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Review of Vatansever et al.

Advances in understanding the neural ba-
sis of mental processes have long been
hampered by the mere extent and com-
plexity of the underlying neuronal net-
works. Recent attempts to overcome this
challenge include rendering brain net-
works in the form of simple and abstract
graphs (Bullmore and Sporns, 2009). The
nodes of a graph can represent anatomical
brain areas, while the edges can represent
either physical connections (axons) or
functional interactions between nodes.
Such an abstract representation allows re-
searchers to study the higher-order orga-
nization of brain networks by using the
powerful analytic tools of network science
and graph theory. Brain networks indeed
exhibit a range of complex properties op-
timized for efficient information process-
ing. These include the presence of hubs
(structurally central and highly intercon-
nected nodes), small-world topology
(dense local clustering combined with
sparse long-range connections), and

modular organization (groups of strongly
interconnected nodes with few bet-
ween-groups connections; Bullmore and
Sporns, 2009). Importantly, these organi-
zational features are found regardless of
the neuroimaging method used and are
associated with the cognitive abilities and
state of the subjects (Fornito et al., 2015).

Although the emerging field of net-
work neuroscience holds great potential,
several challenges remain to be addressed
(Fornito et al., 2013; Papo et al., 2014).
First, in the great majority of studies func-
tional networks are estimated based on
the resting-state activity of the brain. Con-
sequently, interpretation of the findings is
limited by the fact that the subject’s inter-
nal states during data acquisition cannot
be controlled. Second, while neuronal
activity and information routing are dy-
namic and flexible, analyses of brain func-
tional networks typically reflect only a
static and time-invariant approximation
of the underlying dynamics. Third, with
the current state of knowledge, graph
measures are difficult to interpret in phys-
iological terms and, accordingly, the ma-
jority of network neuroscience studies are
rather exploratory. These caveats, if left
unresolved, might prevent network neu-
roscience from maturing into a coherent
theory accounting for the functional role
of the complex organization features of
the brain network.

A recent publication by Vatansever et
al. (2015) provides a compelling demon-
stration of how the network neuroscience
approach can advance our understanding
of brain processes. A novelty of this study
is that the authors investigated the dy-
namic reorganization of brain functional
networks during performance of the clas-
sic n-back working-memory task. The
cognitive effort was manipulated by
changing the difficulty level of the task
(from 0-back to 3-back), and whole-brain
functional networks were created based
on fMRI recordings. The nodes of the net-
works represented brain anatomical areas,
and the edges represented functional in-
teractions between areas estimated by
correlation coefficient between BOLD sig-
nals. Vatansever et al. (2015) hypothe-
sized that, with the increasing cognitive
effort, (1) the whole-brain functional net-
work would reorganize toward a more
globally integrated and interconnected
pattern and (2) that within the whole-
brain network the default mode network
(DMN) areas will play the role of a “global
integrator of information.”

To test these hypotheses, Vatansever et
al. (2015) investigated the community
structure (modularity) of the network.
A community was defined as a set of
strongly interconnected nodes exhibiting
only sparse interactions with nodes in
other communities. The analysis revealed
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that the modularity index (Q) of the net-
work and the number of modules de-
creased with increasing cognitive effort.
Specifically, the Louvain algorithm di-
vided the whole-brain network into four
modules in the least demanding 0-back
condition, but only two modules were de-
tected in the most demanding 3-back con-
dition (Fig. 1). The second part of the
analysis concerned specifically the brain
regions constituting DMN and revealed
that in the 3-back condition the DMN
nodes increased their nodal connectivity
strength. Based on these findings, the au-
thors conclude that cognitive processing
is related to more extensive integration of
information among brain subnetworks.
In other words, during task performance
transient interactions occur among brain
regions that do not interact at rest. Be-
cause the DMN showed high flexibility in
community membership and extensive
interactions with other brain subnetworks
during task performance, it has been as-
signed an active role in functional integra-
tion of task-related information.

The major advantage of the work by
Vatansever et al. (2015) is that the net-
work neuroscience approach was used
to test predictions of a specific cognitive
theory. The global workspace theory
(GWT), originally proposed in 1988 by
Baars (2005), assumes that conscious
processing requires the integration of in-
formation among sensory subsystems. Al-
though the GWT was put forward long
before graph theory was introduced to
neuroscience, the recent developments of
graph analytic tools provide an ideal op-
portunity to test its main assumptions. In-
deed, in agreement with Vatansever et al.
(2015), several recent studies also con-
firmed the predictions of the GWT.
First, using fMRI, Godwin et al. (2015)
demonstrated that the act of conscious
perception, in contrast to subthreshold
processing, is related to the decreasing
modularity of functional networks. Sec-
ond, using EEG and source-modeling al-
gorithms Bola and Sabel (2015) revealed
that during the processing of target stim-
uli in a visual discrimination task the
functional network transiently shifts to-
ward less modular and more globally in-
tegrated arrangements. Third, decreases
in the modularity of the whole-brain net-
work during the performance of a de-
manding perceptual task were observed in
an fMRI study by Elton and Gao (2015).
Finally, these recent results corroborate
earlier findings, for instance from an
MEG study of working memory (Kitz-
bichler et al., 2011), and from fMRI stud-

ies of recollection (Fornito et al., 2012)
and emotional stimulus processing (Kin-
nison et al. 2012). Therefore, converging
evidence indicates that the prevalence of
global integration among brain subnet-
works might be a genuine correlate of cog-
nitive processing.

Of note, the network reorganization
observed in the aforementioned studies,
including the study by Vatansever et al.
(2015), was assumed to reflect dynamic
rerouting of task-related information for
cognitive processing. But several modula-
tory factors, like arousal, fatigue, emo-
tions, and mood, also dynamically affect
brain functional networks. Indeed, per-
forming a cognitively demanding task
produces carryover effects, which can be de-
tected in an fMRI BOLD signal even several
minutes after task completion (Barnes et al.,
2009; Grigg and Grady, 2010). This finding
supports the hypothesis that the amplitude
coupling, which is estimated by fMRI-
derived functional connectivity, reflects a
modulatory mechanism regulating the acti-
vation level of neuronal populations (Engel
et al., 2013). Therefore, an important goal
for future studies is to identify the aspects of
network reorganization related to the genu-
ine transfer of task-related information.
This might require focusing on the net-
works underlying neurophysiological phase
coupling, which is a supposed mechanism
of effective communication between neural
assemblies (Engel et al., 2013; Fries, 2015).

The brain has long been hypothesized
to exhibit modular organization across
spatial scales—from cortical microcol-

umns to functional subsystems. Thus, in
contrast to other graph measures, changes
in the community structure of the net-
work might be easier to interpret in phys-
iological terms. Importantly, perturbing
the baseline (i.e., the resting state) com-
munity structure with a demanding task,
as was done by Vatansever et al. (2015),
allows new insights into the functional
roles of brain modules. For instance, it is
hypothesized that complex networks are
organized to satisfy two conflicting de-
mands lowering the wiring cost of the net-
work (i.e., the length of connections) and
increasing the efficiency of information
processing (Bullmore and Sporns, 2012).
The modular organization with sparse but
strategically placed intermodular connec-
tions seems to fulfill both, and the balance
between cost and efficiency can be easily
adjusted by adding more intermodular
connections. Indeed, the results of the
study by Vatansever et al. (2015) indicate
that during cognition the whole-brain
functional network transiently reorga-
nizes toward more efficient, but also more
costly, arrangements.

An important goal of the study by Va-
tansever et al. (2015) was to pinpoint the
anatomical substrate of the global work-
space. Whereas the global workspace is
typically identified with the broadly de-
fined frontoparietal system (Dehaene and
Changeux, 2011), Vatansever et al. (2015)
argue that the DMN is also crucial for the
global integration of information during
cognition. However, we think their claim
asserting the “central role for the DMN in

Figure 1. Schematic representation of the main findings of Vatansever et al. (2015). Community representation and colors are
in the style of Figures 1 and 3 in the article by Vatansever et al. (2015), and the DMN is represented by Community 4. In the
low-demanding 0-back condition, the network was highly modular (high Q index) and was divided into four distinct modules.
With the increasing cognitive load, the modularity of the network decreased, and three communities merged into one. Thus,
while local segregation was prevalent in the low-demanding task, increasing cognitive effort was associated with more pro-
nounced global integration.
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higher cognitive processing” (Vatansever
et al., 2015, p. 15254) might require stron-
ger support. Although the authors had a
strong a priori hypothesis that the DMN
will integrate information during task
performance, they did not show the spec-
ificity of this effect. The presented data in-
dicate that several other subnetworks also
change their modular allegiance (Vatan-
sever et al., 2015, their Fig. 3) and exhibit
high values of the global variable connec-
tivity measure (Vatansever et al., 2015,
their Fig. 4). Therefore, it seems likely that
the reported increase in connectivity
strength, on which the discussed claim is
based, is not specific to the DMN. We be-
lieve that supporting a statement that the
DMN is crucial for task-related integra-
tion requires examining a statistical inter-
action (task difficulty � subnetwork), and
not a simple effect of the task difficulty
within the DMN (Nieuwenhuis et al.,
2011).

Finally, to further test the hypothesis
that the DMN is “actively contributing to
greater functional integration” (Vatan-
sever et al., 2015, p. 15259), future studies
might use “effective connectivity” meth-
ods, which provide information on the di-
rection of information transfer (Friston et
al., 2013). If DMN indeed integrates in-
formation during cognitive processing,
then the effective connectivity analysis
should reveal DMN as an important func-
tional “sink” (i.e., there should be a sub-
stantial flow of information into the DMN
during cognitive processing).

In conclusion, by studying whole-
brain functional network reorganization
during cognition, Vatansever et al. (2015)
contribute to two research fields. From
the cognitive neuroscience perspective,

tracking the dynamic reorganization of
large-scale brain networks might reveal
new mechanisms supporting cognitive
processing. At the same time, revealing
the genuine role of the complex organiza-
tion patterns of the brain networks, which
is the ultimate goal of network neurosci-
ence, might be advanced by observing
how these patterns change in response to
external demands rather than by studying
the resting-state networks only.
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