
Weighted networks. Following a similar principle, for weighted networks, a
weighted rich-club parameter �w(k) was computed (Opsahl et al., 2008). First,
all connections of the examined network were ranked in respect by weight, re-
sultinginavectorWranked.Next,withinM, foreachvalueofk, thegroupofnodes
with a degree larger than k was selected. Next, the number of links E�k between
the members of the subset was counted, together with their collective weight
W�k, computed as the sum of the weights of the resulting E�k connections. The
weighted rich-club parameter �w(k) was then computed as the ratio between
W�k and the sum of the weights of the strongest E�k connections of the whole
network,givenbythetopE�k numberofconnectionsof thecollectionofranked
connections inWranked.Formally,�w(k) isgivenbythe following(Opsahletal.,
2008):

�w�k� �
W�k�l�1

E�k wl
ranked

. (2)

Normalization. The rich-club effect can be quantified by the rich-
club coefficient �(k). Since random networks—like the Erdos–Renyi
model—also show an increasing function of �(k), due to the fact that
nodes with a higher degree also have a higher probability of being
interconnected by chance alone, �(k) is typically normalized relative
to a (set of) comparable random network(s) of equal size and similar
connectivity distribution, giving a normalized rich-club coefficient
�norm (Colizza et al., 2006; McAuley et al., 2007). An increasing normal-
ized coefficient �norm of �1 over a range of k reflects the existence of
rich-club organization in a network. Therefore, in this study, for each
examined network the rich-club curve was compared with the rich-club
curve of a set of random networks, created by randomizing the connec-
tions of the network, keeping the degree distribution and sequence of the
matrix intact (Rubinov and Sporns, 2010). For each network, m � 1000
random networks were computed and from each of the randomized
networks, for each level of k, the rich-club coefficient �random (or
�random

w ) was computed. Next, the overall �random(k) was computed as
the average rich-club coefficient over the m random networks. The nor-
malized rich-club coefficient �norm(k) was computed as follows:

�norm�k� �
��k�

�random�k�
. (3)

For simplicity, in the remaining text, �norm(k) and �norm
w (k) will be re-

ferred to as �(k) and � w(k), respectively.
Statistics. To assess statistical significance of rich-club organization, permuta-

tion testing was used (Bassett and Bullmore, 2009; van den Heuvel et al., 2010).
Obtained from the population of 1000 random networks (see above), the distri-
butionof�random(k)yieldedanulldistributionofrich-clubcoefficientsobtained
from random topologies. Next, for the range of k expressing rich-club organiza-
tion, it was tested whether � significantly exceeded �random (averaged over the
examinedrangeofk)anda(one-sided)pvaluewasassignedto�as thepercent-
age of �random that exceeded �.

s-core decomposition
To further examine the organization of the connectome, the s-core struc-
ture of the group brain network was computed. The s-core is as a
weighted equivalent of the more commonly known k-core. The k-core of
an unweighted graph G is defined as the maximal connected subgraph of
nodes in G in which all nodes have at least k connections and in a similar
fashion, the s-core of a weighted graph Gw is the subgraph of nodes of Gw

in which all connections show a summed weight of s or higher. s-core
decomposition can provide insight into the hierarchical organization of a
network (Chatterjee and Sinha, 2008; Hagmann et al., 2008). s-core de-
composition proceeds by successively pruning the connections of the
network, along the following steps.

For a particular sum of weights s:
Step 1. Remove all nodes of whose sum of weights �s, resulting in a

pruned connectivity matrix M
.
Step 2. From the remaining set of nodes, compute the connectivity

strength s
 for each node. If nodes are found that have a lower level of
connectivity than s
, step 1 is repeated to obtain a new M
; otherwise,
proceed to step 3.

Step 3. The remaining subset of nodes forms the s-core of the network.

Finally, for each node i in the network its core-level can be determined,
as the maximal s-core node i is participating in. As such, a higher core-
level of a node expresses a more central role of the node in the overall
network.

Modularity, provincial and connector hubs
To examine the community (module) structure of the brain network,
and the role of hubs in interconnecting distinct modules, module parti-
tioning was performed (Rubinov and Sporns, 2010). Nodes identified as
hubs were further classified into “provincial” and “connector” hubs,
based on their level of participation in their local module and their level
of connectedness to other modules. The level of “intramodule” con-
nectivity versus “intermodule” connectivity of a node can be ex-
pressed by the “participation index” of a node (Sporns et al., 2007;
Rubinov and Sporns, 2010). The participation index is formally given
by the following:

Pindexi � 1 � �m�1
Nm �kim

ki
�2

, (4)

with Nm, the number of modules; ki, the degree of node i; and kim, the
number of connections from node i to module m. From the selected
hubs, connector hubs—interconnecting modules—were defined as
nodes with a Pindexi � 0.5, and provincial hubs— connecting nodes
within a module—were selected as nodes with a Pindexi �0.5, with

Figure 3. Rich-club functions of unweighted and weighted group networks. a shows the
rich-club �norm(k) curve for the unweighted structural group-averaged brain network (i.e.,
reflecting all direct connections between brain regions). The figure shows rich-club behavior of
the structural brain network, showing an increasing normalized rich-club coefficient �norm(k)
for a range of k from 11 to 17. b– d show rich-club values of the weighted group-averaged
structural brain networks � w-nos(k) [weighted with the number of connectivity streamlines
(b)], � w-nosROI(k) [weighted with the number of connectivity streamlines corrected for ROI
volume (c)], and � w-fa(k) [weighted with the FA value of the white matter connections (d)].
The figures show the rich-club coefficient values for a range of k, for � w (dark gray), �random

w

(light gray) and�norm
w (red). Similar to the unweighted network,� w is found to be larger than

�random
w , suggesting rich-club organization for all four variations of the structural brain

network.
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