
SCIENTIFIC COMMENTARY

The flexible brain

This scientific commentary refers to

‘Neural, electrophysiological and ana-
5 tomical basis of brain-network vari-

ability and its characteristic changes

in mental disorders’ by Zhang et al.

(doi:10.1093/aww143).

The vastness of the brain’s dynamic
10 repertoire is one of the remarkable

features of brain function, making it

possible to adapt rapidly and effi-

ciently to external task demands, im-

plement novel behaviours, and switch
15 from one task to another. Variability

in the neural dynamics is, nonetheless,

constrained and displays heteroge-

neous topography—specific regions

appear more or less variable over
20 time, both in terms of their activity

time courses (Garrett et al., 2011)

and also in terms of their interactions

with other brain regions (their func-

tional connectivity). In this issue of
25 Brain, Zhang and co-workers present

a novel method for characterizing the

temporal variability of a region’s

functional connectivity profile [esti-

mated from blood oxygen level-de-
30 pendent (BOLD) functional MRI],

relating this variability to the region’s

electrophysiology (measured with

electroencephalography; EEG) and to

its macroscale structural connectivity
35 (white-matter pathways), and further

demonstrating its potential utility as a

neural marker for mental disorders

(Zhang et al., 2016).

The past decade has witnessed a
40 burgeoning interest in the functional

network architecture of the human

brain. Most of these earlier studies

have adopted a ‘static’ point of

view, wherein functional connections

45 between regions are characterized

over long time scales, obscuring

faster dynamics. More recently, how-

ever, it has become apparent that over

the course of seconds to minutes, the
50 human brain displays network-wide

reconfigurations both at rest

(Zalesky et al., 2014) and during

task performance (Braun et al.,

2015). These findings have motivated
55 a concerted effort to understand dy-

namic functional connectivity: how

temporal variation in brain network

organization is related to behaviour,

cognition, and disease (Calhoun
60 et al., 2014; Kopell et al., 2014).

This shift in perspective from a

‘static’ to a ‘dynamic’ point of view

has been accompanied by a bevy of

new methods for measuring and char-
65 acterizing time-varying functional

connections and has yielded insight

into how dynamics may impact

neural and behavioural adaptability.

A recurring finding in these studies
70 is that distinct network elements ex-

hibit different degrees of variability

(Fig. 1). Attempts to characterize

these fluctuations in terms of network

topology have led to the conclusion
75 that connections ‘between’ network

modules—collections of mutually

interconnected brain regions—tend

to fluctuate more than connections

‘within’ modules (Zalesky et al.,
80 2014), and that the intermodular cou-

plings between the fronto-parietal

control module and other modules,

in particular, have the highest vari-

ability, suggesting its relevance for
85 the implementation of flexible task

switching (Cole et al., 2013).

Variability in functional connectivity

is also manifest in the detection and

delineation of network modules and
90 the persistence of modules over time.

The network measure ‘flexibility’ in-

corporates this information by quan-

tifying how frequently brain regions

switch from one module to another.
95 Network flexibility is correlated with

working memory performance (Braun

et al., 2015), predicts future learning,

and intuitively may be modulated by

emotional state, fatigue, and arousal
100 (Betzel et al., 2016). Yet, while differ-

ent measures of connectivity variabil-

ity have been successfully related to

behavioural measures, the factors

that contribute to variability in
105 BOLD functional MRI functional

connectivity remain largely unknown.

The study by Zhang and colleagues

aims to fill this gap by using multi-

modal imaging including functional
110 MRI, electrophysiological, and struc-

tural data to explore network

variability in a massive cohort

(n = 1180). They began by segmenting

resting state BOLD functional MRI
115 into non-overlapping windows and

generating, for each window, an

estimate of the instantaneous whole-

brain functional connectivity network.

These networks were subsequently
120 used to estimate variability for each

brain region, defined as one minus

the average correlation of that region’s

connectivity profile with all other re-

gions, across all time windows.
125 According to this definition, a variabil-

ity of zero indicates that all connec-

tions (edges) incident to a region

remain constant in value (weight)

across time (or are shifted by a
130 scalar), while unit variability indicates
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no relationship between edge weights

at one time point and edge weights at

another. Establishing a measure of

variability at the node level allowed
5 the authors to examine its spatial top-

ography in the brain and its relation-

ship to electrophysiological and

structural features.

The authors first demonstrate that
10 brain regions with the greatest variabil-

ity in terms of their connectivity pat-

terns also displayed the greatest

variability in their allegiance to net-

work modules, algorithmically defined
15 proxies of functional systems. They

then observed that early sensory re-

gions exhibited lower variability than

association and limbic areas, in line

with previous work. In contrast to
20 other studies, however, most regions

of the default mode network (including

medial prefrontal cortex, posterior cin-

gulate, and angular gyrus) exhibited

low variability (Zalesky et al., 2014).
25 Interestingly, a region’s variability was

negatively correlated with the ampli-

tude of its BOLD activity, and posi-

tively correlated with �-band power in

simultaneously acquired electroenceph-
30 alography data. Furthermore, func-

tional node variability was shown to

have direct structural underpinnings,

being inversely related to the ratio of

within- to between-module connections
35 in diffusion tensor imaging data, con-

sistent with prior work (Shen et al.,

2015). Finally, the authors applied the

same analytic approach to patient data,

and demonstrated that in comparison
40 to healthy controls, individuals with

autism and attention deficit hyperactiv-

ity disorder (ADHD) displayed higher

default mode network variability,

while patients with schizophrenia dis-
45 played lower default mode network

variability.

In the growing field of network

neuroscience and, in particular, the

subfield investigating the dynamics
50 of functional brain networks, this

study makes several important contri-

butions. While a number of earlier

studies have presented evidence that

variability in functional brain net-
55 works is related to behaviour and

cognition, the structural and neuro-

physiological correlates of flexibility

are largely unknown. The results of

Zhang et al. suggest two potential dri-
60 vers: power fluctuations in the �-band

Figure 1 Variability exists at different levels of network analysis. (A) The BOLD functional MRI (fMRI) signal displays region-specific

variability. (B) Windowing time series and estimating the functional connectivity (FC) between pairs of regions reveals dynamic functional

connectivity matrices. Each edge describes the statistical relationship (strength of connectivity) between two brain regions. The organization of

functional connectivity matrices changes over time, giving rise to variability in the connectivity profile of a region with the rest of the brain (Zhang

et al., 2016). (C) Dynamic functional connectivity matrices can be used as input to module detection algorithms to generate estimates of the

network’s modular structure at each time point. Modules, in this case, refer to collections of mutually-correlated brain regions that, as a group,

are weakly correlated with the rest of the network. We can characterize the dynamics of modular structure both in terms of individual brain

regions and at the level of the whole network with the measure flexibility. Network flexibility indicates the extent to which brain regions change

their module affiliation over time. All data, here, are taken from Betzel et al. (2016).
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and the extent to which a brain re-

gion’s connections are distributed

across modules. These findings help

bridge electrophysiological and func-
5 tional MRI-based investigations into

brain functional organization, all the

while further reinforcing the notion

that the brain’s anatomical network

imposes powerful constraints on
10 neural dynamics. From a clinical per-

spective, this study also suggests the

possibility that variability in the de-

fault mode network can serve as a

biomarker of neuropsychiatric
15 disorders.

While this study represents an import-

ant stepping-stone towards our under-

standing of dynamics in functional

networks, much remains to be explored,
20 both empirically and methodologically.

For example, current approaches trans-

form BOLD functional MRI data into

dynamic networks using an ad hoc win-

dowing procedure, but more principled,
25 data- or model-driven approaches may

prove advantageous. Ultimately, our

goal is to understand the neural and

computational mechanisms that de-

scribe electrophysiological activity over
30 an underlying structural substrate,

giving rise to dynamics with different

levels of variability. Understanding this

layered coupling in healthy conditions

will then allow for a more complete de-
35 scription of what happens when it goes

awry in neurological disease and psychi-

atric disorders.
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