increased theta band clustering
coefficient and small-worldness. This subtle gender differ-
ence in associations between cognition, connectivity and
network topology has not been investigated before. As it
seems, women tend to have a more efficient network
topology, but there is less correlation between network

nitive domains in men (n�14)

WM A IPS PS

– 0.667 – –
– – – 0.442
0.451 0.564 – –

mory; EF, executive functioning; VM, verbal memory; WM, working
eed.
y and cog

VM

–
–
–

atial me
topology and cognitive performance. In men, network effi-
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ciency is lower, but men do show significant associations
between z-scores in several cognitive domains and higher
functional connectivity, as well as increasing clustering and
small-worldness. These findings suggest that women’s
brains are more efficiently wired than men’s brains, which
may implicate a functional benefit in females, which is
reflected in weaker correlations between network topology
and cognitive performance in women. Of course, the small
sample size of the current study may have impacted these
separate correlations in men and women. In a regression
analysis, gender was not a significant predictor of cognitive
functioning. Future studies should aim at elucidating this
gender difference in a larger group of healthy participants.
Furthermore, recent studies show that functional and an-
atomical network analysis may not yield similar results
(Damoiseaux and Greicius, 2009), although gender-re-
lated findings in network topology seem to be rather un-
ubiquitous. It would, however, be very interesting to further
explore the association between gender and both func-
tional and anatomical network characteristics and its value
for cognitive functioning.

CONCLUSION

In conclusion, our current results indicate that resting-state
network topology of the brain is related to cognition. A
more small-world-like network with increased clustering in
the delta, theta and gamma bands is related to better
cognitive performance in several cognitive domains. Fur-
thermore, this MEG study shows resting-state gender dif-
ferences in functional brain networks for the first time:
women have shorter path lengths and decreased cluster-
ing coefficients in the delta band.
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