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Abstract

■ The human brain is a complex network that has been noted
to contain a group of densely interconnected hub regions. With
a putative “rich club” of hubs hypothesized to play a central role
in global integrative brain functioning, we assessed whether
hub and rich club organizations are associated with cognitive
performance in healthy participants and whether the rich club
might be differentially involved in cognitive functions with a
heavier dependence on global integration. A group of 30 rela-
tively older participants (range = 39–79 years of age) under-
went extensive neuropsychological testing, combined with
diffusion-weighted magnetic resonance imaging to reconstruct

individual structural brain networks. Rich club connectivity was
found to be associated with general cognitive performance.
More specifically, assessing the relationship between the rich
club and performance in two specific cognitive domains, we
found rich club connectivity to be differentially associated with
attention/executive functions—known to rely on the integration
of distributed brain areas—rather than with visuospatial/visuo-
perceptual functions, which have a more constrained neuro-
anatomical substrate. Our findings thus provide first empirical
evidence of a relevant role played by the rich club in cognitive
processes. ■

INTRODUCTION

Cognitive brain functions depend on the integrated
activity between distinct but anatomically connected
functional subunits, together forming a highly complex
brain network (Bressler & Menon, 2010; van den Heuvel
& Hulshoff Pol, 2010; Bullmore & Sporns, 2009). Recent
advances in the field of connectomics have shed light on
the organizational properties of structural and functional
brain networks, thought to be part of the neural bases of
cognitive processing (McIntosh, 2000).
Graph theory forms a powerful framework for the

description of quantifiable network parameters that
can be used as neurobiologically meaningful measures
(Bullmore & Sporns, 2009). Under this approach, macro-
scale structural brain networks have been described as
graphs in which anatomical brain regions are described
as nodes, linked by edges describing structural connections
of white matter (WM) tracts. Given this mathematical
framework, a node’s degree is defined as the number of
edges linked to it, indicating its accessibility within the net-
work. Degree in neural networks has been noted to have
a heavy-tailed distribution, denoting the presence of a set
of highly connected nodes (Hagmann et al., 2008). These
putative “neural hubs” are hypothesized to play a central

role in overall network communication and intermodular
information transfer (van den Heuvel & Sporns, 2013b;
Sporns, Honey, & Kötter, 2007). Moreover, this set of
hubs appears to be more highly connected to other high-
degree nodes than predicted by chance, forming a group
of highly interconnected regions (i.e., the “rich club”) that
may act as a backbone for global network integration
(De Reus, Saenger, Kahn, & van den Heuvel, 2014; Mišić,
Sporns, &McIntosh, 2014; Towlson, Vértes, Ahnert, Schafer,
& Bullmore, 2013; Van den Heuvel, Kahn, Goñi, & Sporns,
2012). Functionally, the anatomical rich club is also hy-
pothesized to act as a gatekeeper, modulating the dynam-
ical interactions between lower-degree regions and the
emergence of distinct functional network configurations
(Senden, Deco, de Reus, Goebel, & van den Heuvel, 2014;
Crossley et al., 2013).

Here, we investigated the role of the rich club in cog-
nitive performance in a sample of healthy older partici-
pants. We hypothesize the rich club connectivity to be
associated with overall cognitive functioning, in particular
with performance in specific cognitive functions related
to more distributed anatomical correlates. To test this
hypothesis, we assessed the relationship between rich
club organization and global cognitive performance and
compared structural connectivity correlates of two cogni-
tive domains—attention/executive (A/E) and visuospatial/
visuoperceptual (VS/VP) functions—with putatively higher
and lower reliance on the integration of distributed brain
areas, respectively.
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METHODS

Thirty adult participants (14women; age:mean=66.2 years,
SD = 10.4 years, range = 39–79 years; right-handed) with-
out cognitive complaints were recruited from individuals
who volunteered to participate in scientific studies at
the Institut de l’Envelliment, Universitat Autònoma de
Barcelona. Exclusion criteria were history of psychiatric,
neurological or systemic diseases, or pathological MRI
findings other than mild WM hyperintensities in the FLAIR
sequence. The study was approved by the ethics com-
mittee of the University of Barcelona; all participants pro-
vided written informed consent to participate.

Neuropsychological Assessment

Participants were administered a neuropsychological
battery with tests addressing main cognitive functions
such as attention, executive functions, VS/VP function,
memory, and language (see Table 1; for a detailed de-
scription of the tests used, see Lezak, 2004). z scores
for each test and participant were calculated based on
the group’s means and standard deviations. Composite
z scores for general cognition (general cognition scores)
were calculated as the mean z scores of all tests used.
Domain-specific composite z scores (A/E scores, VS/VP
scores) were calculated as the mean z scores of all tests
within the respective domains, as shown in Table 1.

MRI Acquisition and Preprocessing

Images were obtained with a 3-TMRI scanner (MAGNETOM
Trio, Siemens, Berlin, Germany). The scanning protocol

included a high-resolution three-dimensional T1-weighted
sequence acquired sagittally (repetition time [TR]/echo
time [TE]/inversion time = 2300/2.98/900 msec; 256 ×
256 matrix, with 1-mm isotropic voxels). Two diffusion-
weighted datasets were obtained using a single-shot EPI
sequence (TR/TE= 5533/88msec), with diffusion-encoding
in 30 directions at b = 1000 sec/mm2 and one volume at
b= 0 sec/mm2, with 2-mm isotropic voxels. A T2-weighted
axial FLAIR sequence (TR/TE = 9/96 msec) was also
acquired.
T1-weighted images were used to parcellate the brain

cortex into 68 regions using FreeSurfer V5.1.0 (surfer.
nmr.mgh.harvard.edu/; Fischl et al., 2004). Diffusion-
weighted imaging was performed to reconstruct the WM
tracts, collectively forming the structural brain network.
After eddy-current distortion and motion correction, each
voxel’s diffusion profile was fitted a tensor using a robust
fitting method (Chang, Walker, & Pierpaoli, 2012). From
the fitted tensors, the fractional anisotropy (FA, taken as a
measure of microstructural WM organization) was derived
for each voxel. WM tracts were then reconstructed using
Fiber Assignment by Continuous Tracking (Mori & van
Zijl, 2002), with eight seeds started in each WM voxel
and streamlines tracked along the main diffusion direc-
tion from voxel to voxel and stopped when reaching a
voxel with FA < 0.1, exceeding the brain mask, and/or
making a turn >45°.

Network Computation and Parameters

With each of the 68 cortical regions describing a node,
the edge between nodes i and j was defined by the pres-
ence of streamlines touching both regions and weighted
by the number of such streamlines. Nodes i and j were
considered not to be connected if no streamlines were
found between them. Individual 68 × 68 connectivity
matrices were generated, representing all regions and
interconnecting edges.
Nodal and global network parameters were analyzed

using the Brain Connectivity Toolbox (Rubinov & Sporns,
2010). Nodal measures included degree (the number of
edges linked to a node) and its weighted version,
strength (calculated as the sum of the weights of all edges
linked to a node). The global measures included the
network density, defined by the total number of edges di-
vided by the total number of possible edges, its weighted
version (network strength), and the global efficiency, a
metric related to network integration. The global efficiency
is inversely related to the average of shortest topological
paths between all pairs of nodes (Bullmore & Sporns,
2009). The topological distance between nodes i and j
was defined by the inverse of the number of streamlines
identified between them.
Rich club organization was assessed by means of the

weighted rich club coefficient (ϕw(k)), calculated at the
individual level across a range of k levels (Opsahl, Colizza,
Panzarasa, & Ramasco, 2008). Briefly, to calculate theϕw(k)

Table 1. Neuropsychological Assessment Performance

Backward minus forward digit spansa −1.27 (1.05)

Trail-Making Test Part A minus Part B (sec)a −52.76 (24.33)

Phonemic fluencya 17.00 (4.39)

Stroop Color–Word Test interferencea −0.93 (7.88)

Benton’s Visual Form Discriminationb 30.77 (1.38)

Benton’s Judgment of Line Orientationb 25.17 (3.16)

RAVLT total learning 47.27 (8.36)

RAVLT 20-min free recall 10.50 (2.50)

Boston Naming Test (short version) 14.07 (.98)

Vocabulary subtest (Wechsler Adult Intelligence
Scale, 3rd edition)

47.41 (8.39)

Results are in mean (SD). Phonemic fluency = number of words begin-
ning with “p” produced in 60 sec; RAVLT = Rey’s Auditory Verbal Learn-
ing Test.

aTests included in the A/E domain.

bTests included in the VS/ VP domain.
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for a given k level, the number of edges between nodes
with degree >k(n) are summed (rich-clubstrength). Sub-
sequently, all network edges are ranked, and the n
strongest ones are summed (top-nstrength). The ϕw(k) is
given by the quotient rich-clubstrength/top-nstrength. Addi-
tionally, the ϕw(k) is normalized to the averaged ϕw(k)
of a 1000 random networks with equal density and degree
distribution. Normalized values of >1 over a range of
k levels define the presence of rich club organization
(Opsahl et al., 2008), indicating that nodes with higher
degrees tend to be interconnected by stronger edges
than would be predicted by chance.
For subsequent analyses, the top 10 (15%) nodes in

group-averaged node degree were considered to be part
of the rich club (Collin, Kahn, de Reus, Cahn, & van den
Heuvel, 2014; Van den Heuvel et al., 2013). On the basis
of the definition of rich club nodes described above,
network edges were divided into three classes: rich club
connections (between rich club nodes), feeder con-
nections (between rich club and non-rich club nodes)
and local connections (between non-rich club nodes;
De Reus et al., 2014).

Statistical Analysis

The relationship between network parameters and per-
formance in each cognitive domain was assessed through
partial correlations, controlling for age and sex. In analy-
ses involving A/E and VS/VP scores, mean scores of all
tests not included in the respective cognitive domains
were also included as covariates of no interest.
A nonparametric, permutation-based one-sample t test

was used to test the k levels at which ϕw(k) was >1.
Through random sign-flipping (10,000 iterations), a null
distribution of t values was generated, against which the
actual t statistic was compared. To assess the significance
of cognition vs. ϕw(k) correlations and to compare them
between domains, we evaluated the areas under the
group level correlation curve (AUC; Cao et al., 2013)
across the k levels at which ϕw(k) was significantly >1.
Statistical significance was established through permuta-
tion testing (10,000 permutations), randomizing the
cognitive/demographic variables and generating a sam-
pling distribution of areas under the curve against which
the studied variables were compared.
To assess the importance of rich club nodes in the

cognitive functions evaluated, differences between rich
club and non-rich club nodal parameters were calculated;
to establish their statistical significance, we also used
permutation testing, randomizing which 10 nodes be-
longed to the rich club among all brain nodes. Each actual
mean difference was then compared to the sampling dis-
tribution of mean differences. Edges present (i.e., at least
one interregional streamline) in more than 60% of partic-
ipants were included in correlation analyses (De Reus &
van den Heuvel, 2013a).

As a second null hypothesis model, we selected a set of
occipital, parietal, and temporo-occipital regions known
to be predominantly involved in visual cognition (Konen
& Kastner, 2008a; Milner & Goodale, 1995), henceforth
referred to as “visual network.” Regions chosen bilaterally
as visual network nodes included four unimodal areas
(lateral occipital cortex, pericalcarine cortex, lingual gyrus,
and fusiform gyrus) and the superior parietal lobule, a
multimodal region (also included in the rich club, com-
patible with its role in visual attention [Gillebert et al.,
2013; Mesulam, 1998]).

Correlation levels between cognitive variables and the
strength of nodes and edges within the visual network
were compared with those outside the network through
permutation testing. Subsequently, to further test the
hypothesis of a differential relationship between per-
formance in cognitive functions with more distributed
neural substrates and rich club connectivity, we compared
the correlation values between cognitive variables and the
strength of rich club and visual network nodes through
permutation testing. In this analysis, the replacement
procedure consisted of randomly assigning rich club
and visual network nodes and edges to either network.

Statistical significance was set at p ≤ .05 (two-tailed,
10,000 permutations), corrected for multiple compari-
sons by controlling the false discovery rate (FDR) to 5%
(Benjamini, 2010).

RESULTS

Neuropsychological Assessment

Participants performed within the normal range in all
neuropsychological tests used, according to age-adjusted
normative data (Table 1). General cognition scores
strongly correlated with both A/E and VS/VP scores (r =
.76, p < .001 and r = .56, p = .001, respectively). A/E
and VS/VP scores were not significantly intercorrelated
( p = .264).

Age correlated negatively with general cognition (r =
−.40, p = .029) and with VS/VP scores (r = −.36, p =
.052) but did not correlate significantly with A/E scores
( p = .224). Years of education correlated significantly
with general cognition (r = .58, p < .002), VS/VP (r =
.31, p = .046), and A/E performance (r = .37, p =
.024). No significant differences in cognitive variables
were found between genders.

Global Network Topological Measures

Age correlated negatively with global network strength (r=
−.52, p= .001), with global efficiency (r=−.50, p= .002),
andwith the strength of rich club and local edges (r=−.35,
p = .029 and r = −.61, p < .001, respectively, surviving
FDR correction). No significant associations were seen
between age and network density, either in the whole
network or in any edge class.

Baggio et al. 1803



A/E scores correlated with global efficiency (r = .38,
p = .048 without controlling for age, r = .38, p = .045
controlling for age) at a low level of significance, not
surviving correction for multiple comparisons. No signif-
icant correlations were found for other global network
metrics, with or without controlling for the effects of age.

Rich Club Connectivity Analysis

Rich Club Organization

As shown in Figure 1, normalized ϕw(k) were >1 be-
tween k levels of 16 and 26 ( p < .050, FDR-corrected).
Importantly, being the main focus of our study, both gen-
eral cognition and A/E performance correlated positively
with ϕw(k) (AUC = 4.01, FDR-corrected p = .009, and
AUC = 3.78 and p = .013, respectively, surviving FDR
correction; see Figure 1), driven by significant correla-

tions at k levels 16–23 ( p < .050, FDR-corrected). VS/VP
performance was not significantly correlated with ϕw(k)
(AUC=−.91, p= .580), and AUC for correlations between
both general cognition and A/E performance were larger
than that for VS/VP (see Figure 1).
The correlations between ϕw(k) and both general cog-

nition and A/E scores suggest that stronger connectivity
between rich club nodes (relative to the rest of the brain)
correlates with better cognitive performance. Age did not
correlate significantly with ϕw(k) at any k levels.
The 10 nodes with highest-ranking degree at the group

level, defined as the rich club, and their respective de-
grees are shown in Figure 1. Absolute strength in the rich
club subnetwork correlated significantly with A/E perfor-
mance (Figure 2). Correlation between general cognition
scores and strength in the rich club subnetwork did not
reach the significance threshold set (r = .37, p = .049).
No significant correlation was found between rich club

Figure 1. Rich club coefficient (ϕw(k)) and rich club (RC) definition. (A) The normalized group-averaged ϕw(k) curve across the k levels at which
it was significantly >1 ( p < .05, FDR-corrected). (B) The results of correlation analyses between individual ϕw(k) and general cognition, A/E and
VS/ VP performance scores. p values for significant ( p ≤ .05, FDR-corrected) cross-domain comparisons between areas under the curve of correlation
coefficients are shown (§ = A/E greater than VS/ VP; † = general cognition greater than VS/ VP). (C) Group level node degree values are shown
in descending order. The 10 top-ranking nodes were defined as the rich club. OFC = orbitofrontal cortex; ACC = anterior cingulate cortex;
PCC = posterior cingulate cortex; STS = superior temporal sulcus.
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strength and VS/VP scores ( p = .898). Additionally, rich
club strength correlation with VS/VP scores was signifi-
cantly weaker than with general cognition and A/E scores
(respectively, p = .026 and p = .002, surviving FDR cor-
rection). No significant correlations were found between
feeder or local edge strength and cognition.

Node and Edge Strength

As shown in Figure 3A, correlations between general
cognition scores and node strength were significantly
higher for rich club nodes than non-rich club nodes. A
similar pattern was observed with A/E scores. Correla-
tions between edge strength and both general cogni-
tion and A/E performance were significantly higher in
rich club and feeder connections than in local connections
(Figure 3B). No significant effects were found for VS/VP
scores.

Visual Network versus Rich Club
Connectivity Analysis

Figure 4A shows the regions included in the visual net-
work. Correlations with VS/VP scores were significantly
stronger for edges between visual network nodes than
for edges spanning between non-visual network nodes
(Figure 4B). The opposite effect was observed for A/E
scores, whereas for general cognition scores no signifi-
cant differences were found (Figure 4B). Additionally,
correlations between cognitive scores and node strength
were not significantly different between nodes inside and
outside the visual network (all ps > .05).

When comparing the relationship between node and
edge strength in the rich club versus those in the visual
network, the correlation between connectivity strength
and general cognition scores was significantly higher in
rich club nodes as compared with nodes in the visual
network; a similar effect was observed for A/E scores
(Figure 5A). No significant differences were found for
VS/VP scores.

The analysis of different edge classes also showed dif-
ferential effects for all cognitive scores. For A/E and gen-
eral cognition scores, correlations with rich club edges
were significantly stronger than with edges between visual
network nodes (Figure 5B). For A/E scores, correla-
tions with feeder edges were also significantly stronger
than with edges between visual network nodes (see
Figure 5B); a possible similar effect seen for general cog-
nition scores did not survive FDR correction ( p = .026;
FDR-corrected p = .059). The analysis of VS/VP scores
revealed opposite effects. For this cognitive domain, cor-
relations were significantly higher with edges between
visual network nodes than with feeder edges (Figure 5B).
A potential similar effect between visual network edges
and rich club edges did not reach the significance thresh-
old after FDR correction ( p = .025; FDR-corrected p =
.059).

No network connectivity metrics correlated signifi-
cantly with years of formal education. Also, comparisons
of connectivity parameters between genders showed no
significant mean differences.

DISCUSSION

Our study is supportive of the notion of a relationship
between human cortical rich club organization and inter-
individual differences in cognitive performance in healthy
older participants. Our findings show structural connec-
tivity strength of nodes and edges inside and outside
the rich club to be differentially associated with measures
of cognitive performance, being associated with general
cognitive and A/E performance, but not with performance
in the VS/VP domain.

Extending previous observations on rich club forma-
tion (Grayson et al., 2014; Van den Heuvel et al., 2014;
Crossley et al., 2013; Van den Heuvel & Sporns, 2011),
our analyses now reveal stronger rich club organization to
be associated with better cognitive performance. Post hoc
analysis of connection classes showed that, in contrast to
noncentral local edges spanning between peripheral
nodes, rich club edges (i.e., spanning between rich club
nodes) and feeder edges (those connecting rich club
nodes to the rest of the network) were the most strongly
associated with general cognitive and A/E performance.
Previous studies have suggested that a large proportion of
interregional information traffic goes through the brain
hubs that constitute the rich club, forming shortcuts poten-
tially allowing more efficient global network communication

Figure 2. Relationship between rich club strength and performance in
general cognitive (top) and A/E functions (bottom).
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(De Reus & van den Heuvel, 2014; Goñi et al., 2014; Mišić
et al., 2014; Harriger, van den Heuvel, & Sporns, 2012). The
wide repertoire of human cognitive functions relies on
such integration (Bressler, 1995), and our findings suggest
that the role therein played by the rich club is relevant for
cognitive processing.

As different cognitive functions vary regarding the
degree to which their neural correlates are anatomically
more localized or more distributed, their dependence
on global integration may vary accordingly. A/E processes

rely on the coordinated activity of anatomically distant
structures, constituting a set of intrinsic connectivity
networks (e.g., the frontoparietal, dorsal attentional,
and default mode networks), the dynamical interplay of
which is related to attentional performance in healthy
participants (Spreng, Sepulcre, Turner, Stevens, &
Schacter, 2013; Sala-Llonch et al., 2012). Rich club and
feeder connections, seen in this study to be associated with
A/E performance, have been hypothesized to play a central
role in the communication between subcomponents

Figure 3. Relationship between rich club (RC) parameters and cognitive performance. (A, B) Plots show the means and standard deviations of
coefficients of correlation between cognitive performance and node strength across rich club and non-rich club nodes (A) and between cognitive
performance and rich club, feeder, and local edge strength (B). p values for significant (FDR-corrected p ≤ .05) differences are shown. (C) Positive
(top row) and negative (bottom row) correlations between edge/node strength and cognitive performance are represented according to class
(rich club, feeder, and local); edge thickness and node size are proportional to correlations with general cognition (left), A/E (center), and
VS/ VP (right) scores.
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of such networks (Van den Heuvel & Sporns, 2013a).
Combined stronger rich club-to-rich club and rich club-
to-non-rich club connections may conceivably allow for
more efficient neural communication from peripheral
modules—where local processing occurs—to hub regions,
with the latter argued to enrich the overall functional re-
pository of the brain at the system’s level (Senden et al.,
2014).
VS/VP processing, on the other hand, mainly relies on

the anatomically localized dorsal and ventral cortical
streams (Konen & Kastner, 2008b), in which neural signal
progresses through short-range local connections
(Young, 1992). Performance in this domain, associated
with connectivity strength in visual network nodes and
edges, was not associated with rich club organization,
supporting the hypothesized strong involvement of rich
club organization in global integrative processes (Van den
Heuvel & Sporns, 2013a).
A sample of relatively older participants (ranging from

39 to 79 years of age) was investigated in this study. Sup-
porting previous studies, we found age-related reductions

in global connectivity strength, with no accompanying
changes in network density (Fischer, Wolf, Scheurich, &
Fellgiebel, 2014; Gong et al., 2009). As global connectivity
changes were not associated with cognitive performance,
age-related cognitive decline does not appear to be me-
diated by them in our sample. Importantly, increasing
age was not associated with differential reductions in rich
club connectivity strength or with changes in the rich club
organization of brain networks. Rich club organization, in
turn, explained A/E and general cognition performance,
suggesting that the effects of rich club connectivity on
these cognitive functions are at least partially independent
from aging processes.

An interesting hypothesis is that some of the cognitive
effects of rich club organization in older persons are a
reflection of higher cognitive reserve (Stern, 2002). Edu-
cation and composite reserve scores have been noted
to influence WM microstructural parameters in healthy
elders (Arenaza-Urquijo et al., 2013; Teipel et al., 2009).
Future studies specifically addressing this issue with com-
prehensive assessments of cognitive reserve proxies may
help clarify this point.

Our findings revealed robust effects between rich club-
related parameters and cognition but no clear effects

Figure 4. Relationship between visual network (VN) connectivity and
cognitive performance. (A) The regions included as nodes of the VN
(green) as well as those defined as the rich club (red). The superior
parietal lobule was included in both networks. (B) Plots show the
means and standard deviations of coefficients of correlation between
cognitive performance and strength across edges spanning between
VN nodes, edges between VN and non-VN nodes, and edges linking
non-VN nodes. p values for significant (FDR-corrected p ≤ .05)
differences are shown.

Figure 5. Differential relationship between cognitive performance
and connectivity in the rich club (RC) and in the visual network (VN).
(A, B) Plots show the means and standard deviations of coefficients
of correlation between cognitive performance and node strength
across rich club and visual network nodes (A) and between cognitive
performance and rich club edges, feeder edges, and edges spanning
between visual network nodes (B). p values for significant (FDR-
corrected p ≤ .05) differences are shown.
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between global efficiency and cognitive performance are
observed (Fischer et al., 2014; Li et al., 2009; Van den
Heuvel, Stam, Kahn, & Hulshoff Pol, 2009). It has been
demonstrated that the use of the characteristic path
length (a network metric closely related to the global
efficiency) may fail to reflect the role of the rich club on
brain communication (De Reus & van den Heuvel, 2014;
Irimia & Van Horn, 2014) and that more refined measures
of communication and integration may better characterize
the role of the rich club organization in brain networks
(De Reus & van den Heuvel, 2014). Future studies employ-
ing these methodologies could help establish whether
the relationship between the rich club and cognitive func-
tions is mediated by its role in brain network integration.

Our results seem to indicate that analytic approaches
that take into account the rich club organization of brain
networks may provide insight into its relationship with
normal cognition as well as a potentially useful frame-
work for the study of pathological cognitive decline. In
line with these results, studies assessing cognitive impair-
ments of different etiology (e.g., developmental or neuro-
degenerative; Itahashi et al., 2014; Agosta et al., 2013;
Van den Heuvel et al., 2013; Buckner et al., 2009) suggest
that hub connectivity plays a role in cognition (Van den
Heuvel & Sporns, 2013b).

Some methodological limitations must be considered.
Diffusion MRI offers, at best, an indirect approximation of
WM architecture, so its interpretation requires caution.
Diffusion imaging-derived measures of connectivity
strength can be affected by factors such as fiber orienta-
tion coherence, and the biological processes underlying
measures such as streamline count are poorly under-
stood (Jones, Knösche, & Turner, 2013). Nonetheless,
most rich club parameters assessed were obtained from
intrasubject ratios, thereby potentially reducing the
influence of intersubject variation of confound factors
on our findings. Also, the use of parcellation schemes
with heterogeneous regional sizes (with larger regions
potentially having higher degrees) may raise concern
about a potential bias in rich club definition. However,
it has been shown that regional volume effects do not
fully explain rich club formation (Van den Heuvel et al.,
2013). The overlap between rich club regions identified
through neuroimaging techniques and those described
through tract tracing in other mammals further supports
this notion (Scholtens, Schmidt, de Reus, & van den
Heuvel, 2014; De Reus & van den Heuvel, 2013b; Harriger
et al., 2012). Importantly, the rich club organization de-
scribed in our study is consistent with these and other
(Van den Heuvel, Scholtens, & de Reus, 2015; Towlson
et al., 2013; Zamora-López, Zhou, & Kurths, 2009) animal
tracing studies. A number of these tract tracing and
MRI studies also report on rich club edges displaying
high levels of connection strength (Van den Heuvel
et al., 2015; Collin et al., 2014), supporting the overall
biological validity of rich club formation in the mamma-
lian cortex.

In this study, we have found evidence to support the
hypothesis that the rich club plays a relevant role in
cognitive processing. Variation in rich club structural con-
nectivity patterns may be related to interindividual dif-
ferences in global cognitive performance as well as in
A/E skills.
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