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Is Traumatic Brain Injury Associated with Reduced
Inter-Hemispheric Functional Connectivity?

A Study of Large-Scale Resting State Networks
following Traumatic Brain Injury

Arianna Rigon,1 Melissa C. Duff,1–3 Edward McAuley,5,6 Arthur F. Kramer,5 and Michelle W. Voss1,4

Abstract

Traumatic brain injury (TBI) often has long-term debilitating sequelae in cognitive and behavioral domains. Under-

standing how TBI impacts functional integrity of brain networks that underlie these domains is key to guiding future

approaches to TBI rehabilitation. In the current study, we investigated the differences in inter-hemispheric functional

connectivity (FC) of resting state networks (RSNs) between chronic mild-to-severe TBI patients and normal comparisons

(NC), focusing on two externally oriented networks (i.e., the fronto-parietal network [FPN] and the executive control

network [ECN]), one internally oriented network (i.e., the default mode network [DMN]), and one somato-motor network

(SMN). Seed voxel correlation analysis revealed that TBI patients displayed significantly less FC between lateralized

seeds and both homologous and non-homologous regions in the opposite hemisphere for externally oriented networks but

not for DMN or SMN; conversely, TBI patients showed increased FC within regions of the DMN, especially precuneus

and parahippocampal gyrus. Region of interest correlation analyses confirmed the presence of significantly higher inter-

hemispheric FC in NC for the FPN ( p < 0.01), and ECN ( p < 0.05), but not for the DMN ( p > 0.05) or SMN ( p > 0.05).

Further analysis revealed that performance on a neuropsychological test measuring organizational skills and visuo-spatial

abilities administered to the TBI group, the Rey-Osterrieth Complex Figure Test, positively correlated with FC between

the right FPN and homologous regions. Our findings suggest that distinct RSNs display specific patterns of aberrant FC

following TBI; this represents a step forward in the search for biomarkers useful for early diagnosis and treatment of TBI-

related cognitive impairment.

Key words: externally oriented networks; inter-hemispheric functional connectivity; internally oriented networks; resting

state fMRI; traumatic brain injury

Introduction

Traumatic brain injury (TBI) is a global public health issue

with the incidence of TBI rising worldwide.1 In the United

States alone, more than 1.7 million cases are reported annually.

Although outcomes following TBI are highly variable, in about

one out of five cases TBI marks the onset of long-term disabili-

ties, evolving into persistent impairments in domains such as at-

tention, memory, movement, sensation, executive functions and

social conduct.2,3 In an effort to design ad hoc effective rehabili-

tation protocols and to guarantee TBI patients a higher quality of

life, interdisciplinary research that combines neuropsychology and

neuroimaging has endeavored to obtain a better understanding of

TBI outcomes on the brain and behavior. In particular, cognitive

neuropsychology and brain imaging methods have been recruited

with the aim of gaining insight into how specific profiles of be-

havioral impairment may correspond to specific patterns of func-

tional impairment and/or anatomical brain damage.4

Individuals with TBI usually manifest a variety of co-existing

complaints and complex cognitive and behavioral clinical out-

comes; this observation hints at the fact that long-term impairment

following brain injury parallel abnormalities not (or not entirely)

due to damage in focal brain regions, but in the interactions be-

tween areas that participate in networks of functionally and/or

anatomically connected neural systems.5 Indeed, although TBI,

especially in severe cases, may be accompanied by focal lesions
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caused by cerebral contusion, it most frequently presents white

matter microstructure changes and is characterized by diffuse ax-

onal injury, a result of axon shearing due to the force of the angular

and linear acceleration of the soft brain tissue inside the skull at the

moment of impact.6

Resting state functional magnetic resonance imaging (rs-fMRI)

is a widely used approach to explore the functional integrity of

neural systems.7 Resting state fMRI scans are collected as partic-

ipants lie in the scanner without engaging in a specific task; the

resulting patterns of synchronous activity at rest resemble func-

tional networks typically observed during performance of cognitive

tasks.8,9 In this way, rs-fMRI offers a tool for a task-independent

measure of functional integrity of large-scale cognitive systems.

Analyses of rs-fMRI data often measure the level of synchrony, or

functional connectivity (FC), by computing correlations between

blood oxygen–level dependent (BOLD) signal fluctuations of brain

regions of interest (ROIs) proposed to work together as parts of

functional networks. The methodological advantages of measuring

FC with this cognitive task-free data collection method, in contrast

to task-related fMRI, include greater generalizability for predicting

behavior, lack of practice or retest effects, and perhaps most im-

portantly when dealing with a TBI population, the elimination of

possible confounds due to task difficulty or floor/ceiling effects.10

Several studies have begun to characterize what aberrant pat-

terns of FC at rest are associated with TBIs of different severities. In

particular, research has focused on characterizing the consequences

of TBI on FC between specific ROIs in three resting state networks

(RSNs) that have been found to support some of the cognitive

functions most commonly impaired in TBI populations: the default

mode network (DMN), the fronto-parietal network (FPN), and the

executive control network (ECN).11–14 At a broader level it is

useful to conceptualize the DMN as an internally oriented network

(ION) and the FPN and ECN as externally oriented networks

(EONs) based on the endogenous or exogenous quality of the in-

formation they manipulate, respectively.15

The DMN comprises anterior medial prefrontal cortex, posterior

cingulate cortex (PCC), medial temporal lobe (MTL), and lateral

parietal areas, and it is known to have a role in internally-directed

cognition, such as autobiographical memory, theory of mind and

future oriented thought.16 FC in the DMN has been consistently found

to be abnormal in both mild and severe TBI populations, albeit with

seemingly contradictory findings. For instance, two studies noticed

greater FC within the DMN for TBI, compared with healthy controls,

particularly with the precuneus and posterior cingulate cortex17,18;

however, others reported less FC within the DMN for TBI, compared

with controls, especially between more posterior regions of the

DMN.19–21 These differences may be due to the heterogeneity of

analytical frameworks employed, time elapsed since onset of injury,

TBI severity, and extent of gray and white matter damage.

The FPN comprises the dorsolateral frontal and parietal cortices,

and has traditionally been considered part of a broader ‘‘task posi-

tive’’ network due to its association with orienting attention to the

environment rather than the self. It has been postulated that the FPN

is involved in executive functions and externally-directed cognitive

abilities, such as goal directed behavior—all higher level functions

that consistently have been found to be impaired in TBI populations

of all severity levels.12,15,22–24 Similarly, the ECN includes mainly

frontal regions involved in executive processes (goal oriented action

and inhibition), emotion, and perception.9 Not surprisingly, several

studies on TBI samples have discovered deficits in FC between re-

gions in the FPN, some additionally reporting associations between

neuroimaging findings and behavioral performance.18,25,26

Interestingly, some recent task-related and rs-fMRI studies have

demonstrated less inter-hemispheric FC in their TBI samples,

compared with healthy controls, with reports of less FC between

motor areas in a sample including mild, moderate, and severe TBI

patients, between left and right hippocampi and anterior cingulate

cortices in acute severe TBI patients, and between homologous

prefrontal, parietal and hippocampal ROIs in acute mild TBI in-

dividuals.27–32 In particular, Sours and colleagues29 observed

positive correlations between cognitive performance on subtests of

a computerized cognitive assessment battery and inter-hemispheric

FC in acute and sub-acute stages of TBI, while Marquez de la Plata

and colleagues28 found that bilateral hippocampal connectivity was

associated with memory skills. These findings are perhaps not

surprising, given that inter-hemispheric FC has been associated

with, albeit not always in a linear fashion, white matter integ-

rity, which often shows axonal degeneration following a TBI

episode.27–32

To date, although some effort has been expended trying to

identify the precise patterns of aberrant FC following TBI, no work

has compared inter-hemispheric functional disconnection across

distinct RSNs within a sample. Thus, the main purpose of the

current study was to examine the differences in inter-hemispheric

FC across large-scale brain networks. In particular, we explored the

possible clinical significance of abnormal inter-hemispheric FC in

EONs (FPN and ECN), an ION (DMN), and a fourth network

(somato-motor network [SMN]) specifically selected to investigate

the behavior of sensory-motor network FC following TBI damage.

We obtained rs-fMRI data on a sample of 21 TBI individuals in the

chronic stage ranging from mild to severe and 21 healthy com-

parison participants using ROIs from RSNs. We hypothesized that

TBI individuals would show differences in FC between homolo-

gous areas of EON’s, an ION, and a sensory network when com-

pared with apparently healthy individuals matched for sex,

education, age, and handedness.

Methods

Experiment 1

Participants. Individuals with TBI were recruited through the
Traumatic Brain Injury Registry at the University of Iowa. All TBI
patients were right handed and in the chronic stage of their injury
(more than 6 months since injury onset, as in TBI most of the
behavioral recovery is believed to occur during the first 6 months
following injury; Table 1).33,34 The Glasgow Coma Scale (GCS), in
combination with available information on loss of consciousness
(LOC), post-traumatic anterograde amnesia (PTA) and acute
computed tomography (CT) findings, were employed to assess TBI
severity in correspondence with the criteria described in the Mayo
Classification System.35,36 The Mayo Classification System was
selected because of the opportunity it offers to maximally capitalize
on the positive findings available for each individual TBI patient
and their trauma-related history in order to retrospectively deter-
mine TBI severity.

Participants were classified as A) mild when GCS was 13–15,
acute CT findings were unremarkable and no focal lesions were
visible on a chronic MRI, LOC was 30 min or less and PTA was
shorter than 24 h; or B) moderate-severe, when GCS was less than
12, positive acute CT findings or chronic intracranial abnormality
defined as focal lesions visible on MRI were present, LOC was
longer than 30 min, and PTA longer than 24 h. If only one of these
criteria was met (i.e., GCS lower than 13, LOC longer than 30 min,
PTA longer than 24 h or presence of any trauma-related abnor-
mality), it was sufficient to exclude the patient from the mild TBI
group and to classify them as moderate-severe (Table 1). As these
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are all common occurrences following TBI, perhaps not surpris-
ingly 18 out of 21 participants were assigned to the moderate to
severe group and only three to the mild group. However, it is im-
portant to mention that other classification systems would lead to
different characterizations of the sample; in particular, those par-
ticipants who are assigned to the moderate-severe group merely due
to the presence of skull or intracranial abnormalities would be
defined as complicated-mild TBI or high-risk mild TBI pa-
tients.37,38 All TBI participants were cleared for contraindication to
MRI scanning.

Normal healthy comparison participants (NC; n = 21) were sam-
pled from a large existing database of participants scanned at the
University of Illinois on the same scanner model. Participants in this
database were recruited from the community of Urbana-Champaign,
Illinois. For NC participants, eligibility criteria included: 1) right
handedness (at least 75% on the Edinburgh Handedness Ques-
tionnaire); 2) age between 18 and 80; 3) no previous history of
psychiatric and neurological illness or traumatic brain injury; 4) a
score >27 on the Mini-Mental State Exam; 5) normal or corrected-
to-normal vision of at least 20/40 and no color blindness; and 6)
suitability for MRI environment. Each TBI patient was matched
pairwise with a NC participant for sex, age, education and handed-
ness. A two-tailed t-test revealed that the TBI and NC groups did not
significantly differ in age (t = 20, p > 0.5) or education (t = 20, p > 0.5;
Table 1).

All participants signed a written informed consent and were
compensated for their participation. The study was approved by the
Institutional Review Boards at University of Iowa and the Uni-
versity of Illinois-Urbana Champaign.

Neuroimaging data. For both groups, all neuroimaging data
were collected during a single session. Data for TBI participants
were acquired at the University of Iowa on a 3T whole-body MRI
scanner (Magnetom TIM Trio; Siemens Healthcare, Erlangen,
Germany) operated with a 12-channel RF head receive coil. High
resolution T1-weighted brain images were acquired using a three-
dimensional (3D) Magnetization Prepared Rapid Gradient Echo
Imaging (MPRAGE) protocol with 208 contiguous coronal slices,
echo time (TE) = 3.04 msec, repetition time (TR) = 2530 msec, field
of view (FOV) = 256 mm2, voxel size = 1 mm3, and flip angle = 10�.
T2*-weighted resting state data were collected with a fast echo
planar imaging (EPI sequence) with BOLD contrast (6 min, TR =
2000 msec, TE = 30 msec, 31 slices acquired in ascending order
voxel size: 3.4 · 3.4 · 3.5mm, 64 · 64 matrix, flip angle = 75�).

MRI data for the NC group was collected using a 3T Siemens
Trio Tim system at the University of Illinois-Urbana Champaign.
High resolution T1-weighted brain images were acquired using a
3D MPRAGE protocol with 192 slices (TE = 3.32 msec, TR =
1900 msec, FOV = 230 mm2, voxel size = 0.9 mm3, and flip an-
gle = 9�). Resting state images were acquired with a fast EPI
sequence (6 min, TR = 2000 sec, TE = 25 msec, 35 slices acquired
in ascending order, voxel size 3.4 · 3.4 · 4 mm, 64 · 64 matrix, flip
angle = 80�). During resting state data collection, all participants
were instructed to keep their eyes closed.

Pre-processing. Functional MRI data pre-processing was
carried out using FSL 5.0.4 (FMRIB’s Software Library, www.
fmrib.ox.ac.uk/fsl).40 The investigator who conducted the analysis
was not blinded to whether the data analyzed was collected from
TBI or NC participants. High-resolution T1 images were skull
stripped using BET and the resulting masks were further manually
inspected and corrected.41 EPI data were then motion corrected
using MCFLIRT, and brain extracted and spatially smoothed using
a full width at half maximum 6.0 mm Gaussian kernel. Single-
subject independent component analysis (ICA) was computed with
MELODIC and each component was visually inspected and man-
ually classified as signal (components of interest) or noise (e.g.,

collection artifacts, signal of non-neural origin) by two independent
raters using a custom-made graphic user interface (https://github.
com/ktera/fmri-ica-gui).42–44 A moderator, who made the final
classification, further rated components on which the two raters did
not achieve agreement. Inter-rater reliability analysis using Co-
hen’s kappa statistics was performed to determine consistency
among raters, and it was found that j = 0.759, with a disagreement
of 9%, interpreted as substantial agreement.45 The following steps
included temporal filtering for frequencies below 0.008 and above
0.1 Hz, nuisance regression with FEAT (using nuisance ROIs
placed in white matter and cerebrospinal fluid of the left ventricle
and six motion parameters), global signal regression and volume
censoring based on a conjunction of BOLD signal spikes and
motion.46 No volumes were scrubbed from any of the participants
EPI data, likely due to ICA denoising and the use of the simulta-
neous nuisance regression approach suggested by Hallquist and
colleagues.47 Spatial normalization of the functional images to the
Montreal Neurological Institute (MNI) 2-mm template brain was
computed using the boundary based registration algorithm.48 Re-
gistration from MPRAGE to MNI space was computed using
FNIRT with the default 10 mm warp resolution. The two resulting
transformations were concatenated and applied to the original EPI
data to transform it into standard MNI space. This process allowed
to better account for local anatomical variability due to atrophy and
ventricle deformation.49,50

A research specialist with extensive experience in processing
and analyzing neuroimaging data collected on neurological patients
with focal lesions and blinded to diagnosis examined each partic-
ipant’s T1 for visible trauma-related focal lesions and identified
eight participants who clearly showed distinct regions of atrophy
possibly due to head contusion. Focal lesions were hand traced
using FSLVIEW and the resulting masks were used during spatial
normalization with FNIRT in order to increase the quality of the fit
to the MNI brain.

Data for the TBI and NC groups were collected in separate
scanners and with two slightly different protocols. In order to
clarify the possible confounding effect of the multi-site acquisition,
signal-to-noise (SNR) analysis was performed to determine if the
marked differences between the two groups could be explained by
different scanner properties (supplementary text and Tables S1 and
S2; see online supplementary material at www.liebertpub.com).

Seed analysis. RSNs generated by Smith and colleagues9

and available at http://fsl.fmrib.ox.ac.uk/analysis/brainmap+rsns
were used as network ROIs (also known as ‘‘seeds’’) during the
seed analysis. The RSNs were derived applying group ICA to ex-
tract 20 components from a 36 subjects rs-fMRI dataset, and were
found to match considerably to 10 components resulting from
group ICA carried out on the 29,671-subject BrainMap activation
database.9 In addition, these components highly resemble the ones
generated by the Group ICA analysis performed by Stevens and
colleagues18 on a mild TBI sample, thus eliminating the potential
concern in employing FC maps derived from a healthy sample to
study a clinical population dataset.18 In particular, from the Smith
database we selected as seeds RSN 420 (DMN), 620 (SMN), 820
(ECN), and 920 and 1020 (right and left FPN, respectively; Fig.
1A).9 Both ECN and FPN have been found to be crucial for
externally-focused attention, and thus were selected as examples of
EONs, while the DMN served as the ION, and the SMN as a sen-
sory network.12,15 In addition, in order to better investigate inter-
hemispheric FC differences between TBI patients and control
participants, for each RSN, FSL was used to create symmetrical left
and right lateralized seeds, only including network regions situated
in one hemisphere (excluding the left and right FPNs, as they al-
ready showed strong lateralization; Fig. 1B). Lateralized maps
were utilized for the seed analysis. All ROIs were generated from
the Smith network maps with a threshold of Z > 2.33.
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The concatenated transform obtained during pre-processing was
applied to transform the seeds from MNI to native space and again
to transform the seed correlation maps to MNI space. ROI corre-
lation analysis included computing voxel-wise Pearson coefficients
between the corrected average time series extracted from a given
seed network with the corrected time series for each voxel in the
brain; in order to ensure a normal distribution of the r values,
MATLAB (2014a, The MathWorks, Inc., Natick, Massachusetts)
was used to transform the resultant statistical maps to Fisher’s
z-scores.51 A four-dimensional image file was created by concat-
enating individual network seed maps and FSL’s flameo tool was
used to perform a between participants ordinary least-square re-
gression.52

To determine statistical significance and account for multiple
comparisons, each network seed map was thresholded at Z > 3.11,
with a cluster significance of p < 0.05. For each network seed, the
resulting Z-statistic map represented a group average and a contrast
of group differences. After visual inspection, anatomical labels
were assigned by referencing the Harvard-Oxford Cortical and
Subcortical Structural Atlases in the FSL analysis package.53,54

In order to obtain correlation values between different ROI pairs,
the mean time series of all voxels contained in each ROI was ex-
tracted and correlated with the mean time series of all other ROIs.
The resultant Pearson coefficient was then converted into a Fisher’s
z-score as was done for the voxel-wise analysis. Functional con-
nectivity matrices and connectivity dendrograms were separately
generated for each group using the obtained Fisher’s z-values and
Matlab’s heatmap, linkage, and dendrogram functions. Further
statistical analysis on these data was carried out using SPSS (re-
leased 2012, IBM SPSS Statistics for MacIntosh, Version 21.0;
IBM Corp., Armonk, NY).

Lastly, in order to verify whether inter-hemispheric FC differ-
ences between groups were due to the presence of trauma-related
focal lesions in the TBI sample, the same analyses were repeated

eliminating the participants with lesions from the TBI sample and
their match from the NC group.

Experiment 2

Participants and behavioral data. Participants included the
same 21 TBI participants from experiment 1. Each of the TBI par-
ticipants were administered a paper version of the Rey Osterrieth
Complex Figure Test-Copy (ROCFT-C) and the Rey Osterrieth
Complex Figure Test-Delayed Recall (ROCFT-DR). As no compa-
rable neuropsychological behavioral data were collected for all of the
NC group, TBI participants’ ROCFT scores were z transformed in
order to compare their performance with the population mean.

The ROCFT score collected for the TBI participants were z-
transformed using internally generated normative data.55 Inspec-
tion of the standard scores revealed that 75% of the sample placed
below average (Z < 0), with 29% one SD below average (Z < 1) and
15% two deviation standards below mean (Z < -2; Table 2). For the
subset of the TBI group for whom GCS information was available
(n = 10), there was no correlation between GCS and performance on
the ROCFT-C (r = -0.211, p = 0.559), nor between GCS and
ROCFT-DR (r = 0.254, p = 0.478). As the ROCFT–DR has been
found to be more strongly associated with executive functions than
ROCFT-C, the former measure was regarded as more inclusive and
globally representative of TBI patients’ functioning, and used as a
covariate of interest to investigate how inter-hemispheric FC may
correlate with neuropsychological measures.56

Analysis of the relationship between FC and RCFT-
delayed performance. FSL’s flameo tool was used to perform
an ordinary least square regression entering as a factor the de-
meaned z-scores for the ROCFT-DR.52 The association between
FC and performance of TBI participants in the ROCFT-DR was
assessed by examining the correlation between normalized

FIG. 1. Five resting state networks (RSNs)9 were selected as regions of interest (ROIs) for the seed analysis. For each RSN, FSL was
used to generate symmetrical left and right lateralized seeds, only including network regions situated in one hemisphere. Given their
already strongly lateralized nature, left and right fronto-parietal network map were not modified before being used as ROIs. A threshold
of Z > 2.33 was applied to all maps to create network-based ROIs. The networks are shown on the transverse plane (A) and on the
sagittal plane (B). Color image is available online at www.liebertpub.com/neu
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performance scores and FC in network seed maps. Z-statistic maps
were thresholded at Z > 3.11, with a cluster significance of p < 0.05.
All reported results are corrected for age, sex, and education.

Results

Experiment 1

Group differences in FC. Peaks for the FC maps obtained for

each ROI network seed are reported in Table 3.

Left FPN

Based on the results of a t-contrast (NC > TBI), NC participants

had more FC than the TBI patients between the left FPN lateralized

seed and regions of the right FPN in the right frontal and parietal

lobes, in particular the right superior and middle frontal gyrus, the

right frontal pole, and the right angular gyrus (Table 2). In addition,

NC participants showed more FC between the left FPN and bilat-

eral regions in the thalamus (Fig. 2A). A second t-contrast (TBI >
NC) revealed no regions of higher FC with the Left FPN in the TBI

group compared with NC.

Right FPN. Similarly to the left FPN seed, for NC partici-

pants, the right FPN seed had more FC with the frontal and parieto-

occipital lobe of the left hemisphere, with clusters in the medial

portion of the superior frontal gyrus, middle and inferior frontal

gyrus, superior parietal lobule (angular gyrus), dorso-medial part of

the occipital cortex, and left thalamus. NC participants also showed

higher FC with the right angular gyrus and right thalamus (Fig. 2B).

TBI patients showed significantly more FC between the right FPN

and the left inferior occipital cortex, a region not included in the left

FPN (Table 2).

Left ECN. Compared with the TBI group, the NC group had

significantly more FC between the left ECN lateralized seeds and

three right hemisphere regions, the supramarginal gyrus, the oc-

cipital cortex and the middle frontal gyrus (Fig. 2C). Interestingly,

none of these areas is homologous to regions comprised in the left

ECN, nor overlaps with the right ECN. A t-contrast (TBI > NC)

showed no clusters of significantly higher FC with the left ECN.

Right ECN. NC participants displayed significantly more FC

between the right ECN seed and the left middle and inferior frontal

gyrus, and some smaller clusters in the left superior parieto-

occipital cortex (Fig. 2D). Conversely, TBI patients showed more

FC with the right superior temporal gyrus and with a large cluster in

the superior occipital cortex (Table 2).

Left DMN. NC participants displayed significantly more FC

between the left DMN and the right postcentral gyrus and superior

parietal lobule than TBI individuals (Fig. 2E). TBI patients had more

FC between the left DMN lateralized seed and bilateral hippocampi

and parahippocampal gyri, bilateral precuneus and PCCs (Fig. 3A).

Right DMN. NC showed higher FC with a cluster in the in-

ferior frontal gyrus (Fig. 2F), while TBI exhibited significantly

more FC between the right DMN seed and both left and right

precuneus (Fig. 3B).

Left SMN. FC maps revealed more FC between the left SMN

and clusters in bilateral precuneus, middle and superior frontal gyri,

right angular gyrus and right middle temporal gyrus in NC partic-

ipants (Fig. 2G); none of these regions is comprised in the right

SMN (Table 2). The TBI group showed no regions of higher FC.

Right SMN. Comparably (but symmetrically) to the left SMN

seed, NC participants displayed more FC between the right SMN

seed and bilateral precuneus, the right middle and superior tem-

poral gyrus, and the left angular and supramarginal gyrus. In ad-

dition, they had more FC with the anterior cingulate cortex and the

left superior and middle temporal gyri (Fig. 2G; Table 2). TBI

participants revealed more FC with the right superior temporal

gyrus and the cerebellum (Table 2).

ROI analysis. Following analyses at the voxel-wise level, in

order to better quantify the inter-hemispheric disconnection effect

and its relative strength across RSNs, differences in inter-

hemispheric FC between TBI and NC groups were investigated

with an a priori ROI approach using the Smith and colleagues’

network ROI seeds.9

Independent sample two-tailed t-tests were performed to assess

between-group differences in FC between homologous ROIs. Sta-

tistical analyses revealed that TBI participants had significantly less

ROI to ROI FC between lateralized seeds of the FPN (t[40] =
-4.134, p < 0.01) and the ECN (t[(40] = -2.313, p < 0.05), but not

between left and right DMN seeds (t[40] = 0.860, p > 0.05) or SMN

seeds (t[40] = 1.561, p > 0.05; Fig. 4). In order to examine the impact

of the presence of mild TBI patients on these findings, we repeated

the analysis removing the three mild TBI participants and their re-

spective NC. A t-test revealed comparable results to the original

sample: the TBI group had significantly less ROI to ROI FC between

lateralized seeds of the FPN (t[(34] = -3.397, p < 0.01) and the ECN

(t[34] = -2.129, p < 0.05), but not lateralized DMN seeds

(t[34] = 1.156, p > 0.05) or SMN seeds (t[34] = 1.433, p > 0.05).

To visualize the inter-relationships between all lateralized ROIs

and how they differ between groups, FC dendrograms were gen-

erated separately for NC (Fig. 5A) and TBI (Fig. 5B). This ap-

proach allows us to explore where a given network ROI may have

more FC for the TBI group, compared with the NC group, and

examine this across all possible inter-ROI relationships. A visual

inspection of the two dendrograms revealed marked differences in

lateralized RSNs clustering, especially for the ECN and the FPN. In

the NC group, lateralized ROIs for the two EONs are shown to be

most strongly associated with their own homologous counterparts,

and secondarily with the other EON. Conversely, TBI participants

exhibited clustering seemingly more based on hemispherical lat-

eralization than on RSN membership, with higher FC between right

ECN and right FPN and left ECN with DMN seeds and left FPN.

Experiment 2

The map resulting from the addition of the ROCFT-DR perfor-

mance as a covariate of interest revealed a positive linear relationship

Table 2. Performance on the Rey Osterrieth

Complex Figure Test

Rey Osterrieth Complex Figure Test (z-scores)

Copy Delayed recall
Mean -0.641 -0.705
SD 1.294 1.114
Z > 1 (N) 2 2
-2 < Z < -1 (N) 3 6
Z < -2 (N) 2 3

SD, standard deviation.
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between behavioral data and the FC between the right FPN and a

cluster extending from the pars opercularis of the left inferior frontal

gyrus to the left ventral part of the precentral gyrus (peak at MNI

coordinates (x,y,z) of (-54, 6, 16), Z = 3.97, 252 voxels in cluster), a

region included in the homologous left FPN (Fig. 6A). No correla-

tions were found for the left FPN, or the left and right ECN.

In order to visualize the association between the behavioral

variables and FC and ensure that it was not driven by the presence

of outliers, the average time series was extracted from ROIs defined

based on the peaks in FC, and its correlation with said variables was

calculated and plotted. FC between the right FPN network and the

frontal ROI had a positive correlation of r = 0.818 ( p > 0.001) with

performance on the ROCFT-DR (Fig. 6B).

Discussion

Our analyses using both voxel wise and ROI correlation ap-

proaches revealed significantly less inter-hemispheric FC in TBI

FIG. 2. Functional connectivity maps generated by performing a seed analysis using left fronto-parietal network (FPN; A), right FPN
(B), left executive control network (ECN; C) and right ECN (D), left default mode network (DMN; E), right DMN (F), left SMN (G),
and right DMN (H) as regions of interest (ROIs). The images are thresholded at Z > 3.11, with a cluster significance of p < 0.05 and show
the regions displaying higher functional connectivity between the seeded ROIs and areas included in the maps in the normal comparison
sample than in the traumatic brain injury (TBI) group. Color image is available online at www.liebertpub.com/neu
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patients for EONs (FPN and ECN), but not for the DMN and the

SMN. Given the selectively abnormal inter-hemispheric FC in the

TBI group, we were interested in the clinical and behavioral sig-

nificance of this pattern. As the ultimate goal of our research is to

establish the utility of FC at rest as a potential rehabilitation-

informing biomarker of cognitive impairment following TBI, we

decided to investigate the parallels between FC at rest and specific

behavioral impairments within TBI individuals.

To explore the relation between inter-hemispheric FC strength

and behavioral performance, we examined performance of the TBI

participants on a standardized neuropsychological test, the Rey-

Osterrieth Complex Figure Test (ROCFT), administered outside of

the scanner. We chose this measure as it is one of the four tests

recommended by the American Brain Injury Consortium to assess

neuropsychological outcome following TBI, and because the

abilities measured by the ROCFT are commonly impaired in in-

dividuals with TBI, who often perform poorly on this task.57,58 The

ROCFT is a test sensitive to detection of impairment in visuo-

spatial, visuo-perceptive and visuo-constructive abilities, memory,

organizational skills, and highly associated with processing speed

and executive functioning, and has the potential for providing in-

sights into the mechanisms that underlie cognitive dysfunctions

after TBI. We hypothesized that reduced inter-hemispheric FC

would be associated with worse performance on the ROCFT within

the TBI group.56,59–61 As the aim of this analysis was exploring the

relationship between inter-hemispheric connectivity and behavior,

the addition of the ROCFT as a covariate of interest focused on the

lateralized seeds of the two networks that had shown significantly

less inter-hemispheric connectivity in the TBI group: the left and

right FPN and the left and right ECN.

To our knowledge, this is the first study to investigate how inter-

hemispheric FC at rest may be altered with specificity at the level of

functional networks. Our finding generalizes across a broad liter-

ature because we measured inter-hemispheric FC with lateralized

RSN ROIs generated by meta-analytic ICA (i.e., derived from the

literature as highly replicable functional networks). The use of such

a template allowed us to maintain a network perspective throughout

the analysis; in addition, in a high variability population such as the

one analyzed in this study, where several changes in brain structure

may occur following a traumatic injury, the use of more extensive

seeds addresses some potential problems that might arise with the

use of smaller ROIs (e.g., the sensitivity of resting state fMRI

results to ROIs coordinates, size and shape, the difficulty of es-

tablishing the most representative ROIs for a given RNS and,

specifically in the TBI population, the possible confounds due to

changes and shifts in brain structure following head injury).62,63

Our results with chronic TBI patients are partially consistent

with results on acute and sub-acute samples by Sours and col-

leagues29 and Marquez de la Plata and colleagues28 using more

restricted frontal and parietal ROIs. In particular, we found that TBI

participants display significantly less inter-hemispheric FC, but

only between networks more involved in externally oriented cog-

nition (FPN and ECN).28,29 These RSNs repeatedly have been

found to activate during tasks demanding cognitive flexibility, and

to support cognitive functions necessary for successful interaction

with the environment including goal directed action, set mainte-

nance, attentional selection, encoding of salience, working memory

FIG. 3. Functional connectivity maps generated by performing a seed analysis using the left (A) and right (B) default mode network (DMN)
as regions of interest (ROIs). The images are cluster thresholded for p < 0.05 and for Z < 3.11 and show regions displaying higher functional
connectivity between the seeded ROI and areas included in the bilateral DMN. Color image is available online at www.liebertpub.com/neu

FIG. 4. Comparison of mean functional connectivity (FC; –
standard error) between lateralized resting state network (RSN)
seeds in traumatic brain injury (TBI) and normal comparison (NC)
participants.
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and mental representations.12,22,64,65 Given the across-the-board

impairment in attention and cognitive functions found in TBI pa-

tients of all severities and the extensive neuropsychiatric, emo-

tional, and behavioral problems displayed in everyday life, it is

crucial to uncover how these complaints map onto specific aberrant

patterns of FC in these large scale networks.66,67 The marked inter-

hemispheric disconnection found in our sample, coupled with the

association between inter-hemispheric FC and performance on

the ROCFT, has the potential of being informative about the

mechanisms underlying TBI-related cognitive impairment. In

particular, given the pattern of inter-hemispheric FC differences

and the correlations with behavior found only in EONs, our results

further our understanding of how impaired cognitive functions may

selectively map onto specific attributes of specific functional sys-

tems; our findings reveal that not only the cognitive functions

supported by a certain system (e.g., executive functions for the

ECN), but also the specific nature of the aberrant connectivity

patterns found in said system (e.g., reduced functional connectivity

between homologous regions vs. globally reduced functional con-

nectivity within a network) should be taken into consideration in

the study of how behavioral dysfunction following TBI corre-

sponds to neural activity at rest.

In our sample, the DMN inter-hemispheric FC was not reduced

following TBI. We took a large-scale network-based approach and

thus we did not directly use a hippocampal seed; however, the

hippocampus is usually considered part of the MTL sub-network of

the DMN.16 Contrary to previous reports, which found less hip-

pocampal connectivity for TBI, compared with controls, our ana-

lyses did not reveal less inter-hemispheric FC between lateralized

DMN seeds for TBIs, compared with controls.28,30 There are two

possible explanations for this: first, the network maps we used as

seeds might have led to different results, especially since when

FIG. 5. Dendrograms showing differences in network clustering between the normal comparison NC (A) and traumatic brain injury
TBI (B) groups.

FIG. 6. Functional connectivity maps generated by performing a seed analysis using the right fronto-parietal network (FPN) as regions
of interest (ROIs) and adding the demeaned performance on the Rey Osterrieth Complex Figure Test-Delayed Recall (ROCFT-DR) as a
covariate. The maps (Fig. 6A) show regions displaying a positive temporal correlation with the seeded ROIs (in green), which is in turn
associated with performance on the ROCFT-DR. Figure 6B was obtained by masking the areas included in the z-statistic maps shown in
Figure 6A and using it to extract the time series; Figure 6B is only reported for visualization purposes. Figure 6A is thresholded at
Z > 3.11, with a cluster significance of p < 0.05. Color image is available online at www.liebertpub.com/neu
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thresholded at Z > 2.33 they did not include the hippocampus.

Consequently, although the hippocampus is generally considered

part of the DMN, our investigation focused on large-scale networks

and not on small circular seeds, and this might have caused our

discordant findings. Secondly, the failure to replicate might be re-

lated to the chronic stage of our TBI sample, whereas the mentioned

studies focused mainly on acute TBI populations.

Although inter-hemispheric FC in the ION appeared unaffected,

our TBI group did show greater FC between left DMN ROI and the

right precuneus and the left parahippocampal gyrus and between

the right DMN ROI and the right precuneus, replicating previous

results on chronic samples.17 Unfortunately, based on our findings

it is impossible to conclude whether the stronger FC reflects an

adaptive response to brain injury, as we did not administer tasks

sensitive to DMN integrity to our TBI sample such as a sustained-

attention task.17,68 It is not surprising, then, that FC between the

DMN and precuneus, PCC and hippocampi did not correlate with

behavioral performance on the ROCFT. Recent reports indicate

that focus on the DMN and the regions it comprises, as well as their

disruption following disease or injury may be key to advancing the

study of how different disorders can influence brain functions and

cognition.21,69,70 For this reason, evidence on the mechanisms

through which DMN intra-network FC is associated with cognitive

outcomes (inter-hemispheric FC vs. FC with nodes such as hip-

pocampi and precuneus) can guide future research and inform

targeted rehabilitation procedures.

Our findings regarding the SMN did not replicate the inter-

hemispheric disconnection reported by Kasahara and colleagues

using an event-related design, probably due to the different meth-

odologies employed.27 Although TBI patients tend to regain their

gross neuro-motor skills over time, persistence of certain abnor-

malities, such as tandem gait problems and postural instability can

cause severe distress and decrease quality of life.27,71,72 The fact

that no motor task performance was assessed for either group

prevents us from making claims, but lack of a deficit in inter-

hemispheric FC shown by NC, compared with screened healthy

NC, suggest that subtle motor deficits following TBI may not be

mediated by functional disconnection of homologous motor re-

gions; future research should investigate this possibility by com-

paring FC during rest compared to tasks with respect to their

predictive utility for TBI outcomes.

Finally, the differences reported in network clustering clearly

demonstrate TBI can disturb network architecture and is associated

with changes both within RSNs and in the relationship between

RSNs.29 Previous studies have highlighted the importance of

characterizing the way networks interact with each other to reach a

deeper understanding of the pathophysiological mechanisms of

TBI outcome.21,68 Notably, in our patient sample, FC between ar-

eas located in the same hemisphere was higher than in regions

belonging to the same RSNs. Furthermore, as all our TBI patients

were in the chronic stage of their injury, our results clearly dem-

onstrate that these alterations in inter and intra network balance are

long-term. Thus, our findings could serve as a starting point for

future research that focuses on how specific changes in hierarchical

clustering of RSNs may predict behavior following a TBI, and how

FC between distinct networks and lateralized ROIs vary in their

activation patterns during demanding cognitive tasks.

Limitations

The work presented here explored inter-hemispheric connec-

tivity following TBI using an innovative large-scale network ap-

proach, which lead to robust findings important in the study of TBI,

its sequelae and their biomarkers. Yet, some limitations should be

noted. The first limitation concerns the structural and functional

neuroimaging data being collected in different scanners for the TBI

and NC groups. This could serve as a potential confound, although

given the results of our SNR analysis and the nature of the results,

we believe it is very unlikely that the specific group differences in

inter-hemispheric connectivity could have been driven by differ-

ences in the hardware or scanning procedure. However, it is im-

portant to mention that at this stage we do not have the means to

precisely quantify how much inter-scanner effects are contributing

to the significant inter-group differences detected in the study.

Furthermore, given the vast amount of resting state data that has

and is still being collected by multicenter efforts such as the Human

Connectome Project, and the growing necessity to produce studies

with large effect sizes on patient groups, the comparison of data

acquired in different sites and scanners to study different popula-

tions is soon to become a frequent reality; this situation will leave to

each research team the responsibility of performing data analysis

(e.g., SNR analysis) which can give insights on the possible con-

founds of different acquisition sites. The results of the SNR analysis

we performed on our data clearly shows no significant differences

between sites, thus increasing confidence in our findings.

While we found a significant relationship between FC and

performance on a neuropsychological measure that captures the

hallmark deficits of TBI, having a more extensive battery of neu-

ropsychological tests and NC comparison data would strengthen

the findings reported here. For this reason, the lack of extensive

neuropsychological testing and behavioral indices for the NC poses

another limitation: the two groups cannot be compared from a

behavioral viewpoint, and conclusions drawn on whether the TBI

group was cognitively impaired in one or more specific domains.

Subsequently, without the possibility of investigating the associa-

tion between behavior and FC profiles, it is difficult to interpret the

clinical significance of our FC findings. However, the use of nor-

mative data allowed us to place our TBI participants below the

mean, compared with a healthy population for the ROCFT, repli-

cating previous work. The correlations found by adding behavioral

measures as covariates are restricted to the TBI sample, precluding

inter group comparison and begging the question of whether the

relationship between cognitive abilities and FC changes qualita-

tively or quantitatively after TBI. Thus, future research should

focus on expanding the present study’s findings using a compara-

tive framework. That said, the robust findings we reported represent

a step forward in the investigation of the relationship between

cognitive impairment and resting state FC in specific brain net-

works and in demonstrating the feasibility of a large scale network

approach to the study of TBI.

Although our sample included three mild TBI participants, the

vast majority was moderate to severe TBI patients. This invites

caution in generalizing our findings to mild TBI populations. Si-

milarly, all our participants were scanned over 6 months after their

injury. Therefore, our findings cannot be generalized to TBI pa-

tients in the acute or sub-acute phase of their TBI, and no infor-

mation on the evolution of the aberrant patterns of FC reported can

be made.

Conclusion

The present study revealed that mild-to-severe chronic TBI is

associated with network-specific aberrant patterns of FC: two ex-

ternally oriented networks, the FPN and the ECN, showed
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significantly less inter-hemispheric FC in TBI patients than in

normal controls, while the DMN, an internally oriented network,

had more FC with PCC and hippocampi in TBI patients. In addi-

tion, the fact that inter-hemispheric FC between regions of the FPN

in TBI individuals who perform better in a task that measures visuo-

spatial, memory and executive function points toward the clinical

relevance of our findings and their potential usefulness. The ro-

bustness of our findings shows the usefulness of employing a net-

work perspective in the study of the relationship between FC in

brain systems and complex behavior and takes us further in the

search for biomarkers that will serve as a diagnostic tool and allow

more precise subtyping, classification and prediction of disorder

trajectories following TBI.
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