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ABSTRACT
Objective: Hyperconnectivity has been reported following traumatic brain injury (TBI)
using functional magnetic resonance imaging (fMRI) techniques. This study sought to
understand how disrupted systems adapt to injury both during resting and goal-directed
brain states by establishing whether individuals with TBI show increased connectivity
compared to healthy controls (HCs), whether the increased connectivity is occurring
through dedifferentiation of networks, and finally, how differences in connectivity
compared to healthy controls relate to cognitive functioning. Participants and Methods:
Graph theory was implemented to examine functional connectivity in 18 individuals with
moderate to severe TBI and 18 HCs. Adjacency matrices were created and the weights of
surviving edges were compared both within group during rest and task and between
groups. The relations between these metrics were then compared with performance on
cognitive measures. Results: TBI subjects showed no differences in weighted degree
between rest and task, in contrast to HCs who demonstrated increased weighted degree
during task compared to rest. Individuals with TBI were hyperconnected during rest
compared to HCs, and increased connectivity of nodes involving task-related regions of
interest (ROIs) accounted for much of the hyperconnectivity observed during rest in
individuals with TBI compared to HCs. There were no significant differences in
connectivity during task at the network level in TBI subjects compared to HCs.
Increased connectivity during rest between task-related ROIs was associated with worse
performance on a measure of set-shifting during task, whereas increased connectivity
with nodes of the DMN, typically not associated with task, was associated with better
performance on Digit Span Backward. Conclusion: The relation between increased
connectivity and cognitive functioning depended on what state and between which
networks the hyperconnectivity occurred. Therefore, examining hyperconnectivity at a
global level obscures specific relations between hyperconnectivity and cognitive
function. Continuing to explore connectivity changes during recovery at the network
level during specific cognitive states will elucidate specific connectivity profiles used to
better understand and predict recovery following injury.
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Introduction
Overview
Over 1.4 million people in the United States experience traumatic brain injury
(TBI) each year. Approximately 52,000 people die annually due to complications related
to TBI (Faul, Xu, Wald, & Coronado, 2010) and this number actually may
underestimate the incidence of TBI (Langlois, Rutland-Brown, & Wald, 2006). The
Glasgow Coma Scale (GCS) has been used to characterize the level of clinical severity of
injury, and is very useful in determining immediate clinical treatment (Teasdale &
Jennett, 1974). The scale ranges from 3-15, and is comprised of scores assessing three
domains: verbal, eye, and motor. Injuries given a score of 13-15 are considered mild,
while injuries receiving a GCS of 9-12 are characterized as moderate, and those with a
GSC of 3-8 regarded as severe. The GCS and other acute clinical indicators of injury
severity (e.g., length of hospital stay, duration of loss-of-consciousness) have been used
as predictors of the recovery process in TBI, but with limited results. Because the
pathophysiology in TBI is heterogeneous, involving a diverse cascade of responses,
research into predictors of recovery has been challenging. One method of exploring brain
changes during recovery following TBI has been though functional magnetic resonance
imaging (fMRI). fMRI measures the blood oxygen level dependent (BOLD) signal
(Ogawa, Lee, Kay, & Tank, 1990), associated with neural activity (Leniger-Follert &
Hossmann, 1979). Thus, fMRI allows the study of neural activation and connectivity
following TBI. Connectivity is the positive or negative correlation between spatially
distinct regions in the brain (Friston, Frith, Liddle, & Frackowiak, 1993). This study
seeks to understand how disrupted systems adapt to injury both during resting and goaldirected brain states. Specifically, this study aims to establish whether individuals with
1

TBI have increased connectivity, and whether the increased connectivity is occurring
between nodes belonging to networks not typically associated with a particular state (e.g.,
rest or task), and finally, how differences in connectivity relate to cognitive functioning.

Pathophysiology of TBI
Underlying many of the cognitive and socio-emotional changes that follow injury
are several pathophysiological changes, including diffuse axonal injury (DAI),
contusions, hemorrhage, edema, hyperglycolysis, and increased levels of oxidative stress.
These secondary changes can occur directly from the injury or develop in the hours, and
even days following the initial insult, and may have consequences even years after injury
(Prins, Greco, Alexander, & Giza, 2013)
In severe TBI, edema, or swelling of the brain, is highly associated with mortality.
There are two types of edema: vasogenic, in which water diffuses from the vasculature
into the extracellular space due to openings in the blood brain barrier (BBB), causing
increases in intracranial pressure (ICP), and cytogenic, in which water diffuses from the
extra to the intracellular space due to increased ions in the extracellular space. Vasogenic
edema contributes to another common pathophysiological repercussion of TBI, contusion
(Katayama & Kawamata, 2003).
Contusion within TBI, or intracerebral hemorrhage, is characterized by the mixing
of blood and brain tissue, and occurs following the primary injury during which
microvessels are damaged or ruptured following the mechanical force exerted on the
head. Due to the disrupted microvasculature, blood begins to collect, causing swelling,
or edema, while other areas of the brain are deprived of normal blood flow, resulting in
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ischemia and further tissue damage due to hypoxia (Engel et al., 2008; Longhi et al.,
2007). The increased pressure resulting from the pooled blood can cause further
structural damage, leading to hemorrhagic progression of the contusion (HPC). HPC was
first recognized following the use of CT scan (Brown, Mullan, & Duda, 1978; Diaz,
Yock, Larson, & Rockswold, 1979; Gudeman et al., 1979; Merino-deVillasante &
Taveras, 1976), and it reportedly affects approximately one-third to one-half of
individuals with TBI, depending on the sample (Chang, Meeker, & Holland, 2006;
Chieregato et al., 2005; Oertel et al., 2002; J. S. Smith et al., 2007); injury severity,
increased age, multiple hematomas, and surgical decompression procedures, such as
decompressive craniotomy to treat increased intracranial pressure in addition to other
factors, are associated with hemorrhagic progression (Flint, Manley, Gean, Hemphill, &
Rosenthal, 2008; Oertel et al., 2002; Stein et al., 1993; Yadav, Basoor, Jain, & Nelson,
2006). These insults can be difficult to characterize both because the timing of the
progression can vary, and also because their appearance on CT scan varies, and they may
appear as hemorrhagic lesions, hypodensities, or even have normal appearance. Because
blood is toxic to the brain, HPC causes further necrosis of brain tissue (Cajal, DeFelipe,
& Jones, 1991). These contusions can progress over the course of hours and even days
following the injury. Patients with lower GCS scores due to larger contusion volumes are
at greater risk for requiring delayed surgical intervention (Alahmadi, Vachhrajani, &
Cusimano, 2010). HPC is a major cause of death and disability in TBI (Allard et al.,
2009; Chieregato et al., 2005; Nelson et al., 2010; Tian et al., 2010), and, therefore,
represents an important potential point of intervention in improving the acute recovery
process.
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A primary mechanism of injury in TBI occurs in the cortical and subcortical white
matter, known as diffuse axonal injury (DAI). DAI results from the mechanical force,
particularly rotational force (Gennarelli & Thibault, 1982; Ommaya, Hirsch, & Martinez,
1966; Smith et al., 1997) exerted on the brain following impact to the head (Margulies,
Thibault, & Gennarelli, 1990). The level of acceleration/deceleration is highly associated
with the severity of the injury (Elson & Ward, 1994), which is somewhat determined by
the size of the head of the individual (Smith & Meaney, 2000). Initial shearing is more
likely to occur along midline white matter tracts, such as the corpus callosum and
thalamus, because this area is most susceptible to changes in mechanical force exerted on
the brain (Adams et al., 1989), and unmyelinated fibers are more vulnerable to this type
of damage (Reeves, Phillips, Lee, & Povlishock, 2007; Reeves, Phillips, & Povlishock,
2005; Spain et al., 2010; Staal & Vickers, 2011). Axonal disruption results in swelling
due to the accumulation of proteins and other transported cargos (Tang-Schomer, Patel,
Baas, & Smith, 2010) giving the appearance of varicosities along the fibers. This axonal
disruption can lead to eventual disconnection of the fiber, though in some cases, there is
evidence to suggest that cell bodies can reorganize and survive (Büki & Povlishock,
2006). In other cases, however, it has been documented that over the course of months
Wallerian degeneration occurs, in which the disjointed fibers degenerate (Büki &
Povlishock, 2006; Johnson, Stewart, & Smith, 2013). Though it is accepted that DAI is a
common pathophysiological response to TBI associated with approximately 35% of
mortality and morbidity in recovery in TBI (Gennarelli & Thibault, 1982), even in the
cases of mild injury, diagnosis and quantification of DAI remain difficult due to the
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normal appearance using traditional neuroimaging techniques (Bigler & Maxwell, 2012;
Cecil et al., 1998; Greer, Povlishock, & Jacobs, 2012; Kimura et al., 1996).
Due to structural damage to the cytoskeleton of axons, there is a massive ionic
influx (Chung et al., 2010; Tang-Schomer, Johnson, Baas, Stewart, & Smith, 2012)
following the release of excitatory amino acids, such as glutamate, after TBI
(Barkhoudarian, Hovda, & Giza, 2011; Giza & Hovda, 2001; H. Katayama et al., 1990).
To combat the influx of ions, such as calcium (Zipfel, Babcock, Lee, & Choi, 2000),
there is an increase in the metabolism of glucose in order to fuel ionic pumps working to
restore ionic homeostasis in the brain (Alessandri, Reinert, Young, & Bullock, 2000;
Hovda, Becker, & Katayama, 1992; Yoshino, Hovda, Kawamata, Katayama, & Becker,
1991). Hyperglycolysis, which involves the abnormal increased ratio of anaerobic
glucose metabolism to oxygen use has been shown to occur both in animal models
(Andersen & Marmarou, 1992) and humans after injury (Bergsneider et al., 1997). This
transient effect has been observed globally and regionally within the brain (Bergsneider
et al., 1997), and in particular, occurs within the pericontusional area (Wu, Huang, Vespa,
Hovda, & Bergsneider, 2013). It is thought that hyperglycolysis is associated with
oxidative stress, increasing free radical release and accumulation (Globus, Alonso,
Dietrich, Busto, & Ginsberg, 1995), which in turn contributes to the accumulation of
plaque in the extracellular space.
Together, these pathophysiological responses may be a risk for neurodegeneration
later in life. Disrupted and abnormal metabolic processes related to recovery from TBI
contribute to the accumulation of amyloid beta (Aβ) plaques within the extracellular
space (Chen, Johnson, Uryu, Trojanowski, & Smith, 2009; Smith, Chen, Iwata, &
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Graham, 2003; Uryu et al., 2007). Thus, the cascade of physiological responses to injury
exacerbates the accumulation of plaques in the brain, leading to an increased risk of
cognitive decline years after injury. Therefore, the consequences for TBI may also be
different based upon recovery time and age. Defining and understanding connectivity
changes, which reflect underlying physiological changes, may provide additional insight
into consequences of TBI (e.g., increased connectivity may reflect increased metabolic
cost and have both short-term consequences such as fatigue, and long-term, such as
increased accumulation of plaques and increased risk of Alzheimer’s disease) (Tomasi,
Wang, & Volkow, 2013).

Cognitive Functioning in TBI
It is well established in the literature that following TBI individuals exhibit
deficits in several cognitive domains including working memory, executive control,
processing speed, and memory encoding. These cognitive complaints occur immediately
after injury, and while many individuals experience vast improvements in cognitive
functioning during the recovery process, much of these cognitive impairments often
remain persistent and chronic (Hoofien, Gilboa, Vakil, & Donovick, 2001; Tang &
Lobel, 2009), and cognitive outcome is very heterogeneous (Whitnall, McMillan,
Murray, & Teasdale, 2006). Two categories of cognitive dysfunction that are most
common following TBI are processing speed and executive functioning.

6

Processing speed
Problems with processing speed, or the amount of information that can be
processed within a given amount of time (DeLuca, Chelune, Tulsky, Lengenfelder, &
Chiaravalloti, 2004) is frequently reported after injury (Bate, Mathias, & Crawford, 2001;
O’Jile et al., 2006; Rassovsky et al., 2006), and because processing speed underlies many
other areas of cognitive functioning (Courtney, 2004), deficits may impact other areas of
cognition as well, such as executive functioning. Because changes in networks could
directly impact processing speed, network theory can be used to examine, explain and
characterize deficits observed in processing speed in TBI.

Frontal lobe dysfunction
Working memory, considered the ability to hold and manipulate information
online, is commonly disrupted in TBI (Hillary, Genova, Chiaravalloti, Rypma, &
DeLuca, 2006; Newsome et al., 2007; Perlstein et al., 2004). In addition, episodic
memory problems are also often reported (Levin et al., 1988), although immediate shortterm memory seems to be somewhat spared (Bennett-Levy, 1984; Zec et al., 2001); some
studies have linked aspects of these memory difficulties with frontal lobe dysfunction
(Vakil, 2005). Frontal lobe functioning is often associated with executive functioning, an
overarching term for higher order cognitive processes involved with goal-oriented
behavior and self-regulation, though the two are not synonymous (Baddeley, 1992);
cognitive processes such as inhibition, attention, and set-shifting are thought of as
overlapping and related components of executive functioning. Some have argued that
difficulties associated with poor episodic memory following injury are exacerbated by
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executive dysfunction (Azouvi, Vallat-Azouvi, & Belmont, 2009; Wood & Liossi, 2006);
for example, an individual may lack the insight or awareness to recognize that
information that they may actually have retained should be recalled and implemented.
Thus, it is not that the individual is exhibiting a lapse in memory, but rather a lapse in
judgment to use this information. Other areas of executive dysfunction in individuals
with TBI include problems with planning, attention, and inhibition (Brouwer, Ponds, Van
Wolffelaar, & Van Zomeren, 1989; Ruttan, Martin, Liu, Colella, & Green, 2008).
Impairments in these areas have important social ramifications (Lezak & Metz-Lutz,
1996), including reduced ability to empathize (Williams & Wood, 2010), interference
with cooperation with rehabilitation and treatment adherence (Ben-Yishay & Diller,
2011), and difficulty with return to work and independent functioning (Gollaher et al.,
1998).

Frontal lobe dysfunction and recovery
Given the higher-order nature of executive functioning, its relation to socio-emotional
abilities, such as empathy, and how frequently executive functioning is disrupted
following TBI, it is unsurprising that personality and mood changes, which may be
influenced by executive functioning directly or indirectly, are commonly reported after
injury. Further, because individuals with TBI often report higher rates of anxiety and
depression (e.g., Hibbard, Uysal, Kepler, Bogdany, & Silver, 1998), and these factors
have been shown to influence cognitive functioning and socio-emotional well-being, it is
important to account for such factors (Morton & Wehman, 1995). Though many areas of
cognitive and affective functioning are affected following TBI, the pattern and magnitude
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of deficits is quite heterogeneous (Whitnall et al., 2006). Exploring the relation between
these varying patterns of deficit and changes in brain functioning following injury, and
accounting for potential secondary influences of mood, could be used to better predict
functioning following injury and eventually develop treatments that target specific
patterns of change following injury.

Understanding Recovery after TBI though Neuroimaging
In recent years, neuroimaging techniques have been implemented to better
understand brain changes associated with cognitive deficits, and how the brain responds
during the recovery process.
Traditionally, structural imaging methods have been used to understand the
relation between brain atrophy and lesion location and neuropsychological functioning
(Reynolds, 1994; Turkheimer, Yeo, & Bigler, 1990). However, analysis of lesion volume
alone after blunt TBI has not yielded much insight into functional and cognitive outcome.
In recent years, there has been a shift in the literature toward implementing neuroimaging
techniques to study how the brain changes at a systems level in response to injury, and
how these neural systems interact with each other during recovery.

Functional MRI and TBI
Resting state functional connectivity (RSFC) is a method that could provide
insights into the changes in complex neural systems after TBI. RSFC is defined as the
relation in brain activity between regions of the brain while at rest (Gusnard and Raichle,
2001) and is commonly achieved by determining the correlation between two time-series
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collected within separate brain regions. In RSFC, “rest” is considered internally directed
behavior, as opposed to goal-oriented, and when first studied was thought of as
“physiological baseline” (Biswal, Yetkin, Haughton, & Hyde, 1995). This seminal study
demonstrated that areas of the motor cortex were active, even at rest, showing that the
brain is similarly organized irrespective of external perturbation.
In a related line of research to the work by Biswal establishing RSFC,
investigators noticed that during task there were certain regions whose activity decreased
during task, suggesting that these regions were associated with behavior that was
unrelated to task (Greicius, Krasnow, Reiss, & Menon, 2003). The regions associated
with resting state, now often thought of as the default mode network (DMN), have a
reciprocal relation with the executive control network (ECN), associated with task
(Fransson, 2005) and include the posterior cingulate cortex, the retrosplenial cortex, and
the ventromedial prefrontal cortex (Raichle et al., 2001). In contrast to the DMN, the
ECN is association with goal-oriented behavior (Seeley et al., 2007; Sutherland,
McHugh, Pariyadath, & Stein, 2012). The organization of the brain into such networks is
thought to reflect efficient organization and functioning (Achard & Bullmore, 2007;
Watts, Watts, Strogatz, & Strogatz, 1998) such that metabolic cost is minimized while
maximizing the ability transfer of information.

Network Theory in TBI
Indeed, patterns of both decreased and increased connectivity have been observed in
individuals with TBI. In a sample of patients with mild TBI, Mayer and colleagues
observed decreased connectivity within the DMN and increased connectivity between the
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DMN and lateral prefrontal cortex during rest (Mayer, Mannell, Ling, Gasparovic, &
Yeo, 2011). In contrast, increased connectivity (hereafter referred to as
hyperconnectivity) in TBI within the DMN during rest was reported by Sharp et al.
(2011) and was associated with less cognitive impairment. Hillary et al. (2011) found
that task load was positively associated with network density, indicative of increased
connectivity. Dobryakova and colleagues (2014) found increased inter-hemispheric
connectivity during a novel working memory task compared to healthy controls, again
demonstrating increased connectivity associated with TBI. Recently, increased
connectivity has been reported between the posterior cingulate cortex (PCC) and the
DMN during resting state using fMRI in addition to increased opposing antiphase
synchrony, or statistically significant out of phase correlation (e.g., greater negative
correlation between nodes), between the PCC and posterior attentional regions
(Venkatesan, Dennis, & Hillary, 2014), suggesting alterations in the dynamic between
networks in individuals with TBI. Though the literature remains somewhat equivocal,
overall, TBI show global hyperconnectivity, and more specifically, within the frontal
region, DMN, and posterior association areas (Hillary et al., 2015). While there have
been exciting findings regarding connectivity changes in specific states, there has been
little research to date examining the relation between connectivity during two states,
resting state and task, in individuals with TBI and what this might tell us about the way
the brain recovers from blunt trauma and what effect this has on cognition.
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Graph theory
In recent years, graph theory has been implemented to examine specific
connections between nodes, or groups of voxels, within functional brain networks and is
an emerging approach for the study of network dynamics after TBI. Graph theory allows
for complex systems to be studied as graphs (Bassett & Bullmore, 2006). There are a
number of terms related to graph theory. A connection is defined as the functional
correlation between two nodes and is also referred to as an “edge”. In weighted graphs,
the edge is given a weight, determined by the correlation value between the two nodes.
In an unweighted graph, the edges are binarized, and either exist or do not, depending on
whether the correlation value meets a threshold criterion. Network strength is calculated
by dividing the total number of edges by the weight of the edges. Using computational
models, Watts and Strogatz (1998) identified a type of network that was between a fully
connected “regular” lattice and a random network. This type of network has been
identified in a number of real-world networks, such as the cellular network of C-elegans,
and social networks.
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Watts and Strogatz, 1998

This network became known as a small-world network, in which small, densely
connected clusters existed, connected to other clusters by sparse long connections. Since
Watts and Strogatz identified this network, it has been demonstrated in fMRI that brain
networks have small-world properties (high clustering, low path length; clustering
coefficient/path length) (Salvador et al., 2005). It is thought that neural networks
developed as small-world networks with short high clustering and low path length to
minimize metabolic cost and maximize information processing (Bassett & Bullmore,
2006). Alterations in these network properties observed in functional connectivity might
be expected in someone in response to neurological trauma, and might yield insight into
recovery and cognition.
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Implementation of Graph Theory to Study Network Change in TBI
The studies mentioned above which examined connectivity following TBI did not
examine connectivity of the whole-brain. Nakamura et al. (2009) implemented graph
theory to examine how functional networks within the whole brain in individuals with
TBI change between two time points following injury; they reported increased smallworldness and increased nodal degree, but a decrease in overall network strength. This
was the first study to use graph theory to demonstrate how functional connectivity
changes during recovery from TBI, and based upon the pattern of graph theory metrics
observed, posited that during recovery, as small-worldness increases between time points,
the brain begins to approximate the ratio of clustering over path length (i.e., smallworldness) found in the brains HCs.
Graph theory analyses of functional brain networks indeed have yielded increased
understanding of cognitive functioning in relation to network changes following TBI;
small world topology and number and strength of connections has been associated with
performance on task switching performance in individuals with TBI (Caeyenberghs et al.,
2012) and measures of attention (Bonnelle et al., 2011), two areas of cognitive
functioning commonly affected in individuals with TBI. In addition to being used to
examine properties within networks, graph theory can be implemented to better
understand changes in properties between networks. It has been posited that “network
randomization” could be reflective of brain damage (Bartolomei et al., 2006). In other
words, the degree to which established brain networks are differentiated from one another
could be an indicator of how well a brain is functioning. Therefore, one could expect that
the DMN, associated with rest, might be connecting with nodes associated with the ECN,
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areas typically reciprocally related with rest. Such dedifferentiation, or reduced
specificity in network response between the brain’s subnetworks, could be a marker of
response to neural disruption and recovery. Alternatively, increased differentiation may
be observed, as noted by Venkatesan and colleagues (2014). Determining whether
connectivity changes occur within a given network, between networks, or both between
and within networks is critical in order to understand in order to determine what these
connectivity changes mean for cognition and function. Thus far, studies have used graph
theory metrics to examine TBI within rest and task, respectively, and have demonstrated
that changes in these metrics are associated with cognitive functioning. This study seeks
to expand upon the current literature and implement graph theory metrics (e.g., network
strength, small-worldness) to examine how the relation between connectivity during rest
and task differs between TBI and HCs, and how this relation is associated with cognition.

The Proposed Study
This proposed study examines functional connectivity changes during both rest
and task following TBI. Using graph theory, path length, transitivity (e.g., clustering
coefficient), degree, and network strength will be examined to test how functional
connectivity changes during rest and task following brain injury, whether individuals
with TBI are hyperconnected compared to HCs, and whether this hyperconnectivity is
due to changes in the relation between functional connectivity during rest and task such
that individuals with TBI show decreased differentiation of functions associated with
networks. Finally, this study seeks to explore the relation between patterns of functional
connectivity during both rest and task with cognitive functioning.

15

Hypothesis 1: All individuals will show greater strength (i.e., absolute sum of
correlations of the average signal of an ROI) during task than rest due to increased
cognitive demand, but individuals with TBI will be hyperconnected in both states
compared to HCs.

Hypothesis 2a: Hyperconnectivity in TBI will occur through dedifferentiation of
networks such that increased weighted degree observed during rest and task will occur
through the recruitment of nodes within and between other networks. More specifically,
during rest, individuals with TBI will show increased weighted degree compared to HCs
among nodes typically associated with goal-oriented behavior, and between these taskrelated nodes and nodes of other networks.

Hypothesis 2b: During the 1back, individuals with TBI will show increased connectivity
in terms of absolute weighted degree within the DMN, associated with resting state, and
between nodes belonging to the DMN and nodes of other networks, compared to HCs.

Hypothesis 2c: Mean weighted degree within and between subnetworks will be different
during rest and task in HCs such that networks associated with task will show greater
weighted degree during the 1back than during rest, and networks associated with rest will
show greater weighted degree during rest than during task. Consistent with
dedifferentiation, individuals with TBI will not show significant differences in mean
weighted degree during rest and task due to a lack of differentiation of networks.
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Hypothesis 3: Increased absolute weighted degree within ROIs of the DMN during task
and increased absolute weighted degree within ROIs associated with task during rest will
be associated with decreased performance on measures sensitive to deficit in TBI.
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Methods

Procedure
This study is a retrospective analysis of functional imaging data and
neuropsychological testing previously collected. All participants underwent a similar
MRI protocol, which included a resting state scan in addition to a block design 1-back
task, followed by neuropsychological testing. Imaging data were collected on a Philps
Achieva 3T scanner or a Siemens Magnetom Trio 3T whole-body scanner housed in the
Department of Radiology at Hershey Medical Center, or either a Siemens Magnetom Trio
3T whole-body scanner or a Siemens Prisma 3T whole-body scanner, both housed in the
Social, Life, and Engineering Sciences Imaging Center (SLEIC) at The Pennsylvania
State University, University Park.

Participants
Participants included 18 individuals with moderate to severe TBI, indicated by a
Glasgow Coma Scale (GCS) score of 3-12 (Teasdale & Jennett, 1974) or by positive MR
or CT finding, who are at least approximately one year post resolution of post traumatic
amnesia (PTA). These individuals were recruited as part of one of two possible studies: a
cross-sectional study, at least 12 months post injury, and a longitudinal study examining
recovery beginning three months post injury. Data from the longitudinal study used was
collected from the third time point, approximately 12 months post injury. Though this
method of recruitment yields a sample in which some participants have been exposed to
the stimuli before, and others have not, tests that were administered were chosen because
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they have been shown to have little effect with practice (e.g., 1-back task, Digit Span
subtest from the Wechsler Adult Intelligence Scale-III). Of note, an independent samples
t-test comparing mean performance on all cognitive tests showed no group differences
between individuals with TBI recruited from the cross-sectional study and those recruited
from the longitudinal study who had been exposed to the stimuli before. Thus, it is
unlikely that practice effects accounted for the results discussed below. A group of age
and education matched healthy controls underwent the identical protocol. See table 1 for
demographic information.

Table 1. Demographic information
n

Mean age (std. dev.)

Mean edu (std. dev.)

Gender

GCS

Time post-injury (months)

TBI

18

27.06 (6.86)

13.4 (2.20)

7 F, 11 M

6.66 (4.81)

2.99 (5.7)

HC

18

31.38 (9.43)

12.86 (1.47)

9 F, 13 M

N/A

N/A

Measures
MRI Scans
T1-weighted magnetization-prepared rapid acquisition with gradient echo
(MPRAGE): Structural data were acquired with 1mm x 1mm x 1mm voxels, a repetition
time (TR) of 2300ms, and an echo time (TE) of 2.98ms, and slices were collected
interleaved. The spatial resolution of this scan was exploited in fMRI analyses in order to
provide high-resolution mapping of functional findings.

Resting state scan: All participants were presented with the same stimulus and
were instructed to fixate at the white cross on the center of the screen and reminded not to
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fall asleep. The 34-35 slices collected were interleaved with 3mm x 3mm x 4mm voxels
and acquired with a repetition time of 2000ms and an echo time of 30ms. The first 5
volumes were removed prior to beginning preprocessing, and only volumes 6-150 were
included in analyses.

1-back task: This task is an established block-design task in which individuals are
presented with a series of letters one at a time. Participants are instructed to press the
button with their right hand on the right grip if the presented letter matches the letter that
preceded it, and to press the button with their left hand on the left grip if the presented
letter does not match the letter that preceded it. Scan parameters were identical to the
resting state scan, with slices collected interleaved with 3mm x 3mm x 4mm voxels, and
have a TR of 2000ms and a TE of 30ms. The first 10 volumes were discarded, resulting
in 126 volumes included in analyses.

Neuropsychological tests
In addition to completing the 1-back task inside the scanner, all participants were
administered a battery of neuropsychological tests outside of the scanner aimed at
capturing areas of cognition known to be affected by TBI, such as working memory,
processing speed, and executive functioning, in addition to measures of mood and
personality, which, as noted above, have been both shown to be affected after injury, and
also may impact cognitive performance. The battery included the Stroop Test (Trennery
version), Wechsler Adult Intelligence Test-III (WAIS-III) Digit Span Backward and
Forward, Trail Making Test A and B, Wechsler Adult Intelligence Test-III (WAIS-III)
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Matrix Reasoning (modified for study), Visual Search and Attention Task (VSAT), State
Trait Anxiety Inventory (STAI), and Beck Depression Inventory (BDI-II).

The Stroop Test (Trennery version): The Stroop Test is a measure of both speed
and of executive functioning, particularly examining the ability to inhibit. The Trennery
version includes two trials; during the first trial, participants read a list of color words as
quickly as they can, while in the second trial, the participants are presented with a list of
color words printed in a color that is different from the color word, and asked to name the
color in which the word is printed (Trenerry, 1989). Thus, the participant must inhibit the
impulse to read the word that is printed. The test has good psychometric properties. It is
important to note that in samples of participants with TBI, anxiety has been shown to
contribute to slower performance, but does not fully account for observed slowing
(Batchelor, Harvey, & Bryant, 1995).

Wechsler Adult Intelligence Test-III (WAIS-III) Digit Span Backward and
Forward: Wechsler Adult Intelligence Scale-III (WAIS-III) Digit Span is a measure of
working memory. In Digit Span Forward, the examinee is read a series of numbers and
asked to repeat those numbers in the same order. In Digit Span Backward, the examinee
is read a series of numbers and asked to repeat those numbers backward. Digit Span has
good psychometric properties and has very high internal consistency (≥0.9), and high
test-retest reliability (0.8-0.89) (M. D. Lezak, Howieson, Bigler, & Tranel, 2012).
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Trail Making Test A and B: Trail Making Test (TMT) is a measure of attention,
speed, and mental flexibility. In TMTA the examinee is asked to connect 25 encircled
numbers scattered on a page in the proper order as quickly as possible. In TMTB the
examinee is asked to connect 25 encircled numbers and letters scattered on a page,
alternating between numbers and letters in order. The test has good psychometric
properties. TMTA has a test-retest reliability coefficient of 0.79. TMTB has a test-retest
reliability coefficient of 0.89 (Lezak et al., 2012). TMT A and B correlate with each
other, suggesting that they are measuring similar constructs.

Visual Search and Attention Task (VSAT): Visual Search and Attention Test
(VSAT) is a test of attention (O’Donnell, Macgregor, Dabrowski, Oestreicher, &
Romero, 1994). This cancellation task has two trials: a letter trial and a symbol trial. In
each trial, the examinee is asked to cross out all letters and symbols that match the letter
or symbol at the top of the page, respectively. This test has good psychometric
properties, and has been shown to be sensitive to brain damage (Lezak et al., 2012).

State Trait Anxiety Inventory (STAI): The State Trait Anxiety Inventory (STAI)
is a self-report questionnaire that aims to capture an individual’s trait anxiety reflective of
baseline anxiety, and state anxiety, or anxiety that the person is currently experiencing. It
is comprised of two parts and has good psychometric properties, with high internal
consistency; the state-trait alpha coefficients above 0.90, and test-retest reliability ranges
from 0.6-0.8, with higher reliability demonstrated for the trait sub-portion, as might be
anticipated given that state anxiety may fluctuate (Lezak et al., 2012). This measure is
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important because state anxiety can impact performance on neuropsychological tests
(Kizilbash, Vanderploeg, & Curtiss, 2002), and because there may be differences in
performance among individuals who experience anxiety symptoms and individuals who
do not. For example, a preliminary analysis has shown that in individuals with TBI, state
anxiety is negatively associated with performance on certain types of cognitive tasks, but
is positively correlated with performance in HC participants (Bernier and Hillary, 2015).
Thus, accounting for potential relations between anxiety and cognitive functioning is
important to explore.

Beck Depression Inventory (BDI-II): The Beck Depression Inventory-II (BDI-II)
is a self-report measure of depression; it is important to include because mood impacts
performance on neuropsychological tests, and there might be differences between
individuals who experience depressive symptoms compared to those who do not. The
score is summed, and higher scores reflect higher levels of depression, with scores of <14
indicative of minimal levels of depression, scores of 14-19 indicative of mild, scores of
20-28 indicative of moderate, and scores greater than 28 indicative of severe levels of
depression. The questionnaire has good psychometric properties, with test-retest
reliabilities ranging from 0.74 to 0.93, and an alpha coefficient of 0.92, reflecting high
internal consistency. The BDI-II shows strong validity, with correlation coefficients with
other measures of depression ranging from 0.57 to 0.81. Further, the BDI-II is well
validated in samples of individuals with brain trauma in identifying subjects with major
depressive disorder (Homaifar et al., 2009).
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Data Analysis
Data Preprocessing
Each individual’s working memory and resting state data were slice-timed
corrected, realigned, normalized to a standard T1 template from the Montreal
Neurological Institute (MNI), and smoothed to minimize signal-to-noise ratio. All
individuals’ data underwent the same preprocessing pipeline. Data were preprocessed
using SPM8, and motion was examined using the Artifact Repair (ArtRepair) toolbox
(Mazaika et al., 2009), in order to identify subjects with large motion and correct for
perturbations in the BOLD signal due to motion. Individuals with greater than 25%
volumes requiring interpolation due to motion in during either rest or task were discarded
from analyses, as recommended by Mazaika et al. (2009). As a result, of the original 20
eligible subjects with TBI, one case was discarded due to motion during rest, and one was
discarded due to motion during task, yielding the sample of 18 subjects with TBI. Of the
original sample of 23 HC, one was discarded due to motion during rest. This is
consistent with prior research within our lab, in which typically greater than ~90% of
participants’ data are able to be included following the recommended guidelines.

Statistical tests
Of note, prior to conducting analyses, four HC subjects were discarded who were
poorly matched to the final group of TBI subjects in order to have identical sample sizes
well-matched on demographic variables of age, gender, and education.
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ROI Selection
Power’s 264 functionally defined atlas was used to define ROIs (Power et al.,
2011). Whole brain connectivity was examined across these 264 ROIs using graph
theoretical methods (explained below). Power and colleagues’ functional labels for each
ROI were then used to group these ROIs into five subsystems (see table 2). The primary
goal of grouping these ROIs into subsystems was to be able to determine whether
connectivity changes observed in individuals with TBI compared to HCs was occurring
in subsystems typically functionally associated with other brain states (e.g., task-related
subsystem recruited during rest).
Table 2. Power ROI subsystems
Subsystem

Number of ROIs

	
  
Examples of included ROIs

1

59

fronto-parietal task control

2

58

default mode

3

18

salience

4

112

sensory, motor, memory

5

17

subcortical, cerebellar

Graph Theory
Graph theory was used to examine whole brain connectivity and determine
patterns of response. Power ROIs (Power et al., 2011) were correlated with each other to
form an adjacency matrix using the program R/3.1.1. Significance of connections was
corrected for false discovery rate (FDR) in order to account for multiple comparisons and
to minimize the potential for type 1 error. Several metrics, including network strength
and degree of nodes, were examined (see table 3).
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Table 3. Graph theory terms
Graph theory term
Edge
Network strength

Degree

Clustering coefficient (C)

Path length (L)

Small-worldness

Definition
Significant correlation between time series of two
different nodes (i.e., ROI)
Total number of edges by the weight of those
edges (in weighted graph); can be examined
globally or within a more specific network
determined a priori
Absolute sum or total number of connections
emanating from a particular node
The number of edges that exist between a node
and its nearest neighbors

The average minimum number of edges required
to travel between two given nodes

A type of network that falls between a random
network and a regular network; characterized by
small, densely connected clusters existed,
connected to other clusters by sparse long
connections

Computation
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Results
Analysis of Global Graph Metrics
Mean path length among all significant edges in the whole brain during task was
significantly higher in individuals with TBI (M = 1.6921, sd = 0.05) compared to HCs (M
= 1.6561, sd = 0.03), t(30) = -2.79, Cohen’s d = 0.931, p = 0.009, while mean path length
during rest among all significant edges in the whole brain was significantly lower in
individuals with TBI (M = 1.6982, sd = 0.04) compared to HCs (M = 1.7275, sd = 0.03),
t(30) = 1.369, Cohen’s d = 0.839, p = 0.017. Clustering coefficient and small-worldness
did not differ between individuals with TBI and HC during rest or task.

Global Differences in Weighted Degree
To test hypothesis 1, an independent samples t-test was used to test for global
differences in mean weighted degree between individuals with TBI and HCs. During
rest, mean weighted degree was significantly higher in individuals with TBI (M =
3298.11, sd = 489.20) compared to HCs (M = 2910.36, sd = 386.90), (t(34) = -2.638,
Cohen’s d = 0.879, p = 0.013), whereas during task individuals with TBI (M =3555.86,
sd = 603.79) showed no significant difference from HCs (M= 3725.16, sd = 405.73)
(t(34) = -0.987, Cohen’s d = 0.329, p = 0.331). See figure 1.
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Figure 1. Mean differences at a global level in terms of mean weighted degree between
HCs and TBI during rest and task. TBI were significantly hyperconnected at a global
level compared to HCs during rest, but not task; HCs showed significantly greater
connectivity during task compared to rest, and TBI showed no mean differences between
rest and task.
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It is possible that, rather than indicating a true lack of difference at the global
level between rest and task, this lack of difference could be explained by the within group
variability observed in TBI in the relation between connectivity during rest and task,
compared to the consistent increase in connectivity observed for each HC. See figures 2a
and 2b.

Individual	
  weighted	
  degree	
  in	
  TBI:	
  rest	
  
and	
  task	
  
6000	
  
5000	
  
4000	
  
3000	
  
2000	
  
1000	
  
0	
  
Weighted	
  Degree	
  Rest-‐TBI	
  	
  

Weighted	
  Degree	
  Task-‐TBI	
  

Figure 2a. Weighted degree for each individual with TBI during rest and task, illustrating
the individual variability in the relation in connectivity between rest and task in TBI.
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Figure 2b. Weighted degree for each individual with TBI during rest and task. Note the
uniform increase in connectivity from rest to task.
Pairwise t-test analyses were used to test for mean differences in total absolute
weighted degree between states within each sample. Mean weighted degree was
significantly different in HCs, increasing from 2910.36 (sd = 386.90) during rest to
3725.16 (sd = 405.73) during the 1back working memory task (t(34) = -10.165, Cohen’s
d = -2.400, p = <0.001); however, individuals with TBI showed no significant difference
in mean weighted degree during rest (M = 3298.11, sd = 489.20) and task (M = 3555.86,
sd = 603.79), (t(34) = -1.728 , Cohen’s d = -0.407, p=0.102). In other words, HCs were
more connected during task globally compared to rest, whereas individuals with TBI
showed no global differences between states.
Hypothesis 1, that individuals with TBI would show greater connectivity
compared to HCs, was supported only in resting state, but not for task. However, the lack
of global mean differences in connectivity during task at the global level could be
consistent with hypotheses 2a and 2b, which posit hyperconnectivity compared to HCs
via dedifferentiation of networks; in other words, rather than observing hyperconnectivity
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at the global level and observing dedifferentiation only at the local level, dedifferentiation
was observed at the global level in TBI, resulting in a lack of significant difference in
mean weighted degree between task and rest at the global level.

Local Differences in Weighted Degree
To test hypotheses 2a and 2b, Power’s 264 ROIs (Power et al., 2011) were
assigned to one of five networks: task-related, default mode, salience, and
subcortical/cerebellum, and other (see figures 3a and b, table 3). Analyses focused on
mean weighted degree between ROIs within the task-related network and within the
default mode, respectively, in addition to inter-network mean weighted degree involving
the task network (i.e., valid links between task ROIs to ROIs from other networks) and
the default mode (i.e., valid links between DMN ROIs to ROIs from other networks).
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Figure 3a: Power ROIs recoded as the task-related network.

Figure 3b: Power ROIs recoded as the default mode network.

In examining hypothesis 2a, an independent samples t-test was used to compare
mean weighted degree between individuals with TBI and HCs during rest. Mean
weighted degree within the task network to itself was hyperconnected in individuals with
TBI (M = 234.17, sd = 38.06) compared to HCs (M = 208.81, sd = 31.60), t(34) = -2.175,
Cohen’s d = 0.725 p = 0.037, and between ROIs from the task network and ROIs from
other networks was significantly higher in individuals with TBI (M = 1098.70 sd =
169.83), than HCs (M = 981.64, sd = 139.42), (t(34) = -2.26, Cohen’s d = 0.753, p =
0.031), and may account for the global hyperconnectivity observed during rest in
individuals with TBI. Differences in mean weighted degree between ROIs within the
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DMN and between the DMN and other networks were only trending toward significance.
Additionally, mean weighted degree within subcortical regions, including the cerebellum
(t(34) = 6.112, Cohen’s d = 2.037, p <0.001), and between subcortical regions and ROIs
from other regions (t(34)=-3.165, Cohen’s d = 1.055, p = 0.003) was significantly
increased in individuals with TBI during rest. Taken together, these findings support
hypothesis 2a and suggest that during rest, networks may dedifferentiate, both in
function, with ROIs from networks not typically associated with rest increasing in
connectivity, and between the networks themselves, with increased connectivity observed
between ROIs associated with task in addition to the salience network (SN), ROIs
typically not associated with rest.
To examine hypothesis 2b, an independent samples t-test was used to compare
mean weighted degree within and between networks during task between groups.
However, there were no statistically significant differences between HCs and individuals
with TBI in mean weighted degree within and between networks during task.
Differences in mean weighted degree of ROIs within the SN was marginally significant,
where individuals with TBI had greater weighted degree (M = 32.56, sd = 6.12) than HC
(M = 28.22, sd = 7.56), (t(34) = -1.893, Cohen’s d = 0.631, p = 0.067). However, it is
worth noting this trend given the small sample size because the SN is associated with
shifting between goal-oriented and non-goal-oriented states (Menon & Uddin, 2010);
given the nature of the task, where individuals experience alternating periods of rest and
engagement in the 1back, this finding makes sense in that it suggests that individuals with
TBI are more highly synchronized in this network compared to HCs, and these nonsignificant results do offer a direction for future work. As such, hypothesis 2b was not
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supported; however, this was unsurprising given that individuals with TBI did not
demonstrate increased connectivity compared to HCs at the global level.

Relation between Weighted Degree during Rest and Task
To examine hypothesis 2c, a pairwise t-test was used to test the relation between
weighted degree during rest and task. Among HCs, mean weighted degree during rest
and task is significantly different in all but one subsystem, where these subsystems are
more highly connected during task than rest. See table 4. In contrast, in TBI at the group
level, mean weighted degree did not statistically differ between rest and task, though
differences in weighted degree of ROIs within the task network compared to rest were
subtle but worthy of interpretation and discussion. See table 4. That mean weighted
degree differed significantly in nearly every subsystem in HCs supports the idea that
healthy adult brains operate as networks in specific ways, depending on the cognitive
state (e.g., rest, task), with different patterns ROIs of the brain synchronized at different
times. However, in individuals with TBI, the hypothesis that dedifferentiation of these
networks would be observed was supported by the lack of significant differences between
mean weighted degree in any subsystem between rest and task.
Table 4a. HCs: mean differences in weighted degree during rest and task
Subsystem
(rest vs. task)
Task network
with self
Task network
with others
DMN with self
DMN with
others
SN with self
SN with others

Cohen’s
sd
-0.744
-2.175
-0.509
-0.509
-1.647
-1.647
-0.310
-0.310
-1.359

Mean

Std.
dev.

Std.
error
mean

Lower

Upper

t

df

Sig (2tailed)

-27.23

36.61

8.63

-45.43

-9.02

-3.155

17

*0.01

-272.64

125.33

29.54

-334.97

-210.31

-9.229

17

*<0.001

-26.43

51.91

12.24

-52.24

-0.62

-2.16

17

*0.05

-253.33

153.86

36.26

-329.84

-176.82

-6.986

17

*<0.001

-2.50

8.07

1.90

-6.51

1.52

-1.313

17

0.207

-97.06

71.42

16.84

-132.57

-61.53

-5.765

17

*<0.001
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-1.359
Subcort with
self
Subcort with
others

2.009
2.009
-2.406
-2.406

11.25

5.60

1.32

8.47

14.04

-106.87

44.41

10.47

-128.96

-84.78

8.523
10.208

17

*<0.001

17

*<0.001

Table 4b. TBIs: mean differences in weighted degree during rest and task
Subsystem
(rest vs. task)
Task network
with self
Task network
with others
DMN with self
DMN with
others
SN with self
SN with others
Subcort with
self
Subcort with
others

Cohen’s
d
-0.210
-0.210
-0.468
-0.468
-0.171
-0.171
-0.457
-0.457
-0.137
-0.137
-0.482
-0.482
0.148
0.148
-0.529
-0.529

Mean

Std.
dev.

Lower

Upper

t

Sig (2tailed)

df

-9.94

47.36

-33.49

13.61

-0.89

17

0.39

-105.77

225.91

-218.11

6.57

-1.986

17

0.06

-10.94

64.00

-42.77

20.89

-0.725

17

0.48

-103.92

227.63

-217.12

9.28

-1.937

17

*0.07

-1.08

7.94

-5.03

2.86

-0.58

17

0.57

-35.82

74.38

-72.81

1.17

-2.043

17

*0.06

0.96

6.47

-2.26

4.18

0.63

17

0.54

-31.94

60.39

-61.976

-1.91

-2.244

17

*0.04

Relation with Behavior
Prior to testing hypothesis 3, independent samples t-tests were implemented in
order to observe whether group differences existed on any cognitive measures. Counter
intuitively, the only group difference observed was on Digit Span Backward, with TBIs
performing significantly better (M = 7.50 sd = 1.99) than HCs (M = 5.88 sd = 1.59) t(28)
= -2.449, Cohen’s d = 0.594, p = 0.022. Groups did not differ on BDI-II or the STAI,
and reported subclinical levels of depression and anxiety. Thus, it is unlikely that mood
and anxiety accounted for the observed results.
To explore hypothesis 3, weighted degree among subsystems hypothesized to
account for increases in connectivity and dedifferentiation were chosen to correlate with
measures of cognition sensitive to deficits that are commonly reported in TBI. To test
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whether increased recruitment of task-related ROIs during rest was associated with worse
cognitive functioning, weighted degree within the task network during rest and weighted
degree between nodes from the task network and nodes from other networks during rest
were chosen to be correlated with Digit Span Forward, Digit Span Backward, Trail
Making Test A, Trail Making Test B, and reaction time variability on the 1back among
individuals with TBI. Connectivity within the task network was not correlated with
cognitive performance on any task tested. However, connectivity between the task
network and ROIs from other networks was positively associated with poorer
performance on Trail Making Test B, such that as weighted degree increased, time to
complete Trails B increased, R2(12) = 0.285, p = 0.049.
To test whether increased recruitment of ROIs from the DMN during task was
associated with worse cognitive functioning, weighted degree within the DMN during
task and weighted degree between nodes from the DMN and nodes from other networks
during rest were chosen to be correlated with Digit Span Forward, Digit Span Backward,
Trail Making Test A, Trail Making Test B, and reaction time variability on the 1back.
Connectivity within the DMN was positively correlated with performance on Digit Span
Backward, such that as recruitment of the DMN during task increased, number of trials
correct on Digit Span Backward increased, R2(12) = 0.590, p = 0.026.
Support for hypothesis 3, therefore, was mixed. Neither of the findings discussed
in this section survive Bonferroni correction (p <0.008), but may shed light on ways
connectivity relates to cognitive functioning. Increased connectivity between ROIs in the
task-network and ROIs from other networks during rest was associated with worse
performance on Trail Making Test B, a measure of executive functioning, particularly
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set-shifting. Increased connectivity within the DMN during task was associated with
better performance on Digit Span Backward, a measure of working memory. Overall,
however, connectivity between and within subnetworks showed little relation with
cognitive performance.
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Discussion
Results and Contributions from Current Study
Neural networks are thought to be structured in a way that maximizes efficiency
while minimizing cost (Achard & Bullmore, 2007; Bassett et al., 2009; Bassett &
Bullmore, 2006), and differentiation of networks during different cognitive states could
be reflective of such organization (Goh, 2011). The present study demonstrated that
individuals with TBI show network dedifferentiation both at the global level and the local
level. At the global level, TBI subjects showed no differences in weighted degree
between rest and task, in contrast to HCs who demonstrated increased weighted degree
during task compared to rest. This lack of observable differences in connectivity between
HCs and individuals with TBI at the global level was likely driven by two factors. First,
TBI subjects were hyperconnected during rest compared to HCs, so TBI subjects would
have had to exhibited much greater levels of connectivity that may not have been possible
due to a resource ceiling in order to demonstrate increased connectivity during task than
rest, as healthy controls did; in other words, TBI subjects would have had to increase to a
higher level of connectivity during task than HCs did in order to show the differences
between rest and task that HCs did, and TBI subjects have fewer neural resources than
HCs, and have a lower threshold of maximum connectivity than HCs. The second factor
likely driving the lack of global connectivity differences in TBI subjects during rest and
task was likely the heterogeneity of connectivity during task and rest, in contrast to HCs
who uniformly increased in weighted degree from rest to task, exhibiting greater
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connectivity with increased cognitive load. Variability in the relation between
connectivity during rest and task in TBI may be clinically meaningful in that it suggests
the potential for different recovery subtypes, and warrants further study. Perhaps with
increased power, it would be observed that individuals whose connectivity profiles are
more differentiated between rest and task at the global level, mirroring the pattern
observed in HCs, are showing better recovery.
As predicted, increased connectivity of nodes with task-related ROIs accounted
for much of the hyperconnectivity observed during rest in individuals with TBI compared
to HCs. Dedifferentiation in connectivity at the network level is, therefore, found in TBI
subjects during rest. As discussed above, there were no significant differences in
connectivity during task at the network level in TBI subjects compared to HCs, but this
may be owing to the heterogeneity of connectivity observed within a relatively small
sample size or to the fact that a proportion of the TBI sample had prior exposure to the
1back task (though the latter explanation is less likely in light of the fact that all subjects
had ample time practicing the task outside of the scanner, and thus the simple task was
not novel to any subject, and TBI subjects who had no prior exposure to the stimulus
showed similar responses as TBI subjects who had prior exposure). However, a trend
toward significantly increased connectivity in nodes belonging to the SN, a network
associated with switching between goal-oriented and non-goal-oriented states (Menon &
Uddin, 2010), further lends support for dedifferentiation and recruitment of additional
nodes, even during task. Additionally, increased weighted degree of the SN during task
likely has implications for cognitive functioning and may reflect increased effort in order
to meet the demands of this task, consistent with work by Bonnelle and colleagues
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(2012). Perhaps the strongest evidence for dedifferentiation of networks within
individuals during recovery from TBI is the absence of differences in weighted degree at
the network level between rest and task. HCs showed highly significant differences in
mean weighted degree in all but one network between rest and task, with networks
associated with rest demonstrating greater connectivity during rest and networks
associated with task showing greater connectivity during task; TBI subjects, however,
showed no such distinction. Whether this dedifferentiation is necessary in order to meet
cognitive demands and represents adaptive functioning remains somewhat unclear, and
the data suggest that the direction and magnitude of this relation depends on when and
where the increased connectivity is occurring. While HCs and TBI subjects performed
similarly on all cognitive measures, increased connectivity during rest between taskrelated ROIs was associated with worse performance on Trail Making Test B, a measure
of set-shifting. Set-shifting is one of the subtypes of cognitive functioning that falls
under the umbrella of executive functioning. Deficits in executive functioning are one of
the most commonly reported problems following brain injury. The finding above
suggests that hyperconnectivity during rest occurring through dedifferentiation of
networks may be reflective of poorer cognitive functioning. However, during task,
increased connectivity with nodes of the DMN, typically not associated with task, was
associated with better performance on Digit Span Backward, a measure of working
memory, also falling under the umbrella of executive functioning. These findings
suggest that perhaps the relation between increased connectivity and differentiation of
networks associated with recovery following brain injury may have nuance, such that
hyperconnectvity compared to HCs could be beneficial to cognitive functioning in some
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circumstances, but detrimental in others. For example, increased connectivity among
task-related nodes and between task-related nodes and nodes from other subsystems
during rest, a state in which task-related nodes are typically not connected, may reflect
the recovering brain’s attempt to stay online in the case of having to shift to a goaloriented state, especially when considering the increased connectivity within the SN,
associated with switching between rest and goal-oriented behavior, during task noted in
TBI subjects compared to HCs.
The findings presented above are consistent with the broader literature.
Hyperconnectivity between ROIs and the DMN during rest has been noted following TBI
and has been associated with better cognitive functioning (Sharp et al., 2011).
Elsewhere, disconnection has also been reported following TBI and, in particular,
structural disconnection between hub regions has been linked to deficits in cognitive
functioning (Fagerholm, Hellyer, Scott, Leech, & Sharp, 2015). One potential etiology of
dedifferentiation is aberrant activity resulting from damage to neural tissue (Fornito,
Zalesky, & Breakspear, 2015). If dedifferentiation is indeed reflective of damage, it is
likely that the location of the damage determines to what extent dedifferentiation is
observed, and how this impacts cognitive functioning (Warren et al., 2014).
Dedifferentiation of networks has been observed in other populations as well, and
has been shown to be a general feature of aging (Carp, Park, Hebrank, Park, & Polk,
2011), particularly among areas such as the prefrontal cortex, hippocampus, and primary
sensory cortices (Cabeza et al., 2004; Park et al., 2004; Payer et al., 2006; Rajah &
D’Esposito, 2005). Several models have been developed to explain this observed
phenomenon, including the hemispheric asymmetry reduction in older adults (HAROLD)
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model, based on the observation of decreased interhemispheric lateralization of the
prefrontal cortex, and the compensation-related utilization of neural circuits hypothesis
(CRUNCH) model. This model posits that the increased activation of regions previously
differentiated reflects the use of additional strategies to perform a task, and that
dedifferentiation thus serves as a compensatory mechanism (Berlingeri, Danelli, Bottini,
Sberna, & Paulesu, 2013; Reuter-Lorenz & Cappell, 2008).
The results of this study demonstrate the relation between increased connectivity
and cognitive functioning depended on what state and between which networks the
hyperconnectivity occur, and warrant further research. Future investigations should
consider dynamic connectivity, given that connectivity relations change across time and
these changes may have implications for cognitive functioning and behavior (Sharp,
Scott, & Leech, 2014; van der Horn et al., 2016), and take into account lesion location, as
centrality of a node likely impacts both connectivity and cognitive functioning following
injury (Warren et al., 2014).

Limitations
This study has several limitations. The study included a small sample (n=18 TBI,
18 HCs), which may have limited the ability to detect more subtle differences in
connectivity patterns and the investigators’ ability to make inferences regarding specific
connectivity profiles. Additionally, the data collected did not include information
regarding ethnicity; thus it will be unknown whether this sample is representative of the
individuals who sustain TBI in the United States in this regard. This sample likely
included an approximate equal number of men and women and will be not representative
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of the gender distribution of TBI in which men are far likely to sustain TBI than women.
These demographic differences, therefore, somewhat limit the generalizability of this
study to the population of individuals with moderate to severe TBI.

Conclusions
Brains are organized and operate as distinct networks. Hyperconnectivity has
been observed as a response to brain injury during recovery from moderate to severe TBI.
This study demonstrated that compared to HCs, individuals with TBI are hyperconnected
during rest, becoming more synchronized with regions from typically unassociated
networks, and exhibit more variability in connectivity in their neural network response to
task. The relation between increased connectivity and cognitive functioning depended on
during what state and between whom the hyperconnectivity occurred. Therefore,
examining hyperconnectivity at a global level obscures specific relations between
hyperconnectivity and cognitive function. Continuing to explore connectivity changes
during recovery at the network level during specific cognitive states will elucidate
specific connectivity profiles used to better understand and predict recovery following
injury.
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