
the threshold 0.5 marking the top 15% of the
node-specific Pindex values across
the 82 nodes of the network (Sporns et al.,
2007).

Rich-club centrality
To examine the role of the rich club in the global
network structure the centrality of the rich club
was measured. To this end, the percentage of
shortest paths between any two non-rich-club
nodes that passed through the rich club was com-
puted (Mw-nos). Two heuristics were examined:
(1) the percentage of the number of shortest paths
that passed through at least one of the rich-club
nodes, normalized to the number of all shortest
pathsinthenetwork,and(2)thenumberofshortest
paths between all nodes in the network that passed
through at least one rich-club edge.

Rich club in targeted and random attack
Network rich clubs have been noted to play a
central role in overall network structure (Xu
et al., 2010) having a strong positive impact
on the global efficiency of the network. The
role of a node (or a set of nodes) in the level
of global efficiency of a network can be eval-
uated by examining the damage inflicted by
attack on that node, simulated as a decrease
in the weights of its connections. We further
examined the role of the rich club in global
brain network structure by probing for the
effects of network damage on global effi-
ciency due to “attack” (illustrated in Fig. 7a).
Two forms of attack can be distinguished: “targeted
attack” and “random attack”. (1) Targeted attack
refers to examining the effects of damage to a spe-
cific set of nodes/edges in the network. (2) In con-
trast, random attack refers to examining the effects
of damage resulting from attacking a set of random
nodes/edges in the network. In this study, we com-
pared the effect on global efficiency of the network
following targeted attack on rich-club connections
versus random attack.

Targeted attack to rich-club connections. In
this condition, the weights (NOS-weighted) of the connections of the
rich club were attacked at two levels, inflicting 50 and 100% damage to all
weights of connections that interconnected the rich-club nodes, by set-
ting the weight of each of the rich-club connections to the following:

wij
� � wij � �1 � � �

100�� , (5)

with �, the level of inflicted damage, thus obtaining a damaged network
M �. The total damage to the network was computed as follows:

�total � �i, j�G wij � wij
� . (6)

To assess the potential impact on global information flow we computed,
for each M �, the level of global efficiency (Rubinov and Sporns, 2010)
normalized to the level of global efficiency of M.

Random attack. The effect on global efficiency of targeted attack on
rich-club connections was compared with random damage to the net-
work. To simulate random attack, we randomly selected a set of O non-
rich-club connections of the brain network M w-nos and damaged this set
at two levels of � (i.e., 50 and 100%).

Random attack to hub (non-rich-club) connections. In addition to the
random attack condition, in which any connection in the network could
be attacked, a more restricted random condition was examined, in which
damage was limited to the connections of the 12 rich-club nodes with the
rest of the network (i.e., excluding connections between rich-club mem-

bers). This condition serves to examine whether the effects of targeted
attack could be attributed to damaging the rich-club connections and not
to just to lowering the nodal degree of the hubs of the brain network,
regardless of whether they formed a club or not. Similar to the target
condition, damage was inflicted by reducing the weights of the connec-
tions of the selected random set by 50 or 100%, respectively, and the level
of global efficiency of the resulting damaged network M � was computed.

For both conditions of random attack, the total weight (i.e., the sum of
the weights of the connections) of the damaged connections was equal to
the total damage to the rich club at level �. For each level of damage (i.e.,
50 and 100%), a sample of 10,000 random cases was examined.

High-resolution analysis
The main focus of this study is the examination of rich-club organization
of the human connectome. For this, we used a regional approach, par-
cellating the brain network in 82 brain regions. However, it has been
noted that graph metrics can be quite dependent on the resolution of the
network (van den Heuvel et al., 2008b; Wang et al., 2009; Fornito et al.,
2010; Zalesky et al.). In the absence of objective whole-brain parcellation
strategies that identify coherent brain regions based on anatomical or
functional criteria (Wig et al., 2011), some studies have advocated the use
of higher-resolution networks, going up to �1000 smaller parcels, in-
stead of using a coarse and to some extent arbitrary parcellation scheme
of 82 brain regions (Hagmann et al., 2008; van den Heuvel et al., 2008b).
We, therefore, performed an initial high-resolution network analysis,
examining rich-club organization at high resolution. This analysis in-
cluded the following steps. First, instead of parcellating the cortical sur-

Figure 4. Rich-club regions and connections. The figure shows rich-club regions and connections of the group-averaged
connectome (unweighted, k�17; Fig. 3a). Size of nodes reflect their number of connections, with bigger nodes representing more
densely connected regions. a, Anatomical perspective. b, Group-averaged connectome. c, Group connectome with rich-club
connections marked in dark blue. d, Connections between rich-club regions (dark blue) and connections from rich-club nodes to
the other regions of the brain network (light blue). The figure shows that almost all regions of the brain have at least one link
directly to the rich club. e, Rich-club connections.
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