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The brain is a complex biological orga-
nization. In its hierarchy, different com-
ponents, from neurons to functional cog-
nitive circuits are interacting with each
other. As a result of cooperation between
neurons in the lower levels of this hierar-
chy, high level cognitive functions emerge
(Stam and Reijneveld, 2007). In order to
uncover the complexity of these higher
functions, understanding the interaction
rules in the lower level may be useful. In this
level, there are lots of components which
connect to each other (with a special struc-
ture) and exchange their information (in
a specific manner). In this regard, com-
plex network approach will be an influen-
tial way to study brain organization. The
brain connectivity structure is suggested
as a basis for emergence of its complex
functions (Rubinov et al., 2009). For exam-
ple, brain network analysis shows that its
connectivity has the “small-worldness” fea-
ture, i.e., low characteristic path length and
high clustering coefficient (Sporns et al.,
2004). It has been seen that “synchro-
nization” (as a collective dynamical behav-
ior) occurs more rapidly in networks with
small-world structure (Watts and Strogatz,
1998). Hence, we are able to use structural
information (i.e., the pattern of connec-
tivity between elements of the system) for
understanding the functional pattern of
the organization. Moreover, it is suggested
that synchronization is the main mech-
anism for information exchange between
different brain regions (Womelsdorf et al.,
2007).

One type of abnormal synchronization
between brain areas occurs during epileptic
seizures which may lead to consciousness
disturbance (Lehnertz et al., 2009). The

synchrony in epileptic seizure is usually ini-
tiated in one special part of the brain and
propagated to wide areas of it. Although the
mechanism of this spread is not yet clear,
preventing this spread will help to con-
trol the seizure. Although different phar-
macological routes exist for controlling
the seizures, it seems that more effective
methods are needed to be introduced.

Previously Zhang et al. (2011) showed
the usefulness of network theory approach
in studying epilepsy. We hypothesize that
applying the concept of “complex network
controllability” to the brain could help in
managing the epileptic seizures.

In order to have controllability, for each
possible state (S) of network, a set of inputs
(U) must be set up so that exerting it to
all (or some) nodes force the network to
a specific state (S1) (Liu et al., 2011). Liu
et al. named the minimal subset of nodes
which are able to control the network as
“driver nodes: ND.” This Idea is utilized in
different applications of networks such as
genetic regulatory and wireless communi-
cation networks (Abdallah, 2011; Khan and
Doostmohammadian, 2011).

Based on our hypothesis, controllabil-
ity idea may help in managing the behavior
of brain as a biological organization. For
applying the concept of “complex network
controllability” to the brain networks, it is
necessary to find its driver nodes by using
connectivity information, i.e., structural
organization of the brain. Different neuro-
imaging techniques such as Diffusion Ten-
sor Imaging (DTI) provide a variety of
information on brain connectivity net-
works (Le Bihan et al., 2001). DTI derived
directed graphs are becoming increasingly
available, also from clinical environments.

In a directed network, driver nodes
could be found based on connectivity
graph of the network. For this purpose,
the maximum matching problem should
be solved. Based on definition, maximum
matching is the maximum set of links that
don’t have the same start or end nodes.
There are some search algorithms for find-
ing the best maximum matching solution.
A “matched node” is a node to which a link
in the maximum matching points. Dri-
ver nodes are those nodes which are not
matched (also named unmatched) (Liu
et al., 2011). Therefore, for applying our
hypothesis in a brain network connectivity
graph, the maximum matching problem
should be solved; then, If each driver node
is directly controlled by external inputs
(such as TMS, TDCS, and trans-cranial
US), the whole brain network would be
fully controlled and forced to the desired
state.

During epileptic seizure, synchroniza-
tion spread to wide areas of brain net-
work is an undesired state. Exerting proper
inputs (which could be via some stimula-
tion methods) to driver nodes may prevent
this spreading and force the network to the
desired situation. Stimulation approaches
so far have limited success (Conte et al.,
2007). The stimulation site is mostly taken
assuming some “focal” generator but it is
increasingly becoming accepted that wide-
spread networks might be underlying the
focal seizures (Spencer, 2002). The work
by Liu et al suggests a way to reduce the
number of stimulation sites to be tested in
animal experiments.

For evaluating our hypothesis, we sug-
gest using some brain stimulation methods
in order to excite or inhibit the driver
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nodes and prevent the spread of syn-
chrony. For this purpose, different methods
such as Trans-cranial Magnetic Stimula-
tion (TMS), Trans-cranial Direct Current
Stimulation (TDCS), and trans-cranial
Ultrasound (US) stimulation may be used
(Hallett, 2000; Nitsche and Paulus, 2000;
Tufail et al., 2011). Surely, it is neces-
sary to test our hypothesis first in animal
models.

One empirical problem in this regard
is that we do not know the exact time of
seizure initiation. For solving this prob-
lem, data analysis methods may be used to
predict the most probable ictal time.

In a recent study, targeting some neu-
rons with a closed-loop optogenetic strat-
egy and reducing their activity in real-time
caused an immediate interrupt in seizures
(Paz et al., 2013). We think that finding
the driver nodes and targeting them sys-
tematically with this method may be more
effective.

Epilepsy as one of the most common
brain diseases involves the synchroniza-
tion of wide spread areas of the brain.
Managing epileptic seizures needs to sup-
press the spread of this undesired syn-
chronization. Our hypothesis claims that
applying the “complex networks control-
lability” approach to brain may enhance
the management of seizure. For this
purpose, the driver nodes of the brain
should be found and then proper inputs
must be exerted to them in order to
force the state of the brain to normal
conditions.

In an overview, brain is a biological
organization. Based on our hypothesis,
applying complex network approach to it
may help in managing its abnormal higher
level functions (states). In this regard, high
level functions are an emergent property of
cooperation between its elements in lower
level of hierarchy. Therefore we suggest that
in the brain, applying controllability idea
(driving the final state of a complex system

to a desired one), may help in managing its
abnormal states via driving them to normal
ones. Accordingly, there are some elements
(nodes) which have a specific effect on the
final state of the system.

Previous studies have suggested that
nodes with more connections (hubs) are
the most important ones in the sense of
network information exchange. However,
based on controllability idea, driver nodes
are not necessarily hubs (Tang et al., 2012).
In this regard, testing the relative impor-
tance of driver nodes and hubs in different
brain diseases such as epilepsy needs to be
evaluated experimentally.

REFERENCES
Abdallah, C. T. (2011). Mathematical controllability of

genomic networks. Proc. Natl. Acad. Sci. U.S.A. 108,
17243–17244. doi:10.1073/pnas.1114108108

Conte, A., Gilio, F., Iacovelli, E., Bettolo, C. M.,
DiBonaventura, C., Frasca, V., et al. (2007). Effects
of repetitive transcranial magnetic stimulation
on spike-and-wave discharges. Neurosci. Res. 57,
140–142. doi:10.1016/j.neures.2006.09.015

Hallett, M. (2000). Transcranial magnetic stimula-
tion and the human brain. Nature 406, 147–150.
doi:10.1038/35023171

Khan, U. A., and Doostmohammadian, M. (2011). “A
sensor placement and network design paradigm for
future smart grids,” in Computational Advances in
Multi-Sensor Adaptive Processing (CAMSAP), 4th
IEEE International Workshop on IEEE. San Juan.

Le Bihan, D., Mangin, J. F., Poupon, C., Clark, C. A.,
Pappata, S., Molko, N., et al. (2001). Diffusion ten-
sor imaging: concepts and applications. J. Magn.
Reson. Imag. 13, 534–546. doi:10.1002/jmri.1076

Lehnertz, K., Bialonski, S., Horstmann, M. T., Krug,
D., Rothkegel, A., Staniek, M., et al. (2009). Syn-
chronization phenomena in human epileptic brain
networks. J. Neurosci. Methods 183, 42–48. doi:10.
1016/j.jneumeth.2009.05.015

Liu, Y. Y., Slotine, J. J., and Barabási, A. L. (2011).
Controllability of complex networks. Nature 473,
167–173. doi:10.1038/nature10011

Nitsche, M., and Paulus, W. (2000). Excitability
changes induced in the human motor cortex
by weak transcranial direct current stimulation.
J. Physiol. 527, 633–639. doi:10.1111/j.1469-7793.
2000.t01-1-00633.x

Paz, J. T., Davidson, T. J., Frechette, E. S., Delord,
B., Parada, I., Peng, K., et al. (2013). Closed-loop
optogenetic control of thalamus as a tool for

interrupting seizures after cortical injury. Nat. Neu-
rosci. 16, 64–70. doi:10.1038/nn.3269

Rubinov, M., Sporns, O., van Leeuwen, C., and Break-
spear, M. (2009). Symbiotic relationship between
brain structure and dynamics. BMC Neurosci.
10:55. doi:10.1186/1471-2202-10-55

Spencer, S. S. (2002). Neural networks in human
epilepsy: evidence of and implications for treat-
ment. Epilepsia 43, 219–227. doi:10.1046/j.1528-
1157.2002.26901.x

Sporns, O., Fau-Zwi, J. D., and Zwi, J. (2004). The small
world of the cerebral cortex. Neuroinformatics 2,
145–162. doi:10.1385/NI:2:2:145

Stam, C. J., and Reijneveld, J. C. (2007). Graph theoret-
ical analysis of complex networks in the brain. Non-
linear Biomed. Phys. 1, doi:10.1186/1753-4631-1-3

Tang, Y., Gao, H., Zou, W., and Kurths, J. (2012). Iden-
tifying controlling nodes in neuronal networks in
different scales. PLoS ONE 7:e41375. doi:10.1371/
journal.pone.0041375

Tufail, Y., Yoshihiro, A., Pati, S., Li, M. M., and Tyler,
W. J. (2011). Ultrasonic neuromodulation by brain
stimulation with transcranial ultrasound. Nat. Pro-
toc. 6, 1453–1470. doi:10.1038/nprot.2011.371

Watts, D., and Strogatz, S. (1998). Collective dynam-
ics of ‘small-world’ networks. Nature 393, 440–2.
doi:10.1038/30918

Womelsdorf, T., Schoffelen, J. M., Oostenveld, R.,
Singer, W., Desimone, R., Engel, A. K., et al. (2007).
Modulation of neuronal interactions through neu-
ronal synchronization. Science 316, 1609–1612.
doi:10.1126/science.1139597

Zhang, Z., Liao, W., Chen, H., Mantini, D., Ding, J. R.,
Xu, Q., et al. (2011). Altered functional–structural
coupling of large-scale brain networks in idio-
pathic generalized epilepsy. Brain 134, 2912–2928.
doi:10.1093/brain/awr223

Received: 09 August 2013; accepted: 28 November 2013;
published online: 12 December 2013.
Citation: Bakouie F, Gharibzadeh S and Towhidkhah
F (2013) Managing epileptic seizures by controlling the
brain driver nodes: a complex network view. Front.
Bioeng. Biotechnol. 1:21. doi: 10.3389/fbioe.2013.00021
This article was submitted to Systems Biology, a section
of the journal Frontiers in Bioengineering and Biotech-
nology.
Copyright © 2013 Bakouie, Gharibzadeh and Towhid-
khah. This is an open-access article distributed under
the terms of the Creative Commons Attribution License
(CC BY). The use, distribution or reproduction in other
forums is permitted, provided the original author(s) or
licensor are credited and that the original publication in
this journal is cited, in accordance with accepted aca-
demic practice. No use, distribution or reproduction is
permitted which does not comply with these terms.

Frontiers in Bioengineering and Biotechnology | Systems Biology December 2013 | Volume 1 | Article 21 | 2

http://dx.doi.org/10.1073/pnas.1114108108
http://dx.doi.org/10.1016/j.neures.2006.09.015
http://dx.doi.org/10.1038/35023171
http://dx.doi.org/10.1002/jmri.1076
http://dx.doi.org/10.1016/j.jneumeth.2009.05.015
http://dx.doi.org/10.1016/j.jneumeth.2009.05.015
http://dx.doi.org/10.1038/nature10011
http://dx.doi.org/10.1111/j.1469-7793.2000.t01-1-00633.x
http://dx.doi.org/10.1111/j.1469-7793.2000.t01-1-00633.x
http://dx.doi.org/10.1038/nn.3269
http://dx.doi.org/10.1186/1471-2202-10-55
http://dx.doi.org/10.1046/j.1528-1157.2002.26901.x
http://dx.doi.org/10.1046/j.1528-1157.2002.26901.x
http://dx.doi.org/10.1385/NI:2:2:145
http://dx.doi.org/10.1186/1753-4631-1-3
http://dx.doi.org/10.1371/journal.pone.0041375
http://dx.doi.org/10.1371/journal.pone.0041375
http://dx.doi.org/10.1038/nprot.2011.371
http://dx.doi.org/10.1038/30918
http://dx.doi.org/10.1126/science.1139597
http://dx.doi.org/10.1093/brain/awr223
http://dx.doi.org/10.3389/fbioe.2013.00021
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
http://www.frontiersin.org/Systems_Biology
http://www.frontiersin.org/Systems_Biology/archive

	Managing epileptic seizures by controlling the brain driver nodes: a complex network view
	References


