
face into 68 large brain regions, for each individual dataset, the left and
right cortical mantle was divided into a total of 1170 parcels (585 in each
hemisphere), following a similar procedure as described by Hagmann et
al. (2008) (using the Freesurfer software suite). Note that, in this parcel-
lation scheme, only cortical regions are included. Second, for each indi-
vidual dataset, this parcellation was used to create a high-resolution
connectivity matrix Mh w-nos, following the exact same steps as described
for the regional analysis (see above). Third, from the individual matrices,
a group consensus connectivity matrix was constructed, by averaging the
values of the individual high-resolution connectivity matrices. For the
group matrix, pathways that were present in 50% or more of the group of
subjects were taken into account. Fourth, similar to the regional approach,
�w(k), �random

w (k) and �norm
w (k) were computed from the resulting group

network and the rich-club nodes were examined. Rich-club nodes (i.e.,
nodes with degree �k) were labeled with the anatomical name from the
regional parcellation scheme. To determine the extent to which brain
regions participated in the rich club, for each region i a participation ratio
Pr was computed, calculated as the number of rich-club parcels that
overlapped with region i, normalized to the number of participating
parcels based on chance considering the volume of a region (i.e., the
number of parcels in region i) and the total size of the rich club (i.e.,
number of rich-club parcels). As such, a participation ratio Pri � 1 is
reflecting an above average participation of region i in the rich club.

Results
Graph metrics
Table 1 summarizes the characteristic graph measures of the group
connectomes (unweighted, NOS-weighted, FA-weighted networks,
high-resolution network) and of the individual networks, describing

clustering, path length, global efficiency,
and assortativity. As expected, results show a
high level of (normalized) local clustering
(	 � 1) and a high level of (normalized)
global efficiency (� � 1), confirming a
small-world organization of structural
brain networks (Hagmann et al., 2007,
2008; van den Heuvel et al., 2010). Figure
2 summarizes the node-specific degree k,
betweenness centrality, path length, and
clustering coefficient values of the nodes
of Mgroup w-nos. We note a high level of
consistency of the normalized clustering
coefficient and path length across the four
different network types (unweighted and
NOS/NOSroi- and FA-weighted), sug-
gesting substantial agreement in the topo-
logical organization between the four
networks.

Rich-club organization of the
brain network
Figure 3 shows the normalized rich-club
coefficient curves �(k) (Fig. 3a) and
� w(k) (Fig. 3b– d) for the group-
averaged networks. Rich-club coeffi-
cients �(k) of the connectome are given
in dark gray, rich-club coefficients of a
set of comparable random networks
�random(k) are given in light gray, their
ratio expressing the normalized rich-
club coefficient �norm(k) is given in red.

Unweighted network
Figure 3a shows �(k), �random(k), and
�norm(k). For a range of k � 11 to k � 17,
�norm(k) clearly shows characteristic rich-

club organization, with �norm(k) � 1 and increasing over k [p �
0.028, permutation testing (see Materials and Methods)]. Exam-
ining the individual structural networks, all subjects showed
comparable �norm(k) functions.

Weighted networks
Figure 3b shows the rich-club coefficient curves �w-nos(k) of the NOS-
weighted group averaged network, the (average) rich-club coefficient
values of the set of comparable random networks �rand

w-nos(k), and their
ratio,giving�norm

w (k) values. The figure shows rich-club organization
of �w-nos(k) � �rand

w-nos(k) for k � 11 to k � 21 (p � 0.001, permuta-
tion testing). Figure 3c shows the rich-club coefficients �w-nosROI

depicting rich club organization for k � 10 to k � 17 (p � 0.0050,
permutation testing). In addition, Figure 3d shows the rich-club
coefficients fortheFA-weightedgroupaveragednetwork,being�w(k),
�rand

w (k), and�norm
w (k) values, illustrating rich-club organization for k�

9 to k � 23 (p � 0.001, permutation testing). Overlapping the un-
weighted data, both the FA-weighted, NOS-weighted, and NOS-ROI-
weightednetworksdisplayedrich-cluborganization,with�norm

w �1for
k 
 9.

Rich-club formation
Figure 4, c and e, shows the anatomical arrangement of the rich
club in the group-averaged structural brain network, with the size
of the nodes marking node degree. Figure 4c illustrates all con-

Figure 5. s-core decomposition of the connectome. a shows the results of the s-core decomposition (see Materials and Meth-
ods) of the NOS-weighted brain network, marking a high core-level of rich-club regions, including bilateral superior frontal cortex,
precentral gyri, thalamus, hippocampus, and putamen. b shows s-core decomposition of cortical regions (i.e., excluding all sub-
cortical regions from the analysis), showing a high core level of bilateral precuneus, superior frontal and superior parietal regions,
overlapping previous findings of Hagmann et al. (2008). c and d show a network perspective of a and b.
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