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Rich Club Organization and Intermodule Communication in
the Cat Connectome
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Macroscopic brain networks have been shown to display several properties of an efficient communication architecture. In light of global
communication, the formation of a densely connected neural “rich club” of hubs is of particular interest, because brain hubs have been
suggested to play a key role in enabling short communication pathways within neural networks. Here, analyzing the cat connectome as
reconstructed from tract tracing data (Scannell et al., 1995), we provide several lines of evidence of an important role of the structural rich
club to interlink functional domains. First, rich club hub nodes were found to be mostly present at the boundaries between functional
communities and well represented among intermodule hubs, displaying a diverse connectivity profile. Second, rich club connections,
linking nodes of the rich club, and feeder connections, linking non-rich club nodes to rich club nodes, were found to comprise 86% of the
intermodule connections, whereas local connections between peripheral nodes mostly spanned between nodes of the same functional
community. Third, almost 90% of all intermodule communication paths were found to follow a sequence or “path motif” that involved
rich club or feeder edges and thus traversed a rich club node. Together, our findings provide evidence of the structural rich club to form
a central infrastructure for intermodule communication in the brain.

Introduction
Brain function depends on efficient processing and integration of
information within a complex network of neuronal interactions.
Studies examining the macroscopic architecture of neural net-
works have suggested that the mammalian brain, and likely neu-
ral systems in general, are organized according to a “small-world
modular” architecture, combining high levels of local clustering
and a community structure with short global communication
pathways (Hagmann et al., 2008; Bullmore and Sporns, 2009; van
den Heuvel and Hulshoff Pol, 2010). It has been hypothesized
that local clustered communities may ensure segregation and lo-
cal specialization of the brain, whereas the presence of short com-
munication relays may provide an infrastructure for global
integration of information (Sporns et al., 2005; Sporns, 2011).
Studies have further noted the existence of a relatively small but
crucial set of highly connected regions that play a central role in
the overall architecture of brain networks (Hagmann et al., 2008;
Buckner et al., 2009; Tomasi and Volkow, 2010; Sepulcre et al.,
2012; van den Heuvel et al., 2012). Besides being individually
“rich” in connectivity, this set of putative hubs has been suggested

to show a dense level of interconnectivity, suggesting the forma-
tion of a “core” or “rich club” in the cat, macaque, and human
brain (Zamora-López et al., 2010; van den Heuvel and Sporns,
2011; Harriger et al., 2012; van den Heuvel et al., 2012), as well as
in the neural system of the nematode Caenorhabditis elegans
(Zamora-López et al., 2010; Towlson et al., 2013). From the per-
spective of information integration, the formation of a centrally
connected rich club is of particular interest, because it may act as
a central backbone for global brain communication (Zamora-
López et al., 2009; Bullmore and Sporns, 2012; van den Heuvel et
al., 2012; Collin et al., 2013).

Animal studies allow for a detailed reconstruction of white
matter pathways through means of neural tracing of axonal
connections (Selemon and Goldman-Rakic, 1988; Felleman
and Van Essen, 1991; Scannell et al., 1995). The cat connec-
tome dataset, as presented by Scannell et al. (1995), involves
detailed tracing reconstructions of the cat’s white matter path-
ways, including information about the directionality of white
matter projections, a property that remains out of reach of
present day in vivo neuroimaging techniques. Moreover, in the
case of the cat connectome, a priori neurophysiological informa-
tion about the functional role of each included brain area facili-
tates the description of four distinct functional communities,
independent of the spatial or topological organization of the un-
derlying structural network (Scannell and Young, 1993; Young,
1993; Scannell et al., 1995). Here, reanalyzing this connectivity
dataset with network analysis tools, combining information on
the functional organization of the cat brain with information
about the cat’s structural white matter pathways, we show an
important role for the structural rich club in forming a central
infrastructure that interlinks all communities and shapes inter-
module communication pathways in the cat brain.
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Materials and Methods
Connectivity dataset
The cat connectivity dataset comprises a description of corticocortical
connections in the cat brain as published by Scannell et al. (1995), a
connectivity set resulting from a comprehensive literature search of an-
atomical tracing studies in the cat cortex. No specific information on the
sex of the included animals was available, suggesting that the dataset
includes combined information on connectivity of male as well as female
cats (Scannell et al., 1995). The parcellation scheme as used by Scannell et
al., dividing the cat cortex into 65 distinct, non-overlapping regions, was
based on previous work considering the cytoarchitecture and physiology
of cortical regions and did not involve clear information on subcortical
regions of the cat brain. Detailed information on the delineated regions,
including information on the used parcellation scheme, abbreviations
and possible overlap with other parcellation schemes, as well as informa-
tion on the physiological characteristics of these regions, is given in the
appendix of the original study by Scannell et al. (1995). The connectivity
dataset incorporates data of one hemisphere, including 65 regions and
1139 interregional macroscopic axonal projections, with the strength of
the connections measured in three levels: 1, reflecting a weak connection;
2, reflecting a medium strength connection; and 3, reflecting a strong
connection. The connectivity dataset was transformed to a binary (i.e.,
unweighted) connectivity matrix, including information on all nonzero
entries (i.e., all connections with weights ranging from 1 to 3) and inter-
preted as an unweighted graph G � (V,E), with V describing the nodes of
the network taken as the collection of 65 cortical regions and E the col-
lection of macroscopic projections between nodes V in the network.

Functional modules
The cat connectivity dataset included a classification of the cortical re-
gions (i.e., nodes in the network) into four categories as defined by Scan-
nell et al. (1995): (1) visual regions (18 regions); (2) auditory regions (10
regions); (3) somatomotor regions (18 regions); and (4) frontolimbic
regions (19 regions). This subdivision was based on neurophysiological
information about the functional role of each included brain area. The
four categories were taken and interpreted as an a priori classification of
the nodes of the cat connectome into four functional communities, as
originally proposed by Scannell et al. (1995). Verifying this a priori def-
inition on the basis of the connectivity structure of the network itself
(Hagmann et al., 2008; Harriger et al., 2012), using Newman’s directed
community detection algorithm (Newman, 2006; 1000 runs, taking the
solution with the highest modularity score), revealed a highly similar
community pattern, with the only clear difference being that the somato-
motor community is further subdivided into two separate modules (one
module involving regions 17, 18, 19, PMLS, AMLS, 21a, 21b, ALG, 7, and
region SVA and the other module involving regions PLLS, ALLS, VLS,
DLS, and 20a).

Rich club organization
Rich club organization of a network describes the phenomenon that
high-degree nodes of the network are more densely connected than one
would expect on the basis of their individual degree alone (Colizza et al.,
2006; for a detailed description of rich club analyses on brain networks,
see van den Heuvel and Sporns, 2011; Zamora-López et al., 2009, 2010).
In short, for each node i of the cat connectome, its individual in-degree
(i.e., the number of incoming connections) and out-degree (i.e., the
number of outgoing connections) was computed. For each level of k, the
subgraph Sk consisting of N�k nodes with a combined in-degree and
out-degree larger than k was selected. The rich club coefficient �(k) of
level k was computed as the ratio between the number of connections E�k

present within this subgraph Sk and the total number of possible connec-
tions in Sk [i.e., N�k � (N�k � 1)], formally given by Colizza et al. (2006):

��k� �
E�k

N�k�N�k � 1�
. (1)

To compensate for the fact that in randomized networks higher-degree
nodes also have a higher probability of becoming interconnected, the cat
rich club coefficient �(k) was compared with the rich club coefficient of

a set of randomized graphs with a similar degree sequence in which the
overall global topology was destroyed. To this end, 1000 random graphs
were formed, randomly rewiring the connections of the directed connec-
tivity matrix of the cat connectome while preserving the in-degree and
out-degree of each node i in the network (i.e., hubs remain hubs), and the
rich club coefficient �random(k) of these random graphs was computed to
obtain a null distribution. For each level of k, �(k) was assigned a p value
as the percentage of the null distribution that exceeded the rich club
coefficient as observed in the original network. A network is said to
display a rich club organization if, for a range of k, �(k) � �random(k), or,
expressed differently, if the ratio �norm(k) between �(k) and �random(k)
exceeds 1.

Rich club selection
In this study, the cat rich club was taken as the top 15 highest-degree
nodes in the network, effectively selecting a rich club threshold of k � 45
from the range in which �(k) significantly exceeded �random(k) (see Fig.
1a). Previous studies have demonstrated that very consistent results are
found across threshold choices and across rich club selection criteria
(Harriger et al., 2012; Van den Heuvel et al., 2013). In this context, it
could be noted that, like the small-world phenomenon, the presence or
absence of rich club organization should be regarded as a topological
property of the network as a whole rather than a property of a single
subset of nodes. The existence of a rich club organization in a network is
most often displayed by the presence of a “rich club regime,” an interval
on the degree range for which �norm(k) significantly exceeds 1, not only
by the presence of a single rich club.

Participation of nodes in functional modules
Distinct roles can be assigned to the nodes of a network depending on
their intermodule and intramodule connectivity profile (Guimerà and
Nunes Amaral, 2005; Sporns et al., 2007; Fornito et al., 2012). To this end,
two metrics were examined in detail: (1) the within-module degree z-
score; and (2) the between-module participation coefficient.

Within-module degree z-score. Taking the functional communities as
defined by Scannell et al. (1995) as module classification, the within-
module degree z-score (Guimerà and Nunes Amaral, 2005) of node i was
computed as follows:

zi �
�iS � �S

�S
, (2)

where �iS is the number of connections of node i to other nodes in the
same module S, and �S and �S, respectively, represent the mean and SD
of the within-module degree over all nodes in S. As such, zi describes how
well connected (on the structural level) node i is to the other nodes in its
(functional) module. High within-module degree z-scores thus reflect a
high level of intramodule connectivity of node i (Guimerà and Nunes
Amaral, 2005). For each node, both an in-degree zi

in and out-degree zi
out

score was computed, based on the incoming and outgoing connections of
a node, respectively.

Between-module participation coefficient. In addition to the within-
module degree z-score, providing information on the level of intramod-
ule connectivity, the between-module participation coefficient Pi

quantifies the extent to which the connections of a node are evenly dis-
tributed across the different functional modules (Guimerà and Nunes
Amaral, 2005). It is given by:

Pi � 1 � �
S�1

4 ��iS

ki
�2

, (3)

where �iS is the number of structural links from node i to nodes in
functional module S, and ki is the total degree of node i. As such, Pi

expresses the role of node i in interconnecting different modules. For
each node, both an in-degree Pi

in and out-degree Pi
out score was com-

puted, based on the incoming and outgoing connections of a node, re-
spectively.

Nodes were classified according to their in-degree and out-degree zi

and Pi scores. First, for each of the four metrics separately, node values
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were ranked according to their metric levels. Second, across metrics, each
node was given a rank score ranging from 0 to 4, expressing the number
of times it ranked among the top 15 nodes on each of the four metrics.
Third, inspired by the concept of Guimerà and Nunes Amaral (2005) and
Sporns et al. (2007) who labeled nodes that display a high zi (originally
defined as �2.5) and high Pi (originally defined as �0.3) as “connector
hubs,” nodes that displayed a high ranking score (�3) were defined as
“intermodule hubs” to underscore their central character of linking dif-
ferent functional modules.

Centrality
For each node, the betweenness centrality Bi and level of “PageRank”
centrality PageRanki (Page et al., 1999) were computed. The level of Bi of
node i expresses the proportion of all shortest paths between node j and
node h in the network that travel through node i, summed over all com-
binations of h and j in the network (with h � j), and provides an estimate
of the role of a node in global network communication. The level of
PageRank

i
of a node reflects how frequently node i is visited by a (infinite)

random walker (Rubinov and Sporns, 2010), a type of analysis that has
been suggested to provide insight into diffusion-like communication
processes in a graph (Goñi et al., 2013). Higher levels of PageRanki reflect
a more central role of a node in the overall network topology.

Overlapping node communities
To detect regions of overlap between the four a priori defined functional
modules of the cat brain, a “fuzzy” overlapping community approach,
driven by efficient encoding of random walker trajectories, was applied
to the structural connectivity network (for technical details, see Esquivel
and Rosvall, 2011). This algorithm allows nodes of the network to par-
ticipate in multiple communities on top of their original community
assignment. This approach thus extends the initial division of the net-
work (i.e., dividing the network into four non-overlapping functional
modules) to an overlapping community pattern, resulting in a commu-
nity pattern in which nodes are allowed to participate in other commu-
nities besides their original assignment. Nodes that participate in
multiple communities can be interpreted to be on the boundary between
modules, taking on a mediating role between the two (or more) commu-
nities to which they are assigned (Esquivel and Rosvall, 2011).

Node and connection classes
Rich club definition allowed for a classification of the nodes of the cat
network into rich club and non-rich club nodes. Furthermore, according
to the node classification, the connections of the cat connectome were
divided into three connection classes: (1) rich club connections, linking
rich club members; (2) feeder connections, linking non-rich club nodes
to rich club nodes; and (3) local connections, linking non-rich club nodes
(van den Heuvel et al., 2012). Including information on the directionality
of the connections, feeder connections were further subdivided into
feeder-in connections, projecting from non-rich club to rich club nodes,
and feeder-out connections, projecting from rich club nodes to non-rich
club nodes. In addition, combining connectivity information with infor-
mation on the functional modules, connections were labeled as intra-
modular when they connected nodes of the same functional community
or intermodular when they connected nodes of different functional com-
munities. Finally, using information on the directionality of the edges,
connections were labeled as bidirectional or unidirectional.

Structural homogeneity of connections
For each connection c, the structural homogeneity was computed as the
overlap O between the neighbors of its endpoints i and j (i.e., the nodes
connected by c), formally given by the following:

O �
�ni � nj�
�ni � nj�

, (4)

where ni and nj are the collection of neighbors of node i and node j,
respectively. Higher O values indicate that node i and j have similar
neighbors, suggesting that c links nodes with a comparable role in the
network.

Module diversity of connections
The module diversity of a connection c between nodes i and j was defined
as the product pi � pj, where pi and pj are equal to the fraction of func-
tional modules that were directly connected to, respectively, node i and
node j. As such, a high module diversity score reflects that a connec-
tion is embedded between two regions in which information from
many functional modules might merge, whereas a low diversity score
suggests that a connection facilitates the communication of more
unimodal information.

Statistical analyses
Permutation testing was used to assess statistical significance of group
differences on node and connection metrics. First, for a given metric
(e.g., node metrics such as Pi or Bi), the difference between the mean of
the two groups (e.g., rich club vs non-rich club) was computed. Second,
for N permutations, the metric values were randomly assigned to two
random groups (of equal size to the two original classes), and, for each
permutation, their group difference was computed. In this study, N was
(in all tests) set to 10,000. This resulted in a distribution of differences
that one can expect under the null hypothesis when no statistical differ-
ence is present between the two groups. On the basis of this null distri-
bution, the original difference between the two groups was assigned a
(one-tailed) p value as the proportion of the null-distribution values that
exceeded the observed original difference. Note that, because the cat
dataset involves a reconstruction of the cat connectome based on the
aggregation of connectivity data across a large number of studies, it does
not take into account intersubject variability. The degrees of freedom in
all statistical tests thus come from the dimensions of the network and not
from the number of subjects.

Path motifs
The concept of “path motifs” (van den Heuvel et al., 2012) was applied
and extended. A path motif of a communication path expresses the order
in which the edge categories [i.e., rich club (RC), feeder (F), local (L)] are
traversed and thus defines “groups of paths.” To this end, all shortest
communication paths (including “degenerate paths”) in the network
were computed (van den Heuvel et al., 2012) and labeled with the cate-
gories of connections passed, and the prevalence of each unique sequence
was computed (van den Heuvel et al., 2012). Within an (un)weighted
network, multiple degenerate paths of equal length between two nodes
can exist. Describing paths of minimal distance, referred to as “commu-
nication paths,” a degenerate path was taken as one that connected node
i and node j with equal length, crossing a node and an edge only a single
time on its path. The prevalence of each path motif (e.g., L–L, F–F,
F–RC–F, etc.) was computed as the ratio between the number of times a
path motif was present and the total number of examined paths (i.e.,
including all degenerate paths). Extending previous studies on path mo-
tifs in humans (van den Heuvel et al., 2012), macaque cortex (Harriger et
al., 2012), and Caenorhabditis elegans (Towlson et al., 2013), path motifs
were examined in more detail with edges now labeled not only according
to their primary connection class (rich club, feeder, local) but also ac-
cording to their directional character and their intermodular versus in-
tramodular role.

Comparison with random networks
Because studies have emphasized the importance of proper normaliza-
tion of network metrics (Bialonski et al., 2011; Zalesky et al., 2012), the
pattern of path motif counts was compared with the pattern of motifs
occurring in an ensemble of random networks (van den Heuvel et al.,
2012). A set of a 1000 random networks were generated, randomly re-
wiring the connections of the cat dataset, preserving the in-degree and
out-degree of each node but randomizing the overall topology of the
network (Maslov and Sneppen, 2002). Because the in-degree and out-
degree of each node remained equal to its value in the original cat dataset,
node labels (i.e., rich club/non-rich club labels) were also kept equal to
the labels in the cat brain, and connections in the random networks were
labeled as rich club, feeder, and local connections according to this node
classification. Next, of each of the labeled random networks, motif
counts (given as proportions of the total number of examined paths) of
each of the path motifs as observed in the original cat dataset were com-
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puted, providing a null distribution of path motif prevalence at chance
level. Based on this null distribution, each path motif count as observed
in the original dataset was assigned a p value as the number of entries in
the null distribution that exceeded the path motif count in the original
dataset.

Results
Rich club nodes and non-rich club nodes
Confirming previous findings, structural connectivity of the cat
connectome showed a rich club organization, with a normalized
rich club coefficient �norm(k) � 1 (p 	 0.05, Bonferroni’s cor-
rected) for a range of k � 15 to k � 49 (i.e., the rich club regime;
Fig. 1a), consistent with the previous report on rich club organi-
zation in the cat connectome of Zamora-López et al. (2009). In
this study, from the rich club regime, the rich club was selected as
the top 15 (23%) highest-degree nodes (in-degree and out-degree
combined), corresponding with a rich club level of k � 45. Con-
sistent findings were found when the rich club was selected at
different levels (e.g., k � 43 being the peak of the �norm(k) curve,
or at k � 47). At k � 45, the rich club comprised the regions 20a,
7, AES, SSF, EPp, 6m, 5al, PFCdl, Ia, Ig, CGa, CGp, LA, 35, and 36.
The level of rich club density (i.e., the percentage of the total
possible number of connections that was present) between these
15 hub nodes was found to be 77% (1.14 times more than com-
pared with 1000 random networks, p 	 0.001). A schematic
drawing of the regions of the cat cortex, indicating the four func-
tional modules (i.e., visual, auditory, somatomotor, and fron-
tolimbic) and rich club regions is shown in Figure 1, b and c.

Information on the directionality of the connections allows
for an additional generalization of the rich club concept to a
specific in-degree and out-degree rich club. Over the network,
nodal in-degree and out-degree showed a strong correlation (r �
0.72, p 	 0.001, linear regression), indicating that high in-degree
nodes also show (on average) a high out-degree. As a result, de-
fining a rich club on the basis of in-degree or out-degree only
(selected as the top 15 nodes with highest in-degree or out-
degree, respectively) revealed high overlap with the rich club as
defined on the combined degree, with 14 of 15 nodes overlapping
(20a, 7, AES, EPp, 6m, 5al, PFCdl,Ia, Ig, CGa, CGp, LA, 35, and
36) on the basis of in-degree and 11 of 15 nodes overlapping (20a,
7, AES, EPp, 6m, Ia, Ig, CGa, CGp, 35, and 36) on the basis of
out-degree. Ten of 15 rich club nodes (66%) were revealed to
have a higher in-degree than out-degree, in contrast to 33% of
non-rich club nodes.

Participation of rich club nodes in functional modules
Rich club members were found to be present in all functional
modules (Fig. 2a,b), suggesting a diverse connectivity profile
of the rich club as a whole. Rich club nodes showed a signifi-
cantly higher within-module degree zi

in score (mean 
 SD;
rich club nodes, 0.43 
 0.76; non-rich club nodes, �0.13 

1.00; p � 0.044; 10,000 permutations) but not a different zi

out

(rich club, 0.028 
 0.79; non-rich club, �0.01 
 1.03; p �
0.907) compared with non-rich club nodes (Fig. 3b). Further-
more, both the participation coefficient Pi

in (rich club, 0.68 

0.0337; non-rich club, 0.3352 
 0.22; p 	 0.001) and Pi

out (rich
club, 0.65 
 0.0611; non-rich club, 0.3936 
 0.21; p 	 0.001)
were found to be higher for rich club nodes compared with
non-rich club nodes, indicating a diverse connectivity charac-
ter of rich club nodes.

Obtaining for each node an overall rank score, expressing the
number of times a node ranked among the top 15 highest in-
degree and out-degree zi and Pi values, rich club nodes displayed
a significant higher ranking score compared with the class of
non-rich club nodes (mean 
 SD; rich club nodes, 2.13 
 0.83;
non-rich club nodes, 0.56 
 0.58; p 	 0.001; 10,000 permuta-
tions). The distribution of rank scores across the classes of rich
club and non-rich club nodes is shown in Figure 2c, showing that
all nodes scoring a rank score of 3 (which is the highest ranking
score in the network; no nodes showed a score of 4) were found to
be among rich club nodes, including 6 of the total of 15 rich club
nodes. To reflect both their high degree and their intermodular
character (all six were among the top 15 P in and P out scores),
these nodes are referred to as intermodule hubs. The level of rich
club density (i.e., percentage of possible connections present)
between these six intermodule hubs was found to be 87% (1.16
times more than compared with the random condition; 1000
networks examined). In addition, 11 (73%) of the 15 rich club
nodes showed a score of 2 or more compared with only 5 (10%)
of the 50 non-rich club nodes.

Rich club centrality
Rich club nodes showed a significantly higher betweenness cen-
trality Bi (mean 
 SD, 0.041 
 0.025) compared with the group
of non-rich club nodes (0.006 
 0.0049; p 	 0.001; 10,000 per-
mutations), and a significantly higher PageRanki (rich club,
0.02 
 0.0085; non-rich club, 0.013 
 0.0038; p 	 0.01), indicat-
ing a central role of rich club nodes in the overall network struc-
ture. Bi and PageRanki values and their interaction are shown in
Figure 3.

Figure 1. a, Rich club curve. a shows the unweighted rich club coefficient �(k) of the cat
connectome (black line) for a range of k � 1 to k � 68, the mean rich club curve �random(k) of
a set of 1000 comparable random graphs (gray line, randomizing the connections of the cat
network while preserving degree sequence), and their ratio (red line). Top and bottom gray
lines mark the SD of the rich club coefficient over the 1000 random networks. The red circle
indicates the k � 45 level. b shows a schematic figure of the cat cortex (adapted from Scannell
et al., 1995) with regions colored according to their functional community: somatomotor, vi-
sual, auditory, and frontolimbic. c shows a regional plot with the rich club members depicted in
red and non-rich club nodes depicted in gray.
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Rich club involvement in overlapping communities
Using an information theoretic fuzzy community approach (Es-
quivel and Rosvall, 2011), regions of possible overlap between the
four functional modules were identified by allowing nodes to
participate in multiple communities while preserving their orig-
inal module assignment. In the overlapping community pattern
(Fig. 4a), rich club nodes were on average involved in 1.87 commu-

nities (SD of 1.06), whereas non-rich club
nodes were on average involved in 1.16
communities (SD of 0.37), significantly less
than rich club regions (p � 0.0014; 10,000
permutations). Furthermore, 7 (46%) of
15 rich club nodes (including areas from
all four functional domains) were involved
in multiple communities (13% participat-
ing in two communities, 27% in three com-
munities, and 6% in all four communities),
in contrast to only 16% of the non-rich club
nodes. Such a diverse community involve-
ment of rich club regions and their specific
representation in areas in which multiple
functional domains fuse together empha-
sizes the potential role of the rich club in
interlinking different functional communi-
ties of the brain. Indeed, examining the
number of functional communities to
which each node directly connects (referred
to as the “functional neighborhood” of a
node) revealed that all rich club nodes are
directly connected to nodes in all four func-
tional communities (mean 
 SD, 4 
 0),
thus showing a significantly more diverse
functional neighborhood compared with
non-rich club nodes (3 
 0.9; p 	 0.001;
10,000 permutations) (Fig. 4b).

Characterization of rich club, feeder,
and local connections
Figure 5a shows the (weighted) connectivity
matrix of the cat connectome, as adopted
from Scannell et al. (1995). Classification of
the nodes into rich club and non-rich club
nodes allowed for the categorization of the
connections of the network into three class-
es: (1) rich club connections, linking rich
club members; (2) feeder connections, link-
ing non-rich club nodes to rich club nodes;
and (3) local connections, linking non-rich
club nodes (Fig. 5b). Furthermore, informa-
tion on the direction of projection pathways
allowed for an additional classification of
the feeder connections into feeder-in con-
nections (those connections that project
from non-rich club to rich club nodes) and
feeder-out connections (those axonal pro-
jections that project from rich club nodes to
non-rich club nodes). A circular graph rep-
resentation of the cat connectome is given in
Figure 6, showing rich club (red), feeder (or-
ange), and local (yellow) connections. Rich-
club connections accounted for 14% of all
traced connections of the cat cortex,
feeder-in connections for 27%, and feeder-

out connections for 21% (together, 48% of the network). Local con-
nections accounted for the remaining 38% of the total number of
connections (Fig. 5c).

Intermodule and intramodule connections
A total of 43% of the connections were found to be intermodular,
linking nodes of different functional modules, and 57% were

Figure 2. a, Rich club nodes were found to be present in all four functional modules. The pie graph shows how the 15 rich club
nodes were distributed across the four modules. b, Number of nodes that is involved in the rich club per functional module. c,
Distribution of rich club nodes (red) and non-rich club nodes (gray) across ranking scores (ranging from 0 to 3, top left to bottom
right), expressing the number of times a node scored among the top 15 nodes on in-degree and out-degree zi and Pi in the network.
Rich club nodes were found to be well represented among the highest scoring nodes (class 3, labeled intermodule hubs), under-
scoring the central role of rich club hubs in linking all four functional communities of the network.

Figure 3. Node values and interactions of: a, in-degree and out-degree; b, in-degree and out-degree zi; c, in-degree and
out-degree Pi; d, Bi and PageRanki. Non-rich club nodes are shown in gray, and rich club nodes are shown in red.
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found to be intramodular, linking nodes of the same module. Of
all intermodule connections, 86% was found to comprise rich
club (22%) and feeder (64%) connections, underscoring an im-
portant role for these connections in intermodule communica-
tion (Fig. 5c). Indeed, 67% of the rich club connections and 57%
of the feeder connections were found to link nodes of different
modules (Fig. 7a). When examining the number of connections
per node, on average almost 39% of the connections of a node
were found to be intermodular, and (on average) 61% of its con-
nections were found to be intramodular. For rich club nodes,
60% of the connections were found to be intermodule connec-
tions (ranging from 38 to 90%), whereas 32% of the connections
of non-rich club nodes were intermodular (ranging from 0 to
80%). Furthermore, �60% of all non-rich club nodes had �33%
intermodule connections.

Directionality
A total of 72% of the total collection of connections was found to
be bidirectional, and 28% of the structural projections were uni-
directional (Fig. 7b). The majority of rich club connections were
found to be bidirectional projections (86% bidirectional vs 14%
unidirectional), more than feeder (69 vs 31%) and local (70 vs
30%) connections. In addition, feeder-out edges were found to be
more often bidirectional (78% bidirectional vs 22% unidirec-
tional) than feeder-in edges (62% bidirectional vs 38% unidirec-
tional) (Fig. 7c). Intramodule connections were found to be
predominantly bidirectional (79% bidirectional vs 21% unidi-

rectional), more pronounced than intermodule connections
(62% bidirectional vs 38% unidirectional).

Structural homogeneity of connections
Measuring the structural homogeneity of each connection in the
network, expressed as the overlap O between the (one-step) con-
nection neighborhoods of the two nodes joined by the connec-
tion, revealed a significantly lower overlap in the connection
neighborhoods of feeder connections (mean 
 SD, 0.37 
 0.13)
compared with rich club (0.49 
 0.11; p 	 0.001) and local
(0.49 
 0.16; p 	 0.001; 10,000 permutations) connections. No
differences in O values between feeder-in and feeder-out connec-
tions were observed.

Module diversity of connections
In addition to the structural homogeneity, the module diversity
of each connection was also computed, examining the richness
of the functional neighborhoods of its endpoints (see Materi-
als and Methods). Rich club connections (mean 
 SD, 1 
 0)
showed a higher module diversity compared with feeder
(0.82 
 0.19; p 	 0.001) and local (0.66 
 0.24; p 	 0.001)
connections. Bidirectional links (mean 
 SD, 0.80 
 0.23)
were found to have a higher diversity score than unidirectional
links, but this effect was only marginally significant (0.77 

0.23; p � 0.05; 10,000 permutations).

Figure 4. a, Overlap between the four functional domains of the cat brain as revealed by an information theoretic fuzzy community approach, allowing nodes of the network to participate in
multiple communities while preserving their original community assignment (see Materials and Methods). Figure illustrates that rich club nodes are well represented among nodes that participate
in multiple communities. b, Functional neighborhood score of each node of the cat connectome, reflecting the number of functional communities to which each node is directly connected. All rich
club nodes revealed connections to all four functional domains. Interestingly, although significantly less than rich club members, non-rich club nodes still displayed a remarkable high functional
neighborhood score, with most of the nodes showing direct connections to other functional communities.

12934 • J. Neurosci., August 7, 2013 • 33(32):12929 –12939 de Reus and van den Heuvel • Intermodule Communication in the Cat Connectome



Path motifs
Tracing all shortest communication paths in the network that
traveled between two non-rich club nodes of different functional
communities revealed that 89.5% of all paths traveled through a
rich club node (significantly more than in randomized networks;
p 	 0.001), with 24.2% (p 	 0.001) traveling through at least one
rich club connection. These values were found to be much higher
than in a set of comparable random networks, in which 65% of
the intermodule communications paths crossed a rich club node
(SD, 1.4%) and 8.9% of the paths crossed at least one rich club
connection (SD, 1.1%) (1000 random networks examined). Ex-
amining the ordered sequence of connections—referred to as
path motifs—passed when traveling along these shortest com-
munication paths in the network revealed a strong prevalence of
paths that passed through rich club connections, following a
F–RC–F path motif (23% of all shortest paths, 2.6� higher than
random; p 	 0.001; 1000 random networks) (Fig. 8b). Note that,
because of a relative low spatial resolution, the overall shortest
path length in the cat dataset is low (97% of intermodule paths
consist of just two or three links, and paths of length five are
entirely absent), making long motifs, such as L–F–RC–F–L as
reported in human (van den Heuvel et al., 2012) and macaque
(Harriger et al., 2012) brain impossible to occur. For intermodule
paths, the F–RC–F motif is the only submotif of L–F–RC–F–L of
less than four steps and therefore its natural analog in the cat
connectome. In contrast, paths that followed an F–F motif were
found to be less prevalent in the cat brain compared with random
networks (22.3 vs 38.7% in random networks; Fig. 8b). Also note
the relative high occurrence of paths following an L–F–F motif
(p 	 0.001; Fig. 8b), representing paths that directly pass through
a rich club node without traversing over a rich club connection

when traveling between nodes of different modules, indicating
an important role for feeder connections in intermodule
communication.

Further delineating paths that followed the most prevalent
F–RC–F path motif (Fig. 8c), now including information on the
intermodular and intramodular character of the connections of
the network, revealed an above-chance level occurrence of paths
that followed a “feeder-in–intramodule to rich club–intermodule
to feeder-out–intramodule” motif (15 times higher than random;
p 	 0.001). This was higher than (for example) paths that fol-
lowed a “feeder-in–intermodule to rich club–intermodule to
feeder-out–intramodule” (4.7� more than random; p 	 0.001)
or a “feeder-in–intermodule to rich club–intramodule to feeder-
out–intramodule” motif (not significantly different from ran-
dom; Fig. 8c). Interestingly, consistent with the results shown in
Figure 8b, paths that followed a “local–intramodule to feeder–
intermodule to feeder–intramodule” motif were found to be
among the highest occurring motifs in the network (p 	 0.001;
Fig. 8c), suggesting that, besides intermodule rich club connec-
tions, feeder-in and feeder-out intermodule connections (linking
non-rich club nodes to rich club nodes) play an important role in
maintaining short communication pathways between different
functional modules in the cat brain.

Discussion
This study provides additional support for the rich club of the
brain to form an infrastructure for communication between dif-
ferent domains of the mammalian brain. Extending recent re-
ports of rich club formation in the C. elegans (Towlson et al.,
2013), cat (Zamora-López et al., 2009), macaque (Harriger et al.,
2012), and human (van den Heuvel and Sporns, 2011; Collin et

Figure 5. a, Connectivity matrix of the cat connectome, with nodes ordered according to the participation in the four functional modules. Connections are color coded according to their
connection class: rich club (red), feeder (orange), or local (yellow). b, Schematic figure of the rich club (red) and non-rich club (gray) nodes and directional rich club (red), feeder (orange), and local
(yellow) connections. c, Metrics of interest of the three classes of connections. Examined metrics include the number of connections, distribution of bidirectional and unidirectional connections, and
number of intermodule and intramodule connections.
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al., 2013) cortex, our findings provide six lines of evidence to
pinpoint the rich club as a central anatomical infrastructure to
interconnect functional domains of the mammalian brain.

First, analyzing data of the macroscopic cat connectome as
presented in the seminal work of Scannell et al. (1995) almost 20
years ago, rich club nodes were found to be present in all four
functional modules of the cat brain. This observation indicates
that the rich club involves regions from all functional domains,

including not only frontolimbic, but also primary visual, audi-
tory, and somatomotor networks. Second, rich club nodes were
found to show a particular diverse connectivity profile, being well
represented among the so-called intermodule hubs of the net-
work. Third, more than two-thirds of all rich club and more than
half of all feeder connections were found to span between differ-
ent functional modules, indicating a clear prevalence of these
types of connections to bridge different functional communities.

Figure 6. a, Ring plot of the cat connectome. Nodes of the cat brain are ordered on a ring according to their module participation. Connections are colored according to their connection class. b,
Connections of the network split in rich club, local, and feeder-in and feeder-out connections. Nodes in the plots of b are arranged in the same order as in a. The figure shows a clear intermodular
character of rich club and feeder connections, whereas local connections mostly connect nodes within the same module.

Figure 7. a, Distribution of intermodule and intramodule connections across all connections (gray) and across the class of rich club (red), feeder (orange), and local (yellow) connections. b,
Distribution of bidirectional (bi) and unidirectional (uni) connections across all connections, and across the three classes of connections. c, Distribution of bidirectional (bi) and unidirectional (uni)
connections and intermodule and intramodule connections across feeder-in (light orange) and feeder-out (dark orange) connections.
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This stands in contrast to local connections of which the vast
majority (84%) connected nodes of the same module. Fourth, all
rich club nodes were found to be directly connected to nodes
across all four functional domains. Fifth, an information theo-

retic approach to detect possible overlap
between the four functional modules (Es-
quivel and Rosvall, 2011) revealed a clear
multimodal character of rich club nodes,
suggesting that rich club nodes operate at
the topological “border zones” of func-
tional subsystems (Fig. 4). Sixth, exami-
nation of the sequence of connection
classes along communication paths in the
brain showed a clear participation of the
rich club in intermodule paths, suggesting
an important role of rich club and feeder
connections in intermodule communica-
tion (Fig. 8).

Connections linked to rich club mem-
bers were found to be well represented
among intermodule connections. Al-
though, split up by connection class, rich-
club connections showed the highest
proportion of intermodule connections
with respect to the overall count of their
class (Fig. 7), both feeder-in and feeder-
out connections were also found to be well

represented among intermodule connections and intermodule
paths. More than half of all feeder connections were found to link
nodes of different functional modules (Fig. 7), and paths involv-

Figure 8. a shows a schematic figure of a network with rich club organization, indicating eight classes of connections: RCN, rich club intermodular; RC ●, rich club intramodular; FN2, feeder-out
intermodular; FN2, feeder-in intermodular; F ●

2, feeder-out intramodular; F ●
1, feeder-in intramodular; LN, local intermodular; L ●, local intramodular. b, Distribution of path motifs of all

shortest paths between local nodes in different functional communities, taking into account information on rich club, feeder-in, feeder-out, and local connections. Path motif counts of the cat
dataset are depicted in pink, and path motif counts in a random situation (average across 1000 random networks) are depicted in gray. Figure illustrates that the F–RC–F motif occurs 2.6� more
in the cat dataset compared with the random model ( p 	 0.001). c, Distribution of path motifs as shown in b now further specified including information on the intramodular or intermodular
character of the passed connections. c shows the path motif counts of the four highest scoring path motifs of b. *p 	 0.05, Bonferroni’s corrected.

Figure 9. Cortical rich clubs across species. From left to right, figures show rich club regions color coded in red of the cat cortex (as
presented by Zamora-López et al., 2009, 2011 and the present paper), macaque cortex (figure adapted from Harriger et al., 2012), and
human cortex (low resolution, 34 cortical nodes per hemisphere; data from van den Heuvel and Sporns, 2011). Overlapping with rich club
involvement in the cat cortex as presented in this paper, the macaque (Harriger et al., 2012) and human (van den Heuvel et al., 2012) rich
club have also been reported to involve occipital and parietal visual and sensory regions, temporal auditory regions, frontal (pre)motor
regions, as well as insular, medioparietal, and mediofrontal regions overlapping the limbic system.
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ing feeder connections were found to be among the highest oc-
curring path motifs (in particular, the L●–FN1–F●

2 motif; see
Fig. 8C) in the network. This suggests that feeder connections are
likely to play a crucial role in maintaining high levels of direct
connectivity between functional domains and that rich club con-
nections may not necessarily be designed to only facilitate quick
global communication routes. Rich club nodes and connections
showed a particular high level of module diversity, suggesting
that they are positioned in areas in which information from many
functional modules passes and merges. With communication in
neural systems involving continuous transformation and inte-
gration, the diverse character of rich club nodes and their edges
thus leaves room for the hypothesis that the rich club does not
only comprise a set of global communication pathways but may
constitute, as a core system, a central place for global integration
of information. Theories of consciousness and cognition have
suggested that global integration of information may take place in
a “global workspace,” hypothesized as a dynamical core in which
segregated functional systems can share their information
though means of neuronal interactions (Dehaene and Naccache,
2001). The rich club system connects a large proportion of all
central hubs of the network and participates in a large proportion
of global communication pathways, making it an ideal candidate
for a neural substrate of an integrative global workspace in the
mammalian brain (Harriger et al., 2012).

The observed rich club topology of the cat cortex is consistent
with recently reported rich club organization of the macaque and
human cortex (Harriger et al., 2012; Shen et al., 2012; van den
Heuvel et al., 2012). Although caution is needed when directly
comparing brain regions across species (Sereno and Tootell,
2005), the macaque and human rich club are also suggested to
involve occipital and parietal visual and sensory regions, tempo-
rofrontal insular regions, frontal motor and premotor regions,
and medioparietal and mediofrontal regions (Fig. 9). The spatial
and topological overlap of rich club systems across the cat, ma-
caque, and human cortex proposes a strong preservation of this
subsystem across species, suggesting high value of retaining a
neural substrate for integration of information between sepa-
rated systems in the brain.

At least one additional observation stood out and deserves a
more detailed discussion. Besides nodes of the rich club, the rest
of the network was also found to show a distinct intermodular
character. Indeed, almost half of all macroscopic white matter
projections in the cat brain were found to link nodes of different
functional modules. Examining the placement of connections
per node, on average 30% of the edges of non-rich club nodes
were found to directly connect to a node in one of the other
functional domains, among which a large proportion of feeder
connections. More than 60% of all peripheral non-rich club
nodes was found to show a relatively diverse character, having
�33% of their connections projecting directly to or from other
functional domains. These observations tend to suggest that the
mammalian brain on the macroscopic level has a less modular
and perhaps more integrative organization than commonly ar-
gued. Such a diverse character of the majority of brain regions in
the brain is supported by functional studies of the human brain,
suggesting a dynamic participation of cortical areas into multiple
communities (Bassett et al., 2006), as well as the observation that
most cortical areas show involvement in a wide variety of cogni-
tive tasks (Anderson and Pessoa, 2011).

Some comments are in place when interpreting the findings of
this study. First, in the main analysis of this study, no information
on the strength of corticocortical projections was taken into ac-

count. Including information from the original classification of
connections into “weak,” “medium,” and “strong” connections
did not change the nature of our findings, nor did it reveal clear
distinctions in connectivity strength between connection classes.
However, information available on the strength of corticocortical
projections in the cat connectome dataset is coarse (Scannell et
al., 1995), and future studies examining the architecture of tract-
based connectomes including more direct and more extensive
information on connectivity strength (Markov et al., 2012)
would be of high interest. Second, in contrast to aforementioned
reports of rich club formation in the human brain, the cat dataset
comprises information from a single hemisphere only, which is
likely to have an impact on the path motif analysis as only intra-
hemispheric paths can be examined. However, the considerable
overlap between the rich club in the human brain and the cat and
macaque brain (Harriger et al., 2012) (with the latter also based
on single hemisphere data) further supports the notion that the
rich club does not merely relate to the bridging of two hemi-
spheres but rather to linking functional domains in general.
Third, the cat connectome, as well as the macaque connectome
based on the CoCoMac (for Collation of Connectivity Data on
the Macaque Brain) database (Stephan et al., 2001) and the orig-
inal reconstruction of the connectome of the Caenorhabditis el-
egans (White et al., 1986), are not the result of connectivity
mapping within a single animal but rather involve a reconstruc-
tion of the connectome based on the aggregation of connectivity
data form a large number of (mostly) single injection site and
single connection studies. This in contrast to in vivo diffusion-
based studies of the human connectome, which do allow for the
examination of brain networks as reconstructed from single in-
dividuals (Hagmann et al., 2008; Iturria-Medina et al., 2008; For-
nito et al., 2011; van den Heuvel and Sporns, 2011; Zalesky et al.,
2011). Fourth, a number of analyses in this paper assume an
important role for shortest paths in interactions between brain
regions. However, as noted previously (van den Heuvel et al.,
2012), the human brain is likely a system in which its elements
only have access to information about the local structure of the
network and are thus unable to select shortest paths on basis of
knowledge about the global architecture of the network. Recent
studies have proposed a number of interesting metrics that ex-
press communication in networks in terms of diffusion-like pro-
cesses (Esquivel and Rosvall, 2011; Goñi et al., 2013), and studies
examining the notion of path motifs in combination with these
diffusion-based metrics would be of particular interest.

Our findings show an important role for the rich club to cross-
link different functional communities in the cat brain. A central
bridge function of rich club and feeder connections further sup-
ports the theory of the rich club to form a key system for global
communication and integration in the mammalian brain.
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