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Abstract

Traumatic brain injury survivors often experience cognitive deficits and neuropsychiatric symp-
toms. However, the neurobiological mechanisms underlying specific impairments are not fully
understood. Advances in neuroimaging techniques (such as diffusion tensor imaging and func-
tional MRI) have given us new insights on structural and functional connectivity patterns of
the human brain in both health and disease. The connectome derived from connectivity maps
reflects the entire constellation of distributed brain networks. Using these powerful neuroimag-
ing approaches, changes at the microstructural level can be detected through regional and global
properties of neuronal networks. Here we will review recent developments in the study of brain
network abnormalities in traumatic brain injury, mainly focusing on structural and functional
connectivity. Some connectomic studies have provided interesting insights into the neurological
dysfunction that occurs following traumatic brain injury. These techniques could eventually be
helpful in developing imaging biomarkers of cognitive and neurobehavioral sequelae, as well as
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predicting outcome and prognosis.
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Introduction

Traumatic brain injury (TBI) is a leading cause of death
and disability in the US and is associated with substantial
socioeconomic burden (Langlois et al., 2006). The Center
for Disease Control estimates that 1.1 million emergency de-
partment visits, 275,000 hospitalizations, and 52,000 deaths
occur every year in the US as a result of TBI (Faul et al.,
2010). Nonetheless, given the limited range and efficacy of
available therapeutic strategies, even state-of-the-art inten-
sive care that adheres to best practices is unable to entirely
alleviate the long-term morbidity associated with TBI. As
such, TBI survivors are often left with cognitive, emotional,
and behavioral changes that result in persistent disability and
psychosocial difficulties (Millis et al., 2001; Whitnall et al.,
2006; Stuss, 2011). For example, deficits in speed of informa-
tion processing, complex attention, memory, and executive
function are common after moderate to severe TBI, even
several years post-injury (Millis et al., 2001; Stuss, 2011). In
the emotional domain, many individuals develop depression
and anxiety after sustaining a brain injury (Hibbard et al.,
1998). The cognitive and emotional sequelae of TBI are het-
erogeneous across individuals. Our ability to predict specific
deficits and their trajectory, from the early stages post-injury,
remains less than definitive.
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Imaging modalities have played a pivotal role in advanc-
ing TBI research over the past three decades. More recently,
advanced MRI approaches such as diffusion tensor imaging
(DTI) and resting state functional MRI (RS-fMRI) are fur-
ther extending our understanding of normal brain organi-
zation and the neurobiological basis of neurocognitive and
neuropsychiatric disorders (Greicius, 2008; Hagmann et al.,
2008). In the past decade, DTI has been widely applied to
detect subtle white matter abnormalities in patients with TBI
(Hulkower et al., 2013). The value of DTI lies in its sensitivi-
ty to microstructural axonal injury, a pathological condition
that presumably contributes to persistent cognitive and
behavioral impairments in at least a subset of TBI patients.
Using RS-fMRI, the blood oxygenation level dependent
signal can be used to measure spontaneous (but correlated)
fluctuations that occur between functionally related regions
during the resting state (Biswal et al., 2010).

These advances in MRI techniques now permit the struc-
tural and functional connectivity of the brain to be studied
in vivo (Beckmann et al., 2005; Jones, 2008). Optimized
DTI methodology can be used to shed new light on struc-
tural connectivity, while RS-fMRI can be used to explore
the functional connectivity of neuronal networks. These
methods can be used individually or in parallel. Recent work
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has shown that functional connectivity reflects underlying
structural connectivity (Hagmann et al., 2008; Greicius et al.,
2009). The connectome represents the whole brain network
in its entirety. It includes the entire constellation of distrib-
uted functionally-related neural networks, including all of
their elements and interconnections (Sporns, 2013). Further
investigation of the connectome after brain injury may lead
to powerful insights about TBL. For example, these techniques
could be used to study the disruption of distributed brain
networks underlying specific cognitive or neurobehavioral
symptoms after TBI, as well as changes to these networks
during recovery and with neurorehabilitative interventions.
In theory, adopting a connectomic approach to the study of
TBI may eventually allow us to more precisely predict the
nature of an individual patient’s residual long-term deficits
by estimating the impact of damage to nodes within distrib-
uted functional networks on specific neurobehavioral sys-
tems. This ability would facilitate accurate prognostication
and effective treatment planning.

In this review, our intent is to focus on recent develop-
ments in the study of structural and functional connectivity
in TBI. First, we will briefly introduce basic concepts rele-
vant to human brain connectomics. Then, we will discuss
imaging modalities and applications relevant to structural
and functional connectivity, as well as recent empirical find-
ings involving connectivity in TBI. Finally, we will propose
considerations for future studies of TBI connectomics.

Basic Concepts of Human Brain Connectomics
The field of connectomics is a new area of scientific inquiry,
which seeks comprehensive description of the structural
and functional connectivity patterns of the human brain
(Sporns et al., 2005). The term “connectome” emphasizes
that the brain is a single large and unique structural entity
with a network composed of neural connections (edges) and
neural units (nodes). The word “connectomics” emphasizes
a comprehensive research field, which maps the nodes and
edges in the brain at an individual and population level,
while developing the tools to analyze its organization and
structure. Functional (RS-fMRI) and structural (DTI) imag-
ing provide noninvasive methods for studying human brain
networks. Sporns et al. (2005) outlined a five-step strategy
for describing the human connectome. Step 1 is to perform
DTI tractography to obtain a voxel-wise probabilistic all-to-
all structural connectivity matrix for the human brain. Step
2 is to perform correlation analysis through fMRI data to
find strong functional relationships that are consistent across
tasks; the aim is to capture a voxel-wise all-to-all functional
connectivity matrix for the human brain. Step 3 is to identify
regions of consistent structure—function relationships in the
human brain by performing a cluster analysis of correspon-
dences between the structural and functional connectivity
matrix obtained under steps 1 and 2. Step 4 is to identify
correspondences and deviations by comparing the results
obtained by cluster analysis through step 3 with macaque
data. Lastly, step 5 is to certify the strongest predictions
generated by assembling the final combined structural-func-

tional connectivity matrix using custom-designed stimuli
and perturbational techniques such as transcranial magnetic
stimulation.

Connectomics might help us to better understand brain
damage and recovery. The connectome can be obtained and
studied in various conditions, such as TBI, neurodegener-
ative disease, and neurodevelopmental disorders. Various
abnormalities can be seized as specific structural and func-
tional variants of the human connectome.

Structural Connectomics in TBI

DTI tractography is a commonly used technique for recon-
structing white matter structures and assessing structural
connectivity in vivo (Mori and van Zijl, 2002). The recon-
struction is based on algorithms that use information from
each imaging voxel (such as direction of diffusion), and as-
sume continuity from voxel to voxel, to eventually track the
whole pathway. This method allows one to map the macro-
scopic connections of the human brain and provides a large
amount of information about fiber tracts, such as length and
density (Mori and van Zijl, 2002; Irimia, 2012).

Diffusion tensor tractography is a valuable tool for detect-
ing structural connectivity changes occurring in different
stages of TBI and for studying the utility of acute tractog-
raphy in predicting patients’ long-term cognitive outcomes
(Wang et al., 2011). However, the tractography algorithms
may sometimes fail because of the disruption of voxel to
voxel continuity based on white matter damage. To circum-
vent this problem, Squarcina et al. (2012) recently proposed
a method for studying thalamo-cortical connectivity using
a template based on probabilistic tractography of healthy
individuals, which eliminates the need for individual trac-
tography. This method appears robust to varying degrees of
traumatic axonal injury and, therefore, appears appropriate
for investigating specific thalamo-cortical white matter con-
nections after TBI.

Another methodological challenge that hinders DTI re-
search in TBI and other disorders is that DTI has limited
capacity to resolve the direction of individual fiber tracts at
junctions between overlapping bundles. A technique called
High-Angular-Resolution Diffusion Imaging (HARDI) can
overcome this “fiber-crossing problem” without substantially
increasing scan lengths or hardware requirements (Tuch et
al., 2002; Jansons and Alexander, 2003; Tournier et al., 2004).
As such, this technique has become quite popular and may
be useful for many TBI researchers.

Newer techniques, with greater technical requirements,
have been developed to measure structural connectivity
in even greater detail than early DTI. Diffusion spectrum
imaging (DSI) is a new DTI technique characterized by the
acquisition of a very large number of images applying strong
motion sensitizing magnetic gradients in multiple directions
(Hagmann et al., 2010). It allows one to map complex tissue
fiber architectures by imaging the 3D spectra of tissue water
diffusion (Wedeen et al., 2005). DSI tractography has the ca-
pacity to image crossing fibers in neural tissue, which is essen-
tial to image the connectional neuroanatomy non-invasively
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(Wedeen et al., 2008) (Figure 1). Strong DSI connections
can predict stronger functional connectivity quantitatively.

In brief, DTI constitutes an excellent imaging modality for
the noninvasive study of brain architecture. It is well suited
for the study of brain network properties in TBI patients. We
are optimistic that ongoing TBI research, along with refine-
ments in DTI techniques, will provide important insights
into brain connectivity in TBI in the future.

DTI-derived structural connectivity techniques have been
used to detect microstructural abnormalities in multiple
neurologic disorders, such as schizophrenia (White et al.,
2007; Camchong et al., 2011), Alzheimer’s disease (Zhou et
al., 2008; Zarei et al., 2010), epilepsy (Holt et al., 2011; Vul-
liemoz et al., 2011), and autism (Ameis et al., 2011; Billeci et
al., 2012). These DTI-derived techniques are also being used
to study structural connectivity in TBI. Accurate measure-
ment of white matter structure and connectivity is presum-
ably critical to the study of TBI. This would be particularly
true in cases involving traumatic axonal injury (TAI), which
contributes to cognitive and neuropsychiatric impairment
(Lux, 2007). Numerous studies have shown that disrupted
structural connectivity (as measured by DTI metrics) corre-
sponds to deficits in cognitive domains, including sustained
attention (Bonnelle et al., 2011), working memory (Palacios
et al., 2012), executive function (Wang et al., 2011; Caey-
enberghs et al., 2014), information processing speed (Wang
et al., 2011), and learning and memory (Wang et al., 2011;
Rohling et al., 2012; Tallus et al., 2012). A complete synthe-
sis of DTI studies in TBI is beyond the scope of this review,
but the interested reader should refer to prior reviews (e.g.,
Sharp and Ham, 2011; Wortzel et al., 2011; Gardner et al.,
2012; Irimia, 2012; Hulkower et al., 2013).

One recent study used discriminant correspondence
analysis (DCA), a type of discriminant analysis, to study
tractography measurements from 28 fiber regions in TAI of
varying severities from the acute to chronic stages of TBI.
DCA factor scores discriminated acute TBI patients from
healthy controls. The longitudinal trajectory of tractography
measurements was heterogeneous across patients, reflecting
improved, deteriorated, or stable connectivity over time.
However, the change in connectivity over time predicted
cognitive outcome (Wang et al., 2011).

Recently, Caeyenberghs et al. (2014) studied brain behav-
ioral switching networks in 23 patients with chronic moder-
ate to severe TBI using diffusion tensor tractography. They
calculated topological properties of the networks using a
graph theoretical method, and found that both TBI patients
and controls exhibited a small-world topology in their white
matter networks. The TBI patients demonstrated increased
shortest path length and decreased global efficiency of the
structural network. The network property of degree, which
reflects how interconnected a node is with other brain
nodes, correlated with behavioral performance. In particu-
lar, increased connectivity degree predicted poorer switch-
ing. Another study about working memory networks using
whole-brain DTI maps revealed that structural damage in
specific tracts such as the inferior and superior longitudinal
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fasciculi, inferior fronto-occipital fasciculi, cingulum, anteri-
or thalamic radiations, and corpus callosum were associated
with working memory functional activations (Palacios et al.,
2012). These findings suggest that TBI patients have a weak-
er globally integrated structural brain network, resulting in a
limited capacity of executive control function.

Other recent work has also revealed that structural and
functional connectivity in TBI are closely related (Bonnelle
et al., 2011, 2012; Sharp et al., 2011, 2014; Palacios et al.,
2012; Goh et al., 2014). For example, one DTI study showed
that white matter damage within the tracts of the salience
network (SN, which includes the anterior cingulate cortex,
presupplementary motor area, and anterior insula) predicted
abnormal deactivation of the default mode network (DMN),
which in turn was associated with deficient inhibition (Bon-
nelle et al., 2012). Using DTI, structural disconnection with-
in the DMN also correlated with sustained attention perfor-
mance (Bonnelle et al., 2011). Sharp et al. (2011) found that
as white matter disruption within the splenium of the corpus
callosum increased (as indicated by mean diffusivity), poste-
rior cingulate cortex functional connectivity decreased. It is
very likely that a variable degree of structural disconnection
modulates a compensatory increase in functional connectiv-
ity within DMN.

In summary, DTI remains a promising tool to study white
matter damage and to assist in understanding pathological
changes in the structural connectivity of the brain after TBI.
Although DTI-derived structural connectivity has provided
novel insights into structural network disruptions after TBI
and their relationship to cognitive deficits, DT only reflects
the essence of disease from a structural point of view. Func-
tional connectivity based on RS-fMRI can help us to more
fully understand aberrations in brain network properties
following TBI.

Functional Connectomics in TBI
Task-dependent fMRI experiments deliberately investigate
the activity of the brain in specific regions, which is usually
distinct, while resting state activations are produced by spon-
taneous, intrinsic fluctuations. RS-fMRI is well-matched to
the view that the brain largely activates intrinsically, with
sensory information modulating system processes (Burton et
al., 2004). RS-fMRI data are usually used to identify intrinsic
neural networks or areas of connectivity (fcMRI) distributed
throughout the brain. Recent evidence suggests that it may
be possible to extract information about the connectivity
and functionality of specific networks from RS-fMRI fluctu-
ations (Hampson et al., 2002; Greicius et al., 2003; Seeley et
al., 2007). The ability to use fcMRI to assess the functionality
of specific networks while the patient is at rest would be of
particular interest for clinical applications. For example, the
ability to image network integrity or disruptions might pro-
vide valuable prognostic or treatment planning information
in severely injured patients with limited ability to comply
with active fMRI paradigms, as in disorders of consciousness.
According to Mantini et al. (2007), there are six main rest-
ing state networks (RSNs) that have been identified. RSN
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Figure 1 Structural connectivity from diffusion spectrum imaging
tractography in a normal human participant in 3T MRI, which gives
a delicate connectional neuroanatomy.

1 is the DMN, which typically comprises bilateral inferior
parietal lobe, bilateral superior frontal gyrus, the posterior
cingulate cortex (PCC) and precuneus, medial prefrontal
cortex (MPFC). RSN 2 is a network of dorsal attention,
which includes bilateral intraparietal sulcus/cortex at the
intersection of the precentral and superior frontal sulcus,
ventral precentral, and middle frontal gyrus. RSN 3 is a pos-
terior visual processing network, which involves the retino-
topic occipital cortex and temporal-occipital regions. RSN 4
primarily involves the bilateral superior temporal cortex, and
is the auditory-phonological network. RSN 5 is the senso-
ry-motor network including the precentral, postcentral, and
medial frontal gyri, the primary sensory-motor cortices, and
the supplementary motor area. RSN 6 is a network related
to self-referential mental activity, which includes the medi-
al-ventral prefrontal cortex, the pregenual anterior cingulate,
the hypothalamus, and the cerebellum. Among all the resting
state patterns, the default mode is the most prominent, and
was originally discovered in resting metabolism positron
emission tomography (PET) data (Raichle et al., 2001); it
was subsequently assumed to reflect an organized, baseline
default mode of brain function. Thus far, default mode
RS-fMRI has been the most commonly used technique to
research functional connectivity in TBI.

Currently, two methodological approaches can be used to
analyze RS-fMRI data to study functional connectivity. The
first one is an ROI-based method, which relies on prior an-
atomical hypotheses to restrict the analysis to a predefined
anatomical region of interest or to a specific seed (Greicius
et al., 2003). With this approach, seed ROIs are selected by
the user. Signals within the seed ROI are then compared
and correlated to the signals within other parts of the brain.
Statistical measures can be derived to understand the cor-
relation structure of the seed ROI in relation to other brain
regions. The other method used to analyze RS-fMRI to
evaluate the connectivity within different areas of the brain

Figure 2 Functional connectivity from resting state functional MRI.
Six of the most common and consistent resting state networks identi-
fied by independent components analysis: (A, B) default mode network;
(C, D) left- and right-lateral executive networks; (E, F) visual network;
(G, H) motor network; (I) auditory network; and (J) salience network.

is independent components analysis (ICA) (Calhoun et al.,
2002). ICA allows the analysis of fMRI data using only min-
imal assumptions about the spatiotemporal structure of the
component signals (Lewine et al., 1999). ICA separates spa-
tial components by making the assumption that the spatial
network patterns are statistically independent in their time
courses. Essentially, ICA is a data-driven statistical method
that attempts to decompose the total RS-fMRI signal into
several independent components arising from various spatial
locations, the sum of which most closely reconstructs the to-
tal measured RS-fMRI signal. The technique segregates com-
ponents, each of which contains a network of interrelated
structures whose activity correlates closely, while the various
components are independent of one another (Figure 2). It
does not require user selection of an RO], as this analysis is
performed on the signal arising from the whole brain. This
approach has a number of advantages over the use of seed
voxel-based approaches and has been used to probe func-
tional connectivity in multiple populations (Damoiseaux et
al., 2008; Filippini et al., 2009).

Resting state fMRI network analysis has been applied to a
variety of diseases and conditions, such as Alzheimer’s dis-
ease (AD) (Rombouts et al., 2007; Sorg et al., 2007), aging
(Andrews-Hanna et al., 2007), schizophrenia (Jafri et al.,
2008), and epilepsy (Laufs et al., 2007). These studies have
identified various abnormalities in resting state network pat-
terns across disorders. A substantial body of literature now
confirms that RS-fMRI can be used to extract information
about network functionality and connectivity (Hampson et
al., 2002; Seeley et al., 2007). Nowadays RS-fMRI is widely
used to evaluate functional connectivity in TBI, and both
increases and decreases in connectivity have been observed
in a number of networks (Hillary et al., 2011; Mayer et al.,
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2011; Sharp et al., 2011; Shumskaya et al., 2012; Stevens et
al., 2012). Several studies have reported that these abnormal-
ities correlate with cognitive impairment or post-concussive
symptoms (Tang et al., 2011; Messé et al., 2013; Caeyenber-
ghs et al., 2014).

The DMN is the most readily identified and most com-
monly studied of the resting state networks in TBI. DMN
represents an organized, baseline default mode of brain
function that is active at rest and suppressed during specific
goal-directed behaviors (Raichle et al., 2001). Several recent
studies have described DMN abnormalities after TBI, both
with respect to resting state DMN functional connectivity
and DMN deactivation during task performance (Bonnelle
et al., 2011, 2012; Hillary et al., 2011; Mayer et al., 2011;
Sharp et al., 2011; Zhou et al., 2012; Sours et al., 2013).

Consistent with earlier PET studies, several fMRI stud-
ies have reported reduced connectivity in severely injured
TBI patients with disorders of consciousness. Connectivity
within the DMN correlates with level of consciousness,
with minimally conscious patients showing an intermediate
degree of connectivity relative to locked-in syndrome and
vegetative state (Zhang et al., 2012). In general, disruptions
in thalamo-cortical and cortico-cortical frontoparietal con-
nectivity are thought to contribute to the impaired levels
of consciousness seen in vegetative or minimally conscious
states (Cauda et al., 2009; Noirhomme et al., 2010).

In moderate to severe TBI patients who recover conscious-
ness, DMN abnormalities have been associated with the na-
ture and magnitude of cognitive impairment. For example,
higher relative activation of the DMN (particularly within
the precuneus and PCC) during an fMRI choice reaction
time task is associated with deficits in sustained attention
(Bonnelle et al., 2011). This finding is compatible with the
view that the DMN must be deactivated to switch from the
internally-directed resting state towards externally-directed
or task-positive goal-directed behavior. Failure to suppress
DMN structures such as the precuneus and PCC is associ-
ated with attentional lapses in healthy controls (Weissman
et al., 2006). Furthermore, DMN deactivation is enhanced
during performance of cognitively demanding tasks with
increasing cognitive load (Singh and Fawcett, 2008, Pyka et
al., 2009). As such, it appears that TBI patients with incon-
sistent attention and vigilance sometimes fail to deactivate
the DMN, as would be required for consistent and focused
engagement in goal-directed behavior in the external world.
Moreover, functional connectivity within the DMN and
structural connectivity (as demonstrated by DTI) also cor-
related with the degree of impairment in sustained attention
(Bonnelle et al., 2011). Specifically, reduced functional con-
nectivity of the precuneus within the DMN and lower FA of
the right cingulum predicted poor sustained attention.

Another recent study provided corroborating evidence
that lesser deactivation of DMN during cognitively demand-
ing tasks is associated with cognitive deficits. Chronic-stage
severe TBI patients with better working memory demon-
strated greater deactivation of DMN structures during per-
formance of a visual n-back working memory task, along
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with greater activations in task-related working memory
structures (Palacios et al., 2012). Furthermore, white matter
integrity (as measured by global FA) correlated with DMN
deactivations (Palacios et al., 2012).

Sharp and colleagues (2011) identified increased function-
al connectivity within resting-state DMN in chronic TBI (>
6 months post-injury). Greater functional connectivity with-
in the DMN (particularly the PCC) during rest was associat-
ed with lesser impairments in information processing speed.
Patients with evidence of DTI abnormalities within the sple-
nium of the corpus callosum demonstrated lower functional
connectivity within adjacent DMN structures (i.e., the PCC).
The authors suggested that increased connectivity within
the DMN at rest may reflect a dynamic and adaptive process
in chronic TBI, which ultimately promotes more effective
deactivation of the DMN during focused goal-directed be-
havior, while these network changes may be modulated by
the degree of structural disconnection secondary to axonal
injury (Sharp et al., 2011). Consistent with this hypothesis,
one longitudinal study that evaluated changes in connectiv-
ity at 3 and 6 months following resolution of posttraumatic
amnesia after moderate to severe TBI did indeed identify in-
creased DMN connectivity over this recovery period (Hillary
etal., 2011).

Other studies have documented DMN alterations in mild
TBI. Zhou et al. (2012) reported increased resting state func-
tional connectivity in the anterior medial prefrontal cortical
region and decreased connectivity in the PCC/parietal re-
gions in mild TBI compared with healthy controls. Lower
functional connectivity of the posterior DMN regions pre-
dicted reduced speed/mental flexibility on the Trail Making
Test, while increased functional connectivity of the anterior
DMN regions was associated with symptomatic report of
depression, anxiety, and post-concussive symptoms. Mayer
et al. (2011) examined mTBI patients within 3 weeks of in-
jury, with repeat evaluation of a subsample of participants
at 3-5 months. They reported decreased DMN connectiv-
ity, but increased connectivity between DMN and lateral
prefrontal cortex in semiacute mTBI patients. While no
changes in functional connectivity were found in recovery
period. They also reported some evidence of a relationship
between abnormal functional connectivity and white matter
microstructure, as well as a relationship between functional
connectivity measures and cognitive complaints. The results
indicated that functional connectivity may serve as a bio-
marker of both mTBI and underlying cognitive impairment.

Abnormal functional connectivity after TBI has also been
observed in several other networks (Kasahara et al., 2010,
2011; Marquez de la Plata et al., 2011; Tang et al., 2011;
Hillary et al., 2012; Shumskaya et al., 2012; Stevens et al.,
2012). For example, functional connectivity among motor
system regions was altered during self-paced finger-thumb
opposition, potentially reflecting post-injury reorganization
(Kasahara et al., 2011). Abnormal frontoparietal network
connectivity during working memory task performance was
recently described, raising the possibility that abnormal in-
terhemispheric connectivity between the left and right infe-
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rior frontal gyri may contribute to working memory deficits
after TBI (Kasahara et al., 2011). In fact, functional connec-
tivity abnormalities were recently identified in all twelve net-
works generated by ICA analysis of resting-state fMRI data
from mTBI patients. These included networks subserving
visual processing, motor abilities, and cognitive-executive
function. Furthermore, abnormal connectivity within vari-
ous networks, particularly the anterior cingulate, was asso-
ciated with postconcussive symptom severity (Stevens et al.,
2012).

In summary, RS-fMRI may have the potential to become
an important tool to assess large-scale connectivity and
functional integrity of neuronal networks in TBI patients. It
may give us a better understanding of the structural origins
of cognitive dysfunction, and, not only useful as a research
tool, it may permit the design of strategies for recovery
based on network analysis in the future, as well as serving
as a biomarker to monitor disease progression and recovery
in TBL

Future Considerations

Advanced MRI methods, such as DTI and RS-fMRI, are use-
ful tools to reveal the multifaceted nature of brain injury and
study connectome abnormalities in TBI. Studies to date raise
some optimism that these methods could eventually yield
biomarkers of the assorted pathologies in TBI to improve
diagnosis, prognosis, and treatment planning. Despite the
encouraging findings emerging in the recent literature, TBI
connectomics is only in its infancy. Findings require further
investigation and replication.

Future studies should take into account a number of con-
siderations. First, the pathology underlying TBI is so het-
erogeneous that outcomes can vary from death, to survival
with severe cognitive disability, to complete recovery. Every
brain injury is unique and has a complex effect on multiple
interacting networks. Given the significant pathophysiological
differences between mild and moderate-to-severe traumatic
brain injuries (Wang et al., 2011), we should not generalize
functional connectivity findings across injury severities, which
definitely limits our ability to predict specific neurobehavioral
trajectories of recovery in TBL. It is possible that the nature or
magnitude of structural and functional connectivity abnor-
malities should be differentiated across the TBI populations
and across the timing post-injury in the future.

Second, there have been a limited number of TBI stud-
ies fully exploring structural and resting state networks or
patterns of connectivity in TBI. Thus far, most of the TBI
network studies have focused on identifying differences be-
tween TBI and control groups. While these studies appear to
confirm the presence of network abnormalities secondary to
TBI, little is known about the relationship between networks
and disease progression. Longitudinal studies are currently
limited, but are needed to characterize the natural history of
network changes over the course of spontaneous recovery
and in response to rehabilitation. Furthermore, the relation-
ship of network abnormalities to the nature or magnitude
of specific neurobehavioral deficits warrants further inves-

tigation and replication, as does the relationship of network
abnormalities to long-term outcome.

Finally, existing studies on TBI brain networks are at the
macroscale. More detailed and comprehensive information
could become available in the future, should methods ulti-
mately progress to the microscale or mesoscale level.

Conclusions

Modern fMRI and DTI techniques have provided us with
tools to view the human brain connectome by assessing tract
structure, tract connectivity, and functional connectivity.
Studies performed thus far in TBI confirm the presence of
both structural and functional connectivity abnormalities
across the spectrum of injury severity. They also suggest that
these abnormalities are in some way related to specific cog-
nitive impairments demonstrated after TBI. It can plausibly
be hypothesized that cortical and white matter damage aris-
ing from TBI can disrupt structural connectivity in TBI pa-
tients, thereby affecting patterns of functional brain activity
and connectivity. Therefore, further research investigating
the structural and functional connectivity of large-scale cog-
nitive networks in TBI certainly appears warranted. These
studies should eventually be combined with investigation
of rapid changes in brain activity associated with abnormal
behavior and cognition, because persistent alterations in
the connectivity of these larger-scale networks are likely to
influence a network’s short-term response to transient and
changing environmental demands. In the future, longitudi-
nal studies using such MRI techniques from the acute setting
to the chronic stage, in conjunction with neurocognitive
assessment, are warranted to reveal the dynamic picture of
brain injury and determine whether these techniques might
someday be helpful in the clinical context for the benefit of
our patients.
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