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Modelling Human Cortical Network in Real Brain Space ∗
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Highly specific structural organization is of great significance in the topology of cortical networks. We introduce
a human cortical network model, taking the specific cortical structure into account, in which nodes are brain
sites placed in the actual positions of cerebral cortex and the establishment of edges depends on the spatial
path length rather than the linear distance. The resulting network exhibits the essential features of cortical
connectivity, properties of small-world networks and multiple clusters structure. Additionally, assortative mixing
is also found in this model. All of these findings may be attributed to the specific cortical architecture.

PACS: 87. 19. La, 05. 45.−a

Real-world complex systems are composed of in-
teracting entities with nontrivial dynamical behaviour
and complicated interaction topology.[1] Networks
have been extensively applied to the descriptions of
complex systems for a long time,[2,3] and some mod-
els have been proposed. As landmarks, Watts and
Strogatz (WS)[4] constructed the small-world model
by random rewiring on lattice which may greatly re-
duce the average-shortest path (ASP), while keeping
the clustering coefficient relatively large. Barabási
and Albert (BA)[5] suggested that the two mecha-
nisms, growth and preferential attachment, may result
in the scale-free property represented by the power-
law degree distribution. While the WS and BA mod-
els have successfully described the topological prop-
erties of many real-life complex networks, some other
associated factors must be taken into account when
modelling the real systems, such as the distance in
spatial networks.

The cortical system network is a representative
spatial network, in which connection probabilities
depend on the distance between nodes, and long-
distance connections are rare, partially because the
concentration of diffusible signalling and growth fac-
tors decays with distance.[6] Accounting for this con-
straint, Kaiser and Hilgetag[7,8] presented a spatial
growth model in which a new node position is chosen
randomly in two-dimensional space, and the establish-
ment of connections from a new node u to one of the
existing nodes v depends on the distance d(u, v) be-
tween nodes, that is, P (u, v) = σe−λd(u,v). Note that
the model does not adopt the power-law edge prob-
ability due to its disability to yield the small-world
networks. This spatial growth mechanism in the limit
of spatial border can produce network properties com-
parable to those in real cortical systems.[9,10] However,

the highly specific organization of cortical systems is
not only in its connectivity, but also in its spatial
structure, i.e. the spatial arrangement of the neu-
rons. Therefore, the specific cortical structure should
be considered in modelling cortical networks.

Accordingly, we present a human cortical network
model constructed in the real brain space. Concretely,
the nodes in our model are the brain sites, in dimen-
sions 2× 2× 2mm3, placed in their actual position in
human cerebral cortex, labelled in the Montreal Neu-
rological Institute (MNI) space.[11] The probability for
establishing a connection between two nodes u and v
is set as

P (u, v) = βL−α(u, v), (1)

where L(u, v) is the spatial path length (SPL) between
the node positions, i.e. the geographical distance,
rather than the Euclidean distance; α and β are the
scaling coefficients shaping the connection probability,
which serve to regulate the dependence of edge forma-
tion on the SPL between nodes and to adjust the gen-
eral probability of edge formation, respectively. The
connection probabilities are calculated for all the pairs
of nodes, and those larger than one are set to one.

It is well known that there is extensive folding in
cerebral cortex, which makes linear distance a dubious
parameter. Therefore, we calculate the SPL instead
of the Euclidean distance. By the automated anatom-
ical labelling (AAL),[12] human brain is partitioned
into 90 regions by the main sulci. Accordingly, the
SPL is computed in three cases. First, if two nodes
are in the same region, the SPL is estimated by the
linear distance, i.e.

L(u, v) = d(u, v) =
√

(x(u) − x(v))2 + (y(u) − y(v))2 + (z(u) − z(v))2,
(2)
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where x, y and z denote the coordinates of nodes. Sec-
ond, when two nodes in the same hemisphere but in
different regions, they must stride over the obstructive
sulci to establish a connection. Therefore, the SPL is
set as

L(u, v) = d(u, v) + deep(u) + deep(v), (3)

in which d(u, v) is the linear distance between the
nodes, and deep(x) denotes the distance between the
node x and the bottom of neighbouring sulcus. Due
to the complexity of cortical architecture, deep(x) for
all the nodes is hardly fixed. For simplicity but no
influence on the statistical results, deep(x) is set as
a stochastic number between zero and the depth of
neighbouring sulcus. It was reported that the aver-
age depth of different sulci are different, varying from
15mm to 20mm.[13−15] We choose 15mm as the uni-
form depth of all the sulci in this model. Third, if two
nodes lie in different hemispheres, the SPL is simply
calculated by

L(u, v) = d(u, 0) + d(v, 0), (4)

where 0 is the origin of the cerebral space.
According to the above description, the edges in

the resulting networks can be primarily classified into
two kinds: intra-region and inter-region. Hence, the
influence of parameters α and β on the networks can
be investigated from local and global aspects.

In the local subnets, investigations focus on the
clustering coefficient, the percentage of neighbours of
a node that are connected with each other,[4] and the
ASP, that is, the number of links that have to be
crossed, on average, to go from one node of the net-
work to another. Typically, in a small-world network,
we expect the ratio Cratio = Cnet/Cran > 1 and the
ratio ASPratio = ASPnet/ASPran ∼ 1,[4] where Cran

and ASPran respectively denote the clustering coeffi-
cient and the ASP of a comparable random network.
A scalar summary of small-worldness is therefore the
ratio Cratio/ASPratio, which is typically larger than
1.[16] As shown in Fig. 1(a), in large parameter ranges
α ∈ [3; 5] and β ∈ [5; 50], the subnets in left supple-
mental motor area show the small-world property.

Although it is a local property, the small-world
topology of subnets can influence the global dynamics.
A previous study on structural and functional clusters
of cortical networks in macroscopic scale indicates that
the underlying small-world subnets can lead to the
formation of diverse dynamic clusters corresponding
to different brain functions such as vision and hear-
ing, whereas random connections result in one major
cluster, which corresponds to abnormal synchronous
activity of large neuronal assembles, for example, dur-
ing epileptic seizures.[1] Note that in two-dimensional
spatial growth model, power-law edge probability is

unable to yield small-world networks.[7] We conclude
that the small-world properties of the local networks
are induced by the specific architecture of human cere-
bral cortex.

Fig. 1. Ratio of Cratio to ASPratio, a scalar summary
of small-worldness, (a) in the subnets in left supplemental
motor area and (b) in the LSCN. A ratio larger than one
indicates the small-world property.

The global investigation of the model network fo-
cuses on the relationship of different regions, by virtue
of large-scale cortical networks (LSCN) abstracted
from the original networks. Nodes in LSCN are the
regions in cerebral cortex corresponding to the sub-
nets in the original networks, and the edges are estab-
lished if there are connections between the regions in
the original networks. Previous studies on anatom-
ical and functional connectivity have demonstrated
that the cortical networks have small-world topology
at a macroscopic (regional) scale.[9,17−20] As shown
in Fig. 1(b), in a small interval of intermediate values
for α around 4, the LSCN exhibits the properties of
small-world networks, indicated by the ratio of Cratio

to ASPratio to be larger than 1. Note that the LSCN
are fully connected networks at α < 3.5, while they
are split into fragmentary ones at α > 4.5.

The small-world properties reflect the need of the
cortical network to simultaneously satisfy the oppos-
ing demands of local and global processing.[6,21] On
the one hand, the clustering coefficient is a good ap-
proximation of the local efficiency, which shows how
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efficient the communication is between the first neigh-
bours of a node when it is removed.[22] This implies
that cortical networks with high clustering are robust
in local information processing even if some neurons
languish or suffer attack. Moreover, high clustering
promotes functional overlap of densely connected neu-
ronal elements, which are functionally segregated from
one another and constitute building blocks (topolog-
ical modules) of the cortical architecture.[21] On the
other hand, a low ASP is of significance in avoiding the
additional noise and shortening the signalling delay.[8]

In addition, long-range connections are indispensable
to synchronous processing over the entire cortical net-
work.

Multiple distinct network clusters, as an essential
feature of cortical connectivity, are also investigated.
Theoretically, the definitions of connection probability
and the SPL would lead to the fact that nodes connect
preferentially to the intra-regional ones and selectively
to those in other regions. Then multiple clusters struc-
ture emerges and the anatomical regions are the dis-
tinct clusters. In numerical modelling, modularity[23]

is introduced to evaluate the strength of cluster struc-
ture in the network. First an n×n symmetric matrix e
is defined for a network divided into n clusters, whose
element eij is the fraction of all edges in the network
that link nodes in cluster i to nodes in cluster j. Then,
the modularity can be measured by

Q =
∑

i

eii − ‖e2‖, (5)

where ‖x‖ indicate the sum of the elements of the
matrix x. If the number of within-cluster edges is not
better than random, we can obtain Q = 0. Values ap-
proaching 1, which is the maximum, indicate networks
with strong cluster structure. In this model, we con-
sider the 90 clusters analysed above. Due to its little
influence on the modularity, here β is fixed at 50. The
modularity Q of the resulting networks increases with
α, varying from 0.6 to 0.95, whereas in practice values
of Q for generic networks typically fall in the range
from about 0.3 to 0.7.[23] The large values of mod-
ularity Q indicate the strong cluster structure that
regions are densely intra-connected but sparsely inter-
connected, which promotes the specialized or modular
processing in local neighbourhoods, e.g. somatic mo-
tor information processing in the pre-central gyrus.
However, considering distributed or integrated pro-
cessing over the entire network, there should be ad-
equate inter-regional edges. Otherwise, the synchro-
nization of cortical networks would be suppressed or
even destroyed.[24] In this model, a small α is appro-
priate to the cortical networks.

Besides the small-world properties and multiple
clusters structure, we also study the hierarchy of the
modelling cortical network (α = 4 and β = 25) by

the clustering and assortative mixing.[25] Clustering,
found in many cases to scale as C(k) ∼ k−λ, is an
indication of hierarchical organization in which low-
degree nodes belong to well interconnected clusters
(with a high clustering coefficient), while hubs connect
many nodes that are not directly connected (with a
small clustering coefficient).[26] As shown in Fig. 2(a),
there is only a weak dependence of clustering from
degree in the model network. On the other hand, a
network is said to show assortative mixing if a highly
connected node tends to connect with other well con-
nected nodes. In the model network, a positive corre-
lation between the degrees of adjacent nodes is found
(see Fig. 2(b)), with the Pearson correlation coefficient
of the degrees being 0.467. We speculate that the as-
sortative mixing may result from the unequal distri-
bution of cerebral cortex.[27] In the central and dense
regions, nodes always have large degree and they con-
nect each other, while in the marginal and sparse re-
gions, nodes link to each other with small degree.

Fig. 2. (a) Plot of clustering C versus degree k. (b)
Plot of the average nearest-neighbour degree versus de-
gree. Symbols represent individual data and the lines the
average values for nodes with the same degree (using α = 4
and β = 25).

In this model, the remarkable features are the in-
troduction of the specific cortical architecture and the
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spatial path length between nodes. Compared with
the previous study,[7] the local model networks with
power-law edge probability exhibit the small-world ef-
fect, which can be only attributed to the specific corti-
cal architecture. On the other hand, the SPL depicts
the actual connection length in brain space, leading
to the phenomenon that the nodes preferentially con-
nect with those in the same region and rarely link to
other regions, resulting in the multiple distinct net-
work clusters. As to the nontrivial assortative mixing
in the cortical model network, we speculate that it
may result from the unequal distribution of the cere-
bral cortex.[27]

In summary, we have presented a model network
of human cerebral cortex constructed in the real-life
brain space. Whether nodes connect to others de-
pends on the geographical distance rather than linear
distance. The model networks exhibit properties of
small-world networks and multiple clusters structure,
which are the essential features of cortical connectiv-
ity. In addition, assortative mixing is also found in
this model. We speculate that these features of the
cortical networks may result from the specific cortical
architecture.
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