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Brief Communications

Efficiency of Functional Brain Networks and Intellectual
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Our brain is a complex network in which information is continuously processed and transported between spatially distributed but
functionally linked regions. Recent studies have shown that the functional connections of the brain network are organized in a highly
efficient small-world manner, indicating a high level of local neighborhood clustering, together with the existence of more long-distance
connections that ensure a high level of global communication efficiency within the overall network. Such an efficient network architecture
of our functional brain raises the question of a possible association between how efficiently the regions of our brain are functionally
connected and our level of intelligence. Examining the overall organization of the brain network using graph analysis, we show a strong
negative association between the normalized characteristic path length  of the resting-state brain network and intelligence quotient
(IQ). This suggests that human intellectual performance is likely to be related to how efficiently our brain integrates information between
multiple brain regions. Most pronounced effects between normalized path length and IQ were found in frontal and parietal regions. Our
findings indicate a strong positive association between the global efficiency of functional brain networks and intellectual performance.

Introduction
Our brain is a complex network of interconnected regions
(Sporns et al., 2004; Achard et al., 2006; Stam and Reijneveld,
2007; Hagmann et al., 2008; van den Heuvel et al., 2008c, 2009;
Buckner et al., 2009; Honey et al., 2009). Within this brain network, information is constantly processed and integrated between specialized, spatially distributed but functionally linked
brain regions with coherent temporal dynamics (Sporns et al.,
2000). This integration of information is a never-ending process
that goes on even when we are at rest (Raichle et al., 2001; Greicius et al., 2003; Damoiseaux et al., 2006; van den Heuvel et al.,
2008a). This ongoing integration of information enables us to
evaluate the world around us and to respond quickly and flexibly
to complex situations. Recent studies have shown that the functional connections of the brain network are organized in a highly
efficient small-world manner (Sporns et al., 2004; Stam, 2004;
Eguíluz et al., 2005; Achard et al., 2006; van den Heuvel et al.,
2008b). A small-world organization of the brain network suggests
a high level of local neighborhood clustering, responsible for efficient local information processing, together with the existence
of several long-distance connections that ensure a high level of
global communication efficiency across the network and integration of information between the different regions of the brain
(Watts and Strogatz, 1998; Latora and Marchiori, 2001; Stam and
Reijneveld, 2007; Bullmore and Sporns, 2009). Such an efficient
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organization of our brain network raises the question of a possible relationship between how efficiently the functional connections of our brain are placed and individual differences in intelligence. Neuroimaging studies have linked intelligence to the
developmental course of specific high-order brain regions (Shaw
et al., 2006), total brain volume and focal brain structure
(Thompson et al., 2001; Haier et al., 2004; Colom et al., 2006;
Hulshoff Pol et al., 2006; Choi et al., 2008), microstructural organization of white matter (Chiang et al., 2009), and the functional dynamics of specific high cognitive brain regions (Duncan
et al., 2000; Gray et al., 2003; Choi et al., 2008; Song et al., 2008).
However, it remains unknown whether, and if so, how intellectual performance is related to the overall connectivity network
architecture of our brain.

Materials and Methods
Subjects. Nineteen healthy subjects without a psychiatric history (age
mean/SD: 29/7.8; gender: 14 male, 5 female) (Table 1) participated in this
study after providing written informed consent as approved by the medical ethics committee for research in humans (METC) of the University
Medical Center Utrecht, The Netherlands.
Intelligence scores. The level of intellectual performance of the participants was measured with the Dutch version of the Wechsler Adult Intelligence Scale III (WAIS-III) test. The WAIS test gives a standardized
full-scale intelligence quotient, in this paper referred to as IQ, based on a
number of subtests that assess the level of verbal [verbal IQ (VIQ)] and
nonverbal knowledge and reasoning [performance IQ (PIQ)] of the participants. Table 1 describes the IQ data, and Table 2 describes the correlations between the IQ scores.
Data acquisition. The functional connections of the brain network
were examined by measuring the correlations between the spontaneous
brain signals of the different regions of the brain during rest (Aertsen et
al., 1989; Biswal et al., 1995; Salvador et al., 2005; Achard et al., 2006).
Resting-state functional magnetic resonance imaging (fMRI) time series
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Table 1. Demographic and IQ data
Category

Data

Gender (male/female)
Age, years
Full-scale IQ
Verbal IQ
Verbal comprehension index
Working memory index
Performance IQ
Perceptual organization index
Processing speed index

14/5
29 ⫾ 7.8
121 ⫾ 11.9
121 ⫾ 9.5
119 ⫾ 9.5
117 ⫾ 11.9
117 ⫾ 12.6
115 ⫾ 11.2
112 ⫾ 15.1

Age and IQ scores are displayed as mean ⫾ SD.

Table 2. Correlations between IQ scores
VIQ
PIQ
VCI
WMI
POI
PSI

FIQ

VIQ

PIQ

VCI

WMI

POI

0.91
0.91
0.75
0.72
0.78
0.63

0.66
0.88
0.67
0.57
0.53

0.52
0.61
0.84
0.65

0.36
0.53
0.41

0.51
0.39

0.40

VCI, Verbal comprehension index; WMI, working memory index; PSI, processing speed index.

of each participant was acquired for a period of 8 min on a 3 tesla magnetic resonance imaging scanner [three-dimensional PRESTO, repetition time/echo time 22 ms/32 ms, flip angle 9°; SENSE p/s 2/2; a dynamic
scan time of 0.5 s, 1000 time frames; field of view 256 ⫻ 256 mm, voxel
size 4 ⫻ 4 ⫻ 4 mm, 32 slices covering whole brain (supplemental material, available at www.jneurosci.org)].
Preprocessing. Before the graph analysis, the fMRI data were preprocessed (supplemental material, available at www.jneurosci.org). Restingstate fMRI time series were realigned to correct for possible small head
movements and coregistered with the T1 image, for anatomical overlap.
The T1 and realigned resting-state time series were normalized to standard space, using the normalization parameters of the T1 image. Finally,
the resting-state time series were bandpass filtered (0.01– 0.1 Hz).
Graph analysis. The organization of the functional brain network was
examined using graph theory (Achard et al., 2006; Stam and Reijneveld,
2007; Bullmore and Sporns, 2009), as validated earlier (van den Heuvel et
al., 2008b) (supplemental material, available at www.jneurosci.org). In
summary, individual functional brain networks were formed out of all
the cortical and subcortical brain voxels (⬃9500 voxels, called nodes)
with connections between all functionally linked voxels. The level of
functional connectivity between any two voxels i and j was defined as the
zero-lag correlation between their voxelwise resting-state blood oxygen
level-dependent time series, and voxel i and j were defined as functionally
linked when their zero-lag correlation reached above a threshold T (ranging from 0.05 to 0.5) (Biswal et al., 1995; Achard et al., 2006; van den
Heuvel et al., 2008a,b) (supplemental Fig. 1, available at www.
jneurosci.org as supplemental material). From these functional brain
networks, a number of key characteristics that describe the overall organization of a network were computed, including the clustering coefficient C and characteristic path length L (Watts and Strogatz, 1998). The
clustering coefficient C is given by the ratio between the number of
connections between the direct neighbors of a node and the total number
of possible connections between these neighbors and provides information about the level of local connectedness within a network. In addition,
the characteristic path length L of a network gives the average number of
connections that have to be crossed to travel from each node to every
other node in the network and provides information about the level of
global communication efficiency of a network.
Networks with a small-world organization have a clustering coefficient
C that is much higher than the clustering coefficient of a comparable
random organized network, but still with a short characteristic path
length L that is similar to that of an equivalent random organized network (Watts and Strogatz, 1998). Formally, small-world networks show

a ratio ␥ defined as C/C random of ⬎⬎1 and a ratio  defined as L/Lrandom
of ⬃1, with Crandom and Lrandom the clustering coefficient and characteristic path length of a random organized network of similar size (Watts
and Strogatz, 1998; Sporns et al., 2004). Crandom and Lrandom were computed as the average clustering coefficient and characteristic path length
of a set of h random graphs with a comparable total degree and degree
distribution as that of the examined functional connectivity graph (supplemental material, available at www.jneurosci.org). h was set to 20 for
T ⱖ 0.40, 10 for 0.20 ⱕ T ⬍ 0.40, and to 5 for T ⬍ 0.20, for computational
reasons. Together, ␥ and  provide important information about the
level of local and global connectivity efficiency of a network. A high ␥
reflects a high level of local neighborhood clustering within a network,
and a short normalized travel distance  expresses a high level of global
communication efficiency within a network (Watts and Strogatz, 1998;
Sporns et al., 2004; Bullmore and Sporns, 2009).
Association between network organization and intelligence. To examine
the relationship between the organization of the brain network and intelligence, the computed  and ␥ values of the individual brain networks
were correlated with the measured full-scale IQ scores of the participants.
In addition, to examine whether intelligence is related to the overall
number of connections of the brain network, the total number of connections k was also correlated with the individual IQ scores.
To point out which specific brain regions have the strongest association between global network organization and IQ, an exploratory analysis was conducted, in which the normalized path length of each individual node (i.e., voxel) was correlated with IQ separately (supplemental
material, available at www.jneurosci.org). The individual normalized
path length of a node reflects how close this node is connected to the
other nodes of the network, providing information about how efficiently
this node is connected to the rest of the network. First, for each individual
dataset, the normalized path length of each node was computed. Second,
for all voxels separately, the normalized path length of voxel i was correlated with the measured IQ scores over the group of subjects. This resulted in a correlation-coefficient map indicating which voxels showed a
significant association between the full-scale IQ scores and normalized
path length. An exploratory threshold of 0.05 (uncorrected for multiple
comparisons) was used to mark brain regions that showed a significant
association between their normalized path length and IQ.

Results
The functional brain networks showed a clear small-world organization for 0.3 ⱕ T ⱕ 0.5 (Fig. 1a– d), expressed by L ⬇ L random
and  ⬇ 1 for T ⱕ 0.5 and C ⬎⬎ Crandom and ␥ ⬎⬎ 1 for T ⱖ 0.3
(one-sample t test, all p ⬍ ␣ of 0.01, Bonferroni corrected for
multiple comparisons of T, df ⫽ 18), indicating a small-world
organization (Sporns et al., 2004; Stam, 2004; Achard et al., 2006;
van den Heuvel et al., 2008b).
Next, the association between brain network organization and
individual variation in intelligence was examined by correlating
the full-scale IQ scores with the  and ␥ values of the individual
brain networks within the clear small-world range of 0.3 ⱕ T ⱕ
0.5. For higher T, a significant negative association was found
between the normalized characteristic path length  and IQ [linear regression, T ⫽ 0.45, r ⫽ ⫺0.54, p ⫽ 0.010, df ⫽ 18 (Fig. 2a);
T ⫽ 0.5, r ⫽ ⫺0.57, p ⫽ 0.017, df ⫽ 18 (Fig. 2b), which is
significant considering an ␣ of 0.05 after Bonferroni correction
for multiple comparisons of T; regressions corrected for age]
(Fig. 2a,b; supplemental Fig. 3a– c, available at www.jneurosci.
org as supplemental material). It is important to note that the
observed association between  and IQ could not be related to
possible variation in overall connectivity, as the IQ scores showed
no correlation with the total number of connections k of the brain
network (supplemental Fig. 3g–i, available at www.jneurosci.org
as supplemental material) or the distribution of k. No significant
correlation was found between the clustering coefficient ␥ and IQ
(Fig. 2c,d).
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sults show that the normalized characteristic path length  of functional brain networks is strongly negatively associated
with full-scale IQ (Fig. 2a,b). The characteristic path length  indicates how close
the nodes of a network are connected globally, and the negative association between
 and IQ suggests a strong positive association between the level of global communication efficiency within the brain network and general intelligence. In other
words, more efficiently functionally connected brains show a higher level of intellectual performance.
The normalized clustering coefficient ␥
and the number of connections k (supplemental Fig. 3, available at www.jneurosci.org
as supplemental material) were found not to
be significantly associated with IQ, suggesting that intelligence is not directly related to
the level of local information processing or
to the total number of functional connections of the brain network. The strong association between  and IQ suggests that human intelligence is more related to how
efficiently the global connections of our
brain are organized and how efficiently information can be integrated globally between the different regions of the brain
network.
Strong associations between full-scale
IQ
and individual normalized path length
Figure 1. a, b, The results of the group averaged characteristic path length L and Lrandom (a) and the results of clustering
were found in medial prefrontal gyrus,
random
random
random
coefficient C and C
(b) for cutoff thresholds 0.05 ⱕ T ⱕ 0.5. L
and C
reflect the characteristic path length and
clustering coefficient of a comparable random network. L was found to be ⬃ Lrandom for T ⱕ 0.5, and C was found to be ⬎C random precuneus/posterior cingulate gyrus, and
for T ⱖ 0.3 (2-sample t test, df ⫽ 36, all p ⬍ ␣ of 0.01, Bonferroni corrected for multiple comparisons of T ). c, d, Matching  bilateral inferior parietal regions (Fig. 3).
(L/Lrandom) and ␥ (C/Crandom) values for all T. The functional brain networks showed a clear small-world organization, expressed by Recently, these regions have been reported
 ⬇ 1 (c) and ␥ ⬎⬎ 1 (d) for T ⱖ 0.3 (1-sample t test, df ⫽ 18, all p ⬍ ␣ of 0.01, Bonferroni corrected for multiple comparisons to form functional hubs within the cortical
brain network (Buckner et al., 2009). This
of T ).
is important, since efficient hub nodes are
more likely to have a stronger effect on
To further probe which specific brain regions have the stronglobal network efficiency than less connected peripheral nodes.
gest association between global network organization and IQ, the
Interestingly, these frontal and parietal regions overlap the oftennormalized path length of each individual node (i.e., voxel) was
reported functional default mode network (Raichle et al., 2001;
correlated with the full-scale IQ scores separately. Figure 3 shows
Greicius et al., 2003; Damoiseaux et al., 2006; Buckner et al., 2008;
the correlation coefficients of those voxels that showed a signifivan den Heuvel et al., 2008c, 2009), a dynamic resting-state netcant correlation between their normalized path length and IQ
work that is suggested to play a key role in processes of human
(linear regression, df ⫽ 18, p ⬍ 0.05 uncorrected for multiple
cognition, like the integration of cognitive and emotional procomparisons, corrected for age). The most prominent effects becesses (Greicius et al., 2003), monitoring the world around us
tween full-scale IQ and normalized path length were found in
(Gusnard et al., 2001), and mind wandering (Mason et al., 2007).
medial prefrontal gyrus (Brodmann area 9/10, r ⫽ ⫺0.75, p ⫽
Furthermore, also the structural dynamics of these parietal and
0.001, df ⫽ 18, yellow box), precuneus/posterior cingulate gyrus
frontal brain regions have been previously linked to intelligence
(BA 7/31, r ⫽ ⫺0.55, p ⫽ 0.014, df ⫽ 18, orange box), and
(Haier et al., 2004; Colom et al., 2006; Hulshoff Pol et al., 2006;
bilateral inferior parietal regions (BA 39/40, right inferior pariShaw et al., 2006; Jung and Haier, 2007). In addition, strong
etal: r ⫽ ⫺0.72, p ⫽ 0.001, df ⫽ 18 depicted in red box; left
associations between normalized path length and full-scale IQ
inferior parietal: r ⫽ ⫺0.68, p ⫽ 0.001, df ⫽ 18). Also regions
were found in left superior temporal and inferior frontal gyrus,
overlapping left superior temporal (BA 22/40, r ⫽ ⫺0.69, p ⫽
regions that are known to play a key role in language processing
0.014, df ⫽ 18) and left inferior frontal gyrus (BA 44/45, r ⫽
(Fig. 3).
⫺0.68, p ⫽ 0.012, df ⫽ 18) showed a significant negative correTo further examine the association between  and IQ, a post
lation between normalized path length and full-scale IQ.
hoc analysis was performed in which we examined the association
Discussion
between normalized characteristic path length  and the subThe main finding of this study is the existence of a strong associscales of the WAIS test (Tables 1, 2).  was found to be mostly
ation between the level of global communication efficiency of the
related to PIQ and perceptual organization index (POI) subfunctional brain network and intellectual performance. Our rescores (linear regression, PIQ: r ⫽ ⫺0.63, p ⫽ 0.004, df ⫽ 18, POI:
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r ⫽ ⫺0.50, p ⫽ 0.029, df ⫽ 18) (supplemental Fig. 4, available at www.jneurosci.org as
supplemental material). Furthermore, a second exploratory post hoc analysis was performed, examining the association between
normalized path length of each individual
node and IQ subscores. Strongest regional
effects between IQ subscales and normalized
path length were found for PIQ and POI
scores (linear regression, r ⬍ ⫺0.4, p ⬍ 0.05
uncorrected, df ⫽ 18) (supplemental Fig. 5,
available at www.jneurosci.org as supplemental material).
Interestingly, graph analysis of largescale anatomical networks of the primate
cerebral cortex has shown before that
long-range pathways play a crucial role for
maintaining short processing paths across
the network (Kaiser and Hilgetag, 2006).
Short path length promotes high computational efficiency and is thus likely to be
an important factor, together with wiring
minimization (Chklovskii et al., 2002;
Chen et al., 2006), for shaping cortical
connectivity (Kaiser and Hilgetag, 2006).
Our study may add to this discussion, indicating that a short path length is crucial
in efficient global information processing
and leading toward a high IQ. This suggests that functional brain networks are
optimized toward processing speed and a
high level of efficient global information
integration between cortical and subcorti- Figure 2. For networks within the small-world range (T ⫽ 0.45, T ⫽ 0.50), the normalized characteristic path length  was
cal regions of the brain network.
found to be negatively correlated with IQ, as shown in a and b [linear regression, df ⫽ 18; T ⫽ 0.45, r ⫽ ⫺0.54, p ⫽ 0.010 (a);
A recent study has also shown a direct T ⫽ 0.5, r ⫽ ⫺0.57, p ⫽ 0.017 (b), corrected for age]. IQ was not significantly associated with the normalized clustering
link between the structural connectivity coefficient ␥ (c and d for T ⫽ 0.45 and T ⫽ 0.5 respectively, corrected for age). The negative association between  and IQ
architecture of the brain network and in- suggests a strong positive association between the level of global communication efficiency within the brain network and
tellectual performance, reporting on a intelligence.
positive association between the micro(Smit et al., 2008). Therefore future studies are needed to examstructural organization of white matter and intelligence (Chiang
ine whether common genes mediate the association between
et al., 2009). Among other white matter tracts, the white matter
functional and structural brain network organization and intelorganization of the cingulum tract (as reflected by the level of
ligence. However, although the brain’s structural and functional
fractional anisotropy measured with diffusion tensor imaging)
networks are certainly linked, their exact relationship remains
was found to be positively associated with IQ. Interestingly, the
unclear (Bullmore and Sporns, 2009). Indeed, the reported poscingulum bundle has been suggested to play an important role in
itive association between the white matter fractional anisotropy
structurally interconnecting the functionally linked medial fronof the posterior thalamic radiation and intelligence (Chiang et al.,
tal cortex and precuneus regions of the default mode network
2009) was not reflected in the level of functional communication
(van den Heuvel et al., 2008c; Greicius et al., 2009). Our current
efficiency of the thalamus in our study.
results, showing a negative association between the normalized
It is interesting to note that the reported correlations between
path length of these regions and IQ (Fig. 3), suggest that in addinetwork measures and IQ are with respect to resting-state function to the level of structural connectivity, also the level of functional connectivity and not to task-related connectivity. Our data
tional communication efficiency of these regions is related to
reflects the level of efficient organization of the functional brain
intellectual performance. Furthermore, white matter organizanetwork during a resting state and not the efficiency of functional
tion was found to be most prominently related to PIQ and POI
connectivity between brain regions during the performance of
subscales (Chiang et al., 2009). This supports our findings, showspecific cognitive tasks that enter into the IQ score. As such, our
ing a strong negative association between  and PIQ and POI
data suggest that the efficiency of intrinsic resting-state funcsubscores (supplemental Figs. 4, 5, available at www.jneurosci.
tional connectivity patterns is predictive of cognitive
org as supplemental material). In addition, common genetic facperformance.
tors were found to mediate the association between IQ and strucWe examined the existence of a relationship between the effitural connectivity (Chiang et al., 2009), indicating a genetic
cient organization of the brain network and human intelligence.
contribution to white matter (Hulshoff Pol et al., 2006). Recent
Our results suggest that a short path length is crucial for efficient
studies have suggested a high level of heritability of the levels of
information processing across the functional brain network and
both the local and global interconnectedness of the brain network
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Figure 3. Most prominent effects between IQ and the level of global connectivity efficiency (as expressed by a shorter node specific normalized path length) were found in the medial prefrontal
cortex (yellow box), bilateral inferior parietal cortex (red box depicts effect in right hemisphere), and precuneus/posterior cingulate regions (orange box) of the functional brain network. Shown are
correlation coefficient values of those voxels that had a significant negative association between IQ and normalized path length for T ⫽ 0.45 (linear regression, p ⬍ 0.05 uncorrected for multiple
comparisons, df ⫽ 18, corrected for age).

leading toward a high IQ. Our findings suggest a strong positive
association between the efficiency of functional brain networks
and intellectual performance.
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